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Ripple reduction with magnetic inserts and saddle coils 

J.M. And. 

Association Euratom-CEA pour la Fusion. Département de recherches sur la fusion contrôlée. 
Centre d'études de Cadarache. 13108 Saint Paul lez Durance Cedex France. 

Analytic formulas for the computation of the toroidal field ripple in a tokamak with saddle coils and/or 
magnetic inserts for the reduction of the ripple are derived The results of these analytic formulas compare well 
with the results of a 3D magneto static code for the geometry of Tore Supra and ITER. In Tore Supra 72 saddle 
coils with 5% of the toroidal field coils current or 36 magnetic inserts 12 cm thick are needed to reduce by a 
factor of four tke ripple in the outboard region of the plasma. In ITER, using ferromagnetic rather than 
austenitic balls in the space between the vacuum vessel skins, would partially offset the ripple-increasing effect 
due to the reduction of the number ofTF coils from 24 to 20. 

1. INTRODUCTION 

The finite number of toroidal field (TF) coils of a 
tokamak destroys the axisymmetry of the magnetic 
configuration and products a short wavelength 
'ripple' in the toroidal magnetic field strength. This 
ripple may increase particles and energy losses far 
above neo-classical values [1]. The ripple can 
always be reduced by increasing the size or the 
number of TF coils; however the former method 
increases the cost of the TF system while the latter 
reduces the access to the plasma. 

The ripple can be reduced with moderate cost 
increase and without impairing access to the plasma 
using magnetic inserts [2] or saddle coils [3] located 
between the plasma and the outboard legs of the TF 
coils. The magnetic inserts are blocks of 
ferromagnetic material, located in the shadow of die 
TF coils, which reduce the magnetic field in the 
plane of the TF coils. The currents in the vertical 
legs of the saddle coils, located in the plane of a TF 
coil and midway between two TF coils, are such as 
to reduce the field in the plane of a TF coil and to 
increase the field midway between TF coils. 

Analytic formulas for the evaluation of the 
toroidal field ripple in a tokamak with saddle coils 
and/or magnetic inserts are proposed, which can be 
used during the conceptual design phase of a 
tokamak. These formula are used to analyze ripple 
reduction in Tore Supra and in a 20 TF coils variant 
of ITER. 

2. ANALYTIC MODEL 

modelled by two infinite series of regularly spaced 
infinite vertical filaments. The field in the plane of a 
TF coil is computed from the configuration of figure 
1 and the configuration of figure 2 is used to 
compute the field in the mid plane between two TF 
coils. The inboard and outboard legs are located at 
radius Ri and Ro and the distance between the 
inboard (outboard) legs is di (do).The intensity of 
the current flowing in one TF coil is I. 

Figure 1: Magnetic field in the plane of a TFcoil. 

The 'toroidal' (i.e. horizontal and parallel to the 
plane of the filaments ) field of this 'filamentary' 
model at a point of major radius R in the plane of a 
TFcoil (fig.l) reads : 

."ol 1 u Ji(Ro-R ) 1 . *(R -Ri) 
—cth — '-+—cth — '-
do do di di 

(1) 

In the mid plane between two TF coils (fig.2) it 
reads : 

In order to evaluate analytically the toroidal field 
ripple in the horizontal mid plane of a tokamak, the 
inboard and outboard legs of the TF coils are 

D m i n — ~ 
1 L jr(R„-R) 1 . Jt(R -Ri) 

—th — -+—th — 
do do di di 

(2) 
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expressions of the fields for TF coils of radial 
extension 2r are obtained : 

:-HsL 
4 K r<) 

In 
s h — ( R o + r „ - R ) 

s h — ( R o - r 0 - R ) 

...+ 4s,-i 
In 

s h — ( R - r i + A R i ) 

s h — ( R - r i - A R i ) 
di 

(8) 

Figure 2: Magnetic field in the mid plane between 
two TF coils. 

The plasma/coils distances have to be of the 
order of the distances between the coils; if they were 
smaller, the ripple would reach unaccepîable values. 
Consequently, the averaged toroidal field in the 
plasma volume is almost uniform and equal to : 

B.Fvc(R) .MfJL+±l 
2 ld 0 dij 

(3) 

This field is equal to the averaged toroidal field of a 
tokamak at Rj, such that : 

Rs -f-U-L 
{2R0 2Ri 

(4) 

In order to reproduce the tokamak toroidal field 
dependence in R"1, the inter-coil distances of the 
filamentary model are modulated following : 

~ « 2 i tR s , it ( 1 l T „ . 

Ri<R<Rh di = _ ^ d0 = ^ - - — J (5) 

Rh<R<Ro d0 = ̂  di = ̂ 2.__l_Jl
 (6) 

wheres N is the number of TF coils. An expression 
for the ripple is deduced from the values of the 
maximum and minimum magnetic fields (1-2) : 

d 0sh2it m 
--ftr) + 

dish2it m. 
djth27i m ^ (7) 

In Tore Supra, the TF coils are circular so that 
the circular shaped isoripple lines can be readily 
drawn when the ripple in the mid plane is known. 
Analytical and 3D magneto static code results are 
compared on figure 3. By integrating the formula of 
the filamentary fields along the radial co-ordinate. 

Bmin-
•4rcr„ 

Mol 

In 

( TE / ^ 
ch — ( R o + r o - R ) 

do 

4-Jtr, 

ch—(Ra-ro-R ) 

I n, ->Y1 
ch—(R -n+ARi) 

di In 
c h — ( R - r . - A R i ) 

di 

(9) 

Figure 3: Analytical (dashed line) and 3D (solid 
line) isoripple curves for Tore Supra. 

The field of an infinite série of current layers of 
'toroidal' extension 2t can be derived in order to 
modelize the finite dimension of the TF coils and/or 
to compute the magnetic field created by magnetic 
inserts : 

' 2j t 

1 . 
- t g 
to do dD 

...+-tg-
ti 

Lifc^tg^ï 
di di 

(10) 

Bmin = hi 
271 

1 . - i f . . . , t ( R ' > - R ) . t t , 
—«g 
to 

th ,817 l+" 

. . . + - t g 
ti 

i . -L^R-RQ. - t t i l 
th 

di di 
( U ) 



The dependence of do and di in R following (5-6) is 
to be accounted for in (1-2) and (8 to 11 ). 

Figure 4: Ripple in the mid plane of Tore Supra. 
Comparison of the 3D code (solid line) -with the 
'radial' (dash-dot line), the 'filamentary' (dashed 
line) and the 'toroidal' (dot line) analytical models. 

3. RIPPLE REDUCTION IN TORE SUPRA 

In order to run Tore Supra other plasma 
geometries which cover the region where the ripple 
can exceed 5%, the use of saddle coils and magnetic 
inserts was considered. Since the ripple is only 
significant on the outboard side of the plasma, the 
coils and inserts are located beyond the magnetic 
axis of the plasma. Furthermore, no correction of the 
ripple is needed in the mid plane since, in this 
region, magnetic wells exist even if the ripple is 
small; consequently, the poloidal location of the 
inserts and the coils can be limited to the zone 
between the horizontal and the vertical ports (fig.6). 

Two sets of 36 saddle coils, located between the 
horizontal and vertical ports, would be implemented. 
When the current in one saddle coil is of the order of 
5% of the current in one TF coil, the ripple is 
reduced by a factor of four (fig.5). 

81 ripple (%) ! I 

Figure 5: Ripple in the mid plane of Tore Supra. 
Influence of the current in the saddle coils. The 
current in one saddle coil is given as a percentage of 
the current in one TF coil. 

Typical size of a saddle coil is 0.5 by 0.6 m with 
a thickness of 0.12 m. Its mass is of the order of 250 
kg. It experiments a torque of some 20 kNm, which 
couïu be counteracted by shear keys between 
wedged adjacent coils. 

The influence of magnetic inserts which are 
supposed to be uniformly saturated can be modelled 
by a surface layer current around its edge. The 
formulas (10-11) for current layers can be used to 
evaluate the magnetic field created by the inserts. 

Two sets of 18 magnetic inserts would be 
implemented. The location of The boundary of the 
zone free from magnetic wells depends on both the 
toroidal extension (fig.7) and the radial thickness of 
the inserts. It appears that there exists a minimum of 
toroidal extension under which no effective 
reduction is possible. Furthermore, for small values 
of the toroidal extension, 3D calculations show that 
the maximum value of the toroidal field in the 
outermost region of the plasma is no more in the 
plane of the TF coils. 

Figure 6: Boundary of the zone free from magnetic 
wells: without inserts (large dash line)- with inserts 
with 18 cm (solid line) and 44 cm (short dash line) 
of toroidal extension. Radial extension of the inserts: 
11.5 cm. The boundary of the extended geometry 
plasma is also shown (dash-dot line). 

Figure 7: Ripple in the mid plane of Tore Supra. 
Influence of the thickness of the magnetic inserts. 
The radial extension of the inserts is 30 cm. 
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One of the drawback of ihe use of ferromagnetic 
inserts for the reduction of the ripple is the 
dependence of the ripple on the current in the TF 
coils. Figure 8 shows the dependence of the ripple 
profile on the value of the current in the TF coils in 
the range of validity of our model (i.e. as long as the 
field is larger than 2T in the volume of the inserts). 
With 30 cm of toroidal extension and 10 cm of 
radial thickness the ripple profile remains acceptable 
fora reduction of the toroidal field by a factor of 0.6. 

gjjipple (%).. 

41. no insert 

2 

0 
R(m) 

2.9 3.1 3.2 

Figure 8: Ripple profile in the mid plane of Tore 
Supra with magnetic inserts of 30 cm of toroidal 
extension and 10 cm thick Influence of the toroidal 
field. 

The total mass of the 36 inserts would be of the 
order of 7 tons. Each insert experiments a centering 
force of the order of 45 kN. In case of disruption the 
maximum von Mises stress on the internal vacuum 
vessel of Tore Supra is smaller than 260 MPa with 
the magnetic inserts; without insens it amounts to 
220 MPa. 

4. RIPPLE REDUCTION IN ITER 

If the ripple amplitude in ITER exceeds some 
threshold (of the order of 1%) so that the fusion 
generated a particles orbits become chaotic very 
rapid losses occur which would impair the ignition 
[4]. However there is a strong incentive to reduce 
the number of TF coils in ITER from 24 to 20 in 
order to reduce the maintenance delays and 
eventually the cost. 

In order to maintain the ripple at an acceptable 
value, ferromagnetic, rather than austenitic balls 
could be used in the shadow of the TF coils to fill 
the space between the vacuum vessel (VV) skins. 
With the present geometry of the W it appears that 
the compensation would only be partial (fig.9). 
There are some concerns related to the high level of 
field accuracy required in ITER to mitigate locked 
mode disruptions and to the extra forces 
experimented by the vacuum vessel. 

2-

• - I 

ripple (%) 

~ 

• . . . f . - r r ; 

1 j - —T j— 

20 TF/ ; / 

20 TF:+ insert? / 

8 10 11 12 

Figure 9: Ripple m the mid plane of ITER with 20 
(dashed line) and 24 (solid line) TF coils; ripple 
with 10 TF coils and inserts is also shown (dotted 
line) 

5. CONCLUSION 

Analytic formulas have been derived for the 
computation of the ripple in the horizontal mid plane 
of a tokamak with saddle coils and magnetic inserts 
for ripple reduction. Isoripple lines and the boundary 
of the region free from local magnetic wells can be 
drawn from these formulas with a good precision. 

They were used to show that in Tore Supra 72 
saddle coils with 5% of the current in the TF coils or 
36 magnetic inserts 12 cm thick are needed to reduce 
by a factor of four the ripple in the outboard region 
of the plasma. As far as cost is concerned the inserts 
are the best choice but they limit the allowed range 
of variation of the toroidal field and make the ripple 
field dependant. 

In ITER using ferromagnetic rather than 
austenitic balls in the space between the vacuum 
vessel skins would partially offset the ripple-
increasing effect of the reduction of the number of 
TF coils from 24 to 20. 
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INTRODUCTION 
Precise plasma position control is one of the 

basic objectives of tokamaks feedback design. In 
tokamaks. such as TORE SUPRA, where the 
poloidal field coils contribute to both ohmic heating 
flux and equilibrium field, a positional drift can 
occur. We present experimental observations, a 
simple model explaining the drift, and some 
methods for the correction, 

1. TORE SUPRA POLOIDAL FIELD SYSTEM 
In many tokamaks, the poloidal field (PF) coil 

system is comprised of two distinct coil sets: the 
ohmic heating (OH) set, and the plasma equilibrium 
(EF) set. The OH set provides the flux variation 
necessary to create and sustain the plasma current 
without creating any magnetic field in the plasma 
volume ; the EF set provides the magnetic field 
configuration needed to shape the plasma. The 
decoupling of the OH and EF systems results in 
conceptual and operational simplicity. But it also 
increases the power requirements for plasma control 

and the total cross section of the PF coils: currents in 
neighboring OH and EF coils are sometimes in 
opposite directions. 

In the TORE SUPRA tokamak, the PF coil 
system is comprised of a single set of coils, each coil 
acting as an OH and an EF coil (fig.l). The benefits 
are a smaller number of coils, a lower overall coil 
cross section, as well as a reduction of the installed 
power [1]. The PF coils are connected in parallel 
(fig.2), and the turn ratios are arranged so that the 
magnetic energy initially stored in the system can be 
used for both the build up of the plasma current and 
the rise of the vertical field. Accordingly, the power 
required at the plasma start up is minimized. 
Moreover, an iron core transformer is used in order 
to extend the pulse duration ( 5Wb free /14 Wb ). 

•o» r» IE» ED» ÈB» 

NNHNMHN 

Figure 1: Meridian cross-section of Tore Supra. 

Figure 2: Layout of the poloidal field system. 
The plasma boundary is controlled through the 

isoflux method [2]. The feedback voltages applied to 
the converters are functions of seven flux differences 
between the limiter and the prescribed boundary 
(fig.l), let alone the plasma current. 
2. POSITIONAL DRIFT OBSERVATION 

At the beginning of a discharge the iron core is 
saturated; it gets unsaturated at the beginning of the 
fiat top (fig-3). When the flat top duration is long 
enough, the iron core saturates again. We analyse 
early discharges of TORE SUPRA (shots 8125,7,8), 
wiih proportional feedback applied, where this 
situation occurs. A plasma positional drift is then 
clearly observed (fig.4). 
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Figure 3". Plasma and coil A currents together with 
the iron core flux variation. 
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Figure 4: Drift observation and correction. 

The plasma boundary flux drift velocity is of the 
order of 25mWb/s, which corresponds to: 

AR = A V / 2 jrRpBp = 5mm / s (1) 
It can be interpreted in the following way: during 

the flat top, the PF coils and the plasma 
approximative^ have the same inductive voltage 
V | o o p . Due to the parallel connection of the PF coil 
system (fig.2), the voltage of a generator associated 
with a coil B to F -which we shall refer to as a coil C 
in the following- reads: 

VGc = ( n A - n c ) V i o o P + a \ l A - n c I c (2) 
where nA and n c are the number of turns: O. and I are 
respectively the resistances of, and the currents in 
the PF coils. I c . which is predominantly responsible 
for the equilibrium field, is nearly constant. 

As long as the iron core is unsaturated, I A is also 
not varying much (fig.3) and VQC tipically amounts 
to some hundred of V. When a proportional 

i 
feedback is applied: VGc = 2 a c j Ay, (3) 

j=i 
it corresponds to an error of some tens of mWb for 
the mean flux differences (i.e. about ten mms on the 
boundary), since the sum of the coefficients of a row 
of the feedback matrix amounts to about 6 V/mWb 
-all the elements being of the same order-. If the iron 
core saturates, the rate of variation of the current in 
coil A reaches 3.5 kA/s instead of 10 A/s (fig.3); 
V Q C varies at (he same rate as QAIA (i.e. 100 V/s 

since £l\ =28 m£2) leading to a typical flux variation 
rate of 20 mWb/s, corresponding to a positional drift 
velocity of about 4 ram/s, as it is observed. 

The drift can be approximaiively compensated 
for, if a positive feedback term equal to 0 A I A (or 
&AIA - QQIC) is implemented: two shots with partial 
and full correction are shown on fig.4. 

3 . MODELLING AND ANALYSIS 

The simplest model consists of a three PF coil 
system, including an internal coil and a pair of 
external symmetric coils, respectively noted t and e. 
The coil A and the pair (Eh, Eb) can be chosen as 
internal and external coils for instance. 

Let's calculate the nominal trajectory of currents 
and voltages in the coils for a fixed plasma position. 
The magnetic field created by the PF coils has to be 
equal to the Shafranov equilibrium field: 

PiniIi + PeneIe = - f IP (4) 
f3ie=3Mpie/9Rp, f=jV2 (ln8Rp/ap + Pp + Ii/2 - 3/2) 
with Rp, ap the plasma major and minor radius and 
pp, li the plasma poloidal beta and internal self; nf e 

are the number of turns. 

Together with the circuits equations of the coils 
83d the plasma, this equilibrium equation allows to 
compute the currents in and the voltages across the 
PF coils: 

mPj m 

U i - U i o . 
ni X.p 

with B: = 
Qi 

mpini 

nPtz 

2 mpim 
( 

lp.+ 

Pe 
£2pIpo 

+ Iu (5) 

r - B i t + Cj (6) 

nDL pipo + a 
Li , M« 

mD mpe 

(the expressions for I e and Ue are obtained by 
permutation of the indices e and i). L,M denote the 
self and mutual inductances; D. are the resistances; 
Xp is the linear growth rate of the plasma current 
during the plasma current rise phase; I0 , U 0 , C, 
represent initial values. 

mPi = Mp i-P i /P eMpe (7) 

and l p ^ L p - l f / P ^ M p i (8) 
The linear growth rate of the voltage in the 

internal and external coil during the flat top reads : 
d U i . e _ QpQi.elpo ,„> 

dt mPi,e 

As far as TORE SUPRA is concerned, we can 
thus deduce the nominal growth rate of V(j c by 
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substruction. According to numerical value of 
mutual.s inductances calculated at an iron core flux 
around -3 Wh (saturated case), we find a growth rate 
of about 160V/s. In order lo evaluate the drift, we 
suppose that we arc not too far from this nominal 
trajectory, actually generated by the feedback. 
Hence, we can roughly estimate a boundary flux 
variation of about 30mWb/s. which is in good 
agreement with the experimental value when the 
iron core satures. The variation of the drift speed 
(the drift is hardly delectable in the unsaturated case) 
can be explained by the variation of mpj (200 -> 0.5 
mH) when the iron core saturates. 

Regarding ITER, the PF coils are 
superconducting. Consequently, the nominal coil 
voltages are constant during the flat top (6). For a 
purely proportional feedback, no positional drift is to 
happen, but only asymptotic offset errors. However, 
during the current ramp up and current ramp down 
phases, the slope of the external coil nominal 
trajectory is, according to our model, of the order of 
some V/turn/s (depending on the plasma resistance). 
This could lead to a positional drift of about 1 cm/s 
with proportional feedback. 

4. CORRECTION 
Let's consider a rigid-displacement model of the 

plasma linearized around the nominal trajectory. As 
we are here concerned in the asymptotic plasma 
behaviour (leaving the transitory analysis aside), we 
needn't go into great details of the model, but, 
contrary to the authors of [3] and [4], we have to 
take into account the plasma resistance. By this way, 

the transfer matrix G(s) such as: = G * 

satisfies: G(s) = 
s=0 

Su (10) Sl2 
;g21 s g ; 2 . 

where g n , g 12. g21' S21 a r e finite non-zero reals. 
This formulation simply illustrates the inductive 
feiiiurc of the plasma current generated by the PF 
coils. 

Y r e < ^ p "à e 

r* 1 
K -d t f» G 

Y 

Figure 5: Standard feedback configuration. 
If we consider the standard feedback 

configuration (fig.5),where K denotes the 
transfermatrix of a controller, we can write: 

e = (I+GKr lyn . f-(I+GKr ,G up 

Accordinglo(10).wc find: (1 + GK) - IG = —* 
s=o D 

g,, +sK(2,2)dctg g,>-sK(l.2)dctg 1 

s[g21-K(2.1)dctg] s[g;£ + K(l . l )detglJ ( * ' 
with D = I + gI1K(Ul) + g„K(2,I) 

s=0 

+s[g,IK(l,2) + g :2K(2.2)+detg*detKl 
where K(i.j) represents the asymptotic behaviour of 
the K coefficients at s=0. 

Ideally, we should apply feedforward voltages 
corresponding to the nominal trajectory (6), but they 
are hardly computable in practice (above all 'with the 
nonlinearity due to the iron): preprogrammed 
voltages are applied only during the plasma current 
rise phase on TORE SUPRA. During the flat top, the 
lack of feedforward can be interpreted, in the linear 
analysis, as a ramp perturbation on Up opposite to 
the nominal trajectory- If the feedback is 
proportionnai, K(i,j) are non-zero reals, and it leads, 
according to (11 ). to a ramp on the positional error e. 
This allows to rigorously explain the position drift 
observed on the closed-loop system. 

At the moment, the drift is corrected with a 
positive feedback term £2AIA -£icIc- Intuitively, the 
idea was to compensate the 'résistives losses' of the 
PF coils (when they are superconducting as in ITER, 
no drift is to happen). From a feedback design 
approach, it is more o*. less equivalent to add one 
integral action on K (because we add an estimate of 
the generator voltage at the previous sampling time). 
We get, as predicted by (11), asymptotic offset 
errors on the plasma position and current, which are 
low enough for typical discharges. If we like to 
cancel these errors, we must add another integral 
action on K. According to (11), all asymptotic errors 
on a voltage perturbation ramp or on a step input 
demand are men zero (these two problems arc 
actually equivalent). Two methods for such a 
controller synthesis, and their results on the model 
are presented. 

1. Characteristic-loci method: The basic idea of 
this frequency-domain method ([5]) is to generalize 
the single input-single output classical Nyquist 
synthesis by manipulating the characteristic loci of 
G. Suppose the spectral decomposition: 

G(s) = T(s)diag[Xi(s)]T"'(s) 
If the compensator is given the structure: 

K(s) = T(s)diag[ki(s)]T~'(s) 

- £ - = T(s)diag[Xi(s)ki(s) / (I + A.i(s)ki(s))]T"1 (s)t 
y ref 
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If we choose ki(s) such as HmA-.lslk,(.*) = <» 

(provided as many integrators as needed in ki(s)). we 

obtain — = 1 , which assures that no asvmptotic 

error should occur. As it is actually impossible to 
build Tand T"', which have not, in the general case, 
pratical realisations, wc use approximate of these 
matrix [6]. 

2. optimal control method: The basic idea of this 
state space method ([7]) is to minimize an integral 
cost function with a term on the output error and a 
term on the energy spend. The design of a feedback 
law taking account of non-zero set points for a 
partially derivative sytem such as G is not classical. 
In order to come down to a standard problem, we 
seek to master the position and the integral of the 
current, so that we get a finite non-zero transfer 
matrix static gain. The scheme of the outcoming 
feedback configuration is shown on fig.6. 

TRref" 
[ipraf. t 0 

Î?"O / i l H^H v~ 
1 — Lsta 

G 

1 | X 

Figure 6: Optimal control feedback scheme. X 
denotes the system state, here the plasma and coils 
currents. L;m and Ls ta are obtained as solutions of 
Ricatti equations ([7],[8]). 

3. Comparison: Given the same limitations on 
the power supply (typically 100V for a 1 cm step 
demand), we get similar results (fig.7&8). The 
optimal control method seems to be the most 
promising because of the current doublet issue. As a 
matter of fact, if the feedback isn't design with care, 
great opposing currents in neighboring coils can 
appear during the discharge. This problem is very 
important in practice and has already been observed 
in TORE SUPRA (coils E and F). We would then 
loose the benefits of the system (§1). The optimal 
control method, which includes in his criteria the 
coil energy demand, should cope with it. 

CONCLUSION 
The functionnal coupling, together with the 

parallel connection of the TORE SUPRA PF coil 
system, is much profitable (overall coil cross section 
lowered, installed power minimized), but require a 
special care with regard to position control. A 
positional drift was observed during the iron core 
saturated phase of the flat top. The drift is explained 
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Figure 7 & 8: Closed-loop step response to step 
demand on plasma major radius (current): 
proportionnai (dotted curves), characteristic loci 
(dashed curved) and optimal method (solid curves) 
by a simple coupled plasma current and position 
model. The present correction is shown and 
feedback synthesis methods are proposed and 
compared on the model. Multivariate control of the 
coupled plasma position, shape and current should 
also be necessary for ITER. Drift problems could 
arise during the ramp up and ramp down phases. 
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The Tore Supra Control, computer sys tem : six years of operation and 
improvements 

J.Y Journeaux, 0 . Badie, E. ChatelkT, F. Hennion, P. Lebourg, P. Levèque, M. Hernandez, 
D Moulin 

Association Euratom-CEA, CE Cadarache, F-1310S Saint Paul lez Durance Cedex, France 

The Tore Supra control computer system has been providing a good operation of the Tore 
Supra machine for six years. It controls all of the sub-systems, the continuous ones as well as the 
sequential ones, and the automatic operation is very efficient. The control system has been 
programmed by the users themselves thanks to its user-friendly qualities, in order to keep the 
full control and knowledge of the automatisms. Nevertheless, some improvements are now 
necessary. Their main principles are : to choose ergonomie and powerful tools, industrial 
standards, and to keep the users's participation. The whole control system will be upgraded : the 
automatism level as well as the display level and the communication networks. The operator's 
driving job is analysed as supervisory and diagnostic tasks which have an effect on the Tore 
Supra machine efficiency. So a very powerful driving software has been chosen and linked with 
an expert system, which is to be designed and implemented with the aim to give an immediate 
accurate and global understanding of the process and situations, in particular in case of trouble. 
The method is based on an artificial intelligence approach, and it exploits both the process' 
informations and automatisms' -teps, to determine the process state, next possible states and 
diagnosis of the probers troubles. 

1. INTRODUCTION 

The complexity and the performances of a 
tokamak experiment as the Tore Supra 
machine need a great diversity of sub
systems, and then processes : sequential 
processes as the poloidal field power 
supplies, and continuous processes as the 
toroidal coils cryogenic refrigerator. Some of 
them have got a large response time which 
needs a continuous operation, 24 hours a 
day, and bring important effects on the 
machine availability through the operation 
work, in particular in case of malfunction. 
The first answer to these facts is an efficient 
computerized running control-system with 
performant automatisms, but the human-
machine interface function has also an 
important place to take, in order to give the 
best information to allow the best operation. 

2. CONSIDERATIONS 

The Tore Supra Control Computer system 

has been described in the 14 th SOFT [1]. Its 
main features are : 

- The RMX operating system with the 
MULTIBUS data bus. This choice confronts 
us now with the software and hardware 
maintainability. 

- A graphic language to describe the 
sequential automatisms : The GRAFCET 
which is recognized as a standard language. 

- An important contribution of the users 
themselves in developing the automatisms. 

Best performances of the Tore Supra 
machine involves increasing the control 
computer performances, that is to say : the 
availability, the computer's cycle time, and 
the upgrading capacity. The principles and 
the details of this migration are presented. 

3. THE MAIN PRINCIPLES 

3.1. Keep the control on the application 
programs 

This principle is built on human-oriented 
and powerful tools, both for the operation 
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human interfaces and for the application 
drvi-lopment tools. These characteristics 
allow- the users to participate to the 
upgrading and then, allows the knowledge 
on the processes running to be distributed. 
This principle gives also easier to improve 
automatisms and therefore better processes 
running. 

3.2. Industrial s tandards 
The Tore Supra machine availability 

depends greatly on its control computer 
system behaviour, tha t is to say both on its 
reliability and maintainability. Industrial 
based control system are the lone system 
enabled to provide such qualities. This option 
attends to the opening of the 
communications and then of the structures. 
Best evolutivity of the whole system, less 
costs are also expected. 

3.3. Methods and structures 
Powerful systems and standards are not 

only needed to achieve best results. 
Considering the Tore Supra experience, the 
methocy in developing the automatisms and 
the communications are absolutely required, 
in particular to keep the softwares as easy to 
maintain as possible, to achieve homo
geneous behaviour of the automatisms, and 
to keep the human interfaces normalised. 
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4. THE NEW CONTROL-SYSTEM 

The new control computer sy>tem is built 
according the three above principles. Its 
structure is composed of an human interface 
level based on several PC running 
WINDOWS11, and on an automatisms' level 
based on Programmable Logic Controllers. 
These two levels are connected together and 
with the data acquisition system by 
ETHERNET (figure 1) through the UNIX 
Work stations. 

4 .1 . The au tomat i sms ' level 
Structures : 
PLC have been chosen for their reliability 

and maintenability qualities, for their 
modularity and for their ad.'iptation to an 
industrial environment. The modularity 
capacity is important to provide control 
structures shaped on the functional blocks of 
the process. Such a structure is easier to 
m?uage. allows a better behaviour of the 
automansms and then the process, in case of 
control system failure. However, it must be 
based on reliable communications : the FIP 
field bus allows the PLC to communicate in 
order to build a sub-structure of the control-
system for each Tore Supra sub-system. 

i F»C 
! W I N D O W S 

PLC 

SUPERVISORY PLC 

: WORK STATION 
! UNIX 

ETHERNET 

^ DATA ACQUISITION SYSTEM! 

I 1 

S U B - S Y S T E M 

Figure 1. The new Tore Supra control system 
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F< rforwanccs : 
The c%i:li- times necessary tn pi-rfnrm a 

Hnod process control art- {riven in the 
fnllowing tabk-j 
Tvpe of process Cvcle Time 
Thermo-hydraulic processes 
t Cryogenic, water-cooling. 
vacuum subsystems) 

> 100 ms 

Standard controls on electrical 
processes (Power supplies). 10 ms 
Fast feedback or controls on 
electrical processes (Safety or < 1 ms 
plasma control). 

The common PLC cycle time is higher 
than 1 ms. then high speed controls with 
complex calculations have to be made with 
specific and custom systems. However, 
because industrial made equipments allow to 
perform safe controls, PLC and performant 
custom systems have to be mixed. An 
example of a such structure is presented on 
figure 2. 

PC • 

Operator Intarfco* ' 

ALTOUMISUS 

!s«My PLC ; 
: RMX DATA AcousmoN 

Fan t—a back loop 
I 

FWB B J M WMI ln« nfcrj 

araloo power Irrttar 

Hard wired protection bole 

v t 
I 
(aYSTROB MO POWER 9UFPUE3 . 

I 
. Gril witsnn.:, PLASMA 
1 S, 

Figure 2. Example of LHH control system, 
with fast feedback loop. 

Development : 
Both the flexibility to programme and the 

users' contribution reduced the programming 
and debugging time, and has provided a 
better process' running in the actual control 
system [2]. 

This flexibility is greatly due to the 
GRAFCET which is a user-oriented language 

tn ik-scrilu- the sequential iiutuni.ttisuis. Su it 
h;is lifi-n kept un the new control sy>t>-m. but 
La Icier and literal larcuajrcs are added The 
capacity tn work in a multi-platform 
environment was also regarded : TELE
MECANIQUE and SIEMENS PLC allow a 
such capacity through an object oriented 
language. Finally. TELExMECANIQUE is 
selected to begin the first migrations. 

4.2. The human interface 
The human interface is made with several 

IBM PC compatible computers which run a 
commercial process control software called 
PANORAMA11 ETHERNET connects these 
PC to the PLC. to the RMX control-system 
and to the Work Stations of the data 
acquisition system, via an interlink computer 
(figure 1). The CAD software DESIGNER R 

permits the development of graphic mimic 
panels which are animated by a resident real 
time database. Datas are supplied to the 
database through the DDE data exchange, 
by a set of network interfaces which allow to 
communicate both with the PLC and with 
the RMX control system. PANORAMAR 

includes also an alarm supervisor and a data 
recorder to analyse the sub-systems running. 

5. THE DIAGNOSIS AID 

5.1. The job of the operators 
The process control can be usually split 

into three tasks : monitoring, diagnosing and 
driving. Operating problems that operators 
have today, are the direct consequences of 
the growing installation complexity : too 
many independent informations to manage, 
cognitive overload, non adapted formation. 
Furthermore, if the progresses in the 
automatism field have simplified the driving 
function, on the other hand, the complexity 
of the processes has increased the 
importance of monitoring and diagnosis. The 
operator job has thus evolved from the 
execution tasks towards coordination tasks 
and toward decisional tasks : monitoring, 
trouble detection and diagnosis, salvaging 
situations, preventive and corrective 



maintenance. 

5.2- The d iagnos is aid need 
These above functions are hard to 

automize : they are the concern of capability 
for anticipation and decision, came from 
incomplete informations. It requires an 
immediate accurate and global under
standing of the process and of the situations. 
The new needs involve new supervisory 
modules whose aim is to strengthen the 
informational state of the above tasks. 

5.3. The me thod 
The method is based [3] on the operator 

method to diagnose a process trouble, that is 
to say : 

- At first to understand what is the 
actual process state ? 

- What was the process state before the 
failure ? 

- What is the reason of the failure ? 
- Then what the process will do, and 

how to correct it ? 
The informations used are the printed 

messages, the graphic mimic panels, 
recorded datas whose human-oriented 
qualities will greatly act on the diagnostic 
itself. In fact, the control programs are also a 
source of expertise. 

The system's complexity is not necessarily 
an intrinsic property but may come from its 
representation. So our aim is to find out and 
use the simplest model as possible. The 
GRAFCET language which is the root of the 
automatisms representation reflects the 
process state best, then the adopted 
approach consists in a functional gathering 
of some grafcet stages, and get a new 
automatism graph of "macro-stages", picture 
of the process states. Moreover, the process is 
dynamical, and thus the notion of time has to 
be introduced : a maximum activity duration 
is given to each macro-stage, so the macro 
stage duration is controlled and taken in 
account in the process trouble analysis. From 
this point, we can give the current stage of 
the process, foresee when it will evolve and 
then answer the operators. 

5.4. The implementat ion - T h e export 
system 

A nincU'l uf i'\. uilhim f-mpn-."i<r.- tir-t 
sta^'e has been d e n n e d ami implemented on 
a PC winch runs the procès.- control 
software, from the H-EXPERTK -vnerator 
software This expert system work-- with th t 
macro-stages graphs and the process datas 
which belong to the fact database. It satisfies 
many functionalities : determining the 
process state (where it is, what is happening, 
why ?), giving next possible states and their 
activation conditions, and detecting a block 
dsfsct in the control-command system. In 
order to improve the conviviality of our 
system, a link with an application generator 
has been implemented : an hyper-text editor 
is available on line to complete the process 
information. 

6. CONCLUSION 

The new control computer system is now 
nearly finished to be completely designed. 
The first migrations are going to be 
implemented : the ICRH an LHH antennae 
position controller, and the water cooling 
system by the end of 1994. The diagnosis aid 
system will be integrated to the human 
interface and progressively extended to the 
whole cryogenic process. 
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HIGH TEMPERATURE MECHANICAL PROPERTIES OF UNIRRADIATED 
DISPERSION STRENGTHENED COPPER 

J.M. GENTZBITTEL. C. RIGOLLET, G. ROBERT 

CEA/CEREM-DEM/Section Génie des Matériaux 

CE.N.G.,17 rue des Martyrs, 38054 GRENOBLE Cedex 1 France 

Tensile and creep results of oxide dispersion strengthened copper are presented. The most important features 

of ODS copper high temperature behaviour arc the high strength corresponding to low creep rates, high stress 

creep rate dependence , a poor ductility and a brittleness wich result in a premature creep fracture at high 

applied stress. 

INTRODUCTION 

Oxide Dispersion Strenghened (ODS) copper 

material, due to its excellent thermal conductivity 

associated with a high temperature strength is a 

candidate material for structural applications as 

divertor plasma facing components of 

thermonuclear fusion reactor. Moreover the 

material must retain good mechanical properties 

subsequent to elevated temperature thermal cycles 

as brazing operations. 

This paper presents the tensile and creep properties 

at elevated temperature of an commercial alumina 

dispersion strenghened copper : tradename glidcop 

A125 in the as received condition and after high' 

temperature thermal cycle. 

The commercial dispersion strengthened copper 

A125, containing 0.5Wt% alumina (AI2O3), was 

purchased in 20mm diameter rods. This industrial 

material : tradename Glidcop A125 is produced by 

internal oxidation of copper-aluminium powder [1]. 

The dilute 'oolid solution alloy of aluminium in 

copper is melted and atomised in powder. The 

oxygen produced by copper oxide dissociation, 

diffuses and oxidises aluminium into alumina oxide 

(AI2O3). These reduced powder is consolidated 

into bars or rods by hot extrusion. 

The microstructure consists of fine highly elongated 

grains : about 5um length and 0.5(im in diameter) 

which have a fiber type shape. A strong {200} and 

{111} texture is observed in the transverse direction 

of the as received rods. The fine alumina panicles 

(average size in the range [5-10nm]) identified as 

tetragonal j or n' alumina by indexing ring partem 

appear relatively homogeneous dispersed in the 

grain. In addition a few larger platelets : size 0. lum 

looking for a alumina are observed. There is a high 

dislocation density in the grains or subgrains in the 

as received material. The effect of short term 

annealing (15 mn at 980°C) on the grain structure is 



little pronounced. The main effect observed after 

long term annealing (lOOOh at 700°C) is the 

increase of density of large particles analysed as 

mixed oxide 9AI2O3.2B2O3 located in the grain 

boudaries. 

Tensile tests at different temperatures (up to 980°C) 

and creep tests at 450°C and at 300°C were 

performed. Without room temperature tensile tests 

all die tests were carried out under vacuum (2.10" 

-'Torr). Specimen for high temperature tests were 

mechanically polished and then electropolished to 

produce a defect free surface. This is an important 

step for CTeep tests since surface flaws are source of 

crack initiation which may result in a shorter creep 

time. 

RESULTS OF TENSILE PROPERTIES 

350 T 

? 3001 

r 2501 

Jj 200 
55 
? 1501 

100 

50 

0 

I 

• 10e-l/s 

• 10e-3's 

0 200 400 600 800 1000 1200 1400 
Temperature °K 

Figure 1 : Temperature effect on yield stress. 

ultimate tensile strength and total elongation 

reaching 4 lOMPa and 20% respectively. 

The ultimate tensile strength and the yield strength 

decrease linearly with temperature and the total 

elongation present a drop in the temperature range 

[450°C-750°C]. 
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Figure 2 : Temperature effect on total elongation. 

The results presented on figures 1 and 2 show the 

good behaviour at room temperature with an 
Figure 3 : SEM micrography of fracture surface. 

Sample tested of room temperature. 



Moreover at the strain rate concerned s = 10~* s"*, 

the fracture surfaces exhibit : 

-a transgranular aspect with dimples at room 

temperature (figure 3) 

- an intergranular aspect above 450°C (figure 4). 

Figure 4 : Fracture surface of sample tested at 

650°C. As received DS copper copper glidcop 

A125. 

The short heating treatment induce a weak 

softening but no significant difference of the 

behaviour. 

CREEP RESULTS 

The creep tests were carried out at 450°C in the 

stress range [100-150MPa] and at 300°C in the 

stress range [175- 190MPa]. All the creep curves 

observed present a very short tertiary stage with a 

sharp transition from the secondary to the tertiary 

stage leading in a very short time to failure with a 

creep elongation being typically less than 4%. 

Correlation of creep elongation with time to rupture 

indicates clearly the limited ductility amount at low 

strain rate. The creep properties (Life time, creep 

elongation and strain rate) present a large scatter. 
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Figure 5 : Stress dépendance of creep strain. Creep 

tests at 450°C and 300°C. 

The figure 5 reveals the stress dependence of the 

minimum creep rate, the stress dependence n of the 

creep rate reaches 40 at 450°C and 60 at 300°C. 

Scaning Electron micrograph and optical analysis 

of the gauge sections and fracture surfaces of the 

specimens indicated the following aspects : 

- a brittle fracture on the great area on the surfaces 

and characterized by intergranular rupture The 

figure 6 indicates clearly the fiber shape grains and 

some little cavities. 

- a ductile morphology on a little area with dimples. 



Figure 6: SEM micrograph of creep fracture 

surface. Creep test at 450°C under 120MPa. 

DISCUSSION 

The most important features of ODS copper high 

temperature behaviour are the high creep strength 

(120MPa at 450°C and 180MPa at 300°C) 

corresponding to low creep rate : e <1.10"^ h** 

compared to dispersion free material but the poor 

creep ductility and the brittleness which result in a 

premature creep fracture at high applied stress. The 

large scatter may be explained by a large dispersion 

density differential between some grains. The 

anomalously high stress dependence of the creep 

rates and the dispersion-dislocation is not now 

explained. In this temperature range, about O.STm 

(Tm melting temperature) and for for this low 

deformation rates corresponding to difrusional 

creep at the boundaries (coble creep) grain 

boundary sliding contributes at creep deformation. 

The intergranular britttleness is closely linked to 

the respective contributions of matrix and grain 

boundaries lo deformation, the damage rate 

increasing as the grain boudary contribution 

inceases. The fine alumina dispersion effect on 

cross slip capacities in the copper matrix, the climb 

control at high temperature or the attractive 

dislocation-dispersoid interaction is now 

insufficiently understood [2]. The nigh dislocation 

densities effect on creep behaviour and the fine 

elongated grains may be accentuated the growth 

and coalesence of cavity during creep and lead to 

failure of the material. 

CONCLUSION 

DS copper A125 exhibit a high strength at high 

temperature but a limited ductility at low strain 

rate. Stress exponents of 40 and 60 were measured 

at 450°C and 600°C. The fracture surfaces are 

intergranular for most of the surface. The 

mtergranular brittlness is probably due to the 

strengthening effect of particles and initial 

dislocation substructure in the matrix. 
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Soft layers are of great interest for the joining of dissimilar materials like beryllium, tungsten or carbone base 
refractory tiles for plasma interface and cooled structures made of copper or molybdenum. Sojl layers reduce 
eke residmsl and iit^serviee stress'strain level without reducing the thermal capability. Thin soft layers 
interfaces are produced during the brazing or HIP bonding cycles. However, the numerical modelling of the 
mechanical effect of such sojl layers remains largely inaccurate. 
The camber of fCFC tiles (AQ5, Nil, NU2)/Ag-Cu-Ti fdler metal/OFHC or T7M substrate] assemblies is 
recorded during the whole brazing thermal cycle and subsequent thermal fatigue cycles using a special 
vertical dilatometer. An inverse method based on Finite Element modelling of the samples is used to determine 
the joint constitutive law. Then, by comparing experiments and FEM calculations, the effects of distributed 
damage of the CFC and of the strain hardening and thermal softening ofOFHC on the in-service stress/strain 
state of the component are observed. 

camber vs. temperature records of simple 
assemblies. This method is applied to the study of 
CFC components. 

1. INTRODUCTION 

Due to CTE mismatch between refractory materials 
(Be, W, CFC) and structural alloys (Cu alloys, 
TZM, SS), residual stresses are generated during 
joining and in-service thermal cycling of first wall 
and divertor components [1]. Prediction of these 
stress fields is necessary to avoid immediate 
cracking and to expand in-service life of such 
bonded parts. 
Numerical models currently used for the calculation 
of such stresses are commonly inaccurate by a factor 
of two (or more) due to several unresolved 
problems, mainly the knowledge of material 
constitutive laws from room to joining temperature 
and especially for the joint e.g. interlayers and filler 
metal. 
After bonding, the joint is the result of complex 
physico-chemical reactions which occurred between 
the filler metal, the refractory and the metallic 
substrate in liquid and solid state. Its thickness (10-
100 urn) does not enable any accurate direct 
measurement of its mechanical properties. 
To overcome this problem, experimental and 
numerical methods have been developed. An 
inverse numerical method has been applied to 

2. EXPERIMENTAL 

2.1.Materials and preparation 
Three materials have been considered in the studied 
assemblies: 

-the substrate: 
OFHC : polycristalline pure copper, or 
TZM: Mo-0.5%Ti-0. l%Zr from PLANSEE; 

-the filler metal: 
TiCuSil: Ag-26.7%Cu-4.5%Ti from WESGO, or 
CuSilABA : Ag-35.25%Cu-1.75%Ti (WESGO); 

-the tile is a carbon fiber-carbon composite with 
ex-PAN fibers. The densification is done by 
CVD of pyrocarbone by a pitch impregnation. 
A05: 2D (felt-type materials with the fibers 

randomly distributed in the plane) from 
CARBONE LORRAINE. 

Nil: 3D needled in theZ direction, from S.E.P. 
Nil2: same as Nl 1 but with more CVD steps. 

For brazing operations, the main fiber planes of 
both composites are oriented perpendicular to the 
plane of the joint. Before the brazing operation, 
substrates as copper or TZM and filler metal were 
cleaned. A dust removal treatment was applied to 
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CFC materials. The thickness of the filler metal 
foil was 100 jim forTiCuSil and CuSH ABA. 

2.2.In-situ recording of camber 
A vertical dflatometer is used For ïn-sïtu 
measurement of the camber of flat bi-material 
specimens during the whole brazing [hernial cycle 
(Fig. 1 & 2). 

Figure 1: View of the specimen and of the alumina 
probes out of the dilatometer furnace. 

, Alumina 

Reference 
'probe " 

Measure 

Joint P r c b e 

CFÇ 

Copper or TZM 

Figure 2 : Principle of in-situ measurement of the 
camber of bi-material specimen in ths dilatometer. 

A computer controlled differential dilatometer with 
a graphite furnace has been modified to work on 
large specimens under vacuum (10"^ mbar). The 
displacement accuracy is better than 0.2 pjn. 

Numerical records of temperature and displacement 
vs. time are obtained (Fig. 3). During heating up to 
the melting of the braze, the dilatometric signal 
corresponds to the thermal expansion of the 
materials and to the flattening of the filler metal 
foil The beginning of the melting of filler metal is 
observed at 78Q°C, which corresponds to the Ag-Cu 
eutectic temperature. During melting, the braze 
thickness decreases from lOOum to SOjim. This 
thinning is enhanced by filler capillarity and fillet 
formation due to the reactivity of titanium. 
During the cooling down, two phenomenons are 
superimposed: 

-inverse thermal expansion of the substrates, 
-camber formation due to the CTE mismatch. 
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Figure 3: Dilatometric record of an brazed joint 
C/C NI12/CuSiI ABA/OFHC Cu. 

A change in the slope of dilatometric records is 
observed near 450°C. Before 450°C, camber 
formation is lower than inverse thermal expansion, 
and below 450°C the magnitude of both effects are 
inverted. Moreover, subsequent heating is showing 
that this effect is partially reversible. 

^IDENTIFICATION OF JOINT 
CONSTITUTIVE LAW BY INVERSE 
METHOD 

3.1.Thermomechanical modelling 
Stresses generated during the brazing process are 
estimated from 2D plane strain thermo-elasto-
viscoplastic analysis by the finite elements method 
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(FEM) software ZcBuLoN 121. with 8-nodal points 
axisymrnetric elements. The deformed structure 
after cooling down from 780°C to RT is shown in 
Fig. 4. 

Measuring point of the 
displacement Refractory 

Figure 4: FEM mesh of the dilatometric specimen. 

3.2.Principlc of the inverse method 
After the building of a numerical model of the 
physical problem, as was described in 3.1, the 
identification of the coefficients (discretized flow 
stress of the joint vs. temperature) is made by 
solving an "inverse problem", which consists in 
finding the parameter set realising the best fit 
between experimental data and the model response 
[3]. This is performed with a code acting together 
with ZéBuLoN, called SiDoLc. SiDoto and 
ZéBuLoN are linked by an interface, which has 
three tasks: 1-Read the new coefficients proposed by 
the optimisation code; 2-Update the data file for the 
external code and make the run; 3-Read the results 
of the simulation code and compute the new values 
of the "observable" variables used by the following 
of the optimisation procedure. 

3.3.Identified joint constitutive law 
In another work [4], we carried out the 
identification of joint constitutive law bv inverse 
method on TZM/InCuSil ABA/AISI 316L 
specimens. Fig. 5 shows the joint yield stress vs. 
temperature compared with the one given by LEVY 
[5] for the initial foil. 
This result indicates that the joint material is softer 
than the initial filler metal. This effect is due to the 
coarsely solidified microstructure of the joint and to 

the reaction of the components (especially titanium) 
with the bulk materials. This large difference in 
flow stresses is responsible for large errors on final 
stress/strain fields when the LEVY law is used. 

Flow [MPa] 
250" 

Identified law 

0 100 200 300 400 500 600 700 800 
Temperature [°C] 

Figure 5: Flow Stress vs. temperature of an InCuSil 
ABA soft joint determined by inverse method 
compared with the one given by LEVY [5] for the 
initial foil. 

4. MECHANICS OF CFC BRAZED JOINTS 

Fig. 6 and 7 are showing comparative results with 
the considered CFC and substrate materials. These 
results are correctly described by adequate FEM 
modelling. 
In Fig. 6, the differences in CTE and elastic 
properties between the three CFC materials induce 
significant variations in final camber (and 
consequently stress level) in the following order 
N11>A05>N112. Comparison between Fig. 6 (a) 
and (b) shows the effect of the substrate material 
(high CTE. low YS for OFHC, and low CTE and 
high YS for TZM). 
In Fig. 7, the thermal cycling of the specimens is 
exhibiting large differences in behaviour between 
the two substrates. The viscoplastic behaviour of 
OFHC (creep) even at low temperature induces a 
rapid loss of camber when the specimen is reheated, 
while strain hardening occures during cooling 
down. On the contrary, the high yield stress and the 
high stiffness of TZM induce high stresses which 
promote distributed damage in the CFC material, 
reducing the stress level. 
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Figure 6: Dilatometric records of the cooling down 
from the solidification (point S) to RT during 
brazing with CuSil ABA of the three CFC materials 
onto (a) OFHC and (b) TZM substrates. 
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Characterisation of Boron Carbide Coatings for Actively Cooled Plasma 
Facing Components 
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Boron carbide, being a low Z- material with high melting point temperature and low vapor 
pressure can be an alternative to graphite as plasma facing components (PFC). Its low thermal 
conductivity and its brittleness are the main disadvantages of this material. 

Several actively cooled PFC with plasma sprayed boron carbide coatings of thicknesses up to 
200 um have been installed in the TORE SUPRA (TS) tokamak. These copper based heat sink 
structures have a complex geometry for which component shaping and CFC brazing is difficult 
(e.g. faraday screen of ICRH antenna, waveguide mouth of LH antenna, torus port protection, 
divertor neutralizer plate). 

In this paper measurements of properties of this material are presented. 
Thermal tests at the e-beam facility FE200 under a high energy electron beam and 

comparative numerical calculations are also presented. 

1. INTRODUCTION 

The technique of plasma sprayed boron 
carbide has been developed jointly by CEA 
[1] and SNMI, a company located in Avignon, 
France. 

During coating with a robotic system, the 
substrate is kept at temperatures lower than 
80°C by means of a cryogenic liquid argon 
cooling. 

The PFC's described above have all been 
coated without any gradient bond layers. 
Before coating, all substrates have been 
sandblast treated in order to increase the 
adherence of the B4C layer on the substrate 
material. Coating thicknesses measured on 
components described above are typically in 
the range of 50-200 um depending of the 
substrate geometry. 

The following characterisation has been 
performed on coated samples, mock-ups and 
full size torus port protection elements. 

2. SURFACE ANALYSIS AND 
OUTGASSING EXPERIMENTS 

Surface analysis on plasma sprayed B4C 
coatings have been performed by means of 

proton induced X ray emission (PDXE) at 
1.5 MeV. The measurements (Fig. 1) shows 
small concentrations of metallic impurities 
such as Fe, Cu, Ti and Cr in the range of 
100 ppm. Outgassing experiments with B4C 
on copper substrates at temperatures up to 
600°C have been carried out. In Fig. 2 the 
partial pressures of H2, CO, C0 2 and Ar 
have been recorded as a function of time. 
Even at 600°C the argon outgassing rate 
remains at a low level. 

16of ^^âT' a i 3 '1016 
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Figure 1. PDCE spectrum at 1.5 MeV of 
plasma sprayed B4C on copper substrate 



The argon is trapped in the coating layer 
during the plasma • spray operation. 
Nevertheless baking is efficient for the 
volatile oxides as CO and C02-

In any case vacuum baking of all 
components is done before installation in 
TS ; the allowable baking temperature is up 
to 400°C depending on the mechanical 
constraints of the structures. 

600 

100 200 300 400 
outgassing time (s) 

500 

300 Ï 

20 

Figure 2. Outgassing experiment of plasma 
sprayed B4C on copper substrate at 600"C 

3. THERMAL CONDUCTIVITY 
MEASUREMENTS 

3.1. The diffusivity of a B4C layer as a 
function of temperature has been measured 
by a laser flash method [2], Hereby the 
transient regime of a sample with a layer 
thickness of 210 um (deposition den
sity = 1.3 g/cm3) on a CuCrZr substrate has 
been compared with a geometrically identical 
sample without coating. Results are shown 
in Fig. 3. At room temperature the thermal 
conductivity of the plasma sprayed B4C layer 
within the accuracy of the measurements is 
0.8 W/mK which is low compared to the bulk 
boron carbide value of 30-40 W/mK. 

3.2. The thermal conductivity of coatings 
and the contact heat transfer coefficient 
between the coating layer and different 
copper based substrata has been estimated 

near room temperature by means of an 
appropriate experimental device. Hereby the 
global heat transfer coefficient is determined 
by calorimetric measurements on B4C coated 
CuCrZr samples which are located between a 
heated CFC bloc and a water cooled copper 
support. For layer thicknesses between 150 
and 250 um, the issued thermal conductivity 
K is within the accuracy of the measure
ments 1 W/mK which is in good agreement 
with the laser flash measurements. The 
contact heat transfer coefficient He between 
coating layer and CuCrZr substrate has been 
estimated to be larger than 80 kW/m2K. 

52.5 B«C - 217jjrr on CuCrZr substrate 
density = 13 g/cm5 

a 0 
I 20 100 200 300 400 500 600 
£ sample temperahie (*C) 

Figure 3. Measured thermal conductivity of 
plasma sprayed B4C as a function of 
temperature 

4. CHARACTERISATION OF A COATED 
TORUS PORT PROTECTION 
ELEMENT. 

4.1. Description 
During additional heating in Tore Supra, 

hot spots on structures located near the 
border and inside of the vertical torus ports 
have been observed with IR imaging. These 
local effects have been explained to be caused 
by localisation of suprathermic trapped 
particles due to the magnetical ripple. 
Evaluations have shown that local heat 
fluxeB up to 7 MW/m2 may be expected at full 



power of additional heating. Therefore one 
vertical torus port has been protected by 
actively cooled B4C coated elements (total 
surface - 0.3 m2} in order to evaluate such 
components under plasma conditions (Fig. 4). 
Micrographics carried out on a coated 
element have shown thicknesses in the range 
of 60 um on the flat parts and 30 um on the 
edges which have been machined with large 
round-offs of about 5 to 10 mm radius. 

4.3. Numerical calculat ion 
2-D finite element calculations of a torus 

port element were performed with the 
Castem 2000 code, in order to compare with 
the experimental results and to evaluate the 
thermal conductivity of the sprayed B4C 
layer. According to the mean range 
penetration of electrons in matter [3], the 
energy deposition in the B4C layer has been 
evaluated to be only 25% of the incident 
power (Fig. 5). The remaining power is 
deposited on the water cooled CuCrZr heat 
sink surface. Under these simplified 
conditions the best fit with the experimental 
results (Fig. 6) is obtained with a thermal 
conductivity of B4C in the range of 1 W/mK. 

Figure 4. Torus port protection 
installed in Tore Supra 

elements 20 40 60 80 100 120 140 
B«C layer thickness ftm) 

4.2. Heat flux testing 
One of these elements has been heat flux 

tested with an electron beam energy of 
150 keV in the EB200-facility at Framttome. 
The surface temperature of the B4C layer 
reached 372*0 at a steady state incident heat 
flux of 4.6MW/m2 (cooling water 
temperature 145°C) on a loaded area of 
300 x 70 mm. On a reduced loaded area of 
100 x 70 mm (center and edge part of the 
element) the surface temperature reached 
460°C for a steady state incident heat flux of 
9MW/m2 . After 1000 cycles at 7 MW/m2 

(beam 30 s on, 30 s off) on the reduced loaded 
area, no change occurred in the thermal mea
surements and no defect has been observed. 

Figure 5. Calculated electron energy loss in 
a B4C layer with an incident electron energy 
ofl50keV 

4.4. Robustness measurements 
Thermal quenching of samples taken from 

60 um thick B4C coated torus port protection 
elements has been performed. After 20 cycles 
from 600*C to cold water at 20°C no visual 
damage of the deposit has been observed. 
The adherence of the deposit has been 
evaluated in a more qualitative way before 
and after thermal quenching. The so defined 
layer "break out" strength (combined torsion-
and tensil strength) has been measured by 
means of stainless steel studs bonded on the 
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B4C surface. It appeared that the "break out" 
strength of the deposit using the epoxy 
adhesive "Araldit" was in the range of 
13 MPa creating a layer break-depth of 
around 40 um. No change in the behaviour of 
adherence of the B4C layer to the substrate 
has been observed before and after 
quenching. 

Figure 6. Comparison of experimental and 
calculated B4C layer temperatures of a torus 
proctection element as a function of incident 
heat flux 

6. HEAT FLUX TESTING ON A B4C 
COATED GL1DCOP (DS COPPER) 
MOCK-UP 

An actively cooled Glidcop mock up of size 
190 x 17 x 15 mm (cooling channel diameter 
10 mm) with a B4C layer of about 100 um 
has been tested a t incident heat fluxes up to 
27 MW/m2. 

The test sequence was followed by 
800 thermal cycles (beam 3 s on, 3 s off) at 
15 MW/m2. After cycling the coating was 
damaged on the beam sweeping edges 
whereas the front surface remained 
unaffected. 

Similar experiments have been performed 
on coated CuCrZr mock ups (41. However, 
later examinations of the mock ups indicates 
a better bonding quality on CuCrZr than for 

DS copper. Generally it has been observed 
that deposited B4C layers thicker than 
200 um on copper based substrates without a 
gradient layer have adherence problems. 

CONCLUSION 

For the application of Tore Supra various 
structures of plasma facing components have 
been coated with B4C of thicknesses up to 
200 um in an industrial environment. 

Different characterisation procedures 
performed on samples and on a full size torus 
port protection element lead to thermal 
conductivities of the deposits in the range of 
1 W/mK, which is a value lower than 
expected. B4C deposits on CuCrZr substrates 
have shown a good thermal cycling 
behaviour up to 15 MW/m2. However, B4C 
layers thicker than 200 um on copper based 
substrates without a gradient layer have 
shown adherence problems. The use of PFC's 
with these relatively thin coating layers may 
be acceptable in existing tokamaks as TS 
because replacement of such components is 
not considered to be a major problem. 
However for future larger machines where 
thicker coatings are required the thermal 
conductivity must be substantially enhanced. 
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In the frame of the Tore-Supra upgrade, where it is planned to inject up to 25 MW during a 
time up to 1000 s, a complete toroidal pumped limiter covered of CFC (Carbon Fiber Composite) 
tiles is being designed. The design is based on the important experience gained from the 
operation on Tore Supra of actively cooled plasma facing components and pumped limiters. This 
toroidal limiter covers 7.5 m 2 of the bottom part of the inner vessel and is composed of 576 
elementary components. Each element is built from dispersion strengthened copper (DSCu) 
protected by brazed CFC flat tiles and cooled by pressurised water at 150°C. This limiter is 
designed to sustain 15 MW of convective power. 

I. GENERAL CONCEPT 

The toroidal pumped limiter (TPL) will be 
the main component in interaction with the 
plasma in the frame of Tore Supra upgrade 
(Fig. 1). I t is designed to remove 15 MW of 
convective power from the plasma and to 
control the particles in the scrape off layer. 
This limiter is an horizontal annular disk 
(Ri = 2.22 m, Re = 2.71 m) tangent to the 
plasma (R = 2.4 m, a = 0.72 m) and located in 
the bottom of the vacuum chamber. A throat 
on the internal part of the limiter allows the 
particles to be neutralised and then pumped. 
The TPL is made of 576 elementary 
components assembled on a rigid structure 
which is isolated from the vessel by ceramic 
rings allowing a polarisation of the TPL up to 
2.5 kV. 

1.1. High heat flux e l emen ta ry 
c o m p o n e n t concept 

Each elementary component (495 mm 
long, 28 mm thick and with a mean width of 
25.7 mm) is designed to sustain without 
damage a heat flux of 10 MW/m2. The DS 
copper heat sink is water cooled by two 
internal channels equipped with twisted 
tapes (twist ratio 2) and protected by CFC 

flat tiles brazed to the heat sink using a 
2 mm OFHC Cu compliant layer to 
compensate, by plastification, the mismatch 
of the thermal expansions (Fig. 2). Each 
elementary component has a trapezoidal 
shape in order to form a continuous annular 

©TPL, OThroat and leading edge.ŒIntemal 
first wall, ©Central solenoid, ©Supra 
conductive coil 
Figure 1. View of the Tore Supra TPL in 
the vessel 
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Figure 2 , Elementary component concept 

The thermal-hydraulics conditions of the 
cooling water are : P = 3.5 MPa, T = 170°C, 
Vin = 10 m/s. The heat sink material is 
either DS copper (Glidcop) or CuCrZr 
(Outokumpu). The CFC material is N i l from 
SEP-Bordeaux which is close to an isotropic 
material 

1.2. Support structure concept 
The actively cooled part and the box 

allowing the control of the particles are 
bolted and hydraulically connected to an 
austenitic stainless steel support used as a 
header and as a mechanical reference plane. 
This annular support is designed to sustain 
the disruption forces. The whole system is 
shown on figure 3. The support is constituted 
of twelve angular sectors of 30° linked 
together by twelve isolating mechanical 
connections, in order to form a rigid ring. 
Each 30" sector (supporting 48 elementary 
components) is linked by a supporting 
column to an external rigid ring also consti
tuted of twelve isolated sectors. To allow a 
free thermal expansion (7 mm radius) of the 
in vessel reference support, each column is 
connected by two titanium elastic plates to 
the header. This whole structure can be 
compared to a squirrel cage with a vertical 
axis independent of the machine. The 
position of the support structure is adjusted 
by six hydraulic cylinders. 

1.3. Particle control concept 
Particle neutralisation and pumping are 

done by twelve elements regularly positioned 
under the actively cooled part of the TPL and 
upon the twelve lower vertical ports of the 
vessel (Fig- 3). Each neutraliser is made of 
4 elementary components, similar to the 
previous ones, assembled like a rafter with 
an 10° opening angle, one side of the angle 
being aligned with the toroidal direction. The 
neutraliser are bolted on a watercooled 
austenitic steel plate covered by B^C. This 
plate with the leading edge of the limiter 
constitutes the pumping throat (total section 
0.15 x 0.04 m2). Under this throat the 
neutralised particles are collected in a leak 
tight austenitic steel channel which is linked 
to the_turbo molecular pumping system 
localised outside the magnetic circuit. 

Figure 3. Neutralising and pumping concept 

2. MECHANICAL DESIGN 

2.1. The actively cooled part 
A finite element calculation enables us to 

confirm the mechanical strength of the 
elementary components during a disruption. 
Of this study are resulting two geometric 
parameters which are the width and the 
thickness of the element. In this calculation, 
the electromagnetic forces created by the 



circulation of the Eddy and the Halo currents 
in a toroidal field of 4.5 T during 5 ms are 
considered. The maximal Von Mises stress 
reaches 140 MPa at the level of the bolt 
which is acceptable for the Glidcop A115 
(Yield Strength (YS) at 500°C : 169 MPa). 

2.2. Mechanical design of t h e support 
structure 

The mechanical strength of the squirrel 
cage constituting the support structure of the 
limiter has been calculated using beam 
elements. Two load cases have been 
considered : normal and exceptional opera
ting conditions (Eddy and Halo currents). In 
normal operating conditions the leading edge 
of the limiter rises up of 3.5 mm, the internal 
radius of the actively cooled annular disk 
grows of 6 mm, and there is a slope default of 
0.5 mm on the fingers. In the exceptional 
operating conditions, the maximal Von Mises 
stress reaches 133 MPa in the isolating 
connections which is acceptable for stainless 
steel [YS (300"C) = 140 MPa]. 

Figure 4. Deformations of the support 
structure of the limiter in normal operation 
conditions 

3. WATER CONNECTION AND 
PRESSURE DROP 

Several mocks up have been done to 
measure the pressure drop of the different 
elements and to insure that the welding of 
the different components is possible. The 

elementary components are water fed in 
parallel but put in series two by two. 0.5 Mpa 
of pressure drop is expected in two elemen
tary components when 0.15 is estimated for 
the collectors and feeding pipes (total flow : 
520 t/h). The pumping system of the pres
surised cooling loop is going to be modified in 
order to allow a 0.75 Mpa total pressure drop 
on the TPL and a flow up to 750 t/h. 

4. DEPOSITED POWER AND 
PUMPING 

The Tore Supra TPL has been designed to 
offer the most favourable geometry to control 
the particles when taking into account that 
the best situation is obtained by maximising 
the incident flux on the leading edge 
(possibility of moving vertically the limiter or 
horizontally the plasma). A simple model of 
exponential power load decay is used : 
P (a + x) = P 0 (a) e_x/*<i since. It has been 
shown that for Tore Supra the Xq factor is 
correlated to the plasma current [5] : 
Xq = 15.4Ip"5 so that for a nominal plasma 
current Ip = 1.7 MA the value is 
Xq = 1.2.10"2 m and for a lower value 
Ip = 0.8 MA, allowing high PN studies, 
Aq= 1.7.10'2 m. Table 1 gives the maximum 
incident heat flux on the leading edge and on 
the neutraliser rafters. 

Table 1 
Power density on the leading edge and on 
the neutraliser versus Xq 

Xq(m) 1.102 1.2.1Q-2 1.7.1Q-2 

leading edge (MW/m2) 5 6 7.9 
neutraliser (MW/m2) 0.9 1.6 3.2 

5. HIGH HEAT FLUX COMPONENT 
THERMAL HYDRAULICS ANA
LYSIS, TESTS, AND TECHNOLOGY 

The main parameters for the elementary 
component thermal hydraulic optimisation 
are the critical heat flux [3] {6], the CFC 
surface temperature and the brazing surface 
temperature. Finite elements calculations in 
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subcooled boiling regime have been done and 
results are shown on figure 5. 

Figure 5. Deposited power, surface tempe
rature and temperature isovalues along the 
elementary component 

Table 2 
Limits in local power density (MW/m2) in 
regards to the constraints [corresponding 
limits in total TPL power (MW)l 

leading edge current part 
critical heat flux 10 (23) 22 (88) 
CFC temp.(< 1200°C) 14 (33) 15 (60) 
brazing temp.(< SOO'C) 9 (21) 11 (43) 

Table 3 
Safety margin in regards to critical heat flux 

leading edge current part 
safety margin L5 5J) 

Thermomechanical calculations with a 
thermo plastic behaviour of the copper were 
also done to evaluate stresses and 
deformation after brazing and during service 
conditions. The maximum VM stresses are 
75 MPa in the copper associated to a 0.4 mm 
component displacement. Thermal hydraulic 
mock u;v: cf the leading edge were build and 
Sestei «wi ï ) e electron beam facility FE200 of 
U* Crtuaot (P = 3.5 MPa, V = 10 m/s, 
Tin = 1?0°C) to evaluate the incident burn 
out heat flux. The technology for this type of 

high heat flux component was developed 
during several years [1] [2J' {4J. The concept 
is to braze flat tiles through a OFHC copper. 
A high level quality control of the brazing is 
required. It is based mainly on process 
control, destructive tests of samples, X-ray 
pictures, infrared testing and the possibility 
to reject, thanks to the modularity, 
elementary components 17]. 

6. CONCLUSION 

A pumped flat toroidal was chosen to 
removed up to 15 MW of convective power 
and to control the particles in the scrape off 
layer. In order to limit the forces due to the 
induced currents, in agreement with the 
experience gained previously, the TPL is 
designed as an assembly of 576 elementary 
components ; this modularity allows to 
expect zero defects on the brazing tiles. 
Studies of deposited power have shown that 
this component, designed to sustain 
10 MW/m2, will have a safety margin of at 
least 1.5 at nominal loading. 
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Following a technological development of joining techniques between carbon fibre composite tiles and 
metallic tubes, and the manufacturing and testing of small size actively cooled mock-ups, a relevant size divertor 
prototype has been designed, manufactured and tested. The prototype consisted of a series of metallic tubes 
surrounded by CFC tiles, cooling collectors and a supporting system representative of a divenor dump plate for 
high power reactors. The tubes have been preliminary tested at the CEA 200kW electron beam facility with 
uniform fluxes up to 5 MW/m- to select the best five tubes, which together with a sixth non tested tube have been 
then assembled to form the prototype. This has been tested at the JET high power neutral beam injector test 
facility. After screening tests the prototype has been subjected to thermal cycling at more than 15 MW/m-. 

1. INTRODUCTION 

A considerable R&D effort in the European 
fusion programme has been dedicated to the 
development of components compatible with the 
plasma environment and able to withstand high heat 
fluxes (>5 MW/m-). Among the several concepts 
pursued, the monoblock has demonstrated excellent 
performances and a high reliability. The concept 
has been designed [1-3] for an high heat flux 
divertor (>10 MW/m-). The high reliability is 
achieved by surrounding the metallic cooling tubes 
with plasma facing armour material, avoiding 
points of discontinuity between the armour and the 
tube in their crossection. 

The R&D programme has been entirely carried 
out using carbon fibre composites (CFC) as armour 
materials and molybdenum alloy or dispersion 
strengthened copper for the cooling tubes. Other 
materials such as beryllium or tungsten could be 
considered in the future if required by plasma wall 
interaction problems. 

The technological development has been 
performed in three stages. In the first the basic 
materials have been chosen and the joining 
techniques have been defined [4-6]. In the second 

stage several small size (-100 mm long) single tube 
actively cooled mock-ups have been manufacrured 
and tested in order to evaluate by experiment their 
thcrmo-mechanical behaviour and performances. In 
parallel non destructive examination methods 
(NDE) have been developed in particular to verify 
the CFC/metai joint quality. High performances 
have been reached in tests on single tube mock-ups 
[6,71. Resistance to >20 MW/m- in single pulses 
and up to 3000 cycles at -15 MW/m- have been 
reached. 

In the third stage a relevant size multiiube 
prototype with representative supporting and 
cooling systems has been manufactured and tested 
to demonstrate the feasibility of the concept. 

2. DESIGN AND MANUFACTURING 

The prototype has been made with the collaboration 
of several institutions. The NET Team was 
responsible for the design, ihc definition and co
ordination of the activities. ENEA has been the 
main contractor during the entire R&D program, 
has assembled the armoured tubes in the prototype 
also manufacturing the supporting and cooling 



Fig. 1 Prototype Design 

systems. The armoured lubes were manufactured by 
Ansaldo. Metallwerk Plansee and ENEA. Tests 
have been performed by CEA/Framatome and JET 
and the post-processing is being done in 
collaboration with me University of Palermo. The 
design is shown in Fig. 1. It consists of six 448 mm 
long armoured tubes with 14 mm ID and 16 mm 
OD. A twisted tape is inserted inside the tube to 
enhance the thermo-hydraulic performances. An 
actively cooled sliding support system [3] provides 
the necessary support to the tubes allowing their 
thermal expansion. The prototype has a tapered 
shape (tile width increases from 22 to 26 mm) to 
represent the toroidal geometry of the divertor. 

2.1 Material selection 
Two CFC materials have been chosen for the 

armour SEPCARB N112 and DLTNLOP DMS 678. 
The first has given the best results in the previous 
development stages [6,7]. It is a 3d material: a final 
hipping process anneals the defects and reduces the 
porosity resulting in a high thermal conductivity 
and rather uniform material properdes between 
different plates. The second has been used 
extensively in JET and had demonstrated relatively 
good properties at a lower costs. 

The molybdenum alloy TZM (0.5 Tt. 0.07 Zr) 
has been chosen for the lube due to the lower 
thermal expansion mismatch to the CFC in 
comparison to DS Copper. All the other parts of the 

Fig. 2 Surface Temperatures in me EB Tests 

prototype were made in AISI316L steel. 

2.2 CFC to TZM Joint 
Brazing has been chosen as joining technique. 

The best results in strength and reliability have been 
obtained using TiCuSil brazes. The brazing 
procedure has been optimised in the previous 
stages. Typical parameters: brazing temperature 
910+950 °C hold dme 120+600 s. Special brazing 
techniques have been developed: Ansaldo direcdy 
braze with a precise gap control using TiCuSil tapes 
inserted between the tube and die tile. Metallwerk 
Plansee use laser drilling to condition the CFC 
surface with 500 Jim deep holes which filled by die 
braze increase die shear strengdi [4], ENEA obtain 
a similar result using a multiple threading of die 
CFC internal surface [8] 

3. NON DESTRUCTIVE EXAMINATIONS . 

Nine armoured tubes were manufactured (3 for each 
manufacturer). Only one tube, manufactured by 
Ansaldo was in DS copper, the odiers were all in 
TZM. They were preliminary examined using US 
and X -rays. No large defects being detected, die 
nine tubis have been subjected to thermographic 
examination at the 200 kW electron beam (EB) 
facility in Le Creusot [9.10]. The EB parameters 
were adjusted to obtain a uniform heat flux 
sweeping at high frequency. The maximum power 
density delivered in steady state condition was 5 
MW/m". This value has been estimated as suitable 
to detect acceptable defects in the joint using die 
infrared camera image of die exposed surface, still 
keeping low die mermal stresses. 

Disuniformities in die surface temperature of 
some tiles were clearly observed in particular for 



the DUNLOP 678. High temperature at low heat 
fluxes and large difference in the steady state 
temperature indicate that these tiles have large 
material disuniformities and possibly brazing 
defects. Only small differences were found in the 
SEPCARB tubes. Fig. 2 shows the experimental 
values of the surface temperature in a central zone 
for three tube (Ansaldo AN5. Plansee MPI and 
MP2) and the analytical values evaluated with the 
F.E.M. code ABAQUS at different incident heat 
fluxes. The scattered experimental values are below 
the analytical indicating an over-estimation of the 
power density (the data processing is in progress). 

After the tests the best two tubes for each 
manufacturer were chosen to be installed in the 
prototype. Unfortunately the best Ansaldo tube was 
damaged during shipment. Due to the tight time 
schedule it was substituted by a ready available 
untested third Metallwerk Plansee tube (it was 
decided to renounce to the installation of a single 
DS copper tube to avoid large additional 
disuniformities to the prototype). 

4.THERMO-MECHANICAL TESTS 

Fig. 3 shows the assembled prototype. The two 
inner tubes were armoured with Sepcarb N112, the 
others with Dunlop 678. The tests were carried out 
at the JET neutral beam injector test bed [11,12]. 
Test conditions were: 

Pulse duration max 10 sec 
Water velocity 10.6 m/s 
Water temperature 20 °C 
Inlet water pressure 0.52 MPa 
Outlet water pressure 0.23 MPa 
Beam H (ion+ncutrals) 3CW7 keV 

The power density profile was well calibrated 
but unfortunately rather non uniform with an 
efficient area of -150X130 mm^ and with two 
peacked zones, so that the data processing is more 
complicate. Tests started with 12 MW/m-1- peak. As 
in the NDE tests, some of the Dunlop tiles appeared 
substantially hotter than the others and had longer 
cool down times. The Sepcarb central tubes showed 
an almost uniform behaviour according to (he power 
density profile with a maximum temperature of 
-1000 °C. After better positioning of the beam to 
reduce the load on the hot tiles, the peak power 
density was set to 18.5 MW/m2 and 332 thermal 
cycles were performed with 5 seconds shots. The 
Sepcarb tubes kept their uniform behaviour. Just a 

slight increase of the surface temperature was 
observed. Fig. 4 shows the increase of temperature 
profile (at an estimated flux of -14 MW/m-) along 
the central line of the Sepcarb tubes after 139 shots. 
Surface temperature at 18 MW/m- was -1700 ° C 

The surface temperature of the other tubes 
further increased during the cycling. However no 
new failures occurred in any of the tubes. 

Analysis of the surface temperature rise 
indicates that mere are substantial differences in the 
thermal properties of Dunlop tiles and that they 
deteriorate during the tests. However some of the 
Dunlop tiles in tube 5 show good performances and 
no deterioration. Due to these differences it is not 
possible to assess to quality of the joint for the 
Dunlop tiles. Finally a good agreement between the 
analysis and the experimental data is found only for 
the Sepcarb tubes. 

The sliding supporting system resulted suitable, 
working under vacuum and providing enough 
restrain to the tubes without apparently affecting 
their performances. 

It must be mentioned that a large increase of the 
electrical conductivity of the cooling water was 
detected. This indicated a considerable corrosion of 
the tube inner surface with water at elevated 
temperatures (probably during subcooled boiling). A 
loss of 10 mg/scc was estimated by the JET Team. 

The two central tubes have been removed from 
the prototype and additional thermo-mechanicai 
tests are in progress on them at the CEA EB facility 
to observe their thermal behaviour more in detail. 

Fig. 3 Photo of the Prototype 
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5. CONCLUSIONS 

The R&D effort on the CFC monoblock has 
demonstrated: 
- the feasibility of the concept (excluding the 

neutron effects) 
- its reliability and robustness at up to 15 MW/nA 

Tests on a multitube prototype have shown a 
good thermo-mechanical behaviour of the Sepcarb 
material. Substantial differences in the material 
properties of the Dunlop CFC were instead 
observed. The joining techniques seem adequate, 
but additional efforts should be devoted to the 
improvement of the manufacturing reliability in 
view of the use for a large number of components. 

The supporting and cooling system resulted 
fully adequate. 

The choice of the CFC material is of paramount 
importance. Defect free materials with stable 
material properties should be used. 

The choice of TZM for the cooling tube should 
be revised. Problems of fragility and corrosion were 
encountered. More effort should be devoted to 
copper alloys and/or belter molybdenum alloys, 
including the development of surface treatment 
processes to avoid corrosion. 

Finally it should be noted that no large failures 
or breakeges of monoblock tiles have happened 
during the tests of the prototype and of several 
actively cooled tubes at severe thermal conditions. 
No water leakages or burn out have been 
experienced so far. The use of subcoolcd boiling 
with turbulence promoters has assured stable and 
reliable cooling. 
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Since the beginning of its exploitation bv FRAMATOME. the EB200 test facility demonstrated its very good 
adaptation for plasma disruption heat flux material testing by several disruption-simulauon campaigns m 
collaboration with ECN Petten. 

Using the 200kW electron beam gun. disruption simulations on a variety of bulk and coated materials, like 
carbon-base, stainless steel, and copper alloys, were performed. 
Bv changing the electron beam sweeping parameters, loaded areas varied from few square millimetres to 
hundreds of square millimetres. Duration of thermal shocks varied from 1 millisecond to 10 milliseconds. 
simulating plasma disruptions on divertor or first wall in the thermal quench phase with absorbed energy up to 
10 MJ/m- Both single thermal shocks and cvcling shocks were performed on materials. 
Using the fast pyrometer provided bv ECN measurements of surface temperatures of loaded samples aunng 
heating and cooling phases were possible. During the campaigns, the testing conditions have been optimised. 
and the performance of the facility improved. 

1. INTRODUCTION 

Within the European Fusion Program, it was 
decided to build a high power electron beam test 
facility to assess and design plasma facing 
components for tokamaks of the next generation 
(NET. ITER). 
In the framework of NET task. "Off normal high 
heat loads", ECN and CEA/FRAMATOME jointly 
worked with this facility to perform short pulses 
high heat load tests on several materials. 

2. DESCRIPTION OF EB TEST 
FACILITY AND EXPERIMENTAL 
SET-UP 

2.1 EB test facility 
A general view of the EB200 lest facility is reported 
on Fig. 1. 

Fig .1 : General view and synoptic of the EB 
facility 



2.2 Experimental set-up 

In the vacuum vessel a large target plate is 
mounted, cooled by high pressure water, on which 
several devices under test are installed [1]. 
Pyrometers. IR camera and video camera are 
mounted outside the vacuum vessel. 
Fast single colour pyrometer from ECN measures 
the response of the samples during the electron 
beam pulses. Inside the vacuum chamber, two 
special sample holders, constructed by ECN. are 
mounted on the target plate. These sample holders 
contain a maximum of 10 square shape samples 
and 6 cylindrical shape ones. 
Several other devices are mounted inside the 
vacuum chamber for the tests campaigns. 
-A graphite (or stainless steel) calorimeter. 
-A large low resolution (> 5 mm) graphite base 
profilometer to evaluate the electron beam profile. 
-A beam dump ( see Fig.2). 

-Graphite EK98 
-84C on 316L substrate 
-Graphite CL 5890 FT 

Detailed characteristics of these are reported in [2]. 

3.2 Sweeping system 

Main advantage for using sweeped electron beam is 
the possibility of controlling the homogeneity of 
sample surface heating. 
A beam deflection quadrupole produce large 
deflection angles around the beam axis at frequency 
up to 10 kHz. When the electron beam is well 
established and stable regime reached, the beam is 
automatically swept from the dump block to 
samples. 

Typical sweeping patterns are reported in Fig.3 . 

Sample 

Fig. 2 : General view inside the vacuum chamber 

3. EXPERIMENTS 

3.1 Materials 

The following samples, supplied by ECN, 
Saclay and KFA Jûlich, have been tested : 
-Stainless steel 316L-SA 
-CFCSepcarbN112 

CEA 

Y amplitude 

Y pitçUtJ 

Fig. 3 : Sweeping patterns 

The time duration of pulses on samples is chosen 
with a minimum of 0.1 ms (short pulses tests). 

3.3 Main test parameters 

Test campaigns were carried out with accelerating 
voltage 150 kV and beam power about 50 kW. 
Pulse duration varied from 1 ms to 10 ms. 
Beam focusing was adjusted during preliminary 
tests in order to obtain the minimum beam width. 
Beam diameter has been roughly estimated less than 
8 mm during preliminary shots both on graphite 
profilometer and from ECN pyrometer. 



38 

3.4 Pyromctry 

The fast response single colour pyrometre of ECN 
was devoted to measure the surface temperature of 
the samples during short pulses. This pyrometer is a 
customised Kleiber 270B pyrometer, with a normal 
temperature range of 500 - 2500 aC. It operates at a 
wavelength range of 1.58 to 1.30 urn. 
For each sample to be tested, the pyrometer is 
aligned to the sample position with a remote 
motorised pyrometer support uas built by ECN for 
these campaigns without interrupting the electron 
beam gun operation. 
The relatively small irradiated areas need very 
accurate pyrometer alignment. A laser diode was 
fixed on the pyrometer moving support and aligned 
with the pyrometer pointing. 
That alignment is checked when running for short 
pulses on a dummy graphite plate. 

The arrangement of pyrometer alignment with beam 
impacts is described in Fig.4 . 

sample 

m 
alignement 

addoa 
video 

-NM 

/ /ZAaset diode \ N ' \ 
/ v* A < zoorTNccd camera 

py romBta r^y \ 

Joystick 

Fig .4 : Pyrometer alignment 

4. RESULTS 

Five tests campaigns of short pulses tests have been 
performed by ECN and CEA/FRAMATOME on 
EB200 facility under hospices of NET. 
These campaigns gave the possibility to establish 
procedures for testing square shape and cylindrical 
shape samples with electron beam. 

By the last campaign, optimisation of the sweeping 
system performances gave the opportunity to 
perform fatigue tests under short pulses on several 
samples. 

4.1 Single shots on square shape samples 

Short beam pulses have been performed on 
hundreds of square samples [ 3.4.5], 
Electron beam power was kept to 50 kW for most of 
these. Duration of pulses varied from 1 ms to 10 tns. 
Loaded area varied from a minimum of 1 mm" to 
more than 15» 15 mm".On Fig.5 typical surface of 
loaded samples are reported. 

Fig .5 : Typical surfaces of loaded samples 

Some typical surface temperatures responses 
measurements from pyrometer are reported on Fig.6 
These measurements have been confirmed in good 
correlation with laser beam experiments carried out 
in ECN Petten laser test facility [6]. 
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Fig .6 : Surface temperature response 



4.2 Single shots on cylindrical samples 

Additional short pulses have been performed with 
similar condition on B4C coated cylindrical 
stainless steel samples delivered by ECN. 
Some views of damaged samples after beam loading 
are reported in Fig. 7 . 

Fig .7 : Damaged samples after beam loading 

4.3 Multiple shots 

Beam sweeping system has been optimised for these 
campaign in order to perform multiple shots on 
several samples. 
Several sets including five to ten samples have been 
simultaneously loaded for fatigue under short 
pulses. Each new sequence of pulses on sample set 
was repeated after sufficient cooling of these from 
the previous sequence. 
With help of the remote positioning system, the fast 
response pyrometer could be moved on any sample 
during such tests giving the opportunity to collect 
information's from any loaded sample. 
These sort of fatigue tests ran for ten to hundreds of 
pulses on selected samples. 
Typical damaged surfaces after accumulation of 
hundreds of pulses are reported in Fig.8 . 

Fig. 8 : Typical damaged surfaces after hundreds of 
short pulses. 

5. CONCLUSION 

Hundreds of flat or cylindrical samples, from ECN. 
CEA Saclay and KFA have been tested under short 
pulses with EB200 test facility. 
Multiple beam sweeping conditions, shots duration 
and energy have been investigated during these 
campaigns. 
The observed surface temperatures from electron 
beam short pulses tests correspond reasonably well 
with the ECN laser beam experiments and 
predictions. 

Pyrometer and IR camera alignment have been 
optimised for these tests, giving advantage to ECN 
to collect a lot of data from the samples under tests. 
Modification of sweeping system performances give 
the possibility to perform some fatigue cycling on 
samples under short pulses. 
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High heat flux experiments were performed to provide a technology for heat flux removal 
under NET/ITER relevant conditions. The water-cooled rectangular test sections were made of 
hardened copper with a stainless steel twisted tape installed inside a circular channel and one-
side heated. The tests aimed to investigate the heat transfer and the critical heat flux in the 
subcooled boiling regime. A CHF data base of 63 values was established. Test results have shown 
the thermalhydraulic ability of swirl tubes to sustain an incident heat flux up to a 30 MW.m'2 

range. 

1. PERFORMED TESTS 

Heat load experiments on several divertor 
test sections were performed by CEA in 
collaboration with NET. Seventeen test 
campaigns [1] were carried out using the 
200 kW Electron Beam Facility (FE 200) of 
CEA/Fram atome [2]. A wide range of water 
thermalhydraulic conditions (inlet 
temperature : 50 - 100 - 150 - 170"C, inlet 
velocity : 3 - 5 - 10 - 15 m.8"1, pressure : 1.0 -
2.0 - 3.5 MPa) and various geometries 
(internal channel diameters : 10 - 14 -
18 mm) were tested. The mock-up was 
horizontally positioned in the facility vacuum 
chamber. 

The facility is equipped with a CCD 
camera and an infrared camera from 
Inframetrics in order to view the mock-up 
surface behaviour during the tests. The 
required heat flux is established by computer 
controlled sweeping, of a power and a density 
depending on the power density required. 
The control system allows accurate 
adjustment of the power densities onto the 
exposed area. The beam sweeping was 
alternatively put 80 s on the mock-up and 5 s 
on the beam dump. The CHF was detected 

on infrared image. A normal image should 
have two hot lines on the mock-up edges. 
When increasing stepwise the incipient 
power, these two lines spread and reached 
each other in the middle of the mock-up 
producing a hot spot, the CHF was 
considered to start and the power increase 
was stopped in order to spare the mock-up. 

2. HEAT TRANSFER IN THE 
SUBCOOLED BOILING REGIME 

2.1. Finite element calculations and 
correlation agreement with tests 

All the tests were accompanied by Finite 
Element (F.E.) calculations using the 
CASTEM 2000 code [3] developed by CEA. 
Special developments were made to take into 
account the variations of the heat transfer at 
the water wall : various correlations have 
been preinstalled in order to simulate the 
pure convective [4] (Dittus Boëlter, Sieder-
Tate, Pethukov) and the subcooled boiling 
regime (Thorn [5], Thorn CEA, Jens and 
Lottes [6}). The Bergles and Rohsenow 
method [7] allows the two curves to be 
connected (Figure 1). 



41 

convective regime , subcooled 
boSing regime 

Figure 
code 
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1. Preinstalled correlations in CEA-

The heat transfer coefficient is evaluated 
by the code at the beginning of the 
calculation as a Tw function (in the subcooled 
boiling region H = 0/(Tw - Tbu]k)). During 
the calculation an iterative method is used 
because of the temperature dependency of 
the material properties and of the heat 
transfer coefficient [8]. 

The test section was equipped with 4 to 10 
thermocouples to measure the temperature 
at various depths. The test thermocouple 
measurements are compared with the 
calculated temperatures for various 
correlations [1]. The best agreement was 
found using Sieder-Tate and Thorn CEA 
correlations (Figure 2). 

2.2. Heat flux concentration at the 
water wall 

Two different approaches are proposed to 
evaluate the wall critical heat flux (WCHF). 
The WCHF is calculated by multiplying the 
IBHF by the peaking factor (p.f.). In an 
engineer approach (Eng. WCHF) the 
geometrical p.f. is defined as the ratio of the 
width upon the internal channel diameter of 
the mock-up. An another proposed approach 

(F.E. WCHF) is to take into account the 
maximum wall heat flux (WCHF max.) 
obtained by F.E. calculation (Figure 3), the 
F.E. p.f. being defined as the (WCHF max.) 
upon the 1BHF. 

s 0, 10 20 30 40 50 
Incident beat flux (106 W.rrr2) 

Figure 2. Test/calculation temperature 
comparison (Sieder-Tate and Thorn CEA 
correlations) 

949*C 
816*C 
683*C 

Tk,= 49*C 
V„ = 15.8ms-' 
P = 34 105 Pa 
D = 10mm 

W = 17mm 

Figure 3. Example of F.E. calculation 

The F.E. WCHF increases with outlet 
subcooling as the IBHF, higher the water 
inlet temperature, higher the F.E. WCHF 
(Figure 4). 
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Figure 4. F.E. WCHF vs outlet subcooling 
(D = 10 mm) 

3. CRITICAL HEAT FLUX 
CORRELATION 

The CEA CHF data have been compared 
with Tong 75 correlation [1] [9] and 
Celata94model[10]. 

The Tong 75 correlation refers to a near 
wall bubble crowding model. As plotted in 
Figure 5, the ratio predicted WCHF using 

Tong 75 correlation upon F.E. WCHF is 
clearly 0.6 for a 10 mm internal channel 
diameter. 

The Celata 94 model is a liquid sublayer 
dry-out model. As shown in Figure 6, the 
results are quite similar to the Tong 75 
correlation. 

The CHF can also be analysed in terms of 
adimensionnal numbers, for example, the 
Boiling number (Bo), the Jakob number (Ja) 
and the Reynolds number (ReH) : 

Bo„,-t = <t> cnt 

J a = Pt 

P<Vijg 

C p ( T M t - T ) 

Re H = 
VDH 

(1) 

(2) 

(3) 

In that case, Tong 75 correlation can be 
rewritten as : 
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A comparison between test results and 
Tong 75 correlation divided by a 0.6 factor is 
given Figure 7. 
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4. CONCLUSION 

A choice of correlation was made and 
incorporated in Finite Element (F.E.) 
calculations in order to simulate the heat 
transfer (pure convective and subcooled 
boiling regime). A good agreement was found 
between calculations and temperatures 
measured by side wail thermocouples during 
the tests. 

An analysis methodology was chosen in 
order to estimate the critical heat flux (CHF) 
at the water wall : for the tested geometries 
the maximum heat transfer in the water 
channel was retained. CHF was analysed 
versus outlet subcooling. The Tong 75 
correlation foresaw well these CHF 
variations but a corrective factor depending 
on the geometry was necessary for absolute 
prediction. Data were also compared with 
Celata 94 model which gave the same kind of 
agreement. 

These results give a better knowledge of 
such high heat flux test sections and allow 
design of high heat flux elements to be done. 
They have confirmed the thermalhydraulic 
ability of these tubes to sustain an important 
incident heat flux up to a range of 
30 MW nv2. 
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In the frame of high heat flux development for plasma facing components, CEA has designed, 
fabricated and tested over twenty specimens, with some of them for the NET divertor application. 
Several CFC and copper grades have been used with flat tile OT macrobloc configuration. All the 
mock-ups were tested in the electron beam facility EB200, for steady-state flux and fatigue up to 
1000 cycles. The best four are presented here. 

1. INTRODUCTION 

The need for high heat flux elements 
(5-10 MW/m2) is high in the fusion 
community. Such elements are required for 
divertor or limiter applications. CEA has 
made the choice of copper based alloys for 
the heat sink and CFC as plasma facing 
material. The choice of copper based alloys 
for the heat sink is justified by its high 
thermal conductivity. High thermal fluxes 
can cross the heat sink wall with a relatively 
low thermal gradient, and hence low stresses 
in the cooling wall. In some cases, the heat 
sink is also the structure of the component, 
and has therefore to withstand the loadings 
imposed upon it. The use of dispersion 
strengthened alloys such as glidcop or age-
hardening alloys such as CuCrZr gives the 
strength that is needed for the cooling 
structure. 

The good thermal conductivity is also the 
leading characteristic for the choice of CFC 
as plasma facing material. The high 
conductivity enhance the ability of the 
material to withstand thermal shocks, and 
enable the component to reach steady-state 
with low surface temperature 3. CFC 
materials present also the advantage of 
being much tougher than other C-based 
materials (e.g. graphite) because of the 
reinforcement brought in by the fibres. As a 

result, the joining of tiles to the heat sink is 
somewhat eased due to the slow crack 
propagation. 

The strength of the CFC gives also rise to 
the concept of macroblock, in which the CFC 
block itself bears the structural loadings. The 
main advantage of this concept is the low 
deformation under heat loading due to the 
low coefficient of thermal expansion 
(10 times less than Cu alloys). In this 
concept, a thin OFHC copper liner is used to 
insure water tightness. 

Brazing is chosen as the joining technique 
to ensure the thermal continuity of the 
assembly. Depending on the case, an OFHC 
copper compliance layer can be used to 
compensate the thermal mismatch during 
the cooling of the assembly. 

Following those guidelines, CEA designed 
and fabricated over twenty specimens. They 
were tested in the electron beam facility 
EB200. Finite element calculations using the 
Castem 2000 code were carried out to 
prepare the tests. The four specimens that 
yielded the best results are presented here. 

2. FLAT TYPE DESIGN FOR DIVERTOR 

The first design is flat type. 13 CFC tiles 
(A05 by Le Carbone Lorraine) were brazed 



on a Glidcop Alio heat sink with a 2 mm 
thick compliance layer (Fig. 1) U, 21. A swirl 
was inserted in the 14 mm wide cooling 
channel to enhance the heat transfer in the 
tube. The brazing was performed by Vide et 
Traitement. 

Different mock-ups have sustained up to 
15.3 MW/m2 with surface temperature under 
1900°C (Fig. 2 & 3). 

Figure 2. Surface temperature profile at 
11 MW/m2 

Fatigue testing was performed under 10 and 
15 MW/m2 heat fluxes. After 1000 cycles, no 
change appeared on the temperature 
distribution of the tiles and the test was 
stopped. 
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Figure 3, Comparative results of screening 
tests 

3. FLAT TYPE DESIGN FOR LIMITER 

The flat type geometry can also be used 
for the design of limitera (Fig. 4). 

Figure 4. Pump limiter mock up 

In this case, flat square tiles were brazed 
on three tubes with a 2 mm thick compliance 
layer in OFHC copper. Two rows had N112 
tiles from S.E.P., the third row had A05 tiles 
from Le Carbone Lorraine. The mock-up 
sustained up to 10.1 MW/m2 (Fig. 5). 

1000 thermal cycles were performed with 
a 10 MW/m2 heat flux. The cycling led 
however to an evolution of the thermal 
distribution of the mock-up's surface (Fig. 6). 

Hot spots connected to deteriorating 
joints appeared during thermal cycling on 
N112 tiles. 
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Figure 5. Surface temperature of N112 
versus the incident heat flux 

Figure 6. Surface temperature profile of one 
tube at 10 MW/m2 

4. MONOBLOCK FOR DIVERTOR 

Monobloc designs have the major 
advantage of having very few singular points 
in comparison to flat or saddle type designs 
[3]. A mock-up made of four blocks of CFC 
(60 mm each) was realised (Fig. 7). 

Figure 8. The ripple fin tube 

The CFC blocks are brazed on copper 
tubes having helical ripple fins extrudes 
inside the water cooling channel (Fig. 8). 

Two different diameters of Wieland ripple 
fin tubes are used ( 16 and 12.6 mm outer 
diameter) and brazed with Aerolor A05 (Le 
Carbone Lorraine) and S.E.P. CARB N112. 
The A05 blocks sustained an incident heat 
flux up to 12.5 MW/m2. The surface 
temperature was around 2000*C. The test 
was stopped due to this high value of 
temperature corresponding to a low thermal 
conductivity of the CFC. The two SEP N112 
blocks withstood up to 18.5 and 19 MW/m2 

with surface temperature of respectively 
2000°C and 1900°C (Fig. 9). 
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Figure 7. Divertor mock-up made of 4 blocs 

Figure 9. Surface temperature versus heat 
flux 

During this test the maximum heat flux 
at the water/copper interface were 32 and 
33.5 MW/m2 and no indication of a near 
critical heat flux regime was noticed. 

After these screening tests, the two N112 
blocks were fatigued at 16 MW/m2 on the 



whole surface. After 1000 cycles on each 
block the tests were stopped as no evolution 
of surface temperature (1550 to 1600°C) were 
visible with infrared camera. 

5. LARGE MACROBLOCK FOR 
DIVERTOR 

A. new concept of a long SEP N112 CFC 
macroblock structure lined with a brazed 
thin copper cooling tube has been developed 
as a divertor target for ITER (Fig. 10). 

Figure 10. Macroblock mock-up 

A 20 cm long CFC macroblock with an 
external section of 2 cm * 3 cm was brazed 
with a copper liner (cylindrical 10 mm inner 
diameter, 11.6 mm outer diameter). The 
mock-up was tested with the EB200 electron 
beam facility. It sustained during several 
hours a flat heat deposition profile, onto a 
length of 12 cm, ranging from 5 to 14 MW/m2 

with respectively a maximum surface 
temperature ranging from 1200C,C to 1800°C 
(Fig. 11). 

Figure 11. Flat heat flux surface 
temperature at 11 MW/m2 

The mock-up withstood 300 cycles of 
30 seconds under a peaked thermal flux 
profile of 34.2 MW/m2 (spread over 6 cm) and 
30 MW/m2 (spread over 12 cm). The maximal 
surface temperatures corresponding to those 
fluxes were respectively 2600°C and 1650°C. 
A strong erosion was noticed, but the cooling 
capacity of the macroblock wasnt lost. 

6. CONCLUSION 

High heat flux elements with various 
combinations of designs an materials were 
successfully realised and tested. They 
demonstrate the possibility of manufacturing 
elements which can operate steadily at a 
5 MW/m2 heat flux. Moreover, the operating 
of the mock-ups prove the feasibility of the 
friction and electron beam welding that were 
used to join the test sections to the fittings. 

The macrobloc design is the most 
favourable concept with respect to the 
residual stresses. Further studies to validate 
the SEP CARB N i l are necessary to validate 
it as a plasma facing material, for only that 
grade would be available as industrial 
material. 
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The elements of the Tore Supra ICRH antennas interacting with the edge plasma consist of the Faraday shield 
and the lateral protections. The surfaces seen from the plasma are protected with low Z materials. 

Two generations of Faraday shields are presented. The last one, using a film of boron carbide as protective 
material performs well, proving the relevance of this technique for in vessel equipment submitted to low power 
fluxes. 

The different lateral protections used on Tore Supra are submitted to high power fluxes. Finite element 
calculations allow to assess their performances. One type, using Boron Carbide, can be used to measure the 
local heat flux. The estimation of this flux confirm the specificity of the edge/RF interaction, which is more 
than one order of magnitude above the exponential decay observed in ohmic plasmas. 

1. INTRODUCTION 

The Tore Supra Antennas feature 2 identical 
electrical circuits (Résonnant Double Loop) [1]. 
This configuration uses 2 variable capacitors, at 
each end of the current straps to match the 
impedance of the antenna at the feed point to the 
impedance of the transmission line. These 
capacitors are remotely controlled and will be 
included in a closed loop for automatic matching 
[2], The system is tunable between 40 and 80 MHz. 

Compared to other types of antenna, the résonnant 
part of these antennas is restricted to the current 
strap connected to the 2 capacitors. As a 
consequence, the whole transmission line, including 
the vacuumtight feedthrough and all the ceramic 
supports are working very near matched conditions, 
and RF voltage and current are low enough to get 
rid of breakdown and overheating problems in the 
line. 

Tore Supra is equiped with 3 antennas, powered by 
6 tetrode amplifiers of 2MW RF power each [3]. 

2. ANTENNA PERFORMANCES 

The Tore Supra Antennas have been used for 
several years on different experimental schemes. 
With the last evolution of these antennas, in 
minority heating, routine use at levels of 3,5 to 3,8 
MW/antenna was performed, with RF pulse length 
of 2 to 4s[4]. The nominal power for our present 
amplifiers, 4MW, has been coupled to the plasma 
with a single antenna, corresponding to a power 
density through the Faraday Shield of 16 MW/m2 
[5]. At these power levels, the RF voltages in the 
résonnant part reach 30 to 45 KV, depending on the 
plasma loading, which has been found to be 
typically between 2 and 6 0/m in limiter 
configuration and up to 12 Q/m with the ergodic 
divertor. The RF currents in the matching 
capacitors are, for the worst conditions, close to the 
thermal limit for long pulse operation. Increasing 
the coupling to the plasma can release this 
constraint by lowering the current, but for long 
pulse operation, another limit is observed [6] : 
overheating of the antenna plasma facing parts, 



especially the lateral protections. It is clearly this 
phenomenon that will limit the perfomances in long 
pulses, and even the lifetime of the antennas 
themselves. 

3. PLASMA FACING COMPONENTS 
DESCRIPTION : 

3. I.Faraday shield r 
Two types of shields have been used on Tore Supra. 
Both of them are protected on the outer surface with 
a low-Z material : 

- the first type, [1\, was using graphite tiles 
brazed on the plasma side of the tubes. These tubes 
were then welded to a stainless steel box to form the 
shield. With this method, it was not possible to 
cover all the surfaces seen from the plasma. RF 
pulses were limited in length by overheating of 
some defective tiles and metallic impurity 
contamination was observed in the plasma during 
RF shots, probably due to excessive heating of the 
septum separating the 2 RF cavities. This shield had 
2 layers of horizontal tubes, 

- the second type is a stainless steel 
structure which is first completely fabricated, then 
copper coated to reduce the RF losses on conducting 
surfaces, and finally completely covered on the 
outer surface with a film of Boron Carbide (B4C), 
which is applied by plasma spraying technique [8]. 
It was possible with this fabrication technique to tilt 
the tubes along the local magnetic field, and to 
provide a better cooling of the septum which 
separate the 2 RF cavities. 
This second type has been used very successfully on 
all the high power shots. The boron carbide film is 
adequate for use on Faraday shields where the heat 
and particle fluxes are low. However, some damages 
have been observed when these shields have been 
used with a resonant layer close to their faces : 
impacts have been found on the septum surface, 
suggesting very localised heat deposition, due to 
resonant species, with which a stainless steel 
structure cannot perform well. 
An alternative design of Faraday shield is being 
build at Oak Ridge National Laboratory : It will 
have a recessed septum, with which the directivity 
should be enhanced, and will also use a Boron 
Carbide coating on the outer face. 

3.2. Lateral Protections : 
Three types have been used on TS : 

- the first type P], was using graphite 3D 
contoured tiles brazed on molybdenum blocks, 
themselves brazed on copper tubing. This staged 
brazing process is very delicate, and many trials 
were necessary to obtain acceptable items. Cracks 
developing in the graphite restricted the use of these 
elements. In addition,, water leaks have been 
observed on the copper tubing, due to stresses and 
deformation produced during the last stage of the 
brazing process -.these elements are not used any 
more considering the risk of water leaks. It should 
be noted that the ORNL antenna protections, using 
this process, but with a different copper alloy 
(Glidcop), are more reliable. 

- the second type is using flat graphite tiles, 
in order to ease the brazing reliability (2D 
interface). These tiles are brazed on a cooled copper 
alloy profile. A 0.5mm molydenum foil is placed 
between the copper and the graphite to reduce the 
stress in the graphite due to differential expansion 
during the brazing process. However, the outer 
contour of the protection is showing flat surfaces 
with which it is difficult to even the thermal flux in 
the shadow of the limiter. To provide a good 
coverage of the copper alloy, the tiles are 
overhanging outside the centrally brazed surface 
(see fig.l). High temperature gradients are observed 
in these areas, and cracks are developing when the 
plasma and RF load is cycled in the machine. When 
used on the machine, a few (1 or 2) tiles did fly off 
after a while. In addition, some strong erosion 
areas, 1 to 2 mm deep, very localised poloidally 
have been observed on the 2 protections which are 
toroidally on each side of the 2 LHCD launchers. 
Despite these problems, these protections have been 
widely used on Tore Supra, and a repair process 
allow to replace the broken or cracked tiles. 

• the third type is using a film of B*C as 
low-Z material coverage. The protection itself is 
made from massive Copper-Chromium-Zirconium 
alloy, which is machined to the final 3D shape, and 
then coated by plasma spraying. The erosion of the 
protective layer is certainly a limitation for this 
application : it is estimated to about 104 s, in the 
edge conditions measured during plasma operation. 
Nevertheless, this technique allows to fabricate 
easily optimized contours for heat flux removal, 
which can be tested quickly. 
One protection of this type was installed on an 
antenna. The surface temperature distribution 
observed during RF shots is much more uniform 
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figure 1.temperature distribution in lateral protection cross sections 

than for the previous type. There is no hot spots due 
to local overheating. However, after about 6 weeks 
of experimentation, the machine was opened, and a 
visual inspection revealed that the bottom corner 
was severely damaged : a melted area of 1 cm2, with 
sputtered copper around was found. After analysis 
of the comer geometry, it was discovered that the 
thermal path between the surface and the cooling 
channel was not compatible with the expected heat 
fluxes. The rest of this lateral protection did not 
show any other damage. This antenna was then 
retracted, and later refined with type 2 protections. 

4. MODELISATION OF THE LATERAL 
PROTECTIONS : 

Finite element calculations with CASTEM 2000 
code have been used to estimate the temperature 
distribution in a cross section of the last 2 types of 
protections. In both cases, the incident thermal flux 
used is of the form d>rjexp(-rAq), where <X>o is 
10 MW/m2, and Xq is 1,2 cm. This design flux was 
choosen from the total possible input power in the 
plasma (25 MW), assuming a standard exponential 
decay of the convected part in the SOL, as currently 

observed in ohmic plasmas, and antennas placed 2 
cm in the shadow of the horizontal limiter. The 
cooling fluid used in the thermohydraulic analysis is 
pressurised water (35 bars at 150 °C at the input, 
velocity 4 m/s). 
The figure 1 shows the temperature distribution in 
type 2 and type 3 protections. The maximum 
surface temperature is 1013°C for the type 2 and 
676°C for the type 3. For the type 2, the temperature 
gradient is mainly in the section protruding above 
the brazed joint For the type 3, the temperature is 
quite homogeneous in the copper alloy and most of 
the gradient is across the B4C layer. The shape of 
the external contour is lowering the flux through the 
surface to 2.5 MW/m\ thanks to the incidence 
angle. 
The margin to the critical heat flax is in favour of 
the last version (which has 2 cooling channels) : 5,2 
compared to 1,5. 

5. HEAT FLUX MEASUREMENTS : 

The interaction of the RF power with the lateral 
protections is responsible for a local heating, which 
cannot be explained by the total convected power 
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spread on the limiters and antennas. An assymetry 
has been observed both toroidally and poloidally. 
RF sheaths models can predict a local power 
deposition on antenna lateral protections. This 
interaction is now being studied on TS with 
dedicated diagnostics (RF probes, IR and visible 
light observations...) [9], [10J. 
It is important to find a way to measure this flux to 
validate the theoretical estimations. On the TS 
antenna equiped with the type 3 protection, the 
extra heat flux due to the RF can be measured by 
measuring the temperature gradient across the 
carbide layer. Since the characteristic time of the 
temperature change is in the range of 50 ms, the 
temperature drop measured by an IR camera during 
RF power modulation corresponds to this gradient. 
Then the power flux distribution can be estimated 
from the surface temperature picture given by IR 
imaging. The important parameters to compute the 
power flux are the thickness of the carbide layer and 
its thermal conductivity : 

-A thickness of 150 um of the carbide layer 
has been confirmed on a spare element by a 
destructive method. 

-To validate and characterize the coating, 
tests have been carried on FE200 test facility at Le 
CREUSOT, on samples in the same copper alloy 
covered with 150 um of B4C. The power flux is 
provided by a pulsed electron beam and was 
delivering an average power flux of 13 MW/m2. 
The thermal conductivity is found in this very 
comparable situation to be around 1,5 W/mK, 
which is a lower value than the bulk B4C (30-40 
W/mK) [II]. In parallel, fatigue tests (1000 shots : 
5s on/5s off at 13 MW/m2) have shown no defects, 
despite a slight change of surface color. 
A few shots could be analysed and a typical result 
on the hottest part of the protection is the 
following : in dipole configuration, when 2MW of 
RF power is switched off, a quick temperature drop 
of 400°C is observed. This corresponds to a flux of 
4 MW/m2 through the surface of the carbide layer. 
This value obtained with roughly 3,5 MW of input 
plasma power has to be compared with the one used 
in the above model, which was 2.5 MW/m2, with 25 
MW of input power. This shows that this specific 
RF/edge interaction is more than 10 times what was 
expected from ohmic SOL observations. 
For Tore Supra in the coming years, it is necessary 
to design new protections. These elements will have 
to cope with high SOL thermal fluxes during long 

RF pulses. It is now foreseen to increase their front 
area to reduce the surface fluxes. By the mean time, 
studies on Tore Supra may bring up some 
parameters on which one can play to reduce this 
interaction, and relieve the strain on theses 
components. 
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In the frame of the European fusion program, a comparative heat flux test of 6 divertor 

bumper large scale prototypes has been done. These prototypes have been manufactured by 

two different companies with the same monoblock concepts. The water cooled heat sink is 

always a TZM tube and the protective tiles have been machined in different Européen CFC 

materials. The joining of these elements is always done by brazing. 

The heat transfert quality of the 6 prototypes has been first evaluated in the FE 200 

heat flux test facility by infrared imaging of the tile surface during a screening test up to 

5 MW/m:. This examination has revealed that some mock-ups had a lower heat transfert 

capability on specific tiles. 

After assembling of the 6 mock-ups to form a large scale module (500 x 300 mm2), a 

new screening test was done up to 10 MW/m2 on the JET neutral beam facility. This testing 

has shown that only 2 prototypes had a uniforme surface temperature profil. Therefore a 

fatigue test of only these selected elements was undertaken. 

The comparative results of the different tests on the different protypes are reported 

with a specific interest on the quality of the CFC material and the brazing technology. 
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Alternative conductor arrangements for ITER TF coil winding pack 
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Different arrangements of round and rectangular conductors and shear plates for the ITER 
TF coil winding pack have been investigated. 

Detailed stress analysis for each configuration have been performed for different loading 
conditions : in-plane force and out-of-plane forces. This analysis includes parametric studies 
taking into account different mechanical properties of the materials used in the winding pack. 

With rectangular conductor the peak shear stress remains high and the manufacture of the 
jacket of the conductor with variable wall thickness raises problems also this solution has not 
been considered any longer. 

With round conductors the shear stress generated in the insulation by the out-of-plane force is 
small compared to the shear stress produced by the in-plane force. 

- Maximum Von MiseB stress in the steel 483 MPa. 
- Maximum compressive stress in the insulation -164 MPa. 
- Maximum interlaminar shear stress in the insulation 38 MPa. 
Simplification of the manufacturing process including : shear plate machining, transfer of the 

winding after heat treatment and final assembly of the shear plates and layers have been 
investigated. 

INTRODUCTION 

The arrangement of the conductors in the 
TF coil winding pack features the layout of 
the coil and especially : 

- the average current density, 
- the operational safety, 
• the cost and the manufacturing time 

schedule. 
Différent arrangements have been 

considered since the beginning of 1992 with 
round and square shaped conductors, with 
and without shear plates. 

The main issues of this analysis are : 
- the performances of round conductor is 

always better than the ones of square 
conductor, 

- the higher stresses are located not at 
the top of the round conductor but in the 
plane located at 90* with regard to the load. 

As a direct consequence of this analysis : 

- the teeth of the shear plate are 
useless : flat shear plate associated with 
round conductors shows better stress 
distribution, 

- the previous situation can still be 
improved by removing the shear plate ; in 
that case the round conductors are 
imbricated (close to an hexagonal 
arrangement) (Fig. 1) and put in compression 
along 6 directions instead of 4 as it was 
previously with the fiat shear plate. The 
winding pack is enclosed in a steel casing. 

These results are reported in a technical 
note issued in April 1992 ref. [1]. 

The aim of the present work is to 
investigate the possible best conductor 
arrangement with shear plate in the frame of 
the present ITER design. 



with variable wall thickness raises problems 
also this solution has not been considered 
any longer. 

The second proposal consists of round 
conductors, kidney bone shaped profile 
spacers and flat shear plate as shown in the 
figure 2-

A detailed stress analysis of that proposal 
has been performed taking into account the 
different loading conditions : 

• cool-down, in-plane force, out-of-plane 
force, shear force 'generated by the keys 
reacting the overturning moment. 

The calculation take also into account the 
differential contraction coefficient between 
Incoloy and 316 LN. In these calculations the 
steel plates are not stacked on the insulation. 

The main results are reported in the 
table 1. 

Table 1. 
Loedi&f 

conditions 

Streuee 
CraUiM* 
[MPa] in the 
jacket 
OMjtMPalin 
the insulation 
TNs[MP*]in 
the insulation 

Cool-
down 

322 

-15 

18 

Outer mort layer 
cool-down + 

in-plane force + 
out-of-olane force 

483 

-164 

38 

loner mnt layer 
cool-cown + 

in-plane force + 
out-of-Dlane force 

28S 

-41 

20 

Figure 2. Layout of winding pack with round conductors and flat shear plates 

Figure 1. Imbricated conductor arrangement 
inside a casing 

FLAT SHEAR PLATE TF COIL DESIGN 

The goal of this concept is to simplify as 
much as possible the manufacture of the 
shear plate and the assembly procedure of 
the TF coil winding pack. 

The first idea was to investigate a TF coil 
winding layout consisting of square 
conductor layers and flat shear plates but 
the shear stresaremains high and the 
manufacture of the jacket of the conductor 



Figure 3.Mesh of the conductor arrangement 
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MANUFACTURING PROCESSES 

Shear plates and spacers 
The shear plates are made of pieces cut 

out from slab drawn at the final thickness 
(no machining) and assembled into a closed 
ring by welding ; the slab are provided with 
small round teeth on one side. 

The final shape is obtained by shrink 
fitting on a reference form. 

The kidney bone shaped spacer is made of 
cold drawn profile. This spacer is wound -
around the shear plate thanks to a set of 
rollers which gives to the profile the radius of 
curvature which fits the one of the shear 
plate. 

The successive shear plates are assembled 
by the same way with spacers inserted in 
between. 

The whole set of shear plate is then heat 
treated in order to relax the stresses. 

A premachining of the keyways is then 
carried out and the shear plate are 
disassembled by heating of the successive 
outermost layer. 

WINDING AND BEAT TREATMENT OF 
THE 2 HIGH FIELD LAYERS 

The high field conductors will be wound 
separately on a winding form and heat 
treated. 

During the cool-down from 800*C to 
room temperature, the winding form is 
blocked in such away that the straight part 
of the layer is put in tension Ref. [2]. The 
goal of this operation is to give to the 
316 LN jacket a permanent deformation of 
about 1 % in order to prevent the 
degradation of the critical current of the 
cable. 

If the jacket is made of Incoloy this 
operation is not necessary but during the 
cool-down mechanical problems due to 
differentia] contraction coefficient have to be 
overcome. 

After the heat treatment the conductors 
are insulated and inserted in the kidney 
shaped spacer spiral. 
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WINDING OF THE OTHER LAYERS 

The conductor is wound directly on the 
shear plate and the spacer is set in position 
after each turn to keep the conductor in 
place : the turn insulating is wrapped around 
the conductor during the winding. 

In this manufacturing process about 80 % 
of the winding will not have to suffer 
additional operations : the winding and the 
shear plates will be heat treated 
simultaneously as a single unit (the dry 
insulation made of R glass is able to resist 
the heat treatment). 

The prefabricated layer closure 
components in which are inserted the shear 
pin are installed before starting the next 
layer winding. 

FINAL ASSEMBLY 

The 2 high field layers are incorporated in 
the main body of the winding by shrink 
fitting. 

The welding of the shear pin components 
and the shear plates can then be carried out. 
After a final control of the insulation the 
whole winding is vacuum pressure 
impregnated. 

Of course, each layer can be wound, heat 
treated, insulated and inserted between the 
shear plates as foreseen in the ITER 
reference design but in that case the 
additional cost and handling risks have to be 
considered. 

CONCLUSION 

In the frame of the present ITER design 
the concept using shear plates incorporated 
in the winding pack can be significantly 
simplified by using flat shear plates and 
spacers which are manufactured simply by 
drawing at their final dimensions. 

This process reduces the procurement of 
steel by a factor of at least 3 (no machining) 
and allows to simplify the assembly of the 
winding pack.' 

The stress analysis shows that all the 
stresses remain within acceptable limits and 
that in the case of delamination of the layer 
insulation the integrity of the winding pack 
is maintained. 
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Conductor Fabrication for ITER Model Coils. Status of the EU Cabling and 
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The conductors for the ITER magnets are being defined according to the operating 
requirements of the machine. To demonstrate the technological feasibility of the main features of 
the magnets, two model coils (central solenoid and toroidal field), with bores in the range 2-3 m, 
will be manufactured. This is the first significant industrial production of full-size conductor (a 
total of about 6.5 km for these coils). One cabling and one jacketing line have been assembled in 
Europe. The former can cable up to 1100 m (6 tons) unit lengths; the latter,which can also handle 
1000 m conductor lengths, has been assembled in a shorter version (320 m). A description of the 
lines is reported, together with the results of the trials performed up to now. 

1. INTRODUCTION 

In the present ITER EDA design, forced-
flow-cooled conductors of the cable-in-conduit 
type have been proposed for the central 
solenoid (CS) and toroidal field (TF) coils. 
The reference conduit material is Incoloy 
908 and the strand material Nb3Sn. The CS 
and TF model coils have been introduced in 
the development programme to test conductor 
and coil performance. Thick-walled round-in-
square conductors have to be manufactured for 
the CS model coil (about 5.5 km), while thin-
walled round conductors will be used for the 
TF model coil (about 1.1 km). One cabling and 
one jacketing line have been assembled in 
Europe for this purpose. The first will 
manufacture a total of 5 km of cable (of CS and 
TF types) and the latter will jacket the total 
amount of conductor for the CS model coil. 

2. THE EU C ABLING LINE AT EM LMI 

The EU cabling line at EM-LMI has been 
designed to handle cabling for the ITER coils 

i.e., for a cable length of the order of 1 km and 
for a weight exceeding 5 tons. The EU will 
carry out all the cabling for the TF model coil 
conductor and about 75% (3.8 km) for the CS 
model coil. 

The present ITER design for the model coil 
conductors is a circular cable around a central 
tube. Six last-but-one subunits are used. 
Wrapping of the last-but-one subcable and 
final cable with a thin high-resistivity 
metallic foil is required to reduce coupling 
losses and provide better protection of the 
outer surface of the cable. 

In addition to standard cabling equipment 
for the initial cabling steps, two separate lines 
have been set up for cabling and wrapping the 
last-but-one subcable and final cable. The 
cabling line for the final cable is schematically 
shown in Fig 1. 

The main components are a large cabling 
machine, a Turk's head, a caterpillar and a 
spooling machine. The cabling machine has 
been designed to hold 6 last-but-one subcable 
spools and can cable unit lengths up to 1100 m 
(approx 6 tons in weight). It is equipped with 6 
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Turk's 
head Wrap Caterpillar 

Reel 

Spooler 

Figure 1. Block diagram of the cabling line 

intermediate Turk's heads to allow pre-
shaping of the subcables, if required. Back-
twist can be adjusted up to full detorsion. A 
tube or spring positioned in the centre of the 
conductor may be introduced from behind the 
cabling machine. The two-cylinder motorised 
Turk's head is situated next to the cabling 
machine to compact and shape the cable ac
cording to the specifications. The caterpillar of 
the main line can generate a maximum pull
ing force of 500 kg. The cable is collected on a 
modular spool (core diam > 2.4 m) on which 
up to 1 km of cable is pancake-type wound. 

The spool can be directly installed as pay
off spool on the jacketing line. 

A preliminary testing of the main line 
components was done using dummy Cu 
strands. The line is currently being used for 
the production of dummy and superconduting 
cables in preparation to cabling for the model 
coil conductors. About 150 m of dummy Cu 
cable and 45 m of superconducting cable will 

be manufactured within August '94 and 
delivered to Ansaldo for jacketing test trials. 

3. THE EU JACKETING LINE AT 
ANSALDO 

The line (Fig. 2) iE based on three main 
sequential operation steps: préfabrication of 
the full unit straight length of the oversized 
jacket by butt-welding sections of tubing; 
pull-through insertion of the cable into the 
jacket; compaction of the conductor (jacket 
+cable) by rolling to its final dimension. 

The jacketing line has to be at least as long 
as the required conductor length, some 
hundred meters for the model coil conductors. 
The plant can be divided into three parts: the 
line and the two end plants. The secondary end 
plant consists only of the winch used to pull 
the cable. All the other equipment is located in 
the main end plant. 

Phase 1 
Pipes welding 

Phase 2 
Cable introduction 

Pipes 
weld 1 

T 
Tests 

joint 1 

Pipes 
weldn 

Tests 
joint n 

L 

Phase 3 
Conductor compaction 

Inner 
cleaning 

1 
' 

Cable 
introducing 

* 
Cable 

tension control 

Dimension 
checks 

2. 
Conductor 
compaction 

X 
Calandering 
+ winding 

X 
Final 

leak test 

Figure 2. Block diagram of the jacketing line 



The line length is presently 320 m, but the 
end plants have been designed for a length of 1 
km. Thus, a feasibility test for a cable 
insertion of over 1000 m, a typical unit 
conductor length for ITER magnets, will be 
possible without changing the main com
ponents of the line. 

A brief description of the equipment used 
for welding, insertion and compaction follows. 

3.1 Welding 
The welding process has been developed 

for an AISI 316 LN steel jacket This was the 
reference jacket material for the ITER CDA, 
design: in the present ITER EDA design, a 
steel jacket is considered only for the outer 
poloidal field coils and is a possible candidate 
for the TF coils. The reference jacket for the 
model coil conductor, the central-solenoid and 
the high-field layers of the toroidal field coils 
in the EDA design is Incoloy 908. The jacket 
lengths and the welding specifications will be 
delivered by the U.S. ITER Party. 

Qualification of the welding process for 
Incoloy 908 will be carried out at Ansaldo. 

The welding equipment is suitable for 
rectangular, round-in-square and circular 
jacket sections. The jacket piece&, already 
prepared (with the proper chamfer), are 
aligned using the internal profile as reference. 
An internal tool provides inert gas shielding 
and back-pressure. The butt welding of the 
jacket is performed with an automatic orbital 
machine (400 A, DC). 

The welding syBtem is TIG without filler 
material for the first pass and with filler for 
the successive passes. The variations in wall 
thickness are obtained by changing the 
welding parameters during the process. 

There are three principal axes to perform 
the square profile (X, Y and a rotation around 
an axis parallel to the jacket axis). Three 
additional automatic movements are added for 
better regulation: angle between torch and the 
welding line, tangential setting of the torch 
and a radial movement of the torch to keep the 
distance to the piece constant. The torch 
movements and the cycle sequence are guided 
by a numerical control system. 

After any single welding, the external and 
internal surfaces are hand machined. A 
helium leak test is also performed, taking 
advantage of the tools used for the back
pressure. The internal tooling is then removed 

and an optical interna] inspection performed 
using a TV camera. X-ray inspection of this 
welding is carried out, inside a protection box, 
using a proper source (300 kV, 6 mA) and 
three exposures: vertical, horizontal and at 45 
°C (corner to corner). 

After the tests, the jacket section is pushed 
forward by 4 pinch-roll stations placed along 
the 320-m line and a new piece is positioned on 
the welding machine. The roll line has 
horizontal rolls with rims (one every 20 cm) 
and, around the jacket, complete sets of four 
rolls (one every 12 m) whose distance can be 
adjusted from 15 mm to 60 mm for both the 
jacket section dimensions. The roll line is 
aligned within ± 2.5 mm over a 24-m length. 

3.2 Insertion 
When a jacket length has been completed, 

the stainless steel rope of the winch 1B pushed 
into the jacket hole and attached to the 
superconducting cable coming from its reel. 
The jacket is well fixed and the insertion can 
start. 

The winch, driven by a hydraulic motor, 
can produce a tension force of 30000 N and its 
rope is more than 1 km long. It is possible to 
control it by the velocity of aie rope and/or by 
the tension force. 

The cable reel is also able to produce 
a tension force of 3000 N on a maximum diam 
of 5.5 m and is controlled like the winch. 
The inner diameter of the cable pay-off spool 
is 2.4 m. 

The spool has to work in the reverse 
direction in case the cable sticks in the jacket 
during insertion. Pancake winding on the pay
off spool has been adopted to avoid damage to 
the cable in the case of reverse operation. The 
spool can house up to 333 m of cable. 

Three standard spools will . be fixed 
together for the insertion test with 1 km of 
cable. Just before insertion in the jacket, a 
free roll calibration unit will reduce the cable 
to its original dimensions, after which it will 
be continuously measured. During insertion, a 
feedback-controlled pre-tension of the cable 
(2000-3000 N) will be given by the cable reel. 

The winch is speed regulated in the range 
2-25 m/minute. 

All these operations can be performed 
manually or automatically with the aid of a 
PLC system. All the data are recorded on a PC 
and a continuous display of the friction force 



(given by the winch tension minus the B.C. 
cable pretension) is shown as a function of the 
length of cable inserted in the jacket. 

Several alarms (software and hard wired) 
warn of overtension, etc 

About 50 m of dummy Cu cable length, 
delivered by EM-LMI at the end of August, 
will be soon used for insertion tests in 316 LN 
jacket sections. 

5. ROLLING 

After the insertion, the conductor is 
pushed against the Turk's head using the 
pinch rolls, which are then disengaged and the 
rolling process can start. 

The Turk's head has four rolls pivoted on a 
four-lever switch. Using a power-driven 
threaded cylinder, the roll can be moved to 
compress the tube. 

During rolling, the rolls (diam 300 mm) 
are driven by 4 DC motors (3.7 kW each) with 
a maximum torque of 9000 Nm each. The 
lateral force on each roll will be of the order of 
30 tons. The velocity can be adjusted to a max 
of2.87m/min. 

The calibration rolls placed behind the 
Turk's head consist of two facing plateaux, 
each with four rolls for correcting the profile 
and independent manual regulation. 

The measurement station comes after the 
calibration section and transmits the two 
external dimensions of the final conductor to 
the data acquisition system. 

A pre-calander machine is used to bend 
the conductor to reach the last power-driven 
calander placed near the last reel. 

The last calandering machine is driven by 
an orbital-type hydraulic motor and allows 
hydraulic adjustment of the bending rolls. The 
bending rolls have a 315-mm-diam and a 
rolling speed variable from 0 to 5 rpm. A 
torque limiting device has been installed and 
the bending roll position is constantly 
monitored to an accuracy of 0.1 mm. 

After calandering, fhe conductor will 
be wound on the final reel, which consists of 
a 6-m-high central column with a jack driven 
by reduction gear (pitch 12 mm) to change 
the spool height, a movable frame driven 
on two Bides of the column by idle pins that 
carry a gear wheel and a motor (10 kW) for 
the rotation. The cable spool (4000 mm diam) 

is fixed to the gear wheel and can rotate 
around a movable frame using the motor. 
This tooling weighs 12 tons void and will 
increase to 30 tons with 1000 m of conductor 
wound on it. 

The spool is 4100 mm in diam, and 1235 
mm high for 320 m or 3880 mm high for 1 km 
of conductor. 

A PLC system controls the rolling and 
winding operations: the Turk's head is the 
master and the calander and the reel the 

—slaves. All the parameters are recorded. 
The spool will be removed and put into a 

vacuum chamber to perform the final helium 
leak test on the conductor according to the 
specifications. 

Compaction and calandering tests have 
been carried out on a 316 LN jacket length 
with a butt-welded joint After compaction, 
the vertical side was slightly larger, by 
0.2 mm, than the horizontal side. Calandering 
at a 4-m-diam has produced a key-stoning 
of 0.4 mm on the vertical side and an inside 
curvature of the horizontal side of 0.05 mm. 
The measured free-turn diameter ranged 
from 4910 mm to 4575 mm. No important 
deviations in the joint area were detected. 
It has been noted that the corner radius of 
the jacket tubes has to be larger than 4 mm 
to avoid sharp corners after compaction. 

The next jacketing stage will concern 
about 500 m of dummy cable and a few 20-m 
pieces of superconducting cable, provided by 
the EU, US and JA. 

The conductor jacketing for the CS model 
coil, for a total of 5.5 km, will then be carried 
out. The conductor will be used by the US and 
JA to wind the CS model coil. 

4. CONCLUSIONS 

The EU cabling line at EM-LMI has 
started manufacturing full-size dummy Cu 
cables and short lengths of superconducting 
cables 

The EU jacketing line at Ansaldo is ready 
to jacket cables in AISI316 LN tubes and has 
only to be adapted to use Incoloy jacket 
sections. 

The experience on the long-cable jacketing 
is expected to provide important information 
about the maximum length achievable by the 
pull-through jacketing process. 
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The ITER TF Model Coil is designed to test the manufacturing feasibility of the TF magnet 
concepts and the reliability under ITER relevant mechanical loads. It is a 4 m long racetrack 
shaped coil which -will be tested in the TOSKA facility at Karlsruhe under in-plane and out-of-
plane loads with the use of the EURATOM LCT Coil. 

1. INTRODUCTION 

The decision to design- and test a TF 
Model Coil was taken, at the Magnet 
Technical Meeting held at Naka in June 
1993. When a conceptual design was issued 
at the end of 1993 by the US and RF parties 
[11, it was then agreed that the manufacture 
of this cofl will be performed by the EU and 
RF parties and that it will be tested in 
Europe in the TOSKA facility located at KfK 
in Karlsruhe. Here is presented the new 
design, revised by the EU party in order to 
enable improved testing of the coil. 

2. COIL DESIGN 

The purpose of the TF Model Coil is to 
teat the manufacturing feasibility of the TF 
magnet concepts and the reliability under 
ITER relevant mechanical loads. The TF 
Model Coil is not intended to test the 
performances of the TF conductor, which will 
be tested separately in the TF insert of the 
CS Model Coil. The teat of the TF model Coil 
is then primarily a teat of its mechanical 
behaviour. As the CS Model Coil is mainly 
devoted to the exploration of the operating 
margins of the conductor, the TF Model Coil 
shall be devoted to the exploration of the 
mechanical and electrical margins of the 
winding pack. 

2.1. Conductor 
The conductor is a full size TF2 conductor 

(Fig. 1) as defined in [1]. Its main 

characteristics are summarised in Table 1. 

Table 1 
TF Model Coil conductor characteristics 
Conductor type 
Strand type 
Strand diameter 
Maximum operating induction 
Subeable configuration 
Tot*] number of ttraods 
Cable space diameter 
Central tube (o. d. x i. d.) 
Overall annular area 
Wrap* area + empty comer* 
Actual cable area in annului 
Nominal local void fraction 
Number of copper strand» 
Non-twisted, non-Cu crcea-eection 
Non-twisted, Cu crow xction 
Twisted strand area at ooe q » 0.93 
Jacket (o. d. x i d.) 

TF2 
NbjSnHFI 

0.81mm 
11T 

3 x 3 x 5 x 4 
1080 

37.5 mm 
13 mm z 10 mm 

971.7 mm* 
30 + 10 mm1 

932 mm* 
35.8% 

33% 
148.4 mm* 
408.1mm* 
598.4 mm* 

39.5 mm x 37.6 mm 

Figure 1. TF Model Coil Conductor 



2.2. Layout 
The main characteristics of the TF Model 

Coil are summarised in Table 2. It is a 
racetrack shaped 4m long coil with a 
rectangular cross-section and 101 turns. The 
cross-section (Fig. 2) reproduces most of the 
features of that of the full size coil. The con
ductor is layer wound inside stainless steel 
plates, with equally spaced turns, except for 
the inner layer, in which there are 3 groups 
of joining turns. Each layer is inserted 
between an inner and an outer plate which 
have flat surfaces on the side opposite to the 
conductor. Steel retainers are inserted and 
welded on the teeth between turns. A steel 
strap is installed around the coil and 
keyways are machined in the sides of the 
straight legs. Due to the 33% of copper 
strands inside the cable the total mass of 
superconductor is 3 324 kg. The joints are 
located in one curved end of the coil (Fig. 3) : 
four interlayer joints are on the front side of 
the coil and 5 interlayer joints on the back 
side. The joint design is the reference design 

Table 2 
TF Model Coil Characteristics 
Number of layers 10 
Number of turns per layer 10 or 11 
Total number of turns 101 
Distance between turn centers 53.5 mm 
Tooth width 9 mm 
Distance between layer centers 58.5 nun 
Minimum plate thickness 6 mm 
Turn insulation thickness 2.5 mm 
Layer insulation thickness 2.0 mm 
Ground insulation thickness 10 mm 
Number of keyways 3 x 2 x 2 
Keyway depth 44 mm 
Keyway width 179.12 mm 
Inner radius 700 mm 
Outer radius 1322.50 mm 
Coil thickness 622.5 mm 
Coil height 697.5 mm 
Coil width 2645 mm 
Coil length 4045 mm 
Total conductor length 966 m 
Total mass of the coil 23 476 kg 
Self inductance of the coil 31.4 mfi 

Figure 2. TF Model Coil cross-section 

produced by the JCT in April 1994 12]. Due 
to the long length of the joint (800 mm) a 
small bending radius is imposed to the con
ductor in the vicinity of the joint (minimum 
322 mm). All the joints are oriented ortho
gonally to the symmetry plane crossing the 
curved ends of the coil. The supporting 
system is composed of two holsters, inside 
which are inserted the joints, linked with a 
saddle applied to the inner radius of the coil. 

Figure 3. Joints of the TF Model Coil 

3. TESTING CONFIGURATIONS 

Several-test configurations are possible 
for the TF model Coil. 



3.1. Single test 
In this configuration (Fig. 4) the coil is 

tested alone, equipped only with a transverse 
structure which prevents it from excessive 
deformations due to bending stresses. The 
structure is composed of two symmetrical 
parts linked by a set of tie-rods. A thick 
prismatic plate ÏB connected to two side 
plates inside which keyways are machined in 
front of the keyways machined in the sides of 
the TF Model Coil In this test no keys are 
present and the coil experiences only in-
plane loads. 

Figure 4. Single test of the TF Model Coil 

3.2. Parallel test 
In this configuration (Fig. 5} a back

ground field is produced by the EURATOM 
LCT Coil making an angle of 4.5* with the 
TF Model Coil, due to the belts surrounding 
this coil. The two coils are connected by an 
intercoil structure fitting with the transverse 
structure already used in the single test and 
intended to resist the forces occurring during 
operation. In thiB test the coil expériences 
enhanced in-plane loads and an attraction 
force to the LCT Coil. Each coil is fed 
separately, which allows independent moni
toring of the currents to be performed. 

3.3. Orthogonal test 
In this configuration (Fig. 6) the TF Model 

Coil, equipped with its transverse structure, 
is inserted orthogonally within the LCT Coil. 
Shear keyB connects the TF Model Coil with 
the transverse structure and an 

Figure 5. Parallel test of the TF Model Coil 

intercoil structure made of 8 wings connects 
the transverse structure to the LCT Coil. 
This configuration is devoted to the test of 
out-of-plane loads since the LCT field 
induces on the TF Model Coil a torque 
around the vertical axis. 

Figure 6. Orthogonal teat of the TF Model Coil 

4. PERFORMANCES 

4.1. Field and loads 
The magnetic field and the loads on the 

TF Model Coil have been computed in the 
three different testing configurationB 
(Table 3). In the orthogonal test it has been 
assumed that there was only one key 
installed on each side of each straight leg. In 



this test the low values of the current 
required in the LCT Coil allows fatigue 
testing (about one pulse every two minutes). 

Table 3 
Field and loads on the TF Model Coil 
Con6guration Single Parallel Orthogonal 
TFMC current 80 kA 80 kA 80 kA 
LCT current 0 16 kA 1.2 kA 
Maximum induction 7.85 T 9.71 T 7.85 T 
Maximum hoop force 21.7 MN 38.8 MN 21.7 MN 
In-plane force 0 22 MN 74 kN 
Out-of-plane force 0 81.7 MN 0 • 
Torque/vertical axil 0 ' 6.74 MN.m 5.3MN.m 
Shear key load 0 0 1 MN 

4*2. Operating conditions 
The conductor for the TF Model Coil is 

similar to the second grade conductor of the 
TF magnet. But, while the TF2 conductor in 
ITER is expected to operate at 46 kA around 
9 T, the TF2 conductor of the TF Model Coil 
will carry 80 kA for a similar field. In these 
conditions the inner Laplace force on the 
cable of the TF Model Coil (720 kN/m) is 
much larger than in ITER (420 kN/m) or 
even larger than the force in the high field 
conductor (TF1 at 13 T : 600 kN/m). The 
critical current versus field and temperature 
has been plotted (Fig. 7) for a compressive 
strain on the Nl^Sn material of - 0.35 % 
(- 0.45 % given by the fully bonded model 
during cooling, and + 0.1 % given by the hoop 
strain). The current sharing temperature is 
8.3 K at the operating point, which provides 
a theoretical margin around 3.8 K above 
helium temperature at 4.5 K, in steady state 
conditions. In a test coil it is also necessary 
to characterise the ability of the conductor to 
absorb heat inputs of disturbance nature. 
The cable consisting of superconducting 
strands and copper strands, two limits are 
identified for the frontier of the ill cooled 
stability regime (curves 3 and 4). The effect 
of perturbations over long lengths can be 
considered in terms of critical energy : 

- for fast perturbations (* 1 ms) the cop
per strands cannot be used as stabilisers and 
the critical energy iB very small (» 20 kJ/m3 

of strand). This low value means that all 
sources of frictionnai heat must be avoided. 

- for longer perturbations (= 100 ms) 
current redistribution to copper strands is 
possible and the stability is greatly 
enhanced. In this case most of the internal 
energy of the helium between bath tempera
ture and current sharing temperature can be 
used and the critical energy is large 
(=> 1000 kJ/m3 of strand). 

The result of a quench followed by a 
safety discharge is an increase of the 
conductor temperature (hot spot model) to 
107 K for a discharge in 4 s after a delay of 
1 s, and to 161 K after a delay of 2 s. * 

Model Coil 

5. CONCLUSION 

The racetrack design of the TF Model Coil 
allows three possible testing configurations 
for this 4m long coil, single, parallel or 
orthogonal with the use of the LCT Coil. 
With an operating current of 80 kA ITER 
relevant loads can be achieved. 

REFERENCES 
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Insert Designs for the ITER CS Model Coil 
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The ITER CS Model CoQ has been designed to test the different ITER conductors under 
relevant operating conditions for current, field and stresses. This will be performed by 
introducing inserts in the center of the main coil. Four different insert designs are presented and 
compared. 

1. INTRODUCTION 

The ITER CS Model Coil has been 
designed to provide a 13 T field within an 
inner bore of 800 mm[l]. This allows the 
introduction of inserts within the main coil, 
each one being devoted to the test of one type 
of conductor (Fig. 1). The CS Model Coil is 
intended to test the conductor at nominal 
current and up to the critical current at 
various temperatures and under ITER 
relevant field and stresses. Here are 
presented and compared four different insert 
designs. 

Figure 1. ITER CS Model Coil 

2. INSERT DESIGNS 
2.1. Insert 1 

In this design (Fig. 2) the insert is 
composed of : 

- a single layer with one conductor in 
hand and spacers between turns, 

. an antibuckling structure inside the 
layer, 

• a set of wedges on top and bottom of 
the layer. 

Vised 1 Insert 2 

Figure 2. Insert 1 and Insert 2 

2.2. Insert 2 
In this design (Fig. 2) the insert is 

composed of : 
- a single layer with two conductor in 

hand and no spacers between turns, 
- an antibuckling structure inside the 

layer, 
• a set of wedges on top and bottom of 

the layer. 
The two conductors are connected in such 

a way that the current flows in opposite 
directions in two adjacent turns. 



2.3. Insert 3 
In this design (Fig. 3) the insert is 

composed of : 
- two layers with one conductor in hand 

and no spacers between turns, 
- a set of wedges on top and bottom of 

the layer. 
There is no antibuckling structure and 

the radial pressure is produced by feeding 
the insert with reverse current with respect 
to the main coil. 

insert 3 risert 4 

Figure 3. Insert 3 and Insert 4 

2.4. Insert 4 
In this design (Fig. 3) the insert is 

composed of : 
- a single layer with one conductor in 

hand and no spacers between turns 
• a set of wedges on top and bottom ~i 

the layer. 
The antibuckling structure is provided by 

the inner legB of the axial compression 
Bystem of the CS Model Coil, which are 
assembled in such a way as to form a 
bucking cylinder. The insert is fed with 
reverse current to provide radial 
compression. A gap is provided between the 
layer and the inner legs in order to reach 
relevant compression on the conductor. 

The main characteristics of the four 
inserts are summarised in Table 1. 

Table 1 
Insert Designs 

Insert I Inter! 2 Insert 3 Insert 4 
Number ofIi>tn 1 1 2 1 
Conductors m h«nd 1 2 1 1 
Spuers yes no no no 
•mibueUing yes yes no ye 
structure 
conductor radius 0.7O0m 0.700 m 0.646 m 0.700 m 

3. LOADS 
3.1. Electromagnetic Loads 

The aim of the CS Model Coil is to reach 
ITER relevant stresses on the insert 
conductor. A calculation of the axial load 
inside the ITER CS along a discharge [2] has 
shown that the maximum load occurs at the 
end of flattop and reaches 958 MN which 
corresponds to -90 MPa on the equatorial 
plane. The calculations performed with 
global models taking into account both PF 
and TF magnets {3] show that a radial 
pressure from the TF magnet in the range of 
- 90 MPa induces a hoop compression on the 
innermost conductor of the CS comprised 
between - 130 MPa and - 190 MPa. The 
target is thus to reach such stresses on the 
insert conductor. 

Two cases have been considered : 
- easel lirait = + 40kA 

Imain coil » 45.84 kA 
- case2 Ija^t» -40kA 

Imain coil = 46.35 kA 
In both cases the maximum field on the 

insert conductor is 13 T. As summarised in 
Table 2, the calculation performed in the 
case of a single layer insert shows that the 
electromagnetic loads on the insert cannot 
achieve alone both axial and hoop relevant 
stresses. 

Table 2 
Electromagnetic loads on the insert 

Hoop Direction Axial Direction 
Fç c9 Ft ax 

(MN) (MPa) (M*» (MN) 
easel 5.13 114 -4.86 -20 
case2 -4.94 -109 +4.18 +17 

3.2. Additional Loads 
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To achieve ITER relevant stresses 
additional loads are necessary. In the axial 
direction precorapression is applied through 
a set of wedges made of a low contraction 
material . As shown in Table 3 glass-epoxy or 
graphite-epoiy are promising candidates for 
this purpose. In the Insert 1 design axial 
compression is also provided by the spacers, 
assumed to be made of invar. 

Table 3 
Thermal contraction and Young's modulus of 
materials 

K Younf'i 
, IPC) Modulus 

-«MK <GPt)«t4K 
[±fV 

Stainless Steel 
316LN 
Inooloy 908 
Invar 
Glass-epoxy 
(density 1.8, X fibers) 
Glass-epoxy 
(density 2.1,//fibers) 
Graphite-epoxy 
«Bber») 

-3060 

-1585 
-70 

-7500 

-1500 

• 42 

210 

184 
142 

6 

40 

126 

In the hoop direction additional 
compression is provided by radial pressure 
applied on the outer radius of the insert by 
t he inflatable bladder located between the 
inser t and the main coil. 

axial stresses during operation (Fig. 4). If the 
insert is fed with direct current in the case of 
glass-epoxy wedges it is necessary to reduce 
down to 12 the number of turns of the insert 
layer whereas 26 turns will be suitable in the 
case of graphite-epoxy wedges (no spacers 
corresponds to 31 turns). If the insert is fed 
with reverse current a reduction to 10 or 23 
turns is needed to achieve the same stress 
level. 

amber of tuns inside insert layer 
.10 ^ 0 30" 

papttte 
ep«y 
wedge* 

Figure 4. Axial compression on the insert 
during operation 

4 . DESIGN COMPARISON 
4.1 . Models 

Two ID models taking into account the 
Btiffhe&s of each material of the CS Model 
Coil have been used to calculate the stresses 
on the insert : in the axial direction a spring 
element model, in the hoop direction a ring 
element model. A 2D model has been built to 
study the buckling of the insert under the 
radial pressure. 

4.2. Insert 1 
Varying the thickness of the spacers (and 

consequently the number of turns) provides 
tuning of the axial precompression in the 
range [• 40 MPa , - 70 MPa] with glass-epoxy 
wedges and [- 60 M P a , - 150 MPa] in the 
case of graphite-epoxy wedges. It is then 
possible in any case to reach ITER relevant 

To reach hoop compression ranging from 
-130 MPa to -190 MPa requires high 
pressure (10 to 12 MPa) inside the inflatable 
bladder when the insert is fed with direct 
current and much lower pressure when i t is 
fed with reverse current (2 to 3 MPa) as 
shown in Fig. 5. 

4.3. Insert 2 
In the axial direction no compression 

occurs due to the electromagnetic load since 
the current in two adjacent conductors flow 
in opposite senses. The compression is thus 
provided only by the precompression system, 
which doesnt allow to reach ITER level: 
- 40 MPa with glass-epoxy wedges, - 70 MPa 
with graphite-epoxy wedges. 



pressure Po *» tue nllaïaûle ûlaOOei (MPa) 
0 2 4 6 8 10 12 14 

130 
-190 

hefcxn soSdficaiion 

Figure 5. Hoop stress on the insert during 
operation 

In the hoop direction the global 
electromagnetic force is null, which means 
that compression is provided only by the 
inflatable bladder. The ITER level is reached 
for a pressure ranging from 9.5 MPa to 
13.8 MPa. 

4.4. Inserts 
In the axial direction the compression in 

the equatorial plane reaches -50 MPa with 
glass-epory wedges and -80 MPa with 
graphite-epoxy wedges in the case when the 
insert is fed with direct current, • 29 MPa 
with glass-epoxy wedges and - 65 MPa with 
graphite-epoxy wedges in the case when the 
insert is fed with reverse current. The ITER 
level is not reached. 

In the hoop direction to reach the ITER 
level in the case of direct current needs a 
pressure ranging from 35 MPa to 44 MPa, 
which is above the solidification limit at 
4.2 K (14.2 MPa). In the case of reverse 
current the pressure required is in the range 
3 to 12 MPa. 

4.5. Insert 4 
This case is similar to that of Insert 1 

with no spacers. The axial compression 
reached is - 50 MPa with glass-epoxy wedges 
and -80 MPa with graphite-epoxy wedges, 
when the insert is fed with direct current, 
- 29 MPa with glass-epoxy wedges and 
- 65 MPa with graphite-epoxy wedges when 
the insert is fed with reverse current. In any 
case it remains below ITER level. 

The hoop compression is that calculated 
for Insert 1 with 31 turns : with direct 
current the pressure required to reach 
-130 MPa would be 17.7 MPa; which is 
above the helium solidification limit, with 
reverse current a pressure of 1.5 MPa ÎB 
convenient. 

4.6. Buckling analysis : 
For a pressure of 11.9 MPa the safety 

factor is 3.3 to reach -130 MPa with a single 
layer insert and a glass-epoxy ann'buckling 
structure. 

fi. CONCLUSION 

Insert 1 design is the only one providing 
as well in the axial direction as in the hoop 
direction ITER relevant stresses at nominal 
field and current Feeding the insert with 
reverse current allows a reduction of the 
pressure inside the inflatable bladder. The 
use of invar spacers and graphite-epoxy 
wedges appears to be the most suitable 
option. 
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ITER TF coils : Casing versus shear plates 
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The design of ITER EDA is featured by many new concepts. As far as the magnetic system is 
concerned the layer winding of the TF coils with incorporated steel shear plates is among the 
most remarkable. 

Mechanical calculations of the TF coils have been performed and manufacturing processes 
have been analysed to compare the deaign of ITER EDA with shear plates inserted in the 
winding and a more classical design using a steel casing with circular keys concept: ITER 
Compact Design. 

INTRODUCTION 

Mechanical calculations of TF coil have 
been performed for different in-plane and 
out-of-plane loading conditions to derive 
displacements and stresses in the winding 
and in the steel casing. Local stresses in the 
conductors and in the circular keys have 
been computed with 2D models. 

In addition manufacturing processes, 
notably the winding and the machining of 
keyways have been analysed. 

DESIGN OF THE TF COIL 

ITER Compact Design has been 
performed on the basis of the version of 
ITER EDA proposed by P.H. Rebut, with a 
central solenoid used as a bucking post for 
the TF coils and layer winding instead of 
pancake winding [1]. 

When the TF coils are D shaped, the 
central solenoid can be used as a central 
bucking post and the steel located in the nose 
of the TF coils, dedicated to resist the hoop 
force, can be removed and put within the 
inner bore of the CS where the space is 
available. 

The design allows an increase of the 
radius of the CS corresponding to the 
reduction of the radial thickness of the steel 

nose of the TF coil casing which represents 
about 0.3 m and which provides consequently 
an increase of the available flux of 20 %. The 
layout of this new coil assembly is described 
in the fig. 1. 

Figure 1. Layout of ITER Compact Design 

Different arrangement of conductors in 
the TF winding pack have been analysed. 
The choice of the imbricated round conductor 
arrangement is supported by the following 
considerations : 

- The winding of round imbricated 
conductor in layer is the simplest. 
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- In this arrangement the successive 
layers are fully interlocked and the winding 
pack behaves like a solid body. 

- The stress distribution is the most 
homogeneous and the stress level in the 
insulation material is the lowest of the 
different winding pack investigated. 

The TF winding pack is enclosed in a steel 
casing to withstand the electromagnetic 
forces produced by the winding and the 
weight. The section of the TF coil in the 
straight part is described in the fig. 2. 

Jii» «pay «TtxCMM ioa«l conOuclari 

Figure 2. TF coil section 

Based on the experience of Tore Supra, 
the TF coils of ITER will be soft and 
defonnable also, whatever the accuracy of 
the machining, there is no chance to keep the 
shape of a single coil constant. Also it seems 
hopeless to machine the keyway before the 
assembly of the coils even if relative parallel 
clearance between coil can be compensated 
by wedges. Unfortunately the angular 
mismatch cannot be compensated. 
Consequently, it is proposed to use the 
process experienced successfully on Tore 
Supra. This process consists in the 
preassembly of the TF coils with steel 
casings and the machining of circular 
keyways between the coils. 

Partial wedging is possible with steel 
casings at the level of the keys thanks to the 

increased stiffness of the coil which allow the 
stringent bending free conditions to be 
relaxed. 

MECHANICAL CALCULATIONS 

Three dimensional calculations 
Modélisation 

The calculations have been performed 
using the finite element code CASTEM 2000, 
developed within CEA, for different .out-of-
plane loading conditions: PREBLIP, EOF 
(End of flattop) and CS alone on TF, Two 
different TF coil designs have been studied : 

- ITER EDA with shear plates inserted 
in the winding. 

- ITER Compact Design with a steel 
casing. 

The TF coil is meshed with 8 node shells, 
the geometry of the shell is the mean surface 
of the TF coil. The bucking cylinder and the 
central solenoid are not modelled : there is 
no friction between TF and CS, and between 
the bucking cylinder segments. The shear 
keys are not modelled, the TF coils are 
assumed to be rigidly connected with each 
others. 

Two points in the TF leg region are 
blocked in the toroidal direction. 

The poloidal magnetic field in the TF coil 
is calculated using the code CASTEM 2000. 
The electromagnetic forces are then 
computed by integration in TF coil sections. 

Calculations have been performed 
without shear keys in the straight part of the 
TF coil. 

Results 
The comparison of displacements and 

shear forces (fig. 3) points out, if normal 
operating conditions (EOF, PREBLIP) are 
considered that : 

- There is no significant differences 
between ITER EDA and ITER Compact 
Design 

- Most of the deformation is generated 
by the unsupported part of the coil located in 
the port region. 

- The removal of shear keys in the 



vertical straight leg of the TF coils does not 
change the displacements and shear forces 
whatever the design, ITER EDA or 
ITER CD. 

between the TF coils. The highest shear 
stress peaks at 66 MPa. 

The smeared stresses in the TF winding 
pack are plotted in fig. 5. 

Figure 3. Shear force T between the TF coils 
along the line SP93 P13 P83 load = EOF 

Figure 4. aw and TÇ 2 along the line C11C12 

Two dimensional calculations 
Modélisation 

The aim of the present calculation is to 
evaluate the displacements and the stresses 
in the inner leg of the ITER Compact Design 
TF coil during EOF. 

The TF coil, the CS coil and the bucking 
cylinder are meshed with 8 node elements in 
different planes. The windings pack of the 
TF and CS coil are represented by equivalent 
orthotropic materials. 

The model is loaded by electromagnetic 
forces calculated in CS and TF coils during 
EOF. Vertical strain £% calculated using a 
global model, and shear strain Y&p> 
corresponding to the shear force between TF 
coils, are imposed on the model. 

Results 
The analysis indicates a high stress 

region in the TF steel casing at the bottom of 
the inner leg. The highest stress peaks at 
492 MPa. 

Fig. 4 shows a plot of the smeared shear 
stress T-z and the compression stress o w 
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Figure 5. ORR O W O ^ along the line CD 

To calculate the local stresses in the 
insulated dowels between the TF coils and in 
the conductor, 2D analysis have been 
performed taking into account the smeared 
stresses in the TF coil. 

The maximum pressure in the insulation 
of the dowel reaches locally - 437 MPa. 

The maximum von Mises stress in the 
jacket of the conductor reaches 722 MPa. The 
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compression ô -vj and shear stresses x̂ -g m 

the insulation are plotted in fig. 6. 
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Figure 6. OJ^J and TNg along the line A12A9 

Figure 7. tjjS function of O^N along the 
line A12A9 

These normal stress cr^jj and shear stress xN S 

in the insulation along the line between the 
jacket and the insulation are compared in 
fig. 7 to a fracture criterion curve of the 
insulation derived from basic tests performed 
for the LHD project 12] : 
qNK , TNS _ , 

9 — 

°0 To 
OQ = 38 MPa\uniaxial stress limits 
T0=27MPaJ at T=77 K 

CONCLUSION 

The comparison of displacements and 
shear force between TF coils due to out-of-
plane forces shows that if only normal 
operating conditions are considered there is 
no significant differences between ITER EDA 
with shear plates inserted in the winding 
and ITER Compact Design using a steel 
casing. 

Local stresses in the steel casing, in the 
conductors, and in the circular keys have 
been calculated in case of ITER Compact 
Design and seem to be allowable. 

Manufacturing processes and the 
assembly of the TF coils have been simplified 
and improved with steel casing. 
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Mechanical analysis of the central solenoid of ITER Compact Design 
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The central solenoid of ITER Compact Design is used as a bucking post for the TF coils. A CS 
precompression system is designed to prevent sliding between the TF and CS coils. 

2D global mechanical calculations of the CS and TF coils have been performed for different in-
plane loading conditions. 

Local stresses in the jacket and in the insulation of the conductor have been determined by 2D 
mechanical calculations using as input the smeared stresses found as output of the global model. 

INTRODUCTION DESIGN OF THE CS COEL 

The aim of ITER Compact Design is to 
increase the flux generated by the central 
solenoid when are kept constant the volume 
usable inside the toroidal field coils 
assembly, the current density in the winding, 
the maximum field and the operating 
temperature [1]. To reach this goal, the steel 
needed to resist the hoop force of the TF coils 
is displaced from its usual place, located 
between the TF and CS windings, to the 
central area left free by the central solenoid. 
The layout of the machine is shown in fig. 1. 

Figure 1. Layout of ITER Compact Design 

The central solenoid is used as a bucking 
post for the TF coils. The CS is equipped 
with sliding panels and inflatable bladders 
(under vacuum) (fig. 2). 

Figure 2. Interface between TF and CS coils 

When the TF and CS are energized, the 
vertical gap is closed by the chamfered 
wedges located at the top of the CS. The 
radial crinkled panels set between the TF 
and CS are completely flattened under the 
radial pressure, providing thus an inward 
radial displacement of the TF coils which in 
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tu rn puts all the circular shear keys in 
compression. This gap will be used later on 
to carry out a cooling down of the CS to ease 
its removal. 

The CS consists of 14 layers of square 
conductors (fig. 3). 316LN is preferred to 
Incoloy for the jacket because of cost 
consideration (tooling) and because it does 
not raise problems during the cooling down 
of the machine mainly in radial direction 
(loosening of the shear key assembly). 

50.7 

B 18.9 

windings, steel casing) are taken into 
account by equivalent moduli. 

Two linear elastic calculations have been 
performed : 

- without friction between the TF and 
CS coils, 

- the CS external radius is sticked on 
the T F coils after application of the axial 
prestress. 

Results 
The hoop tensile force in the TF coil is 

partly resisted by the TF coil (about 2/3 of 
the force) and partly by the BC (about 173 of 
the force). 

In the equatorial plane the centripetal 
force on the TF coils is almost entirely 
supported by the central structure, the radial 
pressure reaches about • 80 MPa on CS. This 
pressure decrease from the equatorial plane 
to the top or bottom of the CS due to the 
vault effect : fig. 4 shows the radial pressure 
ORg and the axial pressure Ozz o n the 
external radius of CS without friction 
between the TF and CS coils when the two 
coils are energized. 

Figure 3. CS conductor 

MECHANICAL CALCULATIONS 

Global model 
Modélisation 

To evaluate the displacements and the 
stresses in the CS coil of ITER Compact 
Design. 2D calculations have been performed 
in axisymmetric mode for different in-plane 
loading conditions : axial prestress, TF on, 
CS on, using the finite element code 
CASTEM 2000 developed within CEA. The 
TF coil, CS coil and bucking cylinder are 
meshed with 8 and 6 node elements. 

The TF and CS coils are represented by 
equivalent orthotropic materials. The 
Young's moduli, the Coulomb's moduli, the 
Poisson's ratios are calculated using a 2D 
mesh of a cross-section of a conductor. 

The different materials (insulation 
between TF coils and BC segments, 

Figure 4. ORR and o ^ along the line AB 

Local model 
The aim of the present calculation is to 

derive the displacements and the stresses in 
the conductors of the central solenoid. 2D 
calculations have been performed in 



axisymmetrical mode using the finite 
element code CASTEM 2000, A quarter of a 
conductor on the external and internal 
radius of CS are meshed with 8 node 
elements. The jacket and the insulation are 
modelled by isotropic materials. 

Table 1. 

Youne- Modulus (GPa) 
Poisson's ratio 

Jacket 
(Stainless steel) 

210 
0.3 

Insulation 
(Glass eoozy) 

6 
0.3 

Boundary conditions of symmetry about 
Unes and a point are applied on the model to 
study aligned or 50 % misaligned conductors. 
The model is loaded by the smeared stresses 
found as output of the global model. 

The main results are summarized in 
table 2. 

Table 2. 
No friction between CS external radius 

Stress (MPa) CS and TF stieked on TF 
Maximum Von 
Mises stress in the 
iacket 
Maximum 
compression stress 
in the insulation 
Maximum Interla
minar shear stress 
in the insulation 

452 

-117 

60 

447 

-139 

61 

The maximum interlaminar shear stress 
in the insulation occurs locally in the corner 
of the conductor • and more detailed 
investigations are necessary. 

The interlaminar shear stress due to the 
bending of misaligned conductors occurs not 
only in the corner but in the straight part of 
the conductor, this maximum shear stress 
reaches about 25 MPa, the worst load is the 
axial prestress aa - - 54 MPa (fig. 5). 

To evaluate the risk of debonding in the 
insulation, the normal stress CX^N and the 
shear stress t N S along the line between the 
jacket and the insulation (fig. 6) are 
compared to a fracture criterion curve of the 
insulation derived from basic tests performed 
for the LHD project [2] : 

0 O 

IKS = 1 

c»o = 38 MPal uniaxial stress limits 
•c0 =27 MPa J at T=77 K 

As shown in fig. 6 the criterion is 
exceeded only in the corner of the conductor 
which means that debonding would occur 
only locally. 
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In case of ITER EDA, calculations have 
been performed for 50 % misaligned 
conductors at the top of the central solenoid 
with a radial pressure of - 90 MPa and no 
vertical pressure {31. The interlaminar shear 
stress reaches 80 MPa in the straight part of 
the conductor (fig. 7,8). 

the case of ITER Compact Design because 
the vault effect reduces the radial pressure 
between the TF and CS coils at the top of the 
CS. This vault effect is made possible thanks 
to the large amount of steel located at the top 
and bottom of the TF coil. This is also an 
opportunity to remove the shear keys located 
in the straight part of the TF coil and to 
increase the size of the shear keys at top and 
botton where space and steel are available. 
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CONCLUSION 

Local stresses in the conductor jacket and 
in the insulation of the central solenoid of 
ITER have been determined in the case of 
the ITER Compact Design concept and 
compared to those obtained in the case of 
ITER EDA. 

The misalignment of conductors leads to 
high level interlaminar shear stress. This 
stress is much reduced in the case of ITER 
Compact Design. 
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As shown in fig. 8 the criterion is 
exceeded in a much wider area. 

The interlaminar shear stress is lower in 
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MODEL COIL DEVELOPMENT AND TESTING FOR ITER 

B. Montgomery. Plasma Fusion Center, Massachusetts Institute of 
Technology, Cambridge, MA, 02139 
K. Okuno, ITER Joint Central Team 

A.. Totosian, CEA Cadarache 
G. Trokachev, Efremov 

H. Tsuji, JAERI Naka 

Model coils are a central focus of the ITER Magnetics Program. Two coils 
will be fabricated and tested during the 6-year Engineering Design 
Activity as a collaboration between the ITER partners. A Central 
Solenoid Model Coil, built by the United States and Japan, will have a 1.6 
meter inner diameter and a peak field of 13 tesla. The coil will have 
single layer replaceable inserts, the Japanese to build a central solenoid 
conductor insert, and the Russian Federation, a TF conductor insert. A 
Toroidal Field Model Coil, built by the European Community and the 
Russian Federation, will be a race track with inner dimensions of 1.4 
meters by 2.8 meters, and a peak field of 9 Tesla. Both coils use full-
scale conductors are intended to develop fabrication concepts to be used 
with the full-scale coils. These include a form-before-heat treatment 
strategy, followed by insulation of the single layer during transfer to 
the coil assembly. The CS model coil will be tested at JAERI using the JT-
60 power supplies for fast ramping. The TF model coil will be tested in 
the Toska facility at KfK using the EC LCT coil to provide a background 
field. 
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NEW TESTS ON THE 40 KA NB3SN CEA CONDUCTOR FOR ITER 
APPLICATIONS 

J.L Ducbateau". D. Bessette1, B. BJaub, I. Rohlederb- G. Vecseyb
t H. Katheder0 

• Association Euratom-CEA sur la Fusion Contrôlée, Centre d'Etudes de Cadarache, 
F-13108 Saint Paul Lez Durance Cedex, France 

bEPFL-CRPP Fusion Technology division, 5232 Villigen PSI, Switzerland 

cThe NET Team, Garching, Germany 

New tests have been performed on the 40 kA CEA t ^ S n conductor in the Sultan III facility. The aim of 
these tests is to obtain key experimental data on the behaviour of Nt^Sn conductors for fusion applications 
under high field and large transport current. The 40 kA Nt^Sn CEA conductor has a shape and an internal 
arrangment of the superconducting wires which is very similar to the ITER conductors. These tests are 
therefore of great interest and bring precious information on ITER conductors designs and margins. The level 
of the ac losses experienced by these conductors under varying fields influences deeply their design. Till now 
the ac losses was measured without transport current, hi this experiment the influence of Lorenz forces on ac 
losses is investigated at different background fields and with different transport currents. For this, die basic 
experiment consists in producing field pulses on the conductor by means of a coil installed in the bore of the 
Sultan magnet and in recording the integrated voltage obtained on pick-up coils placed on the conductor as a 
function of time. It is possible by this way to evaluate the conductor time constant as a function of the 
transport current and of the background field. 

1. INTRODUCTION 

The 40 IcA CEA Nt^Sn was tested in 1993 in 
the SULTAN III facility [1]. During these tests the 
critical current of the conductor at different 
temperatures and background fields was explored, 
demonstrating the capability of this conductor to 
carry high transport current at high field for fusion 
applications, Other tests were performed at Saclay 
[2] to measure the ac losses of this conductor but 
without transport current and at low levels of 
background field. In these new tests the behaviour 
in transient pulses has been investigated both in 
presence of high fields and of transport currents. 

2. PRESENTATION OF THE TEST STAND 

A pulsed coil pairs made of copper has been 
recently installed in the SULTAN HI facility to 
produce a sinusoidal magnetic pulse with an 

amplitude of + - 1 T and about 50 ms duration in 
the 40 cm long center region of the test conductor. 
The coils ere connected with a 38 mF/1500 V 
capacitor bank forming an oscillating circuit. The 
test well with the conductor is placed between the 
two coils as shown in Fig. 1. 

* pulsed coil 
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Figure I. Pulsed coils configuration in SULTAN 
IH test facility 



The magnetic axis of the coil pair is in alignment 
with the SULTAN background field. They are 
racetrack shaped with a length of 413 mm and a 
widlh of 113 mm. Furthermore two iron yokes 
have been introduced into the magnet bore which 
allow an increase of the maximum background field 
in the center region from 11 T to 12 T. 

2. IMPORTANCE OF THE INTERNAL 
GEOMETRY OF THE CABLE AND 
POSSIBLE INFLUENCE OF LORENZ 
FORCES 

Is fusion magnets, the high current conductors 
have to face important Meld and current variations 
due to the fact that these magnets operate in pulse 
conditions. Furthermore a particular heat load is 
deposited within typically 0.5 s in case of a plasma 
disruption. That is the reason why special attention 
is put to design low losses conductor. The losses 
due to field variation have two origins : 
- the hysteretic losses which are directly 
proportional to the effective filament diameter. 
- the coupling current losses which are proportional 
to the so called time constant of the conductor!2). 
This time constant is in strong relation with the 
electric contact surface between the strands. 
Parameters such as the local void fraction and the 
chrome layer deposited on the strands are expected 
to greatly influence this contact surface. The first 
conductor to be tested in pulsed operation is the 
CEA 40 kA Nb^Sn conductor whose critical 
properties have already been explored last year. A 
particular interest exists in proceeding to further 
tests on this conductor due to the fact that the shape 
of this conductor is very near the shape which is 
now chosen for the various conductors of the ITER 
project [3]. 
But other tests will be also performed on another 
conductor : the EM-LMI/Ansaldo conductor 
previously developped in the Euratom program by 
the NET team (see in particular [4]). 
Both conductors are very similar as far as the 
diameter, the number of the strands and the twist 
pitch are concerned, but differ significantly in the 
geometry of the cable as well as in the effective 
filament diameter. 

3 . COUPLING CURRENT LOSSES DURING A 
MAGNETIC FIELD PULSE. 

Assuming u d < < l , <a being the field pulsation 
and 6 the time constant of the cable, the equation 
giving the field B 'inside' the conductor is : 

B+GB = Bc(t) (1) 

Be(t) is the external field variation 

The assumption made here is similar to this used in 
[2] : the time constant of the conductor can be 
considered as the summation of N time constants, 
each of them being associated to the contribution of 
each cabling stage to the total ax losses, with a 
dominant contribution of the last but one stage 
(petal) for the CEA conductor. 

with : Be(t) = BQsinot for t <*/© 
and Be(t) = 0 for t> it/a 

Equation (1) can be solved for the particular 
condition of an half sinusoidal field pulse : 

i+82(»2 Vi+eV 

l+e 2 © 2 

tgtp-aQ 
The magnetization M(t) of the conductor can be 
classically defined as :M = -6B 

t 0 t / ( û M ^ . B Q o e e - ^ . B o c o s ^ t - q » 

i+eV Vi+eV 

t<«/o> M(t) = - 5 ^ e - t / e ( l + e K / < û e ) 
l+e2»2 

In this mode], if the time constant is very high 
( # - » o o ) then <p-+n/2tad M(t) =-B()sirxot 
which means that no flux enters the sample. The 
higher the time constant is, the higher is the level 
of the maximum of the magnetization and the 
higher the time associated to this minimum. This is 
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pointed out in Table 1 for the the particular pulse 
duration of the experiment (t=48.5 tas). 

Table 1 
Influence of the time constant on the value and on 
the position of the maximum of the magnetization. 

6 10 20 30 40 50 
(tns) 

\M/B0\ 0.401 0.571 0.665 0.725 0.767 

max. 

tmax 14. 17.2 18.8 19.9 20.6 
(ms) 

A typical curve is presented in Fig.2. 

Figure 2 Magnetization of a conductor during a 
field pulse (duration 48.5ms, 9=10 ms) 

4. EXPERIMENTAL RESULTS ON 
MAGNETIZATION 

4.1 Pick-up coils 
Each conductor leg is equipped with a 350 mm 

long pick up coil in the high field region 
perpendicular to the SULTAN axis. These two 
saddle shaped coils are directly glued with epoxy 
onto the conductor jacket as sketched in Fig.3. The 
number of turns per coil is chosen in such a way 
that the voltage across the terminals of the coil 
should not exceed 50 V in order to avoid insulation 

problem. The classical way of operating to obtain 
the magnetization of the sample is to balance the 
pick-up coil Pi or P2 with a so called compensation 
pick up coil (here Pel, Pc2 or Pc). The 
compensation pick up coil must meet two 
requirements: 
- to be placed as far as possible from the conductor 
not to be influenced by its magnetization. 
- to be in the .same magnetic conditions as the pick
up coils. 

Oompinf ; 
Stniclure j 

PcZ-'"*" • j • '"""--Pel 

J Baullan ^ p<. 

Figure 3 Pick-up coils configuration 

4.2 Expérimenta] procedure 
It rapidly turned out that it was impossible to 

balance the pick-up coils with the compensation 
coils. This was made clear in a test at a temperature 
greater than 20 K to be sure that the sample is not 
superconducting. This problem is due to the 
stainless steel clamps which are placed between the 
compensation and the pick-up coils and are 
shielding part of the field variation. 

The way of operation was found without using 
the compensation coils by balancing numerically a 
'cold shot" on the pick-up coil by a "hot shot" on 
the same pick-up coil recorded in a previous run. 

4.3 experimental results 
Experiments have been done at different levels 

of field : 0T, 4T, 8T and 12 T. Due to temporary 
operational difficulties of the superconducting 
transformer, the current in the sample was limited 
around 20 kA. 
The experimental results have been perturbated by 
the fact that the "hot shot" is not strictly similar to 
the 'cold shot". The diamagnetiam of the sample at 
low temperature affects the field pulse which is 
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TESTS RESULTS OF SUBSIZE JOINTS BETWEEN NB3SN CABLES 
AS A FIRST STEP FOR A DESIGN OF JOINTS FOR NET/ITER COILS 

D. CIAZYNSKI. P- DECOOL, P. HERTOUT, B. JAGER 

Association Euratom-CEA sur la Fusion Contrôlée 
Centre d'Etudes de Cadarache, DRFC/STID 
F-13108 SAINT-PAUL-LEZ-DURANCE CEDEX, FRANCE 

A task for the fabrication and tests of subsize joints between NtçSn cables has been developed at Cadarache 
within the European Programme, as a necessary step for a design of full scale joints for ITER coils. The first 
stage (Phase I) of this activity was devoted to basic parametric studies on two main kinds of joint, namely the 
so-called soldered scarf joint and the overlap (subdivided or not) joint, leading to an optimization of each 
design from which new samples were fabricated and tested within the second stage of the task (Phase II). The 
joint samples were made from a cable-in-conduit conductor of reduced size (scale * 1/6), they were tested in 
helium bath at 4.2 K. The main experimental results concerning D.C. resistance and pulsed magnetic field 
losses are presented. Performance analysis and theoretical modeling results are also exposed. Flux jump 
phenomena which were observed experimentally are presented and discussed Conclusions for the design of a 
full-size joint are finally drawn. 

1. INTRODUCTION 

The joints of superconducting cables for ITER 
coils are special components for which a low 
resistance needed for cryogenic saving has to be 
balanced with low losses under pulsed magnetic 
field needed for stability. When associated with a 
theoretical modeling, the tests of subsize joints 
fabricated according to methods relevant to full-size 
joints can lead to an optimization of a given joint 
design through a better knowledge of the 
performances of this type of joint 

2. SAMPLE FABRICATION 

The joint samples for Phase I have been 
fabricated from a square twisted steel jacketed cable 
provided by ENEA. This cable is composed of 16 
pure copper strands and 128 Nt^Sn composites 
manufactured by Teledyne Wah Chang (MIR type), 
0.78 mm in diameter. The strands are chrome 
plated. The initial cable void fraction is 40%. 

The sample assembly has been already presented 
in [1]. Two main kinds of joint have been 
investigated, the soldered scarf joint and the overlap 
(subdivided or not) joint (see Fig.1) [1,2]. For both 
types of joint each cable end is cut with its jacket, 

then jacket is removed and chrome plating is 
removed chemically from strands over the active 
length (sec Tabic I). 

Scarf joint 

Overlap-cable joint 

Overlap-subdivided joint 

Figure 1. Classification of tested joint 

For the scarf joints, the two cable ends are 
inserted inside a copper tube (cap) until the two 
facing scarfs (angle 20°) come into contact. The 
copper cap is then compacted with a press to its 
final size. The cap can be finally filled with solder. 

For the overlap-cable joints, each cable end is 
inserted insitk s copper tube (cap) then compacted 
to its final square shape with rolling mills. The caps 
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slightly shorter. The difference is small (less than 
lms ) and leads to a distorsion which is visible on 
the derivation of the magnetization. 

The experimental results are presented in 
Fig.4, for several currents at 8 T, for a 100V shot 
corresponding to a AB of about 0.1 T on the 
conductor. 

i • — . ' ' i « ' 

e OOJ oj» at» OJ» 0.1 

Fig.4 Experimental magnetization at 8 T 

Several remarks can be made : 
- Contrary to Fig. 3, the contribution of the 
hysteretic magnetization changes slightly the 
position of the minimum by shifting it to higher 
times. At high field this effect is reduced. 
- the magnetization does not come back to its initial 
value, which is surprising as second shots are 
performed. 
During the pulse the results are given in Table 2. 

Table 2 
Characteristics of magnetization at 8 T 

current 
tmax (ms) 
\M\ max 
<mT) 

OkA 
16.3 
3.2 

l l k A 
14.7 
2.9 

21 kA 
13.6 
3.2 

The instantaneous time constant has been derived 
from the relaxation phase after the pulse. The 
results are presented in Fig.5. The effect of the 
current is very weak, the evolution in time of the 
time constant has already been pointed out in [2]. 

ftOCB' i i ! 1 

an tmt %at tert aa» i n at» 

Fig.S Instantaneous time constant at 8 T. 

5. CONCLUSIONS 

The results obtained on the CEA 40 kA indicate 
that up to 8T, 20 kA there is no noticeable effect of 
the current on the time constant of the conductor. 
This conclusion has still to be confirmed by 
operating the conductor at 12 T and 40 kA. 
However the use of steel wrapping around the petal 
and the low void fraction (30%) in the petals may 
explain this behaviour. 
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are not filled with solder to keep helium in good 
contact with strands. The two half-joints arc finally 
soldered with a tin foil, after possible insertion of a 
spacer in between. The overlapping length is equal 
to the last stage cabling twist pitch length. Two 
different values of copper RRR have been used. 

For the overlap-subdivided joint, each cable is 
opened at one end and the four subcables are 
separated and laid flat. Then each subcable is 
inserted inside a copper tube and compacted to its 
final square shape with a press. The joint is finally 
made by soldering independently (using steel 
spacers) the corresponding subcables of each cable 
with a tin foil The overlapping length is here equal 
to the last but one stage cabling twist pitch length. 

Table I : basic samples of Phase I 

sample 

SI 
S2 
S3 
OC1.2 
OC3 
OS 

type 

scarf 
scarf 
scarf 
ov-cab 
ov-cab 
ov-sub 

length 
(nun) 

60 
60 

160 
160 
160 
105 

thick, 
(mm) 

2 
6 
6 
1 
1 
1 

void 
<%) 
23 
32 
32 
29 
29 
9 

copper 
RRR 
320 
320 
320 
320 

6 
220 

The main cap features of the 6 basic samples are 
presented in Table I, from these samples an 
extended number (14) of joints have been tested by 
filling or not with solder the three scarf joints and 
the overlap-cable joints, by soldering a NbTi liner in 
parallel on two of the scarf joints, and by changing 
the nature of the spacer in one overlap-cable joint 
(copper for OC1, CuNi for OC2). 

3. TESTS RESULTS 

The samples were cooled in helium bath at 
4.2 K. The test facility capability is given in [1]. 

3.1. DC Measurements 
The testing process was concerned first with 

resistance measurements with a DC current under a 
given transverse magnetic field. Voltage across the 
joint was measured thanks to different taps located 
all along the cable. Some scattering has been 
observed among these measurements which is 
attributed to an uneven voltage distribution among 
strands. Therefore the joint resistance has been 
defined as the average measured value. 

The measured resistances of the (soldered) scarf 
joints are ploned in Fig. 2. These results show that 
no significant current is really flowing through the 
scarf, the joint resistance is then determined by the 
copper cap characteristics and the resistance 
between strands and cap. Such a conclusion is also 
sustained by the fact that only little difference was 
observed between unsoldered and soldered joints. 
Note also that the use of a NbTi liner has not led to 
a drastic decrease of the joints resistance. 

After dismantling the samples and cutting out 
the joints, we have observed a polluted zone in the 
scarf area which is likely due to a flow of tin at the 
cable ends during heat treatment, although this 
process was carefully controlled with temperature 
sensors. 
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Figure 2. Experimental joint resistance versus 
magnetic field for the soldered scarf joint samples. 

The measured resistances of the overlap joints 
are plotted in Fig. 3. The values obtained on OC1 
and OC3 samples appear to be quite high compared 
to the resistance due to the copper caps (respectively 
0.2 and 3.7 nQ at 2 T). which tends to pinpoint a 
high resistance between strands and copper caps. 
This hypothesis is confirmed by the low resistance 
measured on OC3S (OC3 in which copper caps 
have been filled with solder). 

When a CuNi spacer was used (OC2), the joint 
resistance increase is roughly in agreement with the 
spacer resistance (13 nfi). 

After dismantling the samples and cutting out 
the joints, we have observed a sparse and uneven 
contact between strands and copper cap, this result 
has to be related to the relatively high void fraction 
and to the compaction process (rollers). 
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Figure 3. Experimental joint resistance versus 
magnetic field for the overlap joint samples. 

The resistance measured on the subdivided joint 
is lower (see OS in Fig. 3) which is attributed both 
to the increase of the jointing area (+ 50%) and 
mainly to the lower void fraction (see Table I). 

3.2. Pulsed field losses measurements 
Losses created under pulsed magnetic field were 

measured by using the magnetization technique. 
The instantaneous time constant 6j of the 
magnetization of the joint measured after a slow 
field variation has been found generally to increase 
with time as observed on a full size cable [3]. This 
measurement offers the interest to provide a value 
independent of any calibration. 

The "standard" losses time constant nr has been 
calculated from the losses W measured during one 
cycle with slow linear field variations between 0 and 
2 T : 

W = 
2ntAB 2 

HoTr 

(1) 

where W is the loss density per unit volume of 
strand in the joint, AB is the field variation and Tr 

is the ramp time (Tr » 0j). 
It should be noted that for the overlap joints the 

measurements were carried out with two different 
orientations of the field with respect to the wide side 
of the joint (see Fig.l, f T I ËEB T B J - ) -

The values of 9$ at (B = 1 T) and m for the 
different tests are given in Table n. As it can be 
seen in this table there is no direct relationship 
between 8j and rrt because 9, includes a 
demagnetization factor effect while nr includes a 

volume ratio effect, both effects being different from 
test to test. Note thai for a single homogeneous 
strand, one would find that : nt=29; 

Table n. Results of pulsed field tests 

sample 
SI 
S2 
S3 
OC1 
OC1 
OC2 
OC2 
OC3 
OC3 
OC3S 
OC3S 
OS 
OS-32 
OS-16 

Bangle 
any 
any 
any 
B l 
B// 
B l 
B// 
B l 
B// 
B l 
B// 
B// 
Bl 
Bl 

6i(s) 
0.16-0.30 

0.30 
0.45 -1.0 
0.60-3.0 
0.80-2.2 
0.40-1.5 
0.85-1.5 
0.30 -1.2 
0.50 -1.0 
0.67-2.0 

1.1-2.0 
0.50 -1.25 

1.0-1.5 
0.25 -1.0 

rrt(s) 
1.1 
3.7 
5.1 
3.4 
2.4 
2.3 
2.4 
1.1 
1.2 
4.2 
3.0 
1.8 
5.1 
1.1 

Note that the sample ends of the subdivided joint 
had to be cut for the B l test to avoid closing of eddy 
currents through the sample upper and lower joints. 
Samples with cable lengths of 32 cm (OS-32) and 
16 cm (OS-16) from each side of the joint were then 
investigated 

Comparing Table II with Figs. 2 and 3 shows 
that the decrease in resistance is generally paid by 
an increase in losses for both types of joint 

3.3. Flux jumps phenomena 
Flux jumps appearing in a way similar as in a 

superconducting twisted composite [4] have been 
observed on overlap joints only. For slow linear 
field variation such phenomena occured above a 
given ramp rate while for very fast field discharge 
they occured above a given field amplitude. In other 
words, the magnetization of the joint could not 
exceed a maximum limiting value ( » 0.8 T). 

4. THEORETICAL ANALYSIS 

The basis of our theoretical model is to consider 
only the strand internal resistive barrier between 
Nt>3Sn filaments and copper cap in the same way as 
for the inter-strand resistance in a cable {3]. Such a 
model offers the advantage of using the same 
parameter (% of contact area) for both resistance 



and pulsed field losses calculations. For the scarf 
joints, this model has led to results in agreement 
with experiments for a realistic contact area 
between strands and copper cap (12 %). Thus the 
main part of the losses is provided by the pure eddy 
currents inside the copper cap itself! For the overlap 
joints, the same model has led to prediction of the 
joints losses in good agreement with experiment. As 
a matter of fact, the coupling losses provided by 
each half-joint have been found to be not negligible, 
particularly when using a high RRR copper cap. On 
the other hand, this model has led to values 
generally too low for the resistance, which can be 
explained by the uneven contact observed between 
strands and copper cap. For the subdivided joint, 
considering the large contact area between strands 
and cap, the measured resistance is higher than the 
predicted value which reveals the effect of a pure 
contact resistance (indeed no sintering has been 
observed between strands and copper cap). 

For the overlap-cable joints, the increase of m 
with B l compared to B// shows that, as predicted 
by theory, an extra contribution to the losses is 
provided by loops of currents crossing the joint 
plane [1]. For the subdivided joint, the fact that a 
variation of Bj_ would create large loops of current 
closing through the cable itself [1] has been 
confirmed by experiments. It should be noted that 
most of the extra losses (included in nx, Table U) 
due to such currents are dissipated in fact in the 
cable and not in the joint itself. 

By using the same theory as for a single twisted 
composite [4] one can find a flux jump condition 
related to the saturation in current of strands by 
coupling currents. Such a condition is related to 
coupling losses and can be expressed as a limitation 
of magnetization in agreement with experiment 

5. PHASE H SAMPLES 

For the second phase of our activity we used a 
new cable made with 144 Nt^Sn strands. This 
strand was manufactured by Vacuumschmelze 
according to the bronze route method. The scarf 
joint was improved by cresting a short (« 5 mm) 
inter-penetrating length of iï.z two cable ends, why* 
the "overlap joint was optimized by performing the 
compaction process with a press and the use of low 
RRR copper caps. For both joints the void fraction 
was reduced to 20%. 

The soldered scarf joint resistance bas dropped 
down to 4.7 n£l at 2 T (13.4 nfl without solder) 
with a losses time constant nx of 2.7 s (2.3 s 
without solder) which can be considered as a real 
improvement compared to Phase I samples (see 
Fig. 2 and Table I). The overlap joint is now under 
testing. 

6. CONCLUSIONS 

The work performed within the first two phases 
of our activity has led us to draw some conclusions 
specific of each type of joint and which can be 
applied to full size joint design. For the scarf joint, 
the problem is to limit the resistive part to a 
minimum length as the jointing area is small the 
joint resistance cannot rely simply on the copper cap 
which would be paid by a drastic increase of pulsed 
field losses. For the overlap joint, the quality of the 
electrical contact between strands and copper cap is 
of prime importance, particularly when the caps are 
not filled with solder, which leads to decrease the 
helium area in the cable. The use of low RRR 
copper caps can help to decrease pulsed field losses. 
For field variation normal to the wide side of the 
joint, an extra losses contribution has to be added 
which increases as the joint resistance decreases. 
Subdividing the overlap joint can lead to a decrease 
of the losses but requires resistive spacers between 
subcables inside the cable itself to limit large 
current loops closing through the cable. 

The third phase of this task will be devoted to 
fabrication and tests of subsize joints cooled with a 
circulation of supercritical helium in the same way 
as in a real coil. Stability tests relevant to real coils 
will be so carried out 

From our fabrication and testing programme 
results and the associated theoretical modeling work 
we have been able to propose, in relation with ITER 
JCT, a first design of a full-size joint for ITER CS 
and TF coils based on the overlap-cable concept 
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1. INTRODUCTION 

For next reactor-grade plasma, the 
amount of power at the lower hybrid 
frequency for current drive and current 
profile control purpose is more than 50 M\Y 
[1]. To avoid interaction of the slow wave 
with energetic alpha particles the frequency-
has to be increased. These two reasons imply 
necessary improvements in actual technology 
and design of up to now LHCD antennae. 

Here a new concept first described in [2] 
will be studied. After a description of its 
main principles, an analysis of its properties 
depending on the plasma parameters and on 
the antenna geometry is done. 

2 . DESCRIPTION AND MAIN 
PRINCIPLES 

The first principle to decrease the total 
number of waveguides in front of the plasma 
is to use poloidally oversized waveguides. 
The phase shifters used to adjust the injected 
N// spectrum would also play the role of mode 
filters for lowest order mode (Fig. 1). 

The second one is to replace the present 
array of active waveguides by a juxtaposition 
of active and passive waveguides. The phase 
shift between active waveguides 2tp, the 
passive waveguide depth lcc and the 
geometric periodicity A are adjusted in such 
a way that the amplitude and the phase of 
the total electric field E in the passive 
waveguides given in the following first order 
relation at the interface plasma antenna are 
coherent with the one of active waveguides. 

£=£/2<?J,(p-?««<P 1-e-J-
. -** / cc 

(1) 

where S12 is the cross coupling parameter 
through the plasma between neighbour 
active and passive waveguides, and X is the 
vacuum wavelength. 

phase shifter and 
mode later 

* easy remote handling 
berylkim mouth piece 

Figure 1. Active 
antenna 

passive waveguides 

The advantages are then that an efficient 
cooling can be set behind the passive 
waveguides and that it implies an 
improvement of the antenna robustness. 

The third one is to use multijunctions set 
in series to decrease the reflected power seen 
by oversized feeding part such as mode 
converters or hyperguide. 
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To see if such a new concept is relevant 
for the future the coupling properties and the 
N// radiated spectrum has been studied 
depending on 2 kinds of parameters : 

- plasma parameters : electron density 
rig. electron density gradient Vn .̂. 

- antenna parameters : the passive 
waveguide depth l^, the phase shift between 
active waveguides 2<p, the thickness of the 
wall separing waveguides. 

3. MAIN PROPERTIES 

The following computation has been done 
using SWAN code which has been validated 
by the comparison of its results to 
experiments [3]. An array of 19 waveguides 
has been taken into account with 10 passive 
ones juxtaposed through 9 active waveguides 
which have been supposed to be 
independently fed. The chosen frequency is 
5 GHz. 

Two cases of geometric periodicity A and 
phase shift 9 have been studied : one with a 
period of 10 mm with a phase shift of 
120 degrees, the other being with a period of 
11.25 mm and a phase shift of 135 degrees. 
In the first case 2TI/3 multijunctions can be 
used for which the decrease of reflection 
coefficient depends on p^ and in the second 
one JI/2 multijunctions can be used where the 
reflection coefficient depends on p2 , p being 
the reflection coefficient at the plasma 
antenna interface. 

3.1. Dependence on the electron density 
When the electron density changes the 

main parameter which varies is the coupling 
coefficient through the plasma which 
decreases when the plasma density 
increases. The electron density gradient has 
been fixed to 7.3 1011 cm-4, the considered 
passive waveguides depth is 12 mm. The 
2 principal parameters which have been 
studied are : 

- The mean reflection coefficient R of the 
active waveguides. On (Fig. 2) it appears 

tha t in the 2 considered cases of geometric 
periodicity there is a minimum at around 
3 times the electron cutoff density n e c which 
is 3.11011 cm"3 at the chosen frequency. The 
main difference from more classical antenna 
is that at n ^ the obtained reflection 
coefficient is not 100 % due to the change of 
the plasma admittance. That is explained by 
a change of the cross coupling coefficient and 
also by the fact that the active waveguides 
are far from each other which allows better 
radiating properties in vacuum. 

^ 4 6 S 10 12 14 16 18 2 0 ° 
n,(lO"cm-a) 

Figure 2. Mean reflection coefficient R 
power directivity n p and current drive 
efficiency ricd at N / / p e a k = 2 vs electron 
density n e 

- For the power directivity n p the 
decrease is quite slow. Near the cutoff 
electron density the obtained power 
directivity is around 70 %. The difference for 
the current drive efficiency at N/ / p e a k = 2 for 
the 2 different periodicities is due for the 
case A = 10 mm to the presence of a peak in 
the radiated spectrum near N// = -1 . 

3.2. Dependence on the e lectron densi ty 
gradient 

For a fixed electron density of 2 times the 
electron cutoff density the chosen variation 
of the density gradient is corresponding to a 



change of the electron decay length from 5 to 
20 mm Here as in the previous chapter the 
main influence of the density gradient 
variation is on the cross coupling parameter 
S 1 2 which increases when the slope of 
density gradient is higher. That leads to an 
improvement of the coupling properties 
shown on (Fig. 3). The values corresponding 
to the case with a geometric periodicity of 
11.25 mm are a little higher due to the choice 
of passive waveguide depth lcc.= 12 mm. The 
effect on the power directivity and on the 
current drive efficiency are quite small. 
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Figure 3. Mean reflection coefficient R 
power directivity T|p and current drive 
efficiency T ^ at N / / p e a k = 2 vs electron 
density gradient Vne 

3.3. Dependence on the passive 
waveguide depth 

As shown in (1) the depth lcc will 
influence the value of the total electric field 
at the plasma antenna interface. The 
optimum value for a given cross coupling 
coefficient S 1 2 and a phase shift between 
active waveguides 2(p is a compromise 
between a maximization of the total electric 
field amplitude and the coherence in phase of 
the passive waveguides with its neighbour 
active ones. 

In (Fig. 4) the mean reflection coefficient 

shows a minimum which is lower for the case 
of the period A =11.25 mm due to the 
cancellation in this case with a phase shift of 
135 degrees of the peak in the radiated 
spectrum corresponding to the N ^ = - 1 . 

Figure4. Mean reflection coefficient R 
power directivity np and current drive 
efficiency T)^ at N//peak = 2 vs passive 
waveguide depth 1^. 

The influence on the power directivity 
and on the current drive efficiency at 
N/ypeajj - 2 is also shown. The optimum value 
is mainly corresponding to the one which 
leads to good coupling properties. The 
variation of the depth around the optimum 
value which can be allowed is of the order of 
2 to 3 mm. Therefore the choice of the depth 
of the passive waveguide is not too drastic. 

3.4. Dependence on the phase shift 
between active waveguides 

Here the electron density is twice the 
cutoff electron density, the electron density 
gradient is 7 .310 u cm"4. The coupling 
properties have been studied for 2 geometric 
periodicities and for the case A = 11.25 mm 
for 2 passive waveguides depths 12 and 
16 mm. 

The phase shift variation between active 
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waveguides 2<p is from 180 to 360 degrees. 
On (Fig. 5) the optimum value is obtained in 
the case A = 10 mm at the expected value of 
phase of 240 degrees. Fox the other 
geometrical period corresponding to a phase 
shift of 270 degrees the reflected coefficient 
is lower than 1 % when the passive 
waveguides depth is 16 mm. The optimum of 
power directivity is obtained when the phase 
shift is between 240 and 270 degrees. The 
large variation on the current drive 
efficiency at N / /peaJ t = 2 is explained by a 
change of the N (( value of the main peak and 
it is found null for 180 and 360 degrees as 
expected since the N// power spectrum is 
symmetric in these cases. 

2 9 (degrees) 

Figure 5. Mean reflection coefficient R 
power directivity n p and current drive 
efficiency n^j a t N / / p e a J t = 2 vs phase shift 
between active waveguides 2 <p 

3.5. Dependence o n t h e wall th ickness 
Since on reactor-grade the erosion will be 

important and also to increase the wall 
thermal conductivity and the robustness, the 
study of the influence of the wall thickness 
on the coupling and directivity properties 
has been done for the case with a geometric 
period of 11.25 mm and a phase shift 
between active waveguides of 270 degrees. 
The width of active waveguides has been 

kept constant equal to 9.25 mm. 
When the passive waveguide width 

decreases the coupling properties 
deteriorates to reach a mean reflection 
coefficient of 9.5 % when the thickness is 
5 mm. The thickness can be increased to 
3 mm for which the reflection coefficient is 
less than 1 %. The influence on the power 
directivity and on the current drive efficiency 
is less. 

4. CONCLUSION 

It has been shown that : 
- the concept of active passive 

waveguides antenna has good coupling 
properties even quite far from the plasma 
allowing therefore to work near the cutoff 
electron density where the thermal load is 
lower, and a right N// radiated spectrum for a 
wide range of electron density and electron 
density gradient. 

- th" depth of the passive waveguides is 
r-' * Irastic and the phase between active 

des can be changed allowing 
u •. J.- re a certain flexibility in the radiated 
N// spectrum. 

- to simplify the feeding of the passive 
active waveguides array mode converters 
and hyperguide can be used. 

This concept which allows efficient cooling 
with a robust array of waveguides in front of 
the plasma is a good candidate for next 
reactor-grade LHCD device. 
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1. INTRODUCTION 

Up to now the two Tore Supra LHCD 
antennae each made of 4 rows of 32 active 
waveguides of size 8 x 76 mm2 allow to inject 
routinely 4 MW at a frequency of 3.7 GHz. 
That leads therefore to a power density of 
30 MW/m2 if reflection coefficient and 
multipassages in multijunction part are 
taken into account. 

To increase the amount of injected power 
with a good reliability, an antenna with a 
radiating 9urface 2.25 times the present 
ones, using oversized part and multi-
junctions has been planned. Therefore RF 
components for this new antenna have been 
studied. 

After a brief description of this new 
antenna the results of the computations of 
the new components is compared to 
experimental measures. 

2. ANTENNA DESCRIPTION 

This new antenna is designed for current 
drive. Therefore taking into account current 
drive efficiency, accessibility condition and 
ray tracing the choice of the radiated N/, 
spectrum main value is between 1.93 (case I) 
and 2.57 (case II). To increase the total 
radiated surface a complete horizontal Tore 
Supra port will be used. Therefore in case I 
the antenna will be made of 6 rows of 
48 active waveguides of size 8.5 x 76 mm2, 
and in case II of 6 rows of 64 active 
waveguides of size 5.9 x 76 mm2 with a 
phase shift of JI/2 between neighbour 
waveguides. The result will be a total 
number of 288 active waveguides in case I 

and 384 in case II. 
To feed the antenna the same philosophy 

than presently used [1] is conserved. Mainly 
8 klystrons are linked to 16 modules of 
antenna. A module is therefore made of 3 x 6 
waveguides in case I and 3 x 8 in case n . 

In (Fig. 1) a design of a module of the next 
antenna is given. It can be observed that it is 
made of 6 different RF components : 

1. a raised cosine taper. 
2. a mode converter from TE 0 1 mode to 

TEQ3 mode. 
3. a 3 waveguides poloidal junction. 
4. H plane linear tapers. 
5. a E plane step transformer. 
6. E plane multijunctions. 

section B-B 

180" phase shifter 

mul Inunctions 

section A-A 
-J—H. 

Figure 1. Module of next antenna (case I) 

For all these components, computations 
have been made using different technics 
which have then been compared to 
experimental results. 
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In the following the principle of each, com
ponent followed by a brief description of the 
theory which has been used for the design 
and by experimental results are given. 

3. DESCRIPTION AND COMPARISON 
OF THEORETICAL AND 
EXPERIMENTAL STUDY OF EACH 
RF COMPONENT 

3.1. Raised cosine taper 
Its principle is to allow an increase in the 

H plane size with a good transmission 
efficiency and low VSWR. The shape named 
"raised cosine" has been developed by (2] for 
cylindrical waveguides. The theoretical 
computation of this component has been 
made considering TE0 n modes only since the 
E plane size is unchanged (less than X/2, X 
being the free space wavelength) and the 
telegraphist equation which uses coupling 
coefficient between forward and backward 
modes has then been solved. The computed 
transmission efficiency of the TE0 1 mode for 
a raised cosine taper of length 700 mm from 
a waveguide of size 76 x 40 mm2 to one of 
size 238 x 40 mm2 is 99 %. The experimental 
found efficiency using electric probes in the 
transverse direction when the taper radiates 
in free space is 96 %. 

3.2. TE0 1 to TEQS poloidal mode 
converter 

The main principle is to realize a 
rectangular waveguide in which the H plane 
size is sinusoidally shaped 13]. The geometric 
wavenumber kp of the sinusoid is the 
beating wavenumber between the one of the 
mode at the input to the one at the output. 
The amplitude of the geometric wave and the 
number of sinusoids are chosen to reach the 
best conversion efficiency for the shortest 
length. 

The theory which has been used is the 
same than in previous chapter. In (Fig. 2) the 
power amplitude of the forward and 
backward waves of the T E Q I mode and of the 
TE 0 3 mode are given depending on the 

abscissa z inside the mode converter. The 
computed conversion efficiency is 98.7 9c 
The experiment has been done using an 
electric probe to measure the total electric 
field in the transverse direction (Fig. 3) at 2 
different positions z. Doing so the amplitude 
and the phase of the forward and backward 
wave of each mode coefficient have been 
determined. This allows then to compute the 
total electric field in every position in an 
oversized rectangular waveguide of constant 
section at the mode converter output. On 
(Fig. 4) 3 parameters are given depending 
on z : 

1.21 > 1 1 r 1 r 

Figure 2. Theoretical computation of the 
power inside the mode converter along the 
direction of propagation 

- the ratio of the amplitude of the 
central main peak to the one of lateral one 
(the electric field is found as expected 
symmetric in the transverse size). Two 
modulations are observed : 

- one with a long wavelength 
(= 400 ram) which is in fact the beating 
wavelength between the 2 modes. The 
variation of this ratio is between 0.9 and l . l 
because the power conversion efficiency is 
99 % which means that there is 10 % of T E Q I 
mode and 99 % of TE03 mode in electric field 
amplitude. 



- one with a shorter wavelength which is 
corresponding to the reflection of the TE0 1 

mode by the poloidal junction installed at the 
mode converter output. 

image of the reflection coefficient at the 
input of the mode converter. 

- the phase difference from the central 
main peak to the lateral one. As expected 
this phase is around 180 degrees. 
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Figure 3. Amplitude and phase of the total 
electric field measured at the mode converter 
output 
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Figure 4. Total electric field at the output of 
the mode converter along the direction of 
propagation inside a constant sized oversized 
waveguide 

- the ratio of the minimum of the 
measured total electric field module to the 
one of the central main peak. That is an 

3.3. Three waveguides poloidal junction 
The aim is to couple the TE 0 3 mode to a 

junction which satisfy the electric field 
boundary conditions in order to feed 
3 waveguides with the TE 0 1 mode. The 
developed theory to compute the scattering 
matrix parameters of such a junction use the 
same modes than previously and the writing 
of the electric and magnetic boundary 
conditions followed by the moment method. 

The S parameters involving the TE0 3 

mode in the principal waveguide have been 
studied versus the wall thickness separing 
the 3 secondary waveguides. As expected the 
transmission dividing ratio S1 2 and S i 3 are 
equal. The intrinsic reflection coefficient of 
the TE0 3 mode by the junction is slowly 
increasing with the thickness. 

The same has been done for the TE0 1 

mode. First the transmission dividing ratio is 
higher in the central secondary waveguide. 
That is coherent with the TE 0 1 mode shape 
in the main waveguide. Secondly the 
reflection coefficient of the TE 0 1 mode by the 
junction is high. 

The S parameters involving secondary 
waveguides have been studied depending on 
the thickness. The power coupling coefficient 
between secondary waveguides is less than 
10%. 

On this part experiments are to be done 
to compare with the theory and from the 
theoretical point of view a thickness of 4 mm 
can be used. 

3.4. E plane multijunctions 
To prevent resonances in oversized part 

due to higher mode excited by reflected 
power, studies have been done in order to 
realize a multijunction with the best self 
matching properties as possible. 

For the case I, E plane multijunction with 
2n/3 phase shifter are in series with 



multijunction with 7t/2 phase shifter. The 
reflected power is decreased from p 2 at the 
output to p 1 2 at the input due to 
multipassages. The total electric field is 
multiplied by (1 + p)2 (1 + p2 + p4) in 
secondary output waveguides and the N// 
flexibility when the phase between 
independent module is changed from -90 to 
90 degrees is ± 0.167. 

For the case II, two E plane 
multijunctions can be set in series to 
decrease the input reflection coefficient to p8-
The total electric field is multiplied by 
(1 + p)2 (1 + p2) in secondary output 
waveguides and the N// flexibility when the 
phase between independent module is 
changed from -90 to 90 degrees is ± 0.125. 

The theory to compute the scattering 
matrix of such multijunction takes into 
account the rectangular size and therefore 
LSEln modes [4] and the same method than 
in chapter 3.3. The comparison between 
theory which was considering parallel plates 
and TM modes and experiments has been 
done a few years ago [5]. Measurements have 
been done to check if the decrease of the 
reflection coefficient at the input of a 4 
waveguides in case II was following the 
theoretical law of p4- This has been done 
with success. 

3.5. Raised cosine taper + poloidal mode 
converter + 3 waveguides poloidal 
junction 

The reflection coefficient and the phase 
and amplitude of the dividing power ratio 
has been measured on a total bandwidth of 
20 MHz around the central frequency 
3.7 GHz. The main results are that : 

- The input reflection coefficient is less 
than 1 %. 

- The power dividing ratio is quite good 
respectively 33.1, 36.3, 33.8%, (33.33% is 
the waited value). 

- The phase shift between the central 
secondary waveguide and the lateral one is 
180 degrees as expected. 

These main values are respected on all 

the bandwidth. These experiment have been 
done with very good load on the output 
waveguides. The effect of a load of large 
VSWR placed on one or all the waveguides 
has been studied on the total reflected power 
and the dividing ratio. First results show 
that the symmetry is respected when bad 
loads are set on symmetric output ports. This 
is not true in other cases. 

4. CONCLUSIONS 

Numerical codes have been done to design 
and to study the main new RF components of 
next Tore Supra LHCD antenna which could 
be used in next reactor-grade LHCD 
launcher. They have been validated for most 
of them by experimental measurements with 
success. 

The next step is then the realisation of 
these RF components for high power test to 
check their ability to withstand high electric 
field with the chosen building technology. 
Then a complete module will be realized 
before the design of a complete antenna 
which be installed in Tore Supra in 1996. 
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MATCHING OF TORE SUPRA ICRH ANTENNAS 

L-LADURELLE, B.BEAUMONT, H.KUUS. G.LOMBARD 

Centre d'Etudes Nucléaires de Cadarache 
Association EURATOM-CEA sur la Fusion 
Département de Recherche sur la Fusion Contrôlée. 
F. 13108 Saint Paul Lez Durance CEDEX 

This paper describes an automatic matching method for TORE SUPRA ICRH antennas based on impedance 
variations seen at their feed points. Error signals derived from directionnal voltage and phase measurements in 
the feeder allow to control the matching capacitors values for optimal power transmission. 

1. INTRODUCTION : 

On TORE SUPRA, the ICRH is provided 
through three Résonnant Double Loop antennas [1], 
12], [3], [4]. An antenna, composed of two current 
straps each terminated by two variable capacitors, 
can couple up to 4 MW of RF power to the plasma. 
This internal matching device prevents from having 
standing waves in the feeder, avoiding breakdown 
and overheating problems. 
Matching is performed between shots by adjusting 
the two capacitors whose values are computed 
according to previous shots characteristics. 
During the shots, plasma coupling perturbations can 
modify antenna load. The performed matching does 
not fit all these variations which results in a non 
optimized power coupling. Therefore, an automatic 
matching device has been developped. 
This method uses directionnal voltage and phase 
measurements in the feeder to calculate error 
signals to adjust the internal capacitors values 
during the shots. 

2. PRINCIPLE : 

The current strap is modelized by a 
transmission line characterized by the r, L, C 
constants. The resistance r (Q/m) stands for the 
plasma load. The overall electrical circuit is given 
in figure 1 where Ci and Cj represent the variable 
capacitors. In the feeder are included the 
directionnal couplers for measurement of the 
forward and reflected voltages. 

±Q 

Current 
Strap 

Direciionnal Couplers 

- £ 
Feed Point 

Feeder 

~ Figure 1 
Electrical model of half an antenna. 

For an optimized RF power transmission, the 
system must work at the minimum of reflection 
coefficient p (fig.2). 

80 

C2 (pF)6tf 

Matching point 

70 

40 20 Q(pF) 

Figure 2 
p versus capacitors values. 
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The matching point corresponds to a normalized 
admittance Yn at the feed point equal to unity : 

Jn = Yc 

-Yn : Normalized admittance 
• = 1 -Yc : Line Characteristic admittance 

-Y : Antenna admittance 

Around this point, Yn=£^+j£2, consequently 
perfect matching is reached when E\ = l and E; = 0. 
Level lines of these two parameters are represented 
versus c-ipacitors values (fig.3). 
These computations have been made for a working 
frequency of 57 Mhz and a plasma load (r) of 5Q/m 
which are values corresponding to ICRH scenarii on 
TORE SUPRA. 

Figure 3 
£> level lines in capacitors plane, (plain lines) 
Si level lines in capacitors plane, (dashed lines) 

The curve EI = 1 divides the plane in two parts. To 
tune the real part of admittance and reach the curve 
ei = 1 capacitors values must be modified, keeping 
their sum constant, according to the sign of (EI -1). 
The curve E2 = 0 cuts this capacitors plane into two 
parts perpendicularly to the previous one. C3 and Ci 

capacitors values must both be decreased or 
increased with the same quantity, according to e : 

sign. The combination of those two criteria allows 
to find the variations to be applied to each 
capacitors value to converge to the matching point 

80 

C5 (pF) 

70 

60 
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(M.P) 

To MP 1 

' E , = 1 

ToM.P 

< — 
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70 

Figure 4 
Capacitors evolution according to (sj -I) and €2 
sign. 

Load (r) or operating frequency (f) does not change 
the global shape of these curves. Load only affects 
G, shifting its level lines whereas frequency effects 
are more sensible on E2 curves. This is shown on 
figure S and 6. 

C2(pF) 

50 
C,(pF) 

Figure 5 
Ei = I line evolution with load (r) 
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50 60 70 
C, (pF) 
Figure 6 

E2 — 0 line evolution with frequency 

3. ERROR SIGNALS : 

To minimize system time response and to 
drive capacitors faster, the admittance value is not 
directly used. Its mathematical expression is 
linearised around the matching point to obtain error 
signals Ei and E2 which can be analogically derived 
from the line measurements : 

E,= (s,-l)~Vr/Vicos(<t>). 
E2= E2 ~ Vr/Vi sin(4>), where : 

- Vr is the reflected voltage in the feeder 
- Vi the forward voltage 
-<j>the phase between Vr and Vi at the feed point 

The global shape and properties of ei and s2 level 
lines are transmitted to E, and E2 ones so that they 
can be used for capacitors driving as described 
above. 
Vr and Vi magnitude is constant along the feeder. 
This means that only one set of probes can cover 
our frequency range (35-80 Mhz). 

4. VALIDATION : 

The model has been tested on consecutive 
Tore Supra shots with constant plasma 

characteristics. Capacitors values were changed to 
check ei and E2 variations. 
In figure 7 and figure 8 are plotted the measured 
values of et and E2 as a function of Ct and C2 

variations. 
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Figure 7 

These capacitors variations have been done on such 
a way that the effect on e is maximum, i.e. keeping 
the capacitors sum constant for si and adding or 
substracting the same quantity to the capacitors for 
E2 . 
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The sign of s variations is consistant with the 
expected level lines presented in figure 3. Those two 
ways of modifying capacitors values allow to tunc 
the real and imaginary part of the admittance seen 
by the feeder. 
Error bars are due to phase instability and noise 
measurement The latest will be improved with a 
new phase measurement system now installed on 
TORE SUPRA ICRH experiment. 

5. DYNAMIC BEHAVIOUR : 

A numerical model of the antenna allows to 
simulate dynamic behaviour of such a system. 
Capacitors velocity is set proportionnai to each error 
signal and is limited, as acceleration, by the driving 
system characteristics. 
For each time step, errors signals are computed and 
the new speed value combined with the time step 
length gives the new position of the capacitors. 

Capacitors as time function 

751 1 ! ! ! ! ! 1 l 

0 200 400 600 
t(ms) 

Figure 9 
Closed loop system simulation 

is given to capacitors at time zero and coupling 
resistance steps arc applied to the system as soon as 
equilibrium is reached. 
Figure 9 shows that time response around hundred 
milliseconds should be obtained with such a system 
but the experimental conditions would not be so 
stringent as those imposed to the system in the 
simulation because the start position of the 
capacitors will not be far off the matching point and 
coupling variations would be softer than steps. 

6. CONCLUSION : 

Computations and experimental results 
confirm this matching method for the TORE 
SUPRA ICRH antennas. It will be applied on TORE 
SUPRA plasma experiments. The capacitors driving 
system has to be modified to match feed back and 
time constant requirements. This will lead to an 
optimisation of RF power transmission on TORE 
SUPRA and allow to follow plasma characteristics 
changes during long pulses. 
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coefficient are plotted versus time. A start position 
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Outgassing, induced by very long RF waves injection (up to 6000s ) at high power density , is studied 
with a module, able to be used for a lower hybrid frequency antenna. 

A large outgassing data base is provided by 75 shots cumulating 27 hours of RF injection. 
Outgassing rate is documented after different thermal pre-treatments, and in various conditions of 

cooling, RF power level..Relevant parameters are identified and values of outgassing rates are given in order to 
design pumping system for a large antenna. 

^INTRODUCTION. 

Non inductive current drive is an important 
issue for a fusion reactor operating quasi 
continuously. Lower hybrid waves are an attractive 
candidate since they provide, so far, the highest 
experimental current drive efficiency. 

In order to design large antennas, able to 
launch severals tens of MW, different technical 
choices have to be assessed. One of these is related 
to the ouigassing of the waveguide walls induced 
by RF losses during high power injection. 

For this purpose, a multijunction type test 
module was fabricated by JAERI with reactor 
relevant material and tested at high RF power (up 
to 20 kW/cm2 at a fequency of 3.7 GHz) at the RF 
test facility of Cadarache (CE A). 

2.THE ANTENNA MODULE 

The mullijunction-lype module [1] is 
composed 4 adjacent waveguides (dimensions : 7.5 
x 57.3 mm2) fed by a main waveguide (dimensions 
: 36.0 x 57.3 mm2). The total length is 1.0 m 
and the outgassing surface is 0.93 m2. Water flow 
channels allow a temperature control and CW 
operation. The module (Figure 1) is made from 

materials with high mechanical strength up to 
500°C: dispersion strengthened copper (DSC) and 
copper-coated stainless steel for the waveguides, 
stainless steel for the cooling channels. The 
waveguides are bonded by a high pressure diffusion 
technique [2]. Pumping holes insure a large 
conductance and a low pressure gradiant in the 
waveguides. 

septum plates_ 
cooling channel- (copper clad DSC) 

brazing _ '-diffusion bonding 

Figure 1. The antenna module. 



3.0UTGASSING 
PROCEDURE 

EXPERIMENTAL 

The module is installed in a large vacuum tank 
(0.142 m3), bakable up to 450°C The module is 
connected, at die input and output to low RF losses 
waveguides with thick walls to insure low 
temperature increase and low parasitic outgassing 
from these parts during experiment. Effective 
pumping speed is 0.2m^/s and base pressure is of 
the order of 10"5 Pa at 2O0°C. 

Outgassing rate of the module during long RF 
pulses is documented after different thermal pre-
treatments, performed either at the base pressure or 
at a pressure of 10 Pa with H2/D2 prefilling as 
indicated in table 1. 

Table 1 
Thermal pre-ireaiments of the module 

Treatment 1& 2 

Treatment 3 

Treatment 4 

Treatment 5 

300°Q60h 

300°C/50h + 
300°C/10h/PH2=10Pa 

400°C/45h + 
450°C/10h 

400°C/45h + 
450°C/8h/PD2=10Pa 

.E 
CL 

6" 
0 
1— 

2 

4. OUTGASSING EXPERIMENTAL 
RESULTS 

4.1. Outgassing evolution during an RF 
injection 

RF losses induces a heating of die walls of the 
module at a constant rate dT/dt (no cooling case), 
proportional to the input RF power. Under diese 
conditions, a quasi-exponential increase of die total 
pressure is measured (Figure 2). The same trend is 
deduced for partial pressures and concentration of 
main desorbed species (H2, H20,CO, CC7) is just 
slightly changed, when the module is heated up 
from T = 200°C to T = 400°C, whereas ihe total 
pressure increases by more than one order of 
magnitude. 

200 

1 <b ro 

Jo i 8 t . l i 

J 4 , 
total pressure :•-

200 400 
time (s) 

75 shots are achieved with RF injection 
duration ranging between 1 and 101 min. (between 
5 and 30 min. for most of die shots ) cumulating 
11.5 GJ of injected energy during experiment. 
Maximum temperature is limiied to 500°C for 
protection of die module. The main experimental 
parameters which are varied are : 

- RF power level (5,10,15 and 20 kW/cm2) 
- Thermal kinetics (no cooling and air /water 

cooling) 
- Gas puffing before/during RF injection 

At the same time, the effect of conditioning, 
provided by the shots, is also studied. 

Figure 2. Time evolution of temperaure, total 
pressure and gas composition during RF injection 
(lOkW/cm2) 

The specific effect of the waveguides wall 
temperature T is studied by varying die temperature 
kinetics and comparing shots, for example, at 
different RF power levels. When plotting the 
outgassing rate, on a logaritmic scale, versus 1/T 
(Arrhenius plot), experimental points lay on die 
same line for the 3 RF power densities (Figure 3). 
The same result is obtained when comparing shots 
with cooling (injection time : 6000 sec.) and no 
cooling (injection time : 1900 sec.). 



102 

8 

O 

ioa 

105 

106 

107 

•R 

T ro 
500 400 300 

* shot 945 -
', • shol 952 -
\m • Shot 965 • 

^ 4 

*v 

200 

SkW/cm2 i 
10kW/cmJ 

15kW/cm2
 5 

: 

^ ' 1 
1 i ..i i i i i i i 

1.5 : 
1/T(10'3(,K) 

£5 

Figure 3. Arrhenius plot for 3 shots at 
different power levels 

4.2. Outgassing evolution with 
conditioning and thermal treatment 

The baking provided by the large temperature 
excursion, up to 500°C, during RF injection, is 
efficient to reduce the outgassing rate : after 
treatment 1, the outgassing rate measured at 400°C 
is reduced from 4.10"4 Pa-m.s*1 to 10'5 Pa.m.s*-
(Figure 4). After air exposure and a new thermal 
pre-neatment, benefit of the previous series of 
shots is partly lossed but quickly recovered and 
important reduction of the outgassing is always 
observed from shot to shot 

300 300 300"C 450"C 
X °C wi thH 2 450°C with Dz 

10' 

£ 1 ° 
I.. 
O 10' 

10 

I • I I , • I I • ' 1 

at T = 400"C 

„ • ' first shol after baking 
\ it !' ! i 

m & :g 

- i^ -O 1 J, " O J 
2 4 6 ~ 6 10 12 

integrated injection energy (GJ) 

Figure 4. Histogram of the outgassing flux 
measured at 400°C. 

400/450cC baking is found to be efficient to 
reduce the outgassing rate ; for the first shot (closed 
circle of figure 3). the outgassing rate is reduced 
from 10"4 Pa.rn.s-1 to 10-5 Pa.rn.s~1. "Ultimate " 
outgassing rate is also reduced, from 4.10"^ 
Pa.m.s-1 to 10"6 Pa.m.s*\ The same evolution of 
the outgassing is measured at 300°C and 500°C. 

Pre-treatment in H2/D2 atmosphere has a weak 
effect on global outgassing, but in the case of D2, 
deuterium atoms are desorbed (D2, HDO, D2O) all 
along the following series of shots. 

4 3 . Outgassing of a cooled module 

In order to change the thermal kinetics, air and 
water cooling of the module are tested. 

Air cooling allows to extend the time injection 
to 6000 sec., at the 5kW/cm2 level, before reaching 
500°C, but stationnary outgassing is not obtained 
since temperature is still increasing at the end of 
RF injection at a rate dT/dt S 0.025 K/s (Figure 
5). 

SN 936 - 5kW/cm2 with air cooling 

1 0 0 •• . • --! 2 0 
incident p o w e r -

reflected power-— 

0= 
"Q I O H . — D 2 injection 

2000 4000 
time (s) 

6000 

Figure 5. 6000sec. RF injection (5kW/cm2) 
with air cooling of the module. 

Water cooling leads to the demonstration of 
stationnary outgassing during a 1800 sec. RF 
injection, at the IS kW/cm^ level. Temperature rise 
rate is very low (dT/dt S 5.10"3 K/s) and the 
outgassing rate is 3.1G"7 Pa.m.s"1 for a maximum 
temperature of 180°C (Figure 6). 

http://Pa.rn.s-1
http://Pa.rn.s~1
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Figure 6. Time evolution of RF power, 
temperature and pressure for a water-cooled module. 

5.Desorption model 

Outgassing can be described by a surface 
desorptiofl model 

<X0- -y -v n . o«« . exp( j j | ) (1) 

where O" is the molecule coverage, E the 
activau'on energy and vn a constant. 

T r.o 
500 400 300 200 

- 1000 f ' ~> ' •— ^-i 

Figure 7. Computed outgassing rate (a) and 
molecules coverage o* 0)) as a function of 1/T for 
2nd order reaction and 3 initial coverages OQ. 

Computation of equation (1) shows a linear scaling 
of Ln Q vs 1/T for 1st order reaction (n=l) as well 

as 2nd order reaction (n=2) in a wide range of 
temperature Trj<T<0.9Tm. Q saturates when the 
molecules coverage a is depleted by 50% from the 
initial coverage ag for T= Tm, and further falls 
off (Figure 7). 

Experimental data fit this model up to 400°C, 
with an activation energy E = 0.35 eV (±0.15 eV). 
However, saturation expected between 350 and 
400CC is never observed because other mechanisms, 
such as readsorption, occur. 

Above 400oC, experimental points lay 
above this linear dépendance (Figure 4), suggesting 
a transition from s surface limited desorption to a 
bulk limited desorption. Because of the very low 
diffusion coefficients for H2O, CO and CO2 in 
metals, this bulk desorption may rise only from a 
thin layer of a typical thickness of about 5.10"° m 

6.Conclusions 

During high power RF injection, the 
parameter controlling the outgassing is the 
temperature of the waveguides walls. Strong 
decrease (by 2 orders of magnitude) of the 
outgassing rate is obtained by thermal baking 
provided either by a pre-treatment or the RF 
injection itself. Stationnary outgassing can be 
obtained by control of the temperature (cooling). 

These outgassing measurements are consistent 
with previous results obtained on Tore-Supra [3], 
with low baking temperature, and on TdV [4], with 
high baking temperature. 

In order to design the pumping system of a 
large lower hybrid waves antenna, the following 
ouigassing rates, for a copper alloy (DSC) antenna, 
can be given : 

300°C baking q = 1.10"5 Pa.m/s at 300°C 
q=1.10-4Pa.m/sat400°C 

450°C baking q = 3.10"7 Pa.m/s at 300°C 
q= 1.10"6 Pa.m/s at 400°C 
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A self consistent physics design for a 50 MW 1 MeV negative-ion based injector has been 
produced which forms the basis of a preliminary engineering design. Neutronics calculations 
show that radiation damage to insulators and nuclear heating of cryogenic components does not 
present any major problem. A detailed report is being issued at NET [1]. 

1. INTRODUCTION 

Detailed studies using an extended 
version of the code PRETOR [2] have shown 
that ignition of D-T plasmas in ITER can be 
obtained using 40-50 MW of Neutral Beam 
Heating [3]. While the power requirement for 
ignition is relatively insensitive to the beam 
energy above 600 keV D°, a beam energy of 
at least 1 MeV is required in order to 
maximise the potential for current drive. On 
this basis, the specification of a neutral beam 
system for ITER has been chosen, 50 MW of 
D° beam at 1 MeV through 4 ports [4], and a 
request was made by ITER EDA to produce 
an outline design of this injector (design task 
D71). The work conducted on this task in 
Europe is presented here. 

2. BEAM LINE PHYSICS DESIGN 

The outline design is shown schematically 
in Pig. 1. Its main characteristics are the 
following : 

• D- Source : I = 25 A, j = 15 mA cm"2, 
1.8 m height, P = 0.6 Pa. 
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Conceptual scheme of an injector 

• Electrostatic accelerator : energy 
S i MeV; SINGAP type [5] (Fig. 2) ; 
5 SINGAP beams per source (13 cm pitch) ; 
overall beam divergence = 6 mrad ; high 
voltage source configuration. 

• Gas neutralUer : =57 % efficiency at 
8 1019 mol/m2 gas target. 



• In-Hne electrostatic Qcsuiunt Ton 
deflector and dump iRIDD: Fie 3 ' ; peak 
power densities = 10 to 13 MW/m-'. mean 
power density = 3 M\V/m-. double-sided 
hypervapotrons. 
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Figure 2. Calculated D" trajectories in a 
four beamlet columns SINGAP accelerator 
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Figure 3. Scheme of the 
Deflector and Dump (RIDD) 
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• Vertical subdivision of the neutralizer 
and RIDD matched to the SINGAP beams, 
providing a substantial reduction of the 
neutralizer gas flow and of the RIDD 
deflection voltage (< 50 kV). 

• Beam transmission through the 40 cm 
wide duct : > 90 % (distance from source to 
Tokamak inner wall : 19.5 m). 

• Beam calorimeter • hypi-rvapotron 
plate? ; inclination '20° wrt beam axi? : d.c. 
dumping capability : full beam power at 
tOOkeV, neutral beam at 1 MeV. 

• Gas and pumping : cryo pumps ; 
< 5 x 103 m3/s, differential pumping Isource J 
calorimeter) 

• Beam losses = 17 9t (Fig. 4) : stripping 
10 9c, re-ionisation 7 % ; backstreaming ions 
<1%. 

• Tritium accumulation : no problems as 
regards injector operation. About 300 s of 
continuous injector operation per g of T2 

accumulated in the beamline cryopumps. 

gas inlet at neutron midpoint 

2 4 6 8 
pimping speed/ l O W / s 

10 

Figure 4. Stripping and re-ionisation losses 
as a function of the pumping speed 

3. MAGNETIC SHIELDING 

The ITER magnetic field at the injector 
level is = 1 kGauss. A reduction to < 1 Gauss 
at the source level is obtained by shielding in 
two steps : 

1. Passive shielding (ordinary steel walls 
on both sides of the boxes ; injector shielded 
with a double wall made from a very mild 
steel) ; = 5001 of magnetic material. The 
shielding effect is shown on Fig. 5 (3-D 
Calculation). 
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2. Residual field compensated by actively 
controlled coils. 

The perturbation of the ITER magnetic 
field is < 2 Gauss. 
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Figure 5. Magnetic field inside the box with 
shielding (open symbols : t = 80 s ; closed 
symbols : t = 130 s ; squares : vertical 
component ; circles : radial component) 

4. NEUTRON1CS AND RADIATION 
EFFECTS 

The results of 3D neutronics Monte Carlo 
codes MCNP4 [6] and TRIPOLI3 [7] are 
indicated in Table 1. The expected effects are 
the following : 

1. Radiation induced mechanical defects 
[8], Conductivity (R1C) [9] and Electrical 
Degradation (RIED) [10] : no problem for 
high-quality alumina at < 150°C, for inte
grated irradiation times > 1 year. Further 

studies on neutron irradiation are recom
mended. The use of epoxy insulators cannot 
be recommended without further studies. 

2. Degradation of the SF6 will occur : a 
recycling plant is needed. 

3. Negligible radiation heating of the 
cryopumps : < 10 W. 

4. Activation : one expects no need for 
remote handling (radiation level < 1 mSv/hr) 
after a decay time of some weeks for 
continuous operating periods of the order of 
10 5s . 

5. ENGINEERING DESIGN 

Two options are considered : 
1. Horizontal vacuum, vessel axis : length 

8.1 m, diameter 3.5 m and volume = 72 m3 . 
2. Vacuum vessel with vertical axis : 

height 5 m, diameter 5 m and volume 
= 115m 3 (better accessibility, easier main
tenance, larger volume, increased pumping 
area ; but increased weight and complexity of 
vessel and shielding). 

Alignment of injector/duct necessitates 
flexible isolation between the ITER 
secondary containment and the injector cell 
(vacuum vessel cooldown !). 

Hypervapotron elements on RIDD 
(Fig. 6 : double-sided elements) and 
calorimeter. 

Actuation of the fast shutter and 
calorimeter would be achieved via magnetic 
couplings (non-flexible penetrations ; linear 
displacement). 

An all metal sealed double gate value is 
used to separate the neutral beam injector 
from the ITER torus (double containment 



r-cht-m>- in tht* cas-i- -il" rn.unun.i': nf th>.-
înjfctiT' This hn^ n> \uih>" ;->d the 
arcidi-nial oarim-nct/ ol'20 bar Pt •-1. Inpnient 
is nei'ded 

Figure 6. Engineering drawing of the RIDD 
width vertical hypervapotron dump plates 
matched to five SINGAP slab beams side by 
side 

6. POWER SUPPLIES 

The following characteristics are based on 
a 15 A, 1 MV PS European study [11] : 

• accelerator intrinsic capacitive energy 
< 100 J, 

• voltage regulation and ripple < 10 %, 
• cascade transformer with four stages 

of 250 kV, each having its own rectifier, 
• primary power supply : 30 MVA 

inverter at 400 Hz to limit the stored energy, 
• switch-off time < 0.1 ms, 
• HV reapplication time < 100 ms, 
• inductances, resistances and magnetic 

snubber included in the transmission line to 
dissipate the PS stored energy (3 kJ), 

• auxiliary power at HV : 1.5 to 2 MW. 
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1. INTRODUCTION 
A quasi-CW 0.5 MW 118 GHz gyrotron has been 
designed and constructed as a joint collaboration 
between ŒA-Cadarache [1], CRPP- Lausanne. 
KfFI-Karlsrur";. and TTE-Velizy for ECRH on Tore 
Supra and TCV. The gyration operates in a TE22.6 
cavity mode and provides a Gaussian output mode. It 
is composed of a triode-type electron gun. an 
improved beam tunnel, a high-mode-purity low-
ohmic-loss cavity with rounded transitions and an 
optimized non linear uptaper, a highly efficient 
internal quasi-optical mode convener employing an 
advanced launcher together with one phase correcting 
and two beam shaping reflectors, a large collector 
with a beam sweeping magnet, and a horizontal RF 
output through a liquid nitrogen edge-cooled single-
disk sapphire window. Table 1 summarizes the main 
parameters of the gyrotron. 

2. ELECTRON GUN 
The electron gun is of triode type and has been 

designed using the electron beam simulation code 
DAPHNE [2] to produce a beam with a velocity 
ratio of a s 1.5. The electrodes of the MIG have been 
shaped to provide a low dispersion of Aa/a = 2% 
required for high efficiency interaction and low 
probability of mirroring. The cavity alpha of the 
beam as a function of cathode emission location is 
essentially constant. The design also allows for a 
low electric field (6.1 kV/mm) on the surface of the 
emitter and low radial spread (2 %) of the beam in 
the cavity. 

parameter 

velocity ratio, a 

emitter current density,^ 

cathode voltage, V/jf 

anode voltage, VR 

beam current. If) 

beam compression 

electronic efficiency, r\rf 

voltage depression, AV/VR 

peak wall loading, pQpeak 

(ideal cold Cu) | 

value 

1.5 

1.1 A/cm2 

81 kV 

24.5 kV 

20 A 

25 

43% 

3 kV 

0.9 kW/cm2 

Table 1:118 GHz gyrotron main characteristics. 

3. CAVITY 
The cavity is designed to operate in the TE22.6 

mode with parameters of Prf = 0.5 MW, u. = 15.5, 
F= 0.10, Q = 1700, chosen to allow for low peak 
wall losses as well as minimize cavity sensitivity to 
power reflection, and possible manufacturing errors. 
The relatively short cavity and high Q are achieved 
by use of a small 20pm constriction at the output of 
the cavity. The cavity uses roundings to reduce mode 
conversion as well as a non-linear uptaper at the 
output resulting in a mode purity of 99.8 %, 
increased from 94.5 % for a cavity without angle 
roundings and with a linear uptaper. 



The unloaded cavity characteristics have been 
measured experimentally using a hole coupler. Since 
the resonant frequency f and quality factor Q are 
sensitive to manufacturing errors, the cavity 
characteristics have been verified before installation 
in the gyrorron. A small coupling hole (0=1.3 
ram.! = 0.2 mm) is made in the wall of the caviiy at 
the location of the electric field peak, where power is 
coupled through a D-band waveguide and swept 
around the resonant frequency of the TE22.6 mode. 
The transmitted signal shown in Fig. 1 is then 
measured at '.he output of the cavity, in the near field 
- 5 err frrm the output of the cavity, with the 
receiving horn located on the first radial peak of the 
TE22.6 mode radiation pattern. Since the TE22.6 
mode is located near the TE25.5 mode in the mode 
spectrum, both modes are visible in the transmitted 
power spectrum. A best fit of the experimental 
spectrum with a double-peak resonance curve yields 
the values of Q and resonant frequency of the cavity 
in the TE22.6 mode. The measured values are in 
good agreement with computation. 
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Figure 1. Coupling hole transmission measurement 
of the 118 GHz cavity used to measure cavity Q and 
resonant frequency. 

4. MODE COMPETITION 
Since the TE22.6 mode is a high-order mode, 

the problem of mode competition becomes more 
severe than with lower-order modes. To assure that 
the cavity previously described will not experience 
problems with oscillation in a parasitic mode, the 
startup phase of the electron beam must be 

considered. During stanup of the electron beam, die 
cathode and anode voltages vary, giving rise to time 
varying values of a and Efc. To determine the 
behavior of the cavity fields during the stanup 
regime, the oscillaiing regions of all possible modes 
are calculated in the (a.Eb) plane [3]. These are 
shown in Fig. 2. The beam path in this plane, 
(labeled "118 GHz stanup"), is determined by the 
relative timing of die rise of the cathode and anode 
voltages, such that the beam crosses into the 
oscillating region of the TE22.6 mode before that of 
any other mode. 

operotinq point Eag7BkeV ot=1.5 
2.0 n 

o r. a. 

E o 
u 

50 60 70 80 
beom energy (keV) 

Figure 2. Oscillating regimes in the (a.ED) plane of 
all modes near the TE22.6 mode. Also shown are 
the beam paths for the 118 GHz stanup as well as 
for a typical triode and diode stanup. 

The stability of the TE22.6 mode during the stanup 
and at the operating point is determined through use 
of the self-consistent non-linear multimode code 
MAGY [4J moving along the beam line to the 
operating point, allowing all possible parasitic 
modes to compete with the TE22.6 mode. The 
cavity is subie against oscillation of all parasitic 
modes along the startup path shown in the figure, 
reaching full efficiency at the operating point. From 
Fig. 2. it can also be seen that an overshoot in the 
cathode and anode voltages results in a beam line 
which continues past the operating point into the 
oscillating region of the nearby TE2i,6 mode. 
Simulations show that an overshoot of more than 
47c results in a jumping to the TE21.6 mode. 



5. Q.O. MODE CONVERTER 
To separate the RF-power from the electron 

beam and to generate a linearly polarized TEMoo 
output mode, an improved. quasi-optical mode 
convener is incorporated into the gyrotron vacuum 
system. The convener consists of a rippled-wall 
waveguide launcher followed by a phase correcting 
mirror of quasi-parabolic shape and two ellipucal/ 
hyperbolical reflectors, where the astigmatism is 
removed and the output beam transverse dimensions 
are matched *o the window size (beam waist 
w 0 = 20 mm). 

The purpose of the irregular feed waveguide 
section is to convert the incident rotating TF.22,6 
mode into an appropriate mode mixture generating a 
Gaussian distribution [5,6]. To keep the deformed 
feed waveguide (helical Am = 1 and 3 perturbations) 
short, it is necessary to have an antenna radius of 20 
mm corresponding to a Brillouin angle of about 
67.3°. Coupled mode theory is used in the design 
and analysis of the launcher, and the reflectors are 
designed with Gaussian optics and vector diffraction 
theory. The quasi-parabolic mirror is tilted to correct 
the offset of the center reflected ray. The antenna, as 
well as the reflectors have been milled from 
dispersion strengthened copper. 

To verify the proper behavior of the quasi-
optical mode converter, a cold test setup has been 
built. It consists of two identical converters 
symmetrically mounted on a precise baseplate 
arrangement (Fig. 3). Half of the setup serves as an 
inverse quasi-optical mode transducer that converts 
an incident Gaussian beam into the desired rotating 
TE22.6 tnode which propagates into the second 
convener system where it is converted back into a 
Gaussian beam (Fig. 4). The incident beam is 
achieved by means of a corrugated horn antenna 
together with an ellipsoidal reflector. To evaluate the 
overall efficiency die influence of parasitic modes 
must be investigated. For that reason, phasing 
sections of different lengths must be placed between 
the two launchers. Reflection as well as 
transmission measurements were performed. For the 
reflection measurements, a flat mirror was placed at 
the location of waist 2. The measured conversion 
efficiency is > 91 ± 5 %, in good agreement with 
the theoretical value of 93 %. For comparison, the 
improved launchers were replaced by two 
conventional Vlasov launchers with cylindrical feed 
waveguides, leading to the expected drop of the 
efficiency down to 80 ± 5 %. 
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Figure 3. Schematic of the measurement setup. 
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Figure 4. Perpendicular scans of the output beam 
profile (waist 2) fitted to Gaussian curves. 

6. HIGH POWER EXPERIMENTS 
A short pulse tube (see photo) very similar to 

the final long-pulse version has been constructed and 
tests will begin at the end of August 1994. This 
tube will be followed by the long pulse version at 
the end of the current vear. 

\ 
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The TTE test facility insure accurate and rapid 
measurements : 
Mode content 

A mode content measurement may be 
performed using three techniques : 

- A liquid crystal sheet is placed in the RF 
beam path and filmed by a video camera. This 
method has the advantage of allowing an easy real
time analysis of the RF field pattern. 

- An infrared camera system has been developed 
for the 118 GHz gyrotron. This system allows mode 
purity and power measurements. A calibrated IR 
measurement of a 2D temperature profile created on 
the surface of a calibrated target by the incident RF 
beam can be performed. The mode content is then 
directly computed from the measured profile. 

- Far Field radiation patterns is the most 
accurate measurement technique, but is of course 
difficult to perform with long pulse operation. A 
fully automatized bench is available and can provide 
full 3D plots. 

Frequency measurement 
The RF frequency is measured using heterodyne 
techniques with an IF frequency between 1-10 GHz. 
RF power 

Three procedures for RF power measurements 
have been developped : 

- Use of a calorimetric load designed for long 
pulse operation. 

- Measurement of the power dissipation at the 
window, determined by nitrogen consumption. 

- Infrared camera measurements. To avoid 
spurious reflections resulting in measurement errors, 
this lest is performed in a specially-designed room 
with absorber-covered walls. Because of target 
heating and thermal radiation, these tests can only be 
performed with relatively short pulses. 
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A 1 MeV 0.1 A D" beam acceleration experiment is under preparation at Cadarache. It will study a 
simplified concept of negative ion beam electrostatic accelerator called SINGAP. Some critical HV 
components, like a large MV bushing or protection systems against the HV vacuum breakdowns will 
also be tested. The experiments reported here have been conducted during the preparatory phase of 
this MeV project. A negative ion source was developed and produced 1 A D* beams and j(D") = 
12 mA/cm2 beams. A new type of extraction grid was designed which traps almost100% of the stray 
electrons extracted from the source plasma. A new emittance diagnostic has been sucessfully tested 
with 60-100 keV D~ beams. A1 MV 120 mA Haefely power supply has been moved from KfK, adapted 
and operated on a resistive load at the nominal operating characteristics. 
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1. THE 1 MV 0.1 A D- BEAM ACCELERATION 
PROJECT 

Neutral Beam injection on large size future 
fusion devices like ITER requires the production 
of D' beams at energies in the MeV range, with 
current densities around 10-20 rnA/cm2. No high-
voltage, d.c. acceleration experiment has ever 
been conducted with the relevant characteristics. 
Therefore a 1 MeV. 0.1 A, multi-second D" beam 
acceleration experiment is under preparation at 
Cadarache1'2. This experiment represents a first 
step in the development of these future high 
energy powerful neutral beam injectors. 

This project has the following objectives: 
(i) the development of scalable D" accelerator 

concepts, with energy up to 1 MeV and current 
densities in the 10 mA/cm2 range, and with 
adequate optical quality and suppression of 
electrons; 

(ii) the study of breakdowns in the presence o? 
the beam and of the effects of the large stored 
electrostatic energy (above 100 J) released 
during these breakdowns; 

(iii) the development of critical HV devices : 
large insulators for the MV bushing, decoupling 
devices for the external stray capacitances and 
protection systems in case of breakdowns. 

In the frame of this project a simplified 
accelerator concept, SINGAP, is proposed (see 
figure 1 ). The beamlets will be preaccelerated in 
a standard multihole structure to about 100 keV. 
Post acceleration to the full energy will be 
applied to the whole beam merged into a SINGIe 
APerture. If possible post acceleration will be 
achieved in a SINgle GAP. 
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Figure 1: Scheme of the ' MeV SINGAP 

100 keV post accelerfc-.-on of morged negative 
ion beams has been previously demonstrated at 
Cadarache2. Beam optics calculations have 
shown that SINGAP beams should fulfill the 
severe transmission requirements for future 
heating or current drive systems on large fusion 
devices, with an overall beam divergence around 
6 to 7 mrad. Therefore the success of SINGAP 
will mainly depend on the voltage holding 



capability of the accelerator a~3 of :ne HV 
r.tnip.; nents. 

In the 1 MeV expedients, only 1_-12 
beamlets of 1 cm2 eacn will be used, but beaTi 
trajectory calculations show that this concept can 
be extrapolated to a multi-ampere system. 
SINGAP accelerators would allow to simplify 
greatly the design, construction and maintenance 
of future Neutral Beam systems. 

This experiment has been accepted by the 
EC authorities in June 93 and is now under 
preparation. It is planned to be operationnal by 
the beginning of 1995. 

2. DEVELOPMENT OF THE ION SOURCE 

2.1 The plasma generator 
The plasma generator, a "Pagoda source", 

was originally designed for the positive ion based 
Tore Supra neutral beam injectors4. The V-
shaped anode is positioned in the rear of the 
discharge chamber which is 130 cm in length. 
The cathode consists of 24 tungsten filaments 
and the primary electrons as well as the plasma 
are confined inside a multipolar magnetic field 
configuration created by 6 coils. The plasma 
illuminates a surface of about 1000 cm2. Unlike 
the configuration utilized for positive ion 
production, there is an additional pair of 
permanent magnet rows attached on both sides 
of the plasma grid which create a transversal 
field {magnetic filter). This field upsets slightly the 
symmetry of the configuration. To enhance the 
negative ion yield, caesium vapor is injected into 
the source by means of a caesium oven 
operated at about 300 °C. All the results quoted 
below have been obtained with caesium seeding. 

2..2 The beam extractor and 100 keV pre-
accelerator2 

The pre-acce!erator that will be used for the 
SINGAP experiment consists of a multi-hole 
triode accelerator with a plasma grid surface of 
up to 6x120 cm2. Each accelerator grid is made 
up of 5 elements with 48 holes of 1 cm2 each, 
i.e. up to 240 cm2 of effective beam extraction 
area. The first grid G1, made of molybdenum 
with a water cooled copper frame, is at ground 
potential. The second grid G2, in copper, is 
actively cooled; it incorporates magnets and 
traps to stop the stray electrons extracted from 

thç- f.-jrce (up :z 40 r-Venn2; The extraction 
vc '.-rpe Va? Les m Ihç -ange i-10 kV. T-e th-n 
S'd G3 is po!an2ed a* :ne accelerator voitaas 
Vbsarr,<:10ûkV. 

Dunng the experiments reported here, this 
prsaccelerator was coupled to a 150 cm long 
gas-neutra!iser; the beam was dumped and 
calonmetrically measured on a 40 mrad wide 
target located at 3 m away from the source. 

2.3 D* production with the PAGODA source 
The experiments have been carried out in 

deuterium, with Cs seeding. A wide variety of 
extraction areas have been used in order to 
explcre the source homogeneity and the Cs 
effects5. 1 A D* beams were obtained from the 
full extraction area of 240 cm2, for an arc current 
of 1000 A and a source filling pressure of 
0.65 Pa; the average j'a~(D*) was about 
4 mA'cm2. In the same conditions D" accelerated 
current densities of 12 mA/cm2 were obtained 
from the central 1/5 extractor (48cm2) as shown 
on figure 2. 
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Figure 2: Transmitted D" current density versus 
arc current for different extractor surfaces 

These differences between the central and 
the average current densities could be due to a 
longitudinal plasma gradient, which we measured 
with a set of Langmuir probes, and which results 

from a VBxB drift of the primary electrons within 
the source. 
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3. ELECTRON SUPPRESSION EXPERIMENTS 

A '"=;•?- p'i-tfem in negate- •;-. acce =~a::*'a 
is the presence ol stray electrons which can be 
acceie-ated a; lull energy. Tnese electrons 
decrease the accelerator efficiency and generate 
X-rays which deteriorate the high voltage holding 
capability of the insulators. This latter problem is 
expected to be particularly crucial in 1 MeV D* 
accelerators. As a consequence, a special 
endeavour was made for the suppression of the 
stray elecrons at each stage of the accelerator. 
We report here the results of experiments on the 
suppression of the electrons extracted from the 
source together with the negative ions. 

In order to simulate the electronic behavior in 
the accelerating column, a code, named 
ELSTOP, has been specifically developed in our 
laboratory^. The 3-D electronic trajectories in the 
presence of electric and magnetic fields are 
ca lcu la ted ; the secondary emission and 
backscattering processes are taken into account 
by Monte-Carlo methods. The latter process has 
been identified as the origin of the electron 
leakage . An example of stray electron 
trajectories with backscattered particles is shown 
on figure 3 in the case of an accelerator 
designed for the CEA-JAERI collaboration in 
1991 2 . 
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Figure 3: 3-D electron trajectory simulation for the 
CEA-JAERI exiractor. 

ELSTOP was used to design a new 
accelerator able to trap the extracted electrons 
inside the extraction grid with a theoretical 
suppression factor of at least 10 "3. 

Electron suppression experiments have been 
carried out with 90 keV, 0.4-0.5 A D" beams. We 
have also operated the source with Helium or 
Argon in order to produce pure electron beams, 
thus separating clearly the extracted electron 

:'-: I'.-I-.Z- v..-.5 s:-jdcr ï by rvcisur-ng the fracucr. ; ' 
e'ec*vr:r,c current tlowinp from G2 xz G3. Tne 
e'ectrcr 5'jcpression rate with the new extraction 
gri'j design has teen measured for various G3 
pcentials. with a systematic exploration of G2 
from 3 to 9 kV. The results have been compared 
to the previous accelerator which was shown on 
fig. 3. With the new design the current flowing 
from G2 to G3 is negligible, at the limit of the 
sensivity of the measuring apparatus, even when 
Vg2 = 9 kV and even with several amperes of 
extracted electrons, as shown on figure 4. 
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Figure 4: Electron suppression factor as function 
of the extraction grid potential with helium 
discharges 

4. BEAM OPTICS STUDY 

The measured D' beam optics is not in full 
agreement with the simulations. In particular a 
current and power load is measured on G3 which 
has been measured to be only partially due to 
stripping losses. Anyway, thanks to the very 
efficient electron suppressor, the overall power 
efficiency of the accelerator, measured as the 
ratio of the beam calorimetric signal to the eletric 
current drained from the HV power supply, is 
about 75% at the optimum of optics, while the D" 
beam current density measured on the 
calorimetric target is as high as 12 mA/cm^. 

In order to understand this beam interception 
and also to prepare the analysis of the MeV 
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Figure 5: Scheme of the emittance diagnostic 

The diagnostic consists of vertical slits drilled 
in the beam target (3 m distant from the source) 
and of a set of 100 secondary emission probes 
(6 rn from the source). In addition, the overall 
accelerator aiming can be tilted by +- 27 mrad. 
The emittance of the beanlet columns can 
thereby be measured with an angular resolution 
of 1 mrad. An example of beamlet emittance 
obtained with this new diagnostic is shown on 
figure 6. This diagnostic has also been used to 
determine the beamlet r.m.s. divergence at the 
optimum : 7 mrad have been measured, while 
5 mrad are expected from beam trajectory codes. 
Experiments are underway in order to investigate 
further this slight disagreement which might be 
related to G3 interception. 

4. STATUS OF THE 1 MeV PROJECT AND 

TEST OF THE POWER SUPPLY 

A 1 MV 12C rr.A Haefe'y power supply ha? 
been moved irom KfK, adapted and tested c- a 
resistive load at the nominal operating 
characteristics. Additional studies are underway 
in order to test the power supply response in 
'multi-flash, mode", f.e. in operating conditions 
similar to those occuring during an accelerator 
conditionning phase. 

The mechanical components of the 1 MV 
experiment are under construction and the HV 
holding tests of the MV bushing are expected to 
start by January 1995. 
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Design of the ECRH system for the Tore Supra tokamak was started in 1990 around the axial output 
110 Ghz gyrotron being developed by Thomson Tubes Electroniques. This design has undergone dramatic 
revision following the results of quasi-optical gyrotron development by many laboratories. This revision 
included redesign of the system and a new gyrotron development program at 118 GHz. 

L Introduction 

In a previous paper (1) we described the ECRH 
system as originally planned for Tore Supra. New 
technical developments (in particular the results of 
our cryogenic window development program and 
the results of tests of the Russian quasi-optica! mode 
converter gyrotrons) have prompted a major 
revision of the original design and a reconsideration 
of the whole program. This assessment led to the 
change of major options of the original design. It is 
this new design which will be presented in this 
paper. 

II. The 118 GHz gjrotron 

The original 110 GHz intended for this 
experiment was a traditional axial output gyrotron 
with external mode conversion from the TEM 

gyrotron mode to the HEu transmission line mode. 
A prototype gyrotron was tested and proved to be 
very sensitive to its environment. In particular, it 
showed a strong dependence on the frequency with 
the VSWR of the line: it oscillated at about 109.6 
GHz on a water load and at 109.0 GHz on open 
space. 

In order to improve the behaviour of the 
gyrotron and bearing in mind the results obtained 
on quasi-optical mode conversion gyrotrons, it was 
decided to start the development of such a gyrotron 

to replace the original design. This gyrotron is now 
under development as a co-operative venture 
between Thomson Tubes Electroniques (France), 
l'Ecole Polytechnique Fédérale de Lausanne 
(Suisse) and the Commissariat à l'Energie 
Atomique (France) with technical support from the 
Kerforchungzentrum Karlsruhe (Germany) (2). The 
main characteristics of this gyrotron can be seen in 
Table 1, and a general view of the tube is presented 
in figure I. 

Frequency 

Output power 

Pulse length 

Efficiency 

Output mode 

118±.2 GHz 

500 kW 

210 s 

30 % 

HE» 

Table 1: Characteristics of the 
118 GHZ gyrotron. 

The choice of the frequency results from a 
compromise between the requirements of the TCV 
tokamak at Lausanne for its experiment at the. 
second electron cyclotron harmonic, and the 
fundamental resonance at the maximum magnetic 



field in Tore Supra. The choice of the TE2i.s mode 
for the cavity should allow the extrapolation of this 
design to frequencies of 140 GHz or above. 

Since each of the high voltage power supplies is 
to be shared by three gyrotrons, it was decided to fit 
the tube with a triode electron gun, so as to be able 
to adjust the beam characteristics of each one of 
them independently. The ability of feeding many 
tubes from a common power supply which will be 
tested on Tore Supra could be essential in reducing 
the cost of future ECRH systems. 

The tube is fitted with a cryogenic window so as 
to allow the long pulses (210 seconds and above) 
required by the Tore Supra program. The window is 
cooled by free boiling liquid nitrogen, although its 
design would allow cooling by forced circulation if 
it proved necessary. This design has many 
advantages over a liquid helium cooled one not only 
for simplicity reasons, but also because the pumping 
effects on the line are much lesser, which could 
prove decisive for future reactor using tritium as 
fuel. 

The gyrotron output is a gaussian beam, with an 
optical matching unit after the window to transform 
this beam into a HEn mode to be transported by the 
transmission line. A two-mirrors polariser will be 
included. 

The magnet to be used by this tube is the one 
that had been designed for the 110 GHz. Apart from 
the magnet, much of the development work done for 
the 110 GHz prototype (software, cooling systems, 
etc.) has been used in designing the new rube. 

The first prototype of this gyrotron is now under 
tests at Velizy. The first prototype for delivery to 
Tore Supra is expected mid 1995. 

IIL Generator 

The different generator subsystems (control 
systems, cryogenic magnet and aaxiliary power 
supplies, cooling systems) are in general the same 
as were designed for the original 110 Ghz gyrotron. 
The main high voltage power supply has been 
redesigned to take into account the requirements of 
the new gyrotrons in terms of regulation precision. 
A diagram of this supply can be seen in figure 2. It 
consists in a classical thyristor regulated 90 kV 
power supply followed by a series tetrode intended 
both for voltage regulation (0.5 % ) and fast 

switching in case of arcing in the tube (deposited 
energy under 10 J). 

All the auxiliaries arc now ready and will be 
commissioned using the 110 Ghz prototype 
gyrotron now delivered to Tore Supra. 

IV. Transmission Line 

The layout of the transmission line was 
completely revised from the original design, since 
the new gyrotron docs not require the lengthy 
vertical mode conversion section the 110 Ghz did. 
The new transmission lines consist of six runs of 
about 25 metres of aluminium circular oversized 
(63.5 mm internal diameter) corrugated waveguide. 
Each run has between four and five mitre bends, the 
first one of each line containing the directional 
coupler for the measure of the incident and reflected 
power. 

Because of the cryogenic window, it is necessary 
to have an evacuated line. The line will therefore 
include two pumping sections per run, as well as an 
RF valve to isolate the transmission line from the 
torus vacuum. That way, we avoid the complication 
of installing a cryogenic window next to the Tore 
Supra Tokamak. 

The efficiency of this transmission line is 
expected to be above 90 %. 

V. Antennae 

The original design of the antenna has not 
required any modification with respect to the 
original design as shown in figure 3. (1). All its 
components are now manufactured and ready for 
assembly, in order to be ready for installation by the 
end of 1994. The final date of installation depends 
on the Tore Supra program now under discussion. 

V. Milestones 

The generator system design is complete and its 
building half completed. The critical component is 
still the gyrotron: a final prototype is expected mid-
1995 and the delivery of the last of the six tubes not 
before mid 1996. 

By that date, the transmission lines and antenna 
should be completed and installed. We expect 



therefore lo be able to start the ECRH experimental 
programme on Tore Supra by the end of 1996. 
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The main task of the MANTIS test bed is the development of a large area, multi-ampere D' source which 
satisfies all the requirements of an injector, e.g. for ITER. The experiment MANTIS, started operation in June 
1993 in CADARACHE has so far produced 17 kV beams of approximately 1.3 A of H" and 0.5 A of D" and 
used the former DRAGON source designed by AEA-CULHAM. 

1. INTRODUCTION 

D° beams at energies in the range of O.S - J 
MeV with ion current densities of â lOmA/cnT, 
constitute a means to raise the plasma temperature 
of a tokamak, e.g. ITER, to a level where fusion 
reactions can begin. One of the problems to be 
tackeled for an injector, is the production of multi 
ampere D' beams with low divergence and with 
reduced stripping losses. The MANTIS test bed 
was built for developing high current D" ion 
sources. A large fraction of the equipment was 
provided by Culham Laboratory from the former 
DRAGON experiment and the first experiments 
described here were devoted to the study of it. 

2. DESCRIPTION 
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Figure 1. rVfertis scheme 

2.1.Plasma generator (former DRAGON source) 
This is a large multi pole plasma source of 

rectangular cross-section (w*h*d = 0.5m * 0.75m 
* 0.22m) immersed in an 8 m3 vacuum chamber. 
The discharge is struck between 24 tungsten 
filaments and the anode box. The magnetic filter is 
a « tent » type which effectively divides the source 
into two regions plasma. The field strength at the 
multipole casps is high (0.22 T). The major 
diagnostics is an array of 8 langmuir probes which 
are distributed in the extraction region for studies 
of the low electronic temperature plasma 
characteristics. Other probes can occasionally be 
used in the driver region to study the plasma close 
to the filaments. 

Figure 2. A view of the back of the source 
with the filaments connections 



2.2. Accelerator 
The accelerator is a multi-hole triode 

accelerator with 288 apertures and a total 
extraction area of 380 cm". The plasma grid (CI) 
can be biased from -5V to -*-5V with respect to the 
anode (source body) which is grounded. The 
extraction grid (G2) is biased from 2 to 5 kV. It 
focusses the bcamlets and collects the major part oC 
the electrons. The beam acceleration grid (G3) can 
be biased from 15 kV to 25 kV. Columns of small 
cross section (2.4 mm. * 2.4 mm. ) magnets are 
located on the plasma facing surface of Gl and are 
also buried inG2andG3. 

The magnets on Gl inhibit the extraction of 
electrons from the plasma, whilst those in G2 
prevent co-acceleration of electrons. The magnets 
on G3 deflect any accelerated electrons, preventing 
them from reaching the calorimeter. Additionaly 
large Helmholtz coils can be energised to deflect 
the full energy residual electron beam exiting the 
gridG3. 

2.3. The calorimeter 
The calorimeter, at the potential of G3. is 

located at the end of the neuiralizer at 1.2 m from 
the source. It is divided into 72 thermally isolated 
areas with individual thermocouples. This allows 
the determination of the equivalent beam current as 
well as the beam distribution and the beam 
divergence. 

2.4. The vacuum pumping system 

It is composed of: 

- A 2000 mVh roots pump for the prevacuum 
of the 8 m3 vacuum chamber. 

- A 1000 1/s turbo pump 
- A 65 m3/h primary pump 
- 6 cryopumps with a pumping capacity of 85 

m3/s in D-

>r &,. i» 

-•-~T.i'' "ï 

Figure 3. A view of the Mantis test bed 
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3. EXPERIMENTAL RESULTS 

To determine the best conditions to produce 
negative ions from the total extraction area in 
hydrogen and deuterium, we varied the gas flow, 
the discharge power, the plasma electrode bias 
potential and the extraction electrode voltage. 
These experiments were conducted at an 
acceleration voltage of about 17 kV. Operation in 
Argon, where no negative ions can be produced, 
allows a test for stray electron extraction and 
acceleration. This has shown that less than 5% of 
the extracted electrons reach the calorimeter. This 
was confirmed with the Helmholtz coils. As shown 
on the Figure 4, the optimum H" and D" current is 
obtained at a pressure of about 0.8 Pa. 

0.2 0.4 0.6 0.8 1 1.2 1.4 

Figure 4. Varc=100V Iarc=600A 

The negative current versus the arc power is 
presented on figure 5. 
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We observe an earlier saturation of the current 
in D" than in H\ 

The extraction voltage on the grid G2 is 
optimised at about 4 kV (figure 6) 
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Figure 5. Negative ion current versus arc power 

0 1 2 3 4 5 6 
VG2 (kV) 

Figure 6. H2, P=0.7Pa, Varc=100V, Iarc= 600A 

The extracted electrons fall on G2. The current 
on G2 is presented on Figure 7. The ratio of 
electron current to negative ion current is 6 in Et 
and 30 in D2. These large ratios cannot be 
explained by the probe mesurements inside the 
source at 4cm from the plasma grid. 
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Figure 7. Electronic current on C2 

No isotopic effect has been detected on the 
plasma density in H2 and D2. Density rises linearly 
with the arc power and the electron temperature in 
both cases is roughly the same. 
The application of a positive bias voltage on Gl 
decreases dramatically the negative ion current and 
the electronic current (figure 8) 
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Figure 8. p=0.8Pa, Varc=100V, Iarc=800A 

The homogeneity of the beam is rather good. The 
maximum negative ion density current measured is 
3.2 mA/cm2 in H2 (1.3 A total) and 1.2 mA/cm2 in 
D : (0.5 A total). 

In order to verity the effect of a multihole 
extraction on the average extracted negative ion 
current density, a shadow mask has been installed on 
the plasma grid. Five clusters of four holes have been 
used. Experiments have shown that the current 
density is insensitive to the number of holes. A small 
inhomogeneity in the extracted beam is measured in 
corrélation with the ion density in the source. 

Reversal of all the potential on the accelerator 
allows the extraction of positive ions. A density of 
12mA/cm2 of positive ions has been extracted when 
we would have 1.5 mA/cm2 of H". The plasma grid 
in this instance was connected to the anode. The 
positive ion density presents the same non-
uniformity as the negative ions but is lower than the 
value expected from the probe measurements. 

It was thought that the full magnetic field across 
the plasma grid could be responsable for this effect, 
some permanent magnets have been removed from 
around two clusters and the local magnetic field 
reduced to 15 and 40 Gauss (figure 9) respectively. A 
density of 6.2 mA/cm: in H2 has been obtained from 
the cluster in the 15 Gauss region. Figure 10 shows 
the Gaussian profile fitted from the corresponding 
calorimetric measurements. 
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Figure 9. A view of the mask 
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Figure 10. Beam distribution across the mask 

4. CONCLUSION 

The ex-DRAGON source can produce, in pure 
volume, less than 3.5 mA/cm2 of H" and 1.2 
mA/cm2 of D" at 110 KW of arc power. 
The reliability of the source has been strongly 
increased by changing the multifilament electrical 
connections. 
The optimum pressure in the source is around 0.8 
PabothinH2andD2. 
The number of apertures has no influence on the 
accelerated negative ion current density. 
By removing some magnets on Gl, a density of 
6.2mA/cm2 H" beam has been obtained. 
Future experiments will be devoted to the reduction 
of the magnetic field on the anode and to cesium 
injection into the discharge. 
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The installation of the JET Pumped Divertor, designed to study impurity control, has recently been 
completed. The main components are four magnetic coils, forty eight divertor plate assemblies, one toroidal 
cryopump, eight ICRH antennae, sixteen inner wall guard limiters and twelve poloidaJ limiters. Due to the high 
thermal loads, accurate positioning of plasma facing components la the magnetic centre of the machine was a 
major requirement. Typically alignment within ± 2 mm was required, with steps between tiles on a component 
being controlled to ± 0.25 mm. In some cases a set of components was required to be concentric, while also 
lying within a narrow band defined by the position of some other components. A typical example of this was the 
positioning of the poloidal limiters, which perform the dual function of limiting the plasma and also protecting 
the antennae. Clearly, a measuring system accurate to better than ± 0.5 mm was required. 

1. INTRODUCTION 

In previous shutdowns at JET component 
surveys and alignment checks depended on some 
combination of conventional metrology equipment 
and jigs usually based on a precise survey ring. JET 
decided to continue with this philosophy for the 
Pumped Divertor installation. A sophisticated survey 
ring system was designed and built. This was used 
successfully for the installation of the lower vessel 
components e.g. divertor coils and divertor modules. 
During preparations for the installation of the outer 
wall components it became apparent that to achieve 
the required accuracy at a height of over two metres 
above the survey rings would result in an extremely 
cumbersome system, requiring a long and elaborate 
set-up procedure for each new working position. In 
addition, this philosophy required the presence of the 
survey rings in vessel over an extended period (in 
excess of five months). This would not have been 
compatible with many of the tasks planned for 
execution in parallel with the main inner and outer 
wall tasks and therefore would have seriously 
compromised the flexibility of the overall planning. 
As a result other techniques were investigated, 
resulting in the purchase of a three dimensional non-
contact measuring system. As it is JETs philosophy 
to minimise risk to shutdown program by using 
only proven methods it was decided to continue with 
the development of the mechanical system in 
parallel. This paper describes the development 
necessary before this system could be used inside the 
JET vacuum vessel. The transition from jig-based to 
optical system is discussed along with techniques 
being developed for future use at JET. 

Figure 1. Survey Ring System in use In-vessel 

2. MECHANICAL SYSTEMS 

A setting system based on a pair of very 
accurately machined survey rings together with a 
system of dedicated precision jigs was used to 
position the divertor coil support bosses[l]. The 
inner ring (4200 mm diameter) fitted with two 
targets 90° apart, was accurately positioned 
loroidally and radially in-vessel by optically aligning 
the targets with the centre of the mechanical 
structure of the JET machine. This datum is also 
used for ex-vessel components. Through 
investigation of the plasma/wall erosion surveys, the 
mechanical centre of JET had previously been shown 
to be coincident with the magnetic centre to within 
± 2 mm. Then the outer ring (8500 mm diameter). 
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which consisted of sixteen beams, was assembled 
using a jig from the inner ring. A radial arm location 
tool was then suspended from the inner and outer 
rings to facilitate the positioning of components on 
the vessel floor (fig. 1). Later in the shutdown, the 
survey ring system was used for the positioning of 
the divertorplate assemblies!] J. 

3. OPTICAL SYSTEMS 

In December 1992 JET began to investigate the 
possibility of using optical systems, of which there 
were a number on the market A number of these 
were quickly ruled out on the basis of their 
inaccuracy or other limitations such as focal length 
of the instruments being incompatible with the 
internal dimensions of the vacuum vessel. The 
ability to operate accurately in the expected residual 
magnetic field at JET was also an important 
consideration. JET evaluated the use of Leica's 
ECDS3 [2] system in a similar application at Tore 
Supra [3]. This system consists of two electronic 
theodolites, with dual axis liquid compensators, 
linked to a personal computer and a software package 
called ECDS3 (Electronic Coordinate Determination 
System). 

JET carried out a series of trials which 
confirmed the systems performance and accuracy. 
Finally, following assurances from Leica that the 
residual magnetic field in the JET vacuum vessel 
would not affect the operation or the accuracy of the 
system, JET ordered the ECDS3 system and began 
to plan the use and development of the system in 
detail. 

4 COMPUTER AIDED THEODOLITE 

Generally referred to at JET as the CAT 
(Computer Aided Theodolite) system, ECDS3 
operates by measuring the horizontal and vertical 
angles to a network of targets and a calibrated scale 
bar and solving the resulting simultaneous equations 
using a mathematical technique known as "bundling' 
At JET. 184 targets were welded to the inner and 
outer walls of the vessel. These targets, called 
control points, define the volume in which all 
subsequent surveys will be carried out. 'When all 
these targets and the scale bars have been sighted by 
at least two theodolites in a multiple set-up process 
known at JET as a 'Global Survey', the ECDS3 
'bundling' process is used to calculate the co
ordinates of all the targets relative to theodolite No. 
1. These co-ordinates can be mapped unto the Torus 
master system, whose origin is the centre of the 
Torus, using a co-ordinate transformation with 
known datums. Datum positions were determined 

relative to the Torus using the same technique as 
used for setting the survey ring (fig. 2). 

JETs major requirement was for a three-
dimensional setting system suitable for locating 
the jigs used to position the mounting pads for the 
various components on the vacuum vessel wall. In 
some cases the system would also be used for direct 
positioning of die actual components. Use of the 
CAT system for setting involves sighting onto at 
least three targets whose positions are known in 

Figure 2. • Inner Survey Ring Alignment from Pit 

the Torus master system. As the ECDS3 software 
can then calculate the positions of the theodolites 
relative to the centre of the Torus, it is only 
necessary to place the theodolites so that good 
sighting can be achieved. The theodolites are then 
used to determine the co-ordinates of the component 
datum points via targets fitted to the components. 
These co-ordinates are then converted from the 
default Cartesian (X.Y.Z) to a cylindrical (R,0,Z) co
ordinate system for setting adjustments. This 
conversion simplifies the setting process as the 
cylindrical system is the 'natural' coordinate system 
of the torus. 

5. ACCURACY 

The accuracy of the CAT System depends 
largely on geometry, redundancy of the sightings 
taken and the operator's understanding of how these 
two factors effect the data. Using JET's CAD 
system, CATIA, the optimum theodolite & target 
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positions were determined considering the unique 
multiple set-up techniques which would be required 
due to the shape of the vacuum vessel. It was 
necessary to ensure that all targets \wcre visible from 
at least two theodolites positons, even at the end of 
the shutdown when all components would be 
installed, in parallel with this design and 
development, JET personnel received training from 
Leica in the use of the system. In addition a full size 
mock-up of the JET vacuum vessel was built to 
allow the multiple set-up technique to be dc-vclopcd 
and its accuracy assessed. During this four month 
period an improved multiple set-up technique was 
developed, which shortened survey time by 50^c. A 
dedicated procedure for carrying out a CAT global 
survey of the vacuum vessel was prepared. This 
procedure was followed closely and with continued 
practice allowed survey time to be cut further. In 
parallel JEPs spare octant was used for extensive 
setting trials for the major inner and outer wall 
components usine the actual jigs and actual or 
prototype components. These trials also provided the 
opportunity to develop the measuring and adjusting 
technique for each component as well as providing 
an opportunity for installation personnel to become 
familiar with the CAT system. 

6. DEVELOPMENT FOR IN-VESSEL 
USE 

As well as developing a method for using the 
CAT system in-vessel. it was necessary also to 
package the system suitably. Wall-mounted 
vibration-free theodolite supports which could be 
used in any of sixteen toroidal positions at four 
heights with a variable radius were developed (fig. 
3). Special removable spherical targets were also 
developed. The targets consisted of a boss welded to 
the vessel wall, a uniquely identified screw-in target, 
a unique identity label, designed to be visible 
through the théodolite, and a protective cover. The 
colour laptop computer was built into a special 
aluminium case along with the necessary interface 

- modules. This allowed safe and convenient storage of 
all the hardware, reducing the number of electrical 
connections to be made and so reducing the setup 
time and the risk of damage. In addition, the 
computer was fitted with an integral modem which 
allowed fast downloading of data at the end of every 
shift to a dedicated computer ex-vessel. Data was not 
only duplicated by this process, but easy access to it 
was immediately available to selected personnel to 
allow report writing to proceed. Transfer of data on 
floppy disc was complicated by the risk of beryllium 
and tritium contamination. 

7. SURVEY TECHNIQUE 

To satisfy the requirements identified in the 
C A T I A model, the majority of targets were 
positioned reasonably accurately with regard to 
height» otherwise following the geometric features of 
the vacuum vessel wall. To minimise the possibility 
of errors two global surveys of six set-ups were 
carried out on opposite shifts. Each target was 
sighted by two theodolites, 20% being viewed by 
four theodolites, 5% being viewed by six theodolites 
throughout the survey. This redundancy of sightings 
increases the accuracy. Each survey look two 
surveyors approximately 1.5 shifts (12 hours). 
Results of the surveys were compared and checked in 
detail and found to agree, in general, to better than 
0.2mm. From these surveys the Torus nominal 
master system was esiabljshed. This system was 
then checked for correlation with the fixed inner wall 
reference balls, used in previous shutdowns, and to 
the inner survey ring used for the first phase of the 
shutdown. The co-ordinates determined by the 
different systems agreed to within ± 0.9 mm. 
Additional checks on the scale accuracy of the CAT 
system were carried out by surveying accurately 
machined details of the survey ring confirming a 
measuring accuracy of better than 0.05mm/metre. 

Figure 3. CAT System in use In-vesscl 

8. COMPONENTS INSTALLED WITH 
AID OF THE CAT 

Major components installed with the aid of the 
CAT system included RF antennae, inner wall guard 
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limitera and poloidal limirers. For the limitera the 
vacuum vessel wall was surveyed directly with the 
CAT so that mounting pads could be machined to 
approximately the correct dimensions to take account 
of local variations in the vacuum vessel wall. 
Generally the CAT system -was used to position jigs 
which ensured pads were welded to the wall at the 
required height and radial and toroidal position. Use 
of a jig was the quickest way of ensuring that up to 
ten pads were correctly positioned relative to each 
other. When the actual component was mounted on 
the pads the CAT was used for final positioning in 
an iterative process of suveying and adjusting. For 
most components the major requirement was for 
correct radial positioning. Height and toroidal 
position, though important, were usually secondary. 
During setting, components were frequently 
resurveyed from different theodolite setups and by 
different teams of surveyors so that accuracy was 
continually monitored, confirming that components 
were measured to better than ±0.3mm. Apart from 
the major components, for which the CAT system 
was primarily intended, it was also used to carry out 
'as-built' surveys of divertor coils 2. 3 and 4. The 
CAT was also used for positioning or providing 'as-
installed' survey data for many of the major 
diagnostics. As many of these were situated in 
inaccessible places e.g. main vertical ports, it would 
not have been possible to determine their position 
accurately using conventional methods. 

8. FUTURE DEVELOPMENT 

During future JET shutdowns, in-vessel work 
will be hampered by high (300Sv/hr) radioactivity 
levels. Contamination of the vessel by beryllium 
and tritium will necessitate the use of full 
pressurised suits. This will mean that the 
measurement systems used in the future must be 
pressurised suit compatible and eventually fully 
remote-handleable, while maintaining present levels 
of accuracy and flexibility. To this end JET is 
currently investigating ongoing changes in 
measurement technology in an attempt to determine 
the most suitable systems for use in the next 
planned shutdown and the subsequent remote-
handling shutdown. 

Towards the end of this shutdown the 
opportunity was taken to survey the in-vessel CAT 
targets using Convergent Photogrammetry so that 
JET could assess its potential for use in the next 
shutdown. Comparison with the CAT global survey 
data showed good agreement [4]. In conjunction with 
these investigations, on-going developments of 
systems currently in use at JET are being made. A 
modified CAT system is being developed which will 

allow operators to use the CAT system when 
wearing full pressure suits. This system utilises a 
miniature video camera fitted to the theodolite 
together with a monitor which means the operator 
does not need to sight directly through the 
instrument. Connection to an cx-vessel monitor will 
mean that in-vessel work can be supervised by an 
experienced CAT user with a resulting reduction in 
both the time and expense incurred in training new 
surveyors. 

10. CONCLUSION 

During the last shutdown at JET a major 
conceptual change in in-vessel measurement 
technology was made. Numerous checks were made 
to ensure the compatibility and concentricity of the 
new optical system with the old jig-based 
mechanical system. The advantages of the CAT 
system in terms of time, accuracy and flexibility 
were clearly seen. The CAT system will continue to 
be used at JET in conjunction with convergent 
photogrammetry with reduced use of jigs. The 
possibility of links with other non-contact systems 
is now the subject of research at JET. 

11. ACKNOWLEDGEMENTS 

The author wishes to acknowledge the skill and 
dedication of the GEC Inspection team, the 
assistance of JETs Drawing Office staff for their 
assistance with CAT-CAD interfaces and the staff of 
Leica(UK) for their technical support throughout the 
development 

REFERENCES 

1. The Installation of the JET Mkl Divertor 
Features and Achievements. G. Celentano at al., 
18th Symposium on Fusion Technology, 
Karlsruhe 1994. 

2. Leica AG, Photogrammetry and Metrology, 
CH-5035. Unterentfelden, Switzerland. 

3. Effect of Misalignment and braze flaws on the 
Tore Supra Inner First Wall Behaviour. JJ 
Cordier et al., 17th Symposium on Fusion 
Technology, Rome 1992 

4. CAT vs Photogrammetry: Details of 
Transformation Method and Analysis Results. E 
van Lente, JET internal report. 

114 



130 

7)- TRITIUM TECHNOLOGY 

RB1S28-S0FT94 



PuPCc* £e>i 

Comparative Study of Pd/Ag Permeator Concepts and their 
Optimization for different Applications in Tritium Facilities. 

J. Chabot*. M. Glugia", R. D. Penzhorn"3, L. BoisseF, C. Latgé<\ D. Léger» 

•••c Commissariat à l'Energie Atomique, * CEREM/SCECF. B.P Nc 6, Fontenay aux Roses Cedex. France. 
« DR.N7DER/STML. C.E. Cadarache. 13108 St Paul les Durances Cedex, France 
bKernforschungzentrum Karlsruhe, IRCh, Postfach 3640, D-76021. Karlsruhe, Germany 

Two PdVAg diffusers of different operation principle and manufacturers have been tested 
experimentally with one set of parameters in the same installation. The results have been 
modelled to allow a better evaluation of design concepts. 

1. INTRODUCTION 

Palladium/silver diffusers have been used 
for years in various tritium laboratories for 
the production of highly pure tritium. For 
this reason diffusers have also been proposed 
for use in fusion reactor tritium technology 
applications such as: i) the direct recovery of 
unburned fuel from the exhaust gas, ii) the 
in loops processing of tritiated impurities, 
and iii) the breeding blanket tritium recovery 
processes. The achievable very high purity of 
the permeated hydrogen isotopes is 
particularly advantageous when the 
recovery/purification is followed by a 
cryogenic isotope separation. 

Because in most tritium facilities, standard 
commercial diffusers, only modified to 
achieve tritium compatibility have been used, 
there is still a need for the development of 
diffusers taking into account the specific 
requirements of tritium technology. In view 
of this and with the purpose of developing a 
validated model, two diffusers of different 
operation principle and manufacturers, but 
of similar permeation area have been tested 
experimentally with one set of parameters in 
the same installation. The results have been 
modelled to allow a better evaluation of 
design concepts. 

2. PERMEATOR CONCEPTS 

scale can easily be obtained errr joying a 
multitube design. As shown in 1 .g. 1, the 
tubes are of finger type and supported only 
at one end to allow for a macroscopic thermal 
expansion. Such a finger tube permeator can 
be operated in two different ways, refereed to 
as A and B in Figure 1. For concept A [1], the 
non permeating bleed gas is removed with 
the help of a capillary inserted into the 
permeation tube. This design permits a large 
diameter at the permeate side and therefore 
a high conductance for vacuum applications. 
Concept B [2] shows almost no pressure drop 
between feed and bleed. Therefore, 
depending upon the actual application both 
concept offer certain advantages. 

feed 
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Fig. 1 Concepts A et B for finger type 
permeators 



3. EXPERIMENTAL CONDITIONS 

Experiments have been performed in the 
test facility PALLAS II, which is operated in 
a once through mode. The facility and the 
procedure have been previously described in 
details [2], 

The performances of the two permeators 
have been determined at 300°C, under total 
pressures of 1.1, 2 and 3 bar, using two 
different Ha-He mixtures containing 5 and 
15 % vol. He respectively. The feed flow rate 
and the bleed flow rate were varied from 0 to 
33 STP 1 min-1 and from 0 to 3 STP 1 min-1 

respectively. 

3. EXPERIMENTAL RESULTS 

3.1. Comparison of performances 
Typical results are illustrated in Fig. 2 

to 4. The two concepts have been compared 
by normalizing the results to the same 
membrane area of 0.209 m2 corresponding 
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Fig 3 Experimental results at 2 bars 

to the actual membrane area of the 
experiments carried out to investigate the 
concept B. 

It appears that the behaviours of the two 
permeators are very similar. However, the 
concept B is slightly more efficient for flow 
rates beyond the break-through. In any case, 
the maximum of the permeated H2 flow rate 
is about 20 % superior for this concept. Also, 
the break-through occurs at bleed flow rates 
slightly higher than those of the concept A 

At bleed flow rates below the break
through, the performances are almost the 
same. In particular, the permeated Ha flow 
rate fits the same straight line and the H2 
concentrations in the bleed, below the break
through, are almost identical. The fact that, 
in both cases, some residual hydrogen is 
measured in the bleed does not agree with 
theoretical expectations. The presence of 
residual hydrogen in the bleed may result 
from a limitation of the vacuum in the low 
pressure side for both concepts. 
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3.2. Pressure effects 
Comparing the results obtained at different 
pressures, it appears that, for each concept: 
• Increasing the total pressure leads to an 
increase of the maximum H2 permeation flow 
rate and to a shift of the break-through to 
higher bleed flow rates. 
• The increase of the maximum Hs 
permeation flow rate as well as the shift of 
the break-through are proportional to the 
square root of the H2 pressure. 
• At bleed flow rates below the break
through performances fit the same straight 
line and the H2 concentrations in the bleed 
are identical and independent of the 
pressure. In this domain, an increase of the 
pressure does not improve the performances. 

4. MODELLING STUDIES 
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Fig. 5 Comparison between classical models 
and experiment at 1.1 bar (concept A) 

different descriptions of the hydraulic flow 
upstream and downstream the membranes: 
perfectly stirred flow (PSF), plug flow (PF) 
and plug flow with axial diffusion (PFD) [3]. 
For each model, the computed values have 
been compared with experimental results, 
assuming that the compositions of the Pd-Ag 
alloys used in the two permeators are the 
same, i.e. identical permeation coefficient. As 
it can be seen in Fig. 5, the PFD and the PF 
models are the more related to the 
experimental points. However, the fit is not 
satisfactory. This is why a pressure drop 
correction inside the fingers was 
incorporated in the models. The new PDFP 
model (plug flow, axial diffusion and 
pressure drop) allows to better account for 
the geometry of each permeator (Fig. 6 to 8). 
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Simulation studies have been carried out 
using three classical models (Fig. 5) based on 

Fig. 6 Comparison between PDFP model and 
experimental results (A: 1.1 and 2 bar) 
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experimental results (concept B - 1.1 bar) 

However, when comparing the experimental 
results with the calculated values obtained 
from this model, one can see (Fig. 6 to 8) 
that, though the calculated performances are 
closer to the experimental results, they still 
differ for both concepts. 

A comparison of the PDFP numerical 
values for the two concepts has also been 
carried out for the same membrane area 
(0.209 m2). This leads to a decrease in the 
number of permeation tubes of the concept A 
while keeping constant their geometry. The 
calculated results (Fig. 9) show that the two 
concepts have almost the same calculated 
efficiency, considering a same permeation 
coefficient for the Pd-Ag alloys. 
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5. CONCLUSION 

The experimental results show that the 
two permeators, though different in design, 
behave almost similarly. In particular, their 
performances below the break-through are 
practically identical while they differ slightly 
beyond this point The developed model gives 
almost the same calculated results for the 
two concepts. However, while close to 
experimental values, it is not totally in 
agreement with them. Differences in 
permeation coefficients due to different 
compositions of the Pd-Ag alloys used in the 
two permeators may explain the 
discrepancies. Analytical controls of alloy 
compositions and additional permeation 
measurements will be done to confirm this 
hypothesis. In addition, the model will be 
improved to account more accurately for the 
hydrodynamics of the two permeator. 
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Dynamic simulation of hydrogen isotope distillation unit involved in the complex environment of a 
fusion power plant can be a powerful technique in view to analyze the tritium hazard potential. In this paper, 
issues related to the development of such a dynamic simulator with model formulation and the numerical 
treatment of the resulting Differential-Algebraic equation (DAE) system are properly adressed. The typical 
dynamic characteristics of such columns are quandtatively and qualitatively enlighted on case study with very 
large disturbances. The developed system has proven to be beneficial for understanding the dynamic behaviour 
and further for developing control schemes. 

1. INTRODUCTION 

Nowadays, steady-state process simulation is 
very usual for design and optimization of large scale 
process systems in view to improve the use of raw 
materials and to reduce the amount of dangerous 
ones. But even by using some sensitivity analysis, 
it didn't provide any insight on the real behaviour 
with respect to disturbances. 

Dynamic simulation, especially for separation 
systems, brings benefits in operability studies, 
control system investigation, start-up and shut down 
procedures, effects of process parameters and changes 
on tuning point, training operator and hazard 
analysis. 

In tii is work, a rigorous dynamic distillation 
column model has been developed as a multipurpose 
stand-alone system in view to tackle with difficult 
cases such as high purity separation and drastic 
conditions. These conditions are usually encountered 
in Isotope Separation System (ISS) which is one of 
the major concentration nodes of tritium in die 
whole fuel cycle. Here, the dynamic studies have 
been purposed in view to analyze the tritium hazard 
potential in front of large feed disturbances. 

The simulation is based on the use of a 
rigorous dynamic model with possible extensions. It 

includes accurate description of non ideal liquid 
phase behaviour, adapted to tritium systems and 
hydrodynamic description to take into account 
hydraulic loadings. It allows for different complex 
column configurations, different set of operating 
conditions and control loop configurations. The 
model equations result in a large sparse system of 
Differential-Algebraic equations (DAE) which is 
solved using the state of the Art techniques in DAE 
approach (an adapted form of Gear's integrator for 
semi-explicit index two system). Application to an 
industrial problem illustrates the typical operating 
phenomena which can be studied. 

This work, carried out in the frame of the 
European Fusion Technology program (Task Tcp 2-
1), is a fruithful collaboration between CEA (task-
leader), LEAP research group and ProSim S.A. It 
has started with studies on mass transfer models III. 
process optimization 111 and now it goes on 
dynamic simulation. 

2. DYNAMIC SIMULATION 

2.1 Dynamic column model 
In this contribution, with respect to previous 

experiments and works /3/, /4/, 151, a general 
rigorous dynamic model, based on die equilibrium 



model concept 161 is considered. 
On the basis of the following assumptions 

(i) non reactive mixture 
(ii) perfect mixing in the stage 
(iii) negligible material holdup in the vapour phase 

and in the liquid in the tray downcomers 
the model takes into account : 

- mass and energy balances on each plate 
where energy is considered as a system variable, 

- rigorous equilibrium relationships including 
a Murphree efficiency in addition 10 an ideal 
equilibrium stage description 

- hydraulic equations for liquid hold-up which 
may be constant in moles, volume or mass, or 
described by a Francis formula. It may include 
pressure drop on each plate, 

- constraint equations on energy. 
It has been assumed that there is : 

(i) negligible energy and material hold-up in me 
vapour phase 

(ii) negligible energy storage in die stage metal 
(iii) negligible energy storage in the liquid 

contained in the dowcomer. 

In order to represent various complex 
configurations, mere are on each stage including 
reboiler and condenser, feed stream location (vapor or 
liquid), a side-stream (vapor or liquid), heat duty or 
heat loss. The reboiler is assumed to be an 
equilibrium stage and die condenser may be total, 
partial or subcooled. 

More, as mentioned further, provision is made 
lo add control loops very efficiendy. 

The resulting model formulation as well as its 
implementation structure appears to be a 
multipurpose one with easy facility to be extended 
and adapted to even specific columns as it will be 
enligiued in section 3. 

2.2 Numerical solution method 
The mixture of differential and algebraic 

equations describing the column with M 
components and N plates is solved using a DAE 
approach with an adapted variant of Gear's integrator 
111. This approach allows to treat the algebraic 
equations in the same manner as the differential 
ones. In fact, we algebraic equadons may be viewed 
as a set of constraints among die dependent variables 
which must be satisfied as the independent variable, 
die time, increases. 

The integration algorithm allows to treat the 
column equations in the following form : 

Q = f(S,i*,t) -where s > ^ -
dt 

The integration algorithm contains a predictor-
corrector loop. This loop uses a Newton like 
convergence technique which requires a dynamic 
operator (jacobian matrix) : 

M-iU-LiL 

which ft is a leading coefficient of me integrator: 
This jacobian matrix is updated via a special 
procedure. All the jacobian elements are evaluated 
analytically, including derivatives of thermodynamic 
properties. Operations involving the jacobian matrix 
are performed using routines for block-tridiagonal 
bordered structure. 

Regarding me DAE tiieory and die assumption 
in me model, the DAE system may be index one or 
index two (semi-explicit index two system). In diat 
case, to prevent any numerical problem 161, /S7, a 
special procedure has been implemented 131. 

2.3 Control loops 
Supplementary equations are added to treat 

control loops as discrete controllers or continuous 
controllers. The controlled variables may be a 
temperature, a quality product, a density on each 
plate and me manipulated variables are chosen 
among die set of operating variables (ie heat duties, 
reflux flowrate, distillate flowrate...). 

The control loops may be feedforward or 
feedback (until five loops), PK> form configurated in 
cascade, working in automatic mode, manual mode 
or discrete mode.More, a procedure for time and state 
event detection has been implemented. 

2.4 Consistent initialization 
In DAE approach, it is a key point In order to 

achieve a smooth numerical behaviour, initial 
conditions [&, s.'0] for each variable (differential and 
algebraic ones) are needed. To insure tiiat, tins 
simulator is connected to die distillation module of 
ProSim steady state simulator 191 as well as to die 
thermodynamic property system ProPhy. 

In order to prevent any input discontinuity on 
disturbances, mere is a special procedure to generate 
CI input changes on feed variables. 



3. DYNAMIC SIMULATION OF 
HYDROGEN ISOTOPE DISTILLATION 

3.1. Case study 
The column which is studied corresponds to 

the fourth one of the cryogenic distillation 
flowsheet based on the option (DW + VPCE) from 
ITER project. Its configuration at the nominal 
steady-state point is given in figure 1. This column 
performs the separation of hydrogen isotopes : HE. 
HD. KT. D;E, DT, T : in order to obtain high punty 
streams of procium. deuterium and tritium. 

A catalytic equilibrator reactor achieve an 
equilibrium between the components : 

IDT D^+T, 

in order to promote the conversion of Deuterium and 
tritium. 

3.2 Adaptation of the general model to the 
case of hydrogen isotope distillation unit 

From a thermodynamic point of view, the 
model developed by Sherwood and Souers /10/ and 
for transport properties by /l 1/ have been used. 

In the model, has been incorporated the 
radioactive decay heat of tritium as well as a steady-
state model for catalytic equilibrator and the total 
tritium inventory is calculated from the liquid hold
up as : 

^ = £ u i ( 2 X T I + X H r + X t n ) M £ 
where XT2, X^- andXtrr are die molar composition, 
M the molar mass of T specie. The molar hold-up 
Uj has been evaluated from Mackowiak formula 
/12/. It mainly depends on the packing 
characteristics, on the components and on die vapour 
flowrate in the column. 

• Inimitmr: 120.M 1 

•CllkcriAt 
(1.03 M * 2 l> K) 

0. o. o. aoosiaa 0.343 a u w 
02 DT TJ 

Figure 1 - Conditions for the steady-state and 
dynamic simulation 

(Nominal point given by ProSim simulator) 

3.3 Characteristics and conditions of the 
dynamic studies 

On a qualitative and numerical point of view, 
die principal dynamic characteristics may be 
anticipated as : 

- very stiff system of equations 
- large sparse DAE system (1105 equations), 

non linear widi very small quantities of some 
species 

- large disturbances (+50% from die nominal 
point) have been applied on die vapor flowrate feed. 
These, especially on vapor flowrate, will have as 
affect to destabilize very suddenly die column and 
may induce sharp profiles widi somediing like 
discontinuities. 

By necessity of design, die tritium inventory 
has been minimized in die column. So, die effective 
liquid holdup on plate (or packed column section) 
has been minimized and are very small. It will mean 
diat one disturbance will be rapidly propagated. It 
means that we may wait sharp profiles, erratic 
behaviour and long transient term before reaching a 
new steady-state. These different features will induce 
difficulties to operate me column on die plant. 

The operating dynamic conditions were die 
following ones : reboiler heat duty, vapor distillate 
flowrate, heat duty at plate 42, side-stream vapor 
flowrate at plate 31 have been given. The choice of 
fixed vapor distillate flowrate instead condenser heat 



duty induces a perfect controller at the top. in order 
to prevent any load propagation on the disturbance 
on ;ne others columns of the ITER .system. 

Results are given on figures 2. 3 and 4. They 
show the greatest impact of disturbance on feed 1. 
which destabilizes much more the column man on 
feed 2. For feed 2, we may notice someuiing like 
inverse response phenomena. The transient period 
appears to be around 12 hours. 

Steps (+25%, -125%) on feed flow-rate 1/plate 12 
(200-> 2S0 kmol/h. 200-M7S kmol/h) 

occurring at t=IO h 
, i i i i n 11 . i ' ' . 11 i i ; ! u p •• " n •' 245 

g 231.3 L 

I 
-H 217.S 

= 203.8 L. 

+25% disturbance 
-12.5% disturbance 

= 190 '• 1 1 * * • 

0 5 10 IS 20 25 30 35 40 
Time (h) 

Sudden change (+50%; 50~>75 mol/h) 
on feedfUmrate 2/pIate 32 

•5 occurring at l=I0h 
- S 0.91951111 (miiirii|iii i|iiii|iii i| i« m m [0.079 ' 

-? . 1 . 
1 0-91! 

I 0.918Sf-
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Figure 4 - Responses in open loop DT/T2 at the 
distillate for disturbance on feed 2 

4. CONCLUSIONS 

The developed dynamic simulator has proven 
to be very beneficial for investigating and 
understanding the dynamic behaviour of this column 
from ITER project. It will allow to develop in tne 
nearest future control strategies based on feedforward/ 
feedback schemes in order to reject perturbation. 

Figure 2 - Responses in open loop for tritium 
inventory for disturbances on feed 1 

Sudden change (+25%; 20O~> 250 mol/h) 
on feedflowrate 1/plate 12 

occurring at t=10h 
M l I I I I I I I 

â 
0 5 10 15 20 25 30 35 40 

Time (h) 

Figure 3 - Responses in open loop for DT/T2 
compositions at die reboiler for disturbance 

on feed 1 
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This paper reports on the Tore Supra high velocity pellet injector which was built in Grenoble and 
after qualification tests installed on Tore Supra Tokomak where it is used for plasma and ablation studies. By 
using a two stage light gas gun CTSG) and two cells (<p = 3 mm or 4 mm), unsupported pellets pellets ( 1 to 3.5 
10 atoms) made directly in the gun by « in situ condensation» (1] have been launched into Tore Supra 
plasma at speeds between 2400m/s and 3400m/s with a reliability of 80%. These higher pellets velocities 
(> 2500 m/s) [2] are obtained by the optimization of a TSG and the search for the cryogenic conditions of 
freezing deuterium with good mechanical properties. In particular, the impurities concentration in deuterium 
during the condensation process has been studied. Several tens pellets have been injected into ohmically and 
ICR heated plasma and during LH current drive experiments with a good reliability in the range of 
3000m/s.Thesc experiments allowed us to extend significantly the ablation data base. Central penetrations can 
be reached even for high temperatures plasma (3-5 keV) and very peaked density profiles have been obtained in 
ohmically and ICR heated plasmas A transient improved confinement regime is then observed, which presents 
some features similar to the PEP regime obtained on JET. 

1. INTRODUCTION 

Experiment performed on different 
machines have demonstrated enhanced plasma 
performances (PEP) when a strongly peaked density 
profile is generated by pellet injection with central 
penetration. With single-stage pneumatic injectors 
used for these experiments, the maximum pellet 
velocity was limited to about 1400 m/s, restricting 
then core penetration to relatively cold plasma 
conditions. A two-stage gun (TSG) injector has 
been installed on Tore Supra to fire pellets at higher 
veloctiy with two main goals : to extend the « PEP » 
studies towards higher electron temperatures and to 
assess the validity of ablation models over the 
widest range of pellet characteristics and plasma 
parameters. A first version installed on Tore Supra 
in 1992 allowed to reach pellet velocities limited to 
2400 m/s [2, 6] owing to a limited strenght of the 
lee. Optimization studies have then been undertaken 
in Grenoble mainly directed towards cryogenic 
conditions of freezing deuterium and the effect of 
impurities in deuterium. These developments have 

allowed to reach velocities up to 3400 m/s for 
integer bare deuterium pellets (3 or 4 mm diameter, 
1 to 3.5.1021 atoms) with a very good reliability. 
This TSG prototype is in service on Tore Supra 
since March 1993 and allowed to inject into the 
plasma pellets at velocity up to 3400 m/s. 

2. EQUIPMENT 

2.1. Main parameters of the TSG 
The table I sumarizes the main parameters 

of the two stage gun. 
Table 1 
Main TSG parameters 
l s l stage volume 
1st stage driving pressure 
2 n d stage volume 
2 n d stage inner diameter 
2 n d stage initial pressure 
piston mass 
barrel length 
barrel inner diameter 

lÔÔÔcrn3 

2to6MPa 
500 cm3 

35 mm 
.2 to .35 MPa 
38 g to 60 g 
850 mm 
4 mm or 3 mm 

1 



The minimum propcllant pressure required 
to shear the pellet from the wall is called 
«breakaway pressure». This pressure value is 
particularly important for the two stage light gas 
gun performance. It is determined by the pellet size 
and the shear strength, which increases when the 
pellet temperature decreases [3] ,. in the same way 
for the breakaway pressure. For our experiment the 
lowest temperature obtained for the pellets is 6 K. 
At this temperature the shear strength is 0.65 MPa 
and the breakaway pressure is 4 MPa for a pellet of 
4 mm diameter and 6.2 mm length . 

Taking actount of the maximal 
acceleration submitted to the pellet (IxlO7 m/s^) 
and the breakaway pressure, the simulation of shots 
with the numerical code Light Gas Gun Simulation 
(LIGGSl) [4] has allowed the definition of the TSG 
geometric characteristics and the evaluation of the 
peak pressure in the second stage. The gun performs 
well pressure peaks up to 150 MPa. By changing 
the mass of the piston and the pressures in the first 
and second stage, it is possible to perform pressure 
pulses of different stength and duration, and 
therefore, different pellet velocities are obtained. 

2.2. Diagnostics 
The speed measurement is made by in 

flight time beetwen two light laser barrier 
detectors.A microwave cavity is used (Gunn Diode 
at 9 Ghz) for the pellet mass. A CCD camera allows 
in flight pictures. 

3. PELLET PRODUCTION 

A pellet is formed by the «in-situ 
condensation» method using a freezing cell cooled 
by Helium flow [l]. On each side of the cell, two 
heaters are devoted to control the axial thermal 
gradient. The pellet formation is controlled by four 
parameters: 
Temperature of the cell (6 K). 
Temperature of the cold sink gradient (35K). 
Condensation time (60 s). 
Condensation pressure (2000 Pa). 

The deuterium must be frozen at the lowest 
temperature for increasing the shear strength and 
consequently the breakaway pressure. To keep a 
good attachment between the pellet and the barrel 
wall until the shot, the cell temperature must be 
maintained constant during the condensation 

process. This procedure avoids any expansion or 
contraction which should touch the breakaway 
pressure. The thermal gradient inside the pellet can 
be reduced by the regulation of the gas fill pressure 
and so a D 2 pellet is condensed with homogeneous 
mechanical characteristics. 

4. QUALIFICATION TESTS RESULTS 

The cleanliness of the gas circuits is 
important for the injection of D2. After a shot, TSG 
maintaining or a leak, gas such as He, H2 or air can 
be present in the filling circuits or in the cell. The 
purpose was to define the limit of impurity 
concentration in D2 during the condensation 
process in order to reach a speed of at least 
3000 m/s with perfect reproductibility. Many 
mixtures of gases have been prepared (D2 with H2 
He; or Air) with different concentrations (10"^ to 
10"3). These mixtures have been frozen with the 
cryogenic conditions defined previously and the 
parameters for the TSG are adjusted for a velocity of 
3000 m/s. The results are given in figure I. 
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Figure 1. Reliability versus impurity concentration. 

The concentration limit of H2100% integer 
bare pellets is 5x10"1 , whereas for air this value 
becomes 5x10"s . The gas which has the most 
significant effect on reliability, is He for the 
following reasons: 

(i) At low concentration (~ 10*5), it is 
absorbed by solid D2 resulting in gas insertion 
inside the pellet thereby reducing its mechanical 
strength. 

2 
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(ii) At high concentration (~ 1CT3), the 
condensation process is practically stopped by the 
Helium accumulation in the vicinity of the cell [5]. 

Velocities in the range of 3000 - 3300 rn/s 
were reached with a 95% reliability. This reliability 
falls to 80% for 3400 m/s and to 50% for 3500 
tn/s. All the results are shown in figures 2 and 3 for 
the two cells ($ = 3 or 4 mm). 
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Statistics have been calculated from more than 
10 identical shots performed over several 
experimental periods including cycling of the 
cryostat from room temperature to cryogenic 
conditions. 

5. EXPRIMENTAL RESULTS ON TORE 
SUPRA 

5.1. Achieved plasma parameters 
Attemps to optimize the transient improved 

performance regime previously obtained with the 
first version of the TSG [6] and extend it towards 
higher electron temperatures under high power 
1CRH conditions have been undertaken. 
Experiments started with the 3 mm barrel and 
highlighted a strong erosion effect during 
acceleration for velocity higher than 2500 m/s, 
reaching 50% of the pellet content at 3000 m/s (see 
Fig. 4). This effect has been compensated by 
increasing the pellet size using the 4 mm barrel. 
Very big pellets, representing a plasma density 
perturbation ANc/Nc of up to a factor 5, could be 
injected without plasma disruption provided that the 
target plasma was hot enough (Tc (0) = 4 keV). 

Figure 2. Velocities versus peak pressure. 
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Figure 3. Reliability versus pellet velocity. 
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Figure 4. Erosion effect for 3 mm deuterium pellets. 

Injection of such large and fast pellets 
leaded to very plasma density with a volume 
average value <ne> reaching 1.4 |02° m"3 for the 
shot presented on Fig 5. A maximum central 
density of 2.8 ÎO20 m"3 corresponding to a peaking 
factor nc (0)/<ne> of 5 has also been obtained. 

3 
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During the typical shot presented on Fig 5 a big 
pellet (2.5 IO21 deuterium atoms) have been 
injected with the 4 mm barrel into a hot plasma (4 
kcV) heated with 3 MW of 1CRR In spite of this 
high temperature and a « moderate » velocity of 
2000 m/s, a central penetration was reached. 
Although a power cut off was caused by the pellet 
during 0 2 s, a high plasma energy content (0.8 Ml) 
and a high neutron emission (1.6 lO2* s"1) are 
achieved at t = 11.3 s. A record value for Tore 
Supra is then obtained for the fusion product n^ (0). 
TV (0). TE with a value of l.t I02° m-3 keVs [7]. 

Figure 5. Time evolution of the plasma parameters 
for a typical Tore Supra shot. 

5.2. Ablation studies 
The very high velocities (3300 m/s exceeds 

by nearly 2000 m/s the maximum velocity covered 
by other pellet ablation experiments) and the large 

size of the injected pellets into Tore Supra plasmas 
have significantly increased the available ablation 
database The experimental penetration depth has 
been compared [7] with the predictions of the NGS 
scaling law and with the results of a refined NGPS 
model. In ohmic conditions the agreement is still 
good for both of the models. When ICRH is applied, 
the agreement is better if a fast ion effect is taken 
into account when the power is higher than 2 MW. 
Some hydrogen pellets have been injected into an 
ohmic plasma with a velocity limited to 1700 rn/s 
probably owing to a lower strength of the ice. 

6. CONCLUSION 

The experimental improvements made 
recently, allowed speeds of 3400 m/s to be reached. 
New experiments are planned with higher JCRF 
power (5-6 MW) and pellet velocity (3400 m/s) and 
without power cut off after injection in order to 
increase again the central electron pressure and the 
bootsratp contribution to the shear inversion. 

A two-pellet injector is in preparation to 
maintain peaking over longer durations and to try to 
lengthen the shear inversion and enhanced 
performance phase.ln particular a study of the MHD 
behaviour will be undertaken. 

REFERENCES 

1. J. Lafferranderie et al. 14th SOFT, Pergamon 
Press, Oxford, 1986. 

2. J.P. Perin et al. !7th SOFT.North-Holland, 
Amsterdam, 1992. 

3. P. W. Fisher, Report ORNI/TM-11781, July 
1991. 

4. D. Flory et al 13th SOFT, North-Holland, 
Amsterdam, 1991. 

5. P. Souers, Cryogenics 22,45 (1982). 
6. A. Géraud et al. 20th EPS, Lisboa 1993, Vol. 

17C, Part 1(163). 
7. A. Géraud et al. 21st EPS. Montpellier, June 

1994 to be published. 

4 



143 

NflTK SHT/'J4-14 P r ô s o n t ô au : 1 8 t h S . O . P . T . , 
F " R . f ^ O O Çbù Ka r l s ruho (RFA) du 22 au 

A one hertz continuous pellet generator for controlled fusion application 

G. Claudet, F. Disdier, J.P. Perm 

CEA/Départcment de Recherche sur la Matière Condensée/SBT, 17, rue des Martyrs 38054 Grenoble Cedex 9, 
France. 

Pellet generators are needed to fuel long pulse tokamak plasmas. For this purpose, an experiment was 
carried out, using a new apparatus, in order to demonstrate the feasability of a pellet generator functioning with 
magnetic refrigeration. This new cooling solution seems well adapted to continuous operation and the principle 
of a 1 Hz pellet generator is presented. 

1. INTRODUCTION 

Fusion tokamaks operation can be 
associated with rb , D2 or T2 pellets injection for 
plasma refuelling and density profile control, or for 
plasma cleaning by impurities removal. For each 
specific duty, solid particles have to be produced 
and then accelerated in a safe and repetitive process. 
For speed in the 1000 ms"1 range, good results can 
be obtained with centrifuge injectors [1]. To provide 
deeper pellet penetration, one stage light gas guns 
have to be used up to about 2000 ms"1 [2], and two 
stage if higher speeds are needed [3]. Through this 
technique unprotected pellets have recently been 
launched up to 3400 ms"1 in a very reliable way [4] 

For ice pellets formation several choices 
were investigated: 

The extrusion technique in which a soft 
solid is pushed by a piston through a calibrated 
orifice is basically discontinuous up to the point 
where a cylinder has to be preloaded [5-6-7]. 

The same drawback appears for mechanical 
punching of ice previously deposited around a 
cylinder [8], therefore, one is less confindent about 
the long term behaviour of associated mechanisms. 
The in situ condensation technique [9], mainly 
appreciated for its static process, is to slow for 
continuous operation. Such a condensation method 
can only apply with a lot of simultaneously working 
cells associated with a pellet storage. 
Another process has been investigated with the aim 
to introduce a new cooling solution well adapted to 

continuous operation by means of simple and 
reliable mechanisms. 

2. COOLING BY PARAMAGNETIC 
MATERIAL DEMAGNETISATION 

The well known adiabatic demagnetisation 
cooling is based upon the paramagnetic materials in 
which elementary magnetic moments can be 
oriented by an applied external field, whilst no 
magnetisation is observed at zero-field. The external 
field provides an easy means to reversibly control 
the material entropy giving the capability to absorb 
or exhaust heat. 

For a reversible process, the associated 
heat quantity can be written 

Q = jTdS 
Q being positive or negative with respect to the sign 
of the entropy variation. 
In the temperature range in which hydrogen isotopes 
can be frozen a well adapted material is known as 
Europium Sulfide (EuS). The EuS entropie diagram 
S (T) is given in figure 1 by taking the residual field 
(applied field - demagnetising field of the EuS) as a 
parameter [10]. In figure 1, three possible 
transformations can be obtained starting from point 
1 where initial conditions can be taken as an 
example, with T = 19K and B = 2.5T (applied field 
= 3T). Transformation 1 to 2 is obtained when the 
external field is removed from the material 
thermally insulated from outside. With no possible 
heat exchange 

1 
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TdS = 0 means dS = 0. 
In such a case by adîabatïc or îscntropic 

evolution, the temperature will be lowered to about 
14K. Transformation I to 3 corresponds to field 
removal by keeping the temperature constant. That 
is possible if the material is in perfect contact with a 
medium at 19K from which a neat quantity 
Q u = T A S, j = 2.2 J / cm3 will be removed. 

10 1«| 17 | JO 
U 19 

Figure 1. EuS Diagram S = f(T) 

All other intermediate alternatives can be 
obtained with, for example the 1-4 process in which 
the material receives the heat quantity 

Q I 4 = T A S 1 4 =1 .64 J / c m 3 even with a 
temperature decreasing to I7K. If the 1 to 4 process 
is imposed on a EuS sample immersed in a 19K 
liquid deuterium bath boiling at reduced pressure, 
the demagnetisation operation will induce a material 
cooldown to a temperature lower than needed for D2 
freezing. The frozen D2 volume will be limited by 
the removed heat quantity. 

3. EXPERIMENTAL SET UP 

The potentiality of magnetic cooling has 
been experimentally investigated to control how it 
could be implemented to produce Dj or T2 pellets. 
The experimental arrangement is represented in 
figure 2. A Europium Sulfide ring is encapsulated in 
an insulating material with a cylindrical hole drilled 
in the center. The size of the EuS sample was: 
External diameter = 23.4 mm 
Internal diameter =4.1 mm 

Thickness = 7.6 mm 
Corresponding to a quantity of EuS of 3.1 

ctrr volume and 16.4 g. mass. The central hole 0 = 
4.1 mm - L = 7.6 mm corresponds to 100 mm^ 
volume of liquid deuterium which could be frozen. 
This assembly is immersed in a liquid deuterium 
bath boiling at 19K over 193 mb. 

The deuterium cryostat is surrounded by a 
liquid helium cryostat with a superconducting 
solenoid in it. The field profile on the solenoid axis 
can be adjusted. Experiments were performed with 
typical values such as: 
In the middle plane, 3 Tesla applied field to get 2.5 
Tesla residual field in the EuS sample. 
16 cm above the middle plane, 0.5 Tesla applied 
field for 0.2T residual field. 

By means of a linear actuator the EuS 
sample can be moved along the solenoid axis by 
controlling the speed or the position in the range 
between 0 and 16 cm from the centre of the coil. 

Optical observation. 

Rod octued from 
room temperoture 

Insulating moteriol 
Europium sulfide 
ring 

6a« to measure 
the 02 ice volume 
Liquid deuterium bath 
at 19 K 
Starting position 8»0.5T 

'ositian at B«3T 

Superconducting solenoid 
ot «.2 K 

Figure 2. Experimental Arrangement 

The D2 liquid level has to be adjusted to ensure that 
the 4 mm hole is permanently immersed. The 
experiment starts by raising the magnetic field with 
EuS at the top location. When the EuS is moved 
down the middle plane, isothermal magnetisation 
dissipates a heat quantity which evaporates some of 
the liquid Deuterium. After equilibrium, EuS is 
moved up at 7 mm/s over 16 cm (23 seconds) then 
kept at rest for 36 seconds. D2 ice frozen inside EuS 
was measured to be 37 mm-* after 24s., then 87 mm3 

after 60s. D2 ice quantity was estimated after being 
warmed up by gas volume measurement. The EuS 
temperature variation was recorded providing the 
means to calculate the energy balance all along the 

2 
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process, in this way, the following heat breakdown 
was estimated fora S7 mmJ volume of DT ice 
Heat removed by EuS = 6.1 J 
I leat needed for D-> freezing = 0,8 J 
Losses through solid insulator = 5.2 J 
Losses by convection in the D2 channel of 4.2 mm 
diameter = 0.1 J 

Such an experiment shows the capability to 
produce 4 mm Do pellets within 60 seconds. This 
time duration is mainly controlled by the 
existing AT between EuS and the liquid-solid 
transition temperature. With a specially designed 
solenoid a more efficient insulator, and an adequate 
EuS quantity, a smaller time could be obtained in 
the range 30 to 40 seconds. From this result a 1 Hz 
continuous pellet generation can be proposed. 

4. TENTATIVE SKETCH OF A ONE HERTZ 
GENERATOR 

Figure 3 shows a continously rotating chain 
made up of active cells located every 3 cm. The 
lower part of the chain is immersed in liquid D2 and 
around one straight side a superconducting solenoid 
provides the required Field. EuS isothermal 
magnetisation is obtained by penetrating to the 
lower side of the magnet. 

Europium sulfide ring 

quid D2 or T2 
Reserve 380 cm 

V = 3 cm/s 

-Superconducting solenoid 

Figure 3. Sketch of one Hertz generator 

Demagnetisation and ice freezing is 
obtained at the upper part of the magnet where the 
liquid level is carefully controlled. To produce one 
pellet per second with a pitch of 3 cm, the velocity 
of the chain displacement only has to be 3 cm/s"'. In 
such a case, the same behaviour that was tested in 
the previous experiment will be obtained for a 
movement of 72 cm in the field gradient, then a 
movement 108 cm in the liquid column at zero-field. 
A better optimisation seems possible to reduce the 
needed time and then the total length to about 1 m. 

After pellet formation, the active cells arise 
in the gaseous region where ice can be easily 
unloaded, as shown in figure 4. By forcing the 
paramagnetic material through a permanent magnet 
providing about 0.5 Tesla, it will result in a 
temperahire rise of about 2K sufficient enough to 
unglue the ice. A linear actuator can be ordered to 
introduce the pellet through a transporting duct 
where a guillotine gate opens with the right timing 
reducing the gas leakage. The final cooling of the 
preformed pellet is obtained by sublimation in the 
transporting duct under vacuum. To cool a pellet 
from 18K. to about 5K, only 4% of the initial mass 
has to be evaporated. As can be seen from this very 
preliminary approach, a one hertz pellet generator 
cannot be considered as a serious challenge. All the 
moving parts are submitted to quite low stresses and 
low speed permanent displacement and could be 
obtained by using very reliable solutions able to 
fulfill the fusion tokamak specifications. In the worst 
case of tritium operation to minimise the inventory 

1 

Solid D2- inear actuator 

Permanent magnet 

0 2 liquid level 

Figure 4. Solid D2 unloading station 

of radioactive isotope the stored volume of the 
liquid bath could be kept in the range of a few 

3 



hundred cubic centimeters. The last problem to be 
solved is the way to connect the pellet generator 
with the associated launcher. Repetitive loading of a 
one or two stage gas gun could be considered to get 
high speed injector but in the range of 1000 m/s the 
supply of centrifuge injector seems more accessible 
as a first step. 

5. CONCLUSION 

A new way has been tested for D2, T2 
pellets formation. By magnetic cooling of a 
paramagnetic material, 4 mm diameter D2 pellets 
have been produced/ From this promising method, 
continuous and reliable pellet generators seems 
accessible even for tritium operation in the few hertz 
range. 
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This novel concept consist of a mechanical pump able to run at low temperatue (25K). Since gas 
density varies inversely with temperature, this pump would deliver much higher mass flow rate than at room 
temperature for a given size. Advantages of this concept arc order of magnitude reduction in size, weight, 
when compared to a conventional pump scaled to perform the same mass flow rate at room temperature. This 
pump would be a solution to allow continuously tritium extraction and minimize the mass inventory. 

1. INTRODUCTION 

Next step tokomaks will require the 
development of large tritium compatible high 
vacuum pumps. In large tokomak, such as the 
international tokomak experiment reactor (ITER), 
the plasma exhaust containing deuterium, tritium 
and a fraction of 5% helium must be pumped off in 
the burn and dwell regime.The mass flow is 1000 
mbarl/s at a pressure of 5 10"5 mbar. To date to meet 
this requirements the developments are essentially 
cryopumps [I] and turbomolecular pumps working 
at room temperature [2]. 
This paper gives the results obtained at low 
temperatures (80K and 25K) with a molecular drag 
pump Hoi week type (MDP) of 100 mm diameter 
and with few stages of a turbomolecular pump 
(TMP) running at the same temperatures. It 
describes also an engineering solution for ITER 
which minimizes the scale-up and the tritium 
inventory. 

2. EQUIPMENT 

To perform experiments, we used an 
electrical motor designed to work at T<80 K. This 
driven unit runs with active magnetic bearings in 
the range of 15000 to 24000 rpm (250 to 400 Hz). 
These bearings permit to limit the radial 
displacement within 0.05 mm, fully compatible with 
a MDP working with small clearance (0.15 mm) 
between the wheel and the stator. In such a pump a 
smooth wheel is rotating at high speed (20000 rpm) 
inside a stator with helicoidal grooves drilled in it. 

A MDP seems well adptated for runnig at low 
temperature in the pressure range of 5 10' mbar to 
5 IO"2 mbar. The figure 1 gives a schematic draw of 
the MDP and the main parameters are summarized 
as follows : 
Channels number = 10 
Inlet cross section = 10 mm »6.12 mm 
Outlet cross section = 10 mm *0.25 mm 
Developed length = 286 mm 
1" stage gap : 0.23 mm 2nd stage gap : 0.17 mm 

active magnetic 
bearing 

îlectric motor 

thrust bearing 

inlet 
100 m m or 

cooling 
80 K 
25 K 

Figure 1. 2 stages MDP tested geometry. 
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On the same driving unit wc tested a TMP 
with 4 compression stages (22° angle blade) and 
one impeller stage (35° angle blade). The low 
temperatuc running was easier because the axial 
clearance between the static and "lovable blades is 
0.6 mm, and the radial one for the same piece is 0.6 
mm on the radius. 

A test facility has been set on to insure the 
mass flow rate measurement of helium, deuterium, 
hydrogen, and mixtures He-Dj at different 
temperatures (25 JC, 80 iC, 300 K) and the pressure 
at the entrance and the exhaust of the pump.The 
mass flow rate was measured by pressure decrement 
in a reference volume! and the pressures by absolute 
gauge (Baratron). 

The aims of this work were to compare 
MDP characteristics with results given by a 
monodimensional computer code and to test few 
stages of turbomolecular pump at low temperatures. 

3. COMPUTER CODE 

In a molecular drag pump (MDP) the flow 
can be described by the superposition of two typical 
flows Couette flow and Poiseuille flow. 

These flows are governed by the Navier-
Stokes equations : 

Grâd P+v. R5t(RotV) = 0 (1) 

where: P is the pressure. 
v is the viscosity which is only 

temperature dependant. 
y'\s the fluid velocity. 
The other hypothesis are : Couette flow is 

indépendant of flow regime, compression process is 
isothermal, gas is perfect (PV=nRT), flow is 
stationary. 
Mass flow rate balance is given by : 

e*=a-a-a (2) 

where QM is the exhaust flow, Qd is the Couette 
flow, Qt is the Poiseuille countercurrent flow in the 
channel, Q is the Poiseuille countercunent flow in 
the gap (annular section). Qc and Qi are 
indépendant one from the other. The model is one 
dimensional. The description of gas flow in vacuum 
systems depends on value of a dimensionless 

parameter called the 'Knudscn number* ( ratio of the 
mean free path to a characteristc dimension of the 
channel K = X/a). Knudsen has established an 
empirical formula to describe the flow rate from 
molecular regime to viscous regime. 

4-£*3 (3) 

where Z is Knudsen funttion [i]. Its value varies 
between 0.8 and 1. This correlation was used for the 
countercurrent flow (Qc) and the leak flow (Q). 
Qvioou. is calculated by assuming the real conditions 
( pressure, temperature, viscosity) [3-4]. 

4. DISCUSSION OF THE MDP RESULTS 

4.1. Comparison : calculations and experiments 
The analysis of the results obtained with 

two stages drag pump shows that the calculations 
agree very well with the experiments when a pure 
gas is pumped (margin less than 20%). The figure 2 
shows the mass flow rate relation versus inlet 
pressure and temperature. The rule of flow rate 
directly proportional to the gas density is verified 
within the performed experiments in the 5 10"3 

mbar to 5 10"' mbar range. 

Q[T) 300 

0(3OO/Q T 

Q y mo le / s 
1000 

100 

10 

(4) 

Gas : He 

Same behaviour 
for H Î . O Î 

- model 
+ experiments 

P inlet 
10 - 3 10~2 10 - ' 1 mbor 

Figure 2. Mass flow rate versus inlet pressure. 
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4.2. Viscosity influence 
Two gases dcutentim and helium have the 

same molar weight ( M = 4 g/molc ), but their 
viscosities are very different (at 25K He 4.02 10"* 
Pa.s and D2 1.95 10"* Pas). 

It clearly appears that at the same 
conditions (T, Q,,,, Pinlet) pressure ratio (x) and 
maximum mass flow rate are higher for the most 
viscous gas, as well predicted by the numerical 
model as shown in table 1. 
Table 1 
Mass flow rate (QM) or pressure ratio (T) for He and 
D; gases at 5 10'* mbar pressure inlet and 25K 

helium 
deuterium 

helium 
deuterium 

' OM umole/s 
70 
70 

OM nmole/s 
160 
100 

T 

20 
10 
T 

6 
6 

4 .3. Available outlet pressure 
At low inlet pressure (5 10"3 mbar) the 

outlet pressure is as higher as the temperature is 
low. On the contrary for higher inlet pressure (e.g. 
5 10"' mbar), some optimum temperature level 
appears. This effect is well predicted by the 
numerical model and is confirmed by experiments. 
See figure 3 for helium gas. 

Q umole / s 

1000 

100 

Gas He 2 stages 
V = 19000 r p m 

P outlet 
10 mbar 

Comment: 
Higher outlet p r e s s u r e 
available by re levant 
design 

5. DISCUSSION OFTMP EXPERIMENTS 

For an inlet pressure of S 10*' mbar and for 
all tested gases, the mass flow rate or the pressure 
ratio increment are noticiable at low temperature as 
shown for He at 21600 rpm on figure 4. The flow 
rate improvement is difficult to quantify due to the 
expérimental limitation. For this pressure at 300 K 
the flow regime is molecular and at lower 
temperatures (85K or 25K.) the regime becomes in 
transition range or viscous. 

A pressure ratio improvement is observed 
for all gases and all investigated inlet pressures 
when.the temperature decreases. Table 2 gives an 
example for helium gas . 
Table.2 
Pressure ratio (T) for helium versus temperature and 
inlet pressure 
Temp. K 
P inlet 
10--* mbar 
5 10"J mbar 
10"2 mbar 

25 
T 

32 
12 
6.5 

85 
T 

16 
10 
7.2 

300 
T 

3 
4.6 
4 

TMP - He - 21600 rpm 

:100 Experimental curves at 
P Inlet = 5E-3 mbar 

i—i—i i i 11 i l 
0.001 0.01 0.1 

Outlet pressure ( m b a r ) 

Figure 3. Mass flow rate versus outlet pressure. Figure 4. Mass flow rate versus outlet pressure. 
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For TMP working at low temperature is 
especially helpful! because the mass flow rate and 
the pressure ratio arc both increasing 

6. POSSIBLE APPLICATION 

From such very encouraging results, an 
advanced pump unit can be proposed for the ITER 
project, it associates a few stages TMP and MDP. 
By assuming the mass flow rate is proportional to 
the inverse temperature ratio, a working temperatue 
of 25K. gives an increment by a factor of 12 with 
respect to 300K operation. In the MDP to reach 
some optimum for outlet pressure, a temperature 
gradient has to be associated with the pressure 
gradient. 

Such kind of pumps can be assembled in 
double flux operation (figure 5) to withstand sudden 
venting. As an example 250 mm diameter set 
operated between 25 K and 300K. running at 24000 
rpm would be able to pump 25 mbarl/s mass flow 
rate from I 10° mbar inlet to 10 mbar exhaust 
pressure. (50 pumps needed for ITER burn and 
dwell regime). This set is formed with a TMP stage 
and three MDP stages working at 25, 85,300K. 

7. CONCLUSION 

Croymechanical concept has been 
experimentally demonstrated. Mechanical pumping 
of prcdensified gases at low temperature exhibits the 
possibility to extract plasma light gases mixture 
•with very high flow rate at convenient pressure. 

Application to the ITER project seems very 
attractive by comparison to the previously developed 
solutions. The last key issue to be demonstrated is 
the capability to operate running parts (presumably 
non metallic) at high rotating speed whatever the 
magnetic field influence around a tokomak 
machine. 
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This paper is focused on the European ITER safety approach and its implication on the analysis and 
control of accidents due to air or water ingress into the torus and leading to chemical interactions with 
Beryllium which is the reference material for the plasma facing component in ITER. 

INTRODUCTION 

The fusion program reaches with the 
construction of ITER, a crucial point because it 
corresponds to the first fusion plant with a great 
amount of energy involved, high tritium 
inventory and activation products. It is therefore 
essential to perform safety studies for this 
machine and to investigate the general safety 
approach for future fusion plants. 

1. THE SAFETY APPROACH 

Protocol 2 of the ITER Engineering Design 
Activity (EDA) defines the safety related 
technical objectives as follows : ITER should be 
designed to operate safely and to demonstrate the 
safety and environmental potential of fusion 
power. In this perspective, the overall goal for 
the safety approach is that ITER must be 
siteable in any of the four participating countries 
so that it has to meet the international safety 
related recommendations already available for 
future nuclear intallations and defined by the 
IAEA [1-2]. For fusion plants, the main 
environmental and safety issue remains to 
control the radiative substances that will be used 
or generated during the operation. This control 
must be ensured under all situations, operational, 

off normal and accidental conditions. 
• The Defense in Depth 
The basic safety guideline to implement safety is 
the Defense in Depth concept. This concept 
employs multiple features in design, siting, 
fabrication, construction and operation of the 
facility to ensure that the safety objectives are 
meet, even in case of extremely unlikely events. 
Implementation of Defense in Depth concept 
involves : 
î̂> Prevention of accidents through 
conservative design, intrinsic safety features, 
and quality assurance in design, construction, 
operation and maintenance. 
^> Protection of the plant by control of 
abnormal events through early detection of 
faults and failures and provisions for control of 
normal and off-normal operations and events. 
V Mitigation of the consequences of 
accidents or equipments failures to terminate 
any potential accident sequence safety without 
unacceptable consequences to workers and 
general public. 
In agreement with the above objectives, we 
suggest then that the design of the safety 
systems and their architecture must allow for : 
=> an extended defense with an effort to prevent 

systematically potential accident initiators 
and take severe accidents into account, 
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= a balanced defense to avoid singularities for 
the different accident families contributing to 
the plant degradation. 

=» a gradual defense to avoid short and fatal 
sequences. 

• The ALARA principle 
Another basic concept to be implemented is that 
of as - low - as - reasonnably - achievable 
(ALARA) principle. With ALARA, it is not 
sufficient to simply meet established regulatory 
limits, but reasonable steps should be taken to 
reduce exposure and dose from radioactive and 
toxic materials to the lowest practical level. This 
analysis is performed taking into account risk-
and cost-benefit analysis. 
• The safety fonctions 
For fusion plants, the three fundamental safety 
functions are : 
• Confine the radioactive material 
To meet the safety requirements, the main goal 
is to control the release of radioactive materials 
in any conditions. The consequences on the 
design are in particular : 

=» to minimize the radioactive source term 
inventory, 

=» to reduce this source term mobility, 
=> to ensure the barrier integrity. 
• Control the power sources 
Applicable to plasma, decay heat, 
electromagnetic energy, cryogenic energy, 
pressurized fluids, chemical reactions. 
• Maintain cooling 
Even to remove heat that will continue to be 
generated by activation product decay after the 
plasma has been shutdown. 

Such a safety approach highly motivates the 
detailed study of accidents due to air or water 
ingress into the torus because they endanger 
fundamental safety tenets like control of the 
potential stored energy or confinement of the 
radioactive material. In order to fulfil the safety 
objectives, it is thus necessary : 
• to complete the knowledge of the beryllium/air 

or water interactions and their potential effects 
(hydrogen production, heat generation, risk of 

explosion). 
• to examine me initiators which could 

contribute to the starting of uncontrollable 
reactions, and to identify the physical 
parameters thai lead to these reactions 
(decoupling criteria), 

• to investigate the mitigation systems that must 
be implemented in order to cope with the 
accidental sequence. 

2. CONTROL OF IN-VESSEL 
ACCIDENTS 

2.1. Beryllium/air or beryffinm/water 
chemical interactions 

Beryllium is one of the material 
candidate to the plasma facing component (PFC) 
in fusion reactors. This material leads to 
exothermic chemical reactions with air or water 
and hydrogen release with water. 
In dry air: Be + Vz 0 2 -» BeO 

AH° = -610kJ/mol 
Insteam: Be + HjO -» BeO + Hj 

AH° = -367.8kJ/mol 
The beryllium as PFC represents therefore a 
significant chemical energy source, which is of 
safety concern. 
The accurate formulation of the beryllium/air or 
water reactions kinetics is indispensable to 
evaluate the decoupling criteria in terms of 
temperature or pressure which must absolutely 
not be reached. Most of the time, the oxidation 
of beryllium has been studied at low 
temperatures and low oxygen pressure or low 
steam partial pressure. But in die case of fusion 
safety studies, we have to consider more severe 
conditions, with temperatures from 400°C to 
1200°C and a range of pressures from 0 to 
20bars. The quality of the material has also to be 
taken into account in the analysis of the 
corrosion behaviour. At present time, it is 
however difficult to characterize the material the 
more representative for the plasma facing 
beryllium in ITER because this material will be 
affected by temperature transients, ions exposure 
and bombardement by neutrons which will 
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change its porosity and resistance. 
After a literature review, we have concluded on 
the following key points [3]: 
• The first step of the chemical reaction between 
beryllium and air or steam is characterized by a 
protective oxidation which follows a parabolic 
yield-
• After a certain time depending on the 
temperature, pressure, quality of the material, 
there is a breakaway and the oxidation 
phenomenon becomes linear. 
• The time at which breakaway occurs is all the 
shorter that the temperature and the pressure are 
higher and that the material is porous and 
embrittled : for example, at 750°C, in the case of 
a beryllium/steam interaction, the breakaway 
occurs after 1 hour at O.OOlatm, and after only 
few minutes at 0.85atm. 
It is difficult to have an accurate formulation of 
the reaction rates because the chemical and 
physical phenomena involved in these reactions 
are complex. The main gaps in the knowledge of 
beryllium oxidation correspond to the behaviour 
at air or steam pressures beyond the atmospheric 
pressure and to the influence of the quality of the 
material. Figure 1 represents the reaction rate 
(Arrhenius law) for a 400°C-1200°C 
temperature range and 0.85atm for the vapor 
pressure, considering a linear oxidation 
processus and a dense beryllium. 

18 T / 

| i « - / 

si s / 
$5 6 / 
s. 3 • yT 

0 I i i i r^ < i 
400 600 800 1000 1200 

temperature (*C) 

Figure 1. Influence of the temperature on die 
hydrogen release for a dense beryllium 

So, if we consider for example the oxidation of a 

dense beryllium surface coating the divertor 
(around 200m2) at a temperature of Ï000°C and 
a steam pressure of O.S5atm, the mass of 
hydrogen released is about 4.4kg/mn. For a 
porous beryllium, the reaction becomes 
uncontrollable after 650-675°C. 

2.2. "Hydrogen rùk" 

As con be seen above, the release of hydrogen 
will be highly dependent on the quality of the 
material, on the temperature transients inside the 
torus and on the characteristics of the accidental 
sequence. Simulation codes are in this case very 
useful to compute, from the conditions of a basic 
accidental sequence (LOCA), the initial 
temperatures, the energy released by the 
reaction, the heat transfert and the corresponding 
increase of the beryllium temperature and finally 
evaluate if the reaction runs away and becomes 
uncontrollable, which leads to a diverging 
scenario. In such case, the whole quantity of 
beryllium may be disintegrated which 
corresponds to a large production of hydrogen : 
if we consider 200m2 of beryllium on a 3mm 
thickness, a maximum of 250kg of hydrogen 
would be theoretically released! 
In all cases, a possible release of hydrogen has to 
be taken into account and the direct contact of 
hydrogen with air, which may lead to an 
explosion, must therefore be avoided. 

2.3. Prevention of severe accidents 

The key criterion widi regard to the problem of 
beryllium oxidation is the temperature of the 
PFC. In order to avoid any diverging effect, the 
design must be such that the temperature of the 
material does never reach values superior to 
550-600°C, particularly in case of porous 
beryllium. It is therefore recommended to limit 
the surface of the first wall area cooled by one 
coolant loop in order to minimize the effect of a 
loss of flow (LOFA) in a one coolant loop. This 
cooling system has also to be optimized in order 
to limit the leak of coolant and simultaneously 
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the steam pressure in the torus, in case of 
breach And anyhow, the maintain of the cooling 
which corresponds to the third fundamental 
safety function mentionned in the first part of 
this paper, must be ensured. 
For prevention, it is also recommended to use a 
dense beryllium and to verify that its metallic 
qualities will hold on under irradiation. 

2.4. Mitigation of accident consequences 

As mitigation measures, the direct contact 
between air and hydrogen can be avoided by 
inerting the different halls surrounding the 
vacuum vessel. 
However, we have to consider that a contact 
between air and hydrogen may be possible. In 
that case, it is important to try to eliminate the 
hydrogen as soon as it is released in the torus. 
Different systems may be investigated. 
The pumping of the gas mixture in the torus may 
be achieved, for a certain time, by the cryogenic 
pumps. The downstream storage capacity has 
then to be consequently sized. 
Other systems of pumping should be 
investigated to pump the gas and lead it through 
diffèrent gas processing systems similar to these 
already studied [4] for the Fuel-Clean-Up-
System (FCUS): 
• storage on metallic beds by absorption on 

hydrogen getters such as Zirconium-Cobalt 
alloys or Uranium and Lanthanum-Nickel-
Manganese compounds, 

• or oxidation of hydrogen by catalytic 
reactors. 

In the rooms surrounding the vacuum vessel, the 
implementation of catalytic recombinors or 
ignitors which are studied for the containment of 
fission reactors, may be foreseen in case of 
successive breaks of the barriers and contact 
between air and hydrogen. These devices 
operates from low hydrogen concentrations (2% 
for catalytic recombinors and 4-5% for ignitors) 
and allow the recombination of hydrogen with 
the oxygen of air. Their design and geometric 
implementation in the containment have to be 

studied taking into account the accidental 
conditions expected in the fusion plant. 

3. CONCLUSIONS 

The accidents due to air or water ingress in the 
torus may lead to the fast release of a large 
amount of hydrogen and finaly, if not prevented 
by adequate design, to a major accident which 
can not be acceptable even as Beyond Design 
Accident. It is therefore important to implement 
safety systems in order to cope with such an 
accident. The importance of each of these safety 
devices does not been underestimated : in fact, 
even if a final contact between a large quantity 
of hydrogen with air is highly unlikely, the 
implementation of safety systems in the 
containment outside the vacuum vessel and the 
inerted halls must be however investigated. 
This tends to show that it may be not sufficient 
to consider only the study of one accident 
sequence even if it is assumed to be the most 
severe. 
A global policy based on the "defense in depth" 
concept has to be investigated in order to 
minimize the occurence and the consequences of 
accidents of which the initiators are known or 
may remain unknown. 
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APPROACH TO LITHIUM BURN-UP EFFECT IN LITHIUM CERAMICS 
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The lithium burn-up in Li2Zr03 is simulated by removing lithium under LioO form and trapping it in high 
specific surface area powder while healing during 15 days or 1 month at moderate temperature so that lithium 
mobility be large enough without causing any sintering neither of the specimens nor of the powder. 
In a first treatment at 775°C during 1 month. 30& of the lithium content could be removed inducing a lithium 
concentration gradient in the specimen and the formation of a lithium-free monoclinic Zr02 skin. Improvements 
led to similar results at 650°C and 600°C» the latter temperatures are closer to the operating temperature of the 
ceramic breeder blanket of a fusion reactor. 

1. INTRODUCTION 

An important issue for DEMO ceramic blankets 
is the behaviour of lithium ceramics under end-of-life 
conditions, typically 20-30% lithium bum-up for 
Li2Zr03 and LiA102. and high displacement damage. 
It is recognized that both conditions can solely be 
approached in a fast breeder reactor experiment. Plans 
for such an experiment are being discussed but results 
are not expectable in the near future. There is 
therefore an incentive for gaining some partial but 
quicker information. 
To this end. a very simple method was worked out to 
simulate, out of reactor, lithium depletion caused by 
lithium bum-up in the ceramic. 

2. EXPERIMENTAL 

2.1. Principle of the method and goals 
The procedure consists in removing lithium from 

the ceramic by embedding lithium ceramic specimens 
in high specific surface area powders of alumina, 
silica or zirconia, which show a great affinity for 
Li20. and heating for a few weeks at temperatures in 
the 600°C to 775°C range. Tests were finalized in 
order to : 

- check lithium migration at moderate 
temperature and lithium "trapping" by powders with 
high energy sites. The higher the specific surface 
area, the more and higher energy sites (see [1]). 

- investigate powders of several compounds, with 
different specific surface areas, and identify the more 
effective ones. 

- study the volumic surface effect of the powder 
using the powder as such or after compaction and 
granulation which increases its density. 

- treat at sufficiently low temperature in order to 
avoid sintering while allowing lithium migration 
and. once the method has been optimized, treat in the 
operating temperature range of the blanket, i.e.. 450°-
600°C. 

A preliminary study aimed at determining the 
influence of the departure from theoretical 
proportions in Li2ZrÛ3, i.e., the Li20/Zr02 ratio, 
on specimens characteristics. To this end. specimens 
with a deficiency in lithium of 5. 15. 25. 35 and 
70% and excess of 5 and 15% referring to theoretical 
proportions were prepared. After characterization, 
specimens were embedded in various oxide powders 
and subjected to a thermal treatment at 775°C during 
one month. Later on. solely specimens with 5% 
deficiency in lithium, which are the present reference, 
were treated at 600°C and 650°C in Si02 powder bed. 

2.2. Preparation of specimens 
Specimens were prepared following the method 

reported in [2], the different compositions were 
obtained by varying the mass ratio of U2CO3 
powder to Zr02 powder. Specimens shape and 
dimensions were obtained either by machining as 
described in [3] or by dry drilling with a hollow 
diamond tool in the only case of specimens for the 
775°C treatment. 

Annular pellets fabricated by Uranium-Pechiney 
as described in [4] were also used in the 600°C and 
650°C tests. 



2.3. Characteristics of specimens 
After sintering during 3 hoars at 1000°C all 

specimens with a lithium deficiency of 5.15.25. 35 
and 70% have a similar specific surface area, i.e.. 
1.25 to 1.41 m^g-l, a similar porosity, i.e 30%, 
and a similar mechanical strength. In contrast , 
specimens with a 5% lithium excess do not easily 
density during the sintering step at 1000°C for 3 
hours, and specimens with a 15% lithium excess 
even expand during sintering. These specimens show 
a low specific surface area (0.36 m^g-ly a long 
transit time of ultrasonic waves reflecting a grain 
cohesion loss, and a poor mechanical resistance 
which prevents machining. S.E.M. micrographs 
reveal grain growth i.e. 4-5 Jim instead of 1 Jim 
referring to specimens with a lithium deficiency. 

2.4. Thermal treatment conditions and 
characteristics of the powders 

The following powders were used to embed the 
specimens : 

- thermal treatment 775 °C - I month 
. y alumina powder from Baïkowski-Chimie. 
(90 mV1)-

. a alumina powder from Baïkowski-Chimie. 
CRI5 . ( I5mV l ) . 
. Hf-free zirconia powder from Uranium-Pechiney. 
(17 m V 1 ) -
. Silica powder from Degussa. aerosil 200. 
(200 mV1)-
- thermal treatment 600°C and 650°C -15 days 
•Silica powder from Rhône-Poulenc Zeosil 
85.(58 m-'-g"!). This powder was used both as 
such and compacted at 100 MPa then granulated 
which resulted in a two fold increase of volumic 
surface-

Characteristics of powders are listed in Table 1. 
Fig 1 shows specimens before the thermal treatment: 
they are laid on the powder bed before being 
embedded in a same amount of powder. 

Larger amounts of powder are foreseen than that 
just necessary for all the lithium contained in all 
specimens to be transformed with the respective 
powders into the lower lithium compound i.e., 
UAI5O8, Li2Si205, Li2ZrC»3. About 0.2 g of the 
Li20 contained in 1 g of Li22r03 are "trapped" by 
100 to 400 m2 of powder. 

Table I 
Powders characteristics before and (after) thermal treatment, experimental conditions and results. 

Powder 
nature 

y AI2O3 

aAl2Û3 

Z1O2 

Si02D 

S1O2 * R.P. 

SiCn R.P. 

Si02 * R.P. 

Treatment 
temperature 

and time 

775°C 
l month 
775°C 

l month 
775°C 

I month 
775°C 

l month 
650°C 
15 days 
650°C 
15 days 
600°C 
15 days 

Specific 
surface area 

m2/g 

90 
(77) 
15 

(11) 
17 
(3) 

. 200 

58 

58 

58 

Apparent 
density 
g/cm3 

0.256 
(0.282) 
0.409 

(0.532) 
0.500 

(0.707) 
0.044 

(0.055) 
0.470 

0.230 

0.470 

* powder compacted at 100 MPa and granulated 
** r ii7rCh rvlinHpn t\ "5 mm with 5% lithium deficiency 

Volumic 
surface 

rtfilcw} 

23 
(22) 
6.3 
(5.7) 
8.5 
(1.7) 
8.8 

23.5 

11.5 

23.5 

Powder 
surface/ 

specimens 
weight nWg 

428 

18 

122 

139 

155 

92 

344-194 

Weight loss 
of specimens 

% ** 

19.2 

12.7 

3.5 

4.2 

0.9 

1.1 
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3. RESULTS 
As a first step, past-treatment examination of 

specimens subjected to thermal treatments at 775°C 
during one month and at 600° and 650°C during 15 
days respectively focused on visual aspect, weight 
loss, crystal phase, and possible sintering. 
Simultaneously it was verified that check specimens 
subjected in the fumace atmosphere to an identical 
but mere thermal treatment did not show any change 
in weight and dimensions. 

WEIBHT^OSS 

Figure 1. Large alumina boat with various specimens 
laid on an alumina powder (90 irAj"1) bed. 

3.1. Thermal treatment at 775°C 
Once specimens have been treated for one month 

a weight loss is observed which depends on the 
zirconate composition and on the nature of the 
powder used for lithium removing. 

- powder effectiveness 
The alumina powder. 90 m^g*', is the most 

effective one. followed by the zirconia powder (see 
Fig.2): the alumina powder. 15 m^g-1, is less 
effective and the silica powder is too light and does 
not allow for a good contact with the specimens 
which settle down to the bottom of the boat rather 
than remaining in the middle of the powder bed. 

- composition of the zirconate 
After treatment, the specimens with 5. 15.25 and 

35 % lithium deficiency show a skin which separates 
and falls apart. X-ray diffraction examination shows 
that the skin is composed of pure monoclinic 
zirconia. Specific surface area of the skin is Û7 rrPg-l. 
Solution of the skin in concentrated hydrochloric acid 
does not show any lithium trace by flame 
spectrometer analysis. 
The specimen with 70% lithium deficiency loses 
lithium but the remaining ZrCb skeleton retains its 
physical integrity whereas the specimen with 15% 
lithium excess loses lithium and exhibits p h a s e 

-1 - 0 3 -0,6 -0,4 -0,2 0 0,2 

DEPARTURE FROM THEORETICAL PROPORTIONS 

Figure 2.Comparison of weight loss for different 
Li2Zr03 compositions and for different powder beds 
for the treatment at 775°C during 1 month and for 
specimens in fumace atmosphere. 

transformation from Li2Zr03 + Li6Zr2Û7 to 
Li2Zr03 and monoclinic Zr02. 

Fig.3 displays the weight loss and volume loss 
(skin) for two measurements; the difference represents 
the Li20 loss in the bulk of the specimen. 
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Figure.3. Comparison of weight loss and volume 
loss (skin) in AI2O3 90 m-g"* powder and ZrOo 
powder after treatment at 775°C during 1 month. 



3.2. Thermal treatment at 600°C and 
650°C 

Only a silica powder was used for this tcst.Its 
specific surface area is lower but its density is much 
higher than that of the powder used for the 775°C 
treatment. The powder was used both as such and 
after compaction and granulation in order to identify 
any effect of the volumic surface at 600°C and 
650°C. A small contact load of 750 Pa which is 
exerted on the bed allows an improved contact of the 
powder with specimens. LÎ20 loss is shown in 
Fig.4. It can be noted that after compaction-
granulation the powder is more effective in the 
650°C/15 days treatment and is even more effective at 
600°C than the as such powder at 650"C. Thus 
compaction-granulation allows a decrease in the 
treatment temperature by about 60°C. In addition. 
Fig.4 shows differences versus the sample geometry, 
i.e., versus external surface/volume.: thin pellets (0 
10 mm. h 2 mm) exhibit larger U2O losses than 
thick pellets and long cylinders. 

0.1s 

0.1 

o.os 

WEIGHT LOSS 

2-14cm-1 

P-9.5cm-1 

C-3.5cm- i 

H2 Pellets diam.lOmm h-2mm;S/V-l4cm-1 
P Pellets OD/ID-9,8/4mm h-8mm;9.5em-1 
C Cylinders diam.5mm h-40mm;B.5cm-l 

In the 650°C treatment with compacted-
granulated silica powder with 0 5 mm cylinders, the 
onset of skin formation can be observed, and a small 
decrease in ultrasonic waves velocity is noted 
suggesting that, a Z1O2 concentration gradient 
appears beyond about 4% L12O loss. This value 
which is being refined corresponds to a lithium bum-
up of 20%. 

4. CONCLUSION 

The simulation of the lithium bum-up effect on 
porous LÎ2ZrÛ3 was attempted by thermally 
removing lithium under Li20 form and trapping it 
on powders with high specific surface area. The 
extent of lithium removed depends on temperature, 
contact time, as well as on powder nature» powder 
specific surface area, and volumic surface. Lithium 
removal proceeds from the surface to the core, 
creating a concentration gradient The external surface 
of the specimen which is totally lithium depleted 
forms a monoclinic Zr02 skin whose thickness 
increases with time and which does not impede the 
Li20 migration from the core to the powder bed. 

The treatment at 775°C during one month did not 
induce any sintering of the specimens; observed 
phenomena could be reproduced at 650°C by varying 
the experimental procedure and are expected to be 
obtained after longer exposure times at 600°C or 
lower temperature, representative of the blanket 
operating one (450-600°C). So far, significant losses 
were obtained with compacted-granulated silica 
powder (23 ttflfcm?) as low as 600°C. 

Although the method proved to be successful in 
removing lithium, it should be further adjusted in 
order to simulate homogeneous lithium bum-up. 
Mechanical measurements are in progress. 
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Figure 4. Weight loss after 15 days in 
1 - Si02 R.P. powder compacted at 100 MPa and 
granulated, at 600°C. 
2 - Si02 R.P. powder, at 650°C 
3 - Si02 R.P. powder compacted at 100 MPa and 
granulated, at 650°C. 
for different surface/volume ratios of the specimens. 
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ALUMLNTUM-RICH COATLNGS AS TRITIUM PERMEATION BARRIERS ON MANET (1.4914) 
STAINLESS STEEL 
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Al-rich coatings on 1.4914 martensitic steel, produced by different techniques, have been investigated with 
optical and scanning electron microscopy, X-ray fluorescence and X-ray photoelection spectroscopy. Tests for 
their Pb-17Li compatibility and chermocycling behaviours have been performed on some coated specimens. Up 
to now, none of the investigated coatings can be eliminated on the basis of the tests and analyses performed. 
Further work is required to adapt 1.4914 stetl coating techniques to fusion reactor requirements. 

1. INTRODUCTION 

One of the major concern for the future fusion 
reactors is tritium losses through structural 
materials, losses due to the high hydrogen 
permeability through these materials when heated 
at their foreseen working temperatures. This 
concern is particularly true for the breeding 
blanket. A generally proposed solution is the 
coating of these structures with a material offering 
a very low permeability to hydrogen isotopes. 

Among pure metals, gold and tungsten offer 
hydrogen permeabilities low enough to be proposed 
as permeation barriers although they present strong 
drawbacks [1,2]. Generally, carbon compounds like 
TiC and SiC [3], and oxides like Cr :03 or AfeOj, 
have low tritium permeabilities. However, their 
efficiency as permeation barriers is strongly 
dependant on the way they are produced. The 
in situ growth of oxide layers and a coating on the 
surface of the material are generally two main 
routes considered. 

The selection of a barrier is not only based on its 
ability to decrease the tritium permeation. The 
corrosion resistance to the environment and 
possibly the self-healing property have to be taken 
into account. In addition, considering the specific 
fusion reactor environment, the barrier must keep 
its efficiency under irradiation and cyclic thermo-
mechanical stresses. Finally, the production method 
has to be compatible with any heat treatment of the 
steel and complex structure geometries. 

Previous studies have shown that Al-rich 
coatings may act as a good hydrogen permeation 
barrier. This is due to an Al203 layer formed at the 
outer surface of the coating, A1203 being very 

efficient to decrease the tritium permeation [5]. In 
this paper, metallographic characterizations of 
aluminium rich coatings obtained by different 
deposition techniques on the 1.4914 manensiiic 
steel together with the compatibility of these 
coatings with static liquid Pb-17Li are presented. 

2. EXPERIMENTAL 

2.1. The substrate material 
The specific heat treatments necessary to obtain 

the desired martensitic structure of the 1.4914 steel 
(Fe - Cr 10.6 - C 0.13 wt%) are given in ref.[6]. 

Small plates of metal (30 x 15 x 2 mm) and 
inner and outer sides of tubes (0 24 mm, 20 to 40 
mm in length and 2 mm in thickness) have been 
coated. 

Metallographic observations have been made 
using optical and scanning election microscopy 
(SEM). X-ray fluorescence has been used to 
establish the concentration profiles of elements and 
X-ray photoelectron spectroscopy (XPS) analyses 
performed to detect Al at the electrochemical 
coating surface. 

2.2. Compatibility tests and thermal cycles 
Specimens have been placed in static liquid 
Pb-17Li at a temperature of 400°C during 1500 
hours. After this test and after Pb-17Li removing, 
metallographic observations and weight losses 
measurements have been carried out. 
Thennocycling tests on coated samples have also 
been performed (100 thermal cycles under vacuum 
with the wave form: 260°C - 320°C-260°C and a 
speed of temperature variation of 4°C min"1). 
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T-ibie 1. The investigated coating techniques and the suppliers. 

Sucvher- SOCHATA Supplier. JRC-Ispra, Supplier. Laboratoire des 
PRAXAIR Matériaux de FENSCT 

Vapour phase _ , 
alumiiuzation P**-«n«m*«>n Paints Projections 

# «pyc / ,« ' High acriviry pack- • Sermaloy-J (Al) * Plasma (AI) 
• Af a Ai) c a m e n t a t i o n ' (Aj) . SeCTetel-VV (Al) • D-gun (A1:03) 

Electrochemical deposition 

• Proprietary process (Al) 

2.3. Coating techniques 
The coating processes which have been 

investigated are summarized in Table 1. This step 
being a preliminary investigation, no optimization 
of the operating conditions to coat the steel has 
been performed. This will be done after the 
selection of the most promising coatings. The 
measured coating thicknesses include the diffusion 
zone, if anv. 20 40 60 

DISTANCE fcim) 

3. RESULTS 

3.1. Vapour Phase Aluminization (APVS, 
Sochata process) 

A detailed description of this deposition method 
can be found in ref.[7]. 

A gas tight box placed inside an oven is filled 
with the material to be coated and an Al-based 
powder, not in contact with the material. 
Aluminium halides of several types are formed 
in situ from the decomposition of powder halide 
compounds at a high temperature. These 
aluminium halides react then at the metal surface, 
liberating the halogen molecule while Al is 
deposited on the surface. This deposition technique 
is similar to CVD, except that for the latter, the 
halide compound is prepared outside the reactor 
box. A micrography of a tube coated with this 
technique (1020°C during 3 h) is shown in 
Figure 1. The coating is very regular with the Al 
diffusing down to 60 urn into the bulk. No ciacks or 
defects were observed in the coating. 

3.2. Pack-cementation process 
This process consists of an aluminizarion [7] 

carried out at 875°C during 5 h with a cement 
containing no moderator and characterized by a low 
aluminium content (~ 1% Al in AI2O3). 

Micrographie observations (Figure 2) show that 

Figure 1. Optical micrograph of an APVS coating 
on 1.4914 martensitic steel and relative element 
concentration profiles. 
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Figure 2. Optical micrograph of a coating obtained 
by high activity pack-cementation on 1.4914 steel 
and relative element concentration profiles. 

the coating has a regular thickness of about 20 urn 
including the Al diffusion zone. At the surface the 
Al content is about 40 at.%. The coating surface, 
though homogeneous, seems less regular than the 
APVS coating. Some defects (voids) are observed in 
the coating. 
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3.3. Paints 
Two paints have been deposited on 1.49H steel 

One type, called Sermaloy-J. which is a mixture of 
water, Al and Al-Mg pigments embedded in an 
inorganic matrix, has been projected with a spray 
gun in a series of layers at room temperature, dried 
up at 80°C and heated up to S75°C for Sh, this final 
heat treatment allowing the aluminium bulk 
difiusioR Finally, the paint matrix is removed by 
sandblasting. 

Métallo graphic observations and X-ray analyses 
show that the coating has a regular thickness with 
only very few thin cracks. The outer layer of the 
Coating (,- 40 urn thick) contains about 40 to 
50at_% Al and is coated with an irregular thin 
A1;03 layer ("Figure 3). Underneath this layer, an Al 
diffusion zone extends down to ~ 150 um. 

Figure 3. Optical micrograph of a Sermaloy-J 
coating on 1.4914 steel and relative element 
concentration profiles. 

Another paint has also been investigated, the 
Sermetel-W paint, which is similar in composition 
and spraying technique to the Sermaloy-J paint. 
However, due to the low temperature of the final 
heat treatment (340°C), no aluminium diffusion 
layer has been observed. 

3.4. Coatings obtained by projection 
Three types of projection processes have been 

explored: air and vacuum plasma sprays (APS. 
VPS) and detonation gun (D-gun). An 
austenization treatment of the 1.4914 steel preceded 
the Al deposition by APS or VPS. In order to 
produce a tempering of the steel, a heat treatment at 
750°C under vacuum during 2 h has been 
performed [8]. Microscopic observations revealed 
the presence on the surface of an irregular layer 

Figure 5. a) Optical micrograph and b) back-
scattered electron image of the electrochemical 
coating. 

with a thickness of about 20 to 35 um (set Figures 
4a and 4b). 

Other specimens have been coated with alumina 
projected by D-gun on the 1.4914 steel. In the 
Figure 4c is shown an alumina layer obtained by 
this technique. The layer is approximately 40 um in 
thickness and appears very dense with a low 
porosity level. Moreover, though the uncoated 
material surface has an irregular shape, all the 
defects have been filled up with alumina and the 
outer surface is regular. 

3.S. Electrochemical deposit 
.After chemical cleaning of the surface, an 

electrochemical deposition has been performed 
followed by a heat treatment (650°C during I h) for 
dehydration and adhesion of the coating. In the 
Figure 5a is shown a thin coating at the steel 
surface. AI2O3 has been detected at the surface by 
X-ray fluorescence as well as XPS 
(thickness<lum). However, back-scattered election 
images show that this is not a continuous film 
(Figure 5b), which is confirmed by the absence of 
Al;03 X-ray diffraction signal. 
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3.6. Pb-17Lï compatibility and thermocycling 
results 

Pb-l7Li compatibility tests at 400 °C have been 
performed with plate type specimens coated with 
APS. VPS and APVS methods. In all cases weight 
losses were negligible. The coating morphology is 
remained unchanged after 1500 h in Pb-17LL 
After 100 thermal cycles, no modification of APVS, 
pack-cementation, A1;Û3 D-gun, APS and VPS 
coatings have been observed. Nevertheless, voids 
already observed in the Sermaloy-J coating seem 
more abundant after the thermal cvcles. 

4. DISCUSSION AND CONCLUSION 

APVS and high activity pack-cementation give 
regular and homogeneous coatings. These two 
techniques are very similar and it is not surprising 
to observe similar coatings. However, it will be 
necessary to perform a steel heat treatment to 
recover the martensitic structure. In order to avoid 
the latter heat treatment, it is considered to coat the 
substrate at a lower temperature: for pack-
cementation technique by using a higher Al activity 
cement and for APVS by performing separately the 
cement decomposition and the chemical interaction 
of halides with the substrate (conditions close to 
CVD process). 

The only techniques which do not significantly 
affect the metallurgical structure of the coated 
material are the projection techniques (i.e. plasma 
sprays and D-gun). APS and VPS coatings, though 
irregular, allow to decrease the hydrogen 
permeation by a factor of - 100 to 500 [8]. 
Promising results are expected from this technique 
though, at the moment, they do not allow to coat 
the inside of a tube smaller than 0 30 mm. As far 
as the D-gun technique is concerned, the hardness 
of the resulting coating is very high and may be a 
concern for this coating resistance to mechanical 
stresses. However the D-gun technique is more 
regular and homogeneous than VPS and APS 
coatings. 

The Sermaloy-J paint is attractive by its easy 
mode of operation and may be considered for 
complex structures. Nevertheless, the heat 
treatment influence on the martensitic structure and 
on the coating itself has to be determined. 

The electrochemical coating obtained by a 
laboratory technique must be adapted for the 1.4914 

steel and extensively analysed with suitable 
techniques (e.g. XPS, Auger). 

Up to now-, no elimination can be made on the 
basis of the Pb-l7Li compatibility and 
thermocycling tests. These compatibility results are 
consistent with previous results obtained with other 
Al-rich coatings [9], Though it will be required to 
adapt most of the tested techniques to the 
martensitic steel structure, it is noteworthy that, 
keeping in mind that different techniques may be 
used with respect to different parts of the blanket, 
most of them yield encouraging results. 
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Hydrogen extraction tests from liquid Pb-17Li using gas-liquid 
contactors 
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Tests of a plate column extractor installed in the MELODIE loop at CEA Fontenay-aux-Roses 
have been performed to study the hydrogen extraction from Pb-17Li. The results have enabled 
an estimation, at different temperatures and hydrogen partial pressures in Pb-17Li. of the 
overall mass transfer coefficient. It is of the order of ÎO5 m s 1 at 450°C and in good agreement 
with previous data. 

which the tritium generation is simulated by 
bubbling argon-hydrogen gas mixtures in 
Pb-l7Li. The gas is injected at the bottom of 
the column through sintered injectors. Pb-
l7Li which comes from the tank or mixing 
circuit enters 'at the top of the column, drops 
on a spillway and leaves it at the bottom; 
• an extractor with an external envelope 
(4> 150 mm, 915 mm high) in which different 
extraction systems can be fitted. Pb-17Li 
arrives from the saturator. enters the 
extractor at the top and leaves at the bottom, 
the extraction gas (argon) flowing in counter-
current. 

Initial tests used a plate column which 
had been designed to obtain a well defined 
gas-liquid contact surface corresponding to 
the total plate surface. 

The Pb-17Li flow was maintained by 
electromagnetic pumps (EMP) and flow rates 
were measured with magnetic flowmeters 
(FM). The loop contains about 450 kg of 
Pb-17Li. To minimize the hydrogen losses, 
the whole loop (made of 316L steel), except 
pump ducts and welds, has been totally 
covered by an aluminide coating [5]. The 
facility can operate at temperatures between 
300 and 500°C with Pb-17Li flows between 
50 and 200 l h 1 . Hydrogen partial pressure 
in the Pb-17Li was measured at the bottom of 
the saturator and tank with iron membranes. 
H2 concentration in the gas was measured 
with a gas chromatograph. A detailed 
description of preliminary calibration and 
qualification tests are given in [4]. 

1. INTRODUCTION 

In the water-cooled liquid lithium-lead 
(Pb-l7Li) blanket concept developed in 
Europe, the tritium produced in Pb-l7Li is 
continuously removed in an extractor located 
outside the machine, by a helium stream in 
countercurrent with the breeder flow [1. 2]. 
The low solubility of tritium in Pb-17Li [3] 
could lead to high tritium partial pressures 
and induce unacceptable tritium permeation 
through structural materials. Therefore, an 
efficient tritium extraction system is needed 
to maintain the tritium concentration in Pb-
l7Li as low as possible. 

A loop (MELODIE) has been constructed 
at CEA Fontenay-aux-Roses to test hydrogen 
extraction systems from Pb-17Li. This paper 
reports results obtained with a plate column 
and discusses them in the light of a model of 
a continuous gas-liquid contactor. 

2.EXPERIMENTAL 

2.1 Description of MELODIE loop 
The MELODIE loop [4] consists of two 

main parts: a Pb- 17Li circuit (Figure 1) and a 
gas circuit. The Pb-17Li circuit is composed 
of three interconnected vessels: 
• a tank (0 340 mm, 550 mm high), which is 
fitted with a continuous Pb- 17Li level probe, 
initially used to fill the loop with Pb-17Li, 
also enables the Pb-17Li level in the 
saturator to be modified; 
• a saturator (tf> 350 mm and 500 mm high) in 
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Figure 1. Sketch of MELODIE loop 

2.2 O p e r a t i n g condi t ions 
Extraction tests have been performed in 

the temperature range 370 to 490°C. The Ar-
H2 flow-rate in the saturator was kept at 25 
scm3min-1 for 370°C and 30 scm3 mur ' for 
other temperatures. Times required to 
achieve stable measurements were about one 
week. 

Table 1 
Experimental results 

In some cases, the hydrogen partial 
pressure at the tank bottom has not been 
determined due to membrane failure. 

3. RESULTS 

The results are given in Table 1. 

Type H2 in injected 
of gas in 

column saturator 
0.5 
2.5 
2.5 

Plate 0.5 
0.5 
5.0 
0.5 
5.0 

(%) 

T 
(°C) 

370 
370 
370 
370 
450 
445 
490 
490 

Psatf« 
(Pa) 

170 
400 
460 

2112 
157 

2363 
203 

2305 

Pb-17Li 
flow rate 

(lh-i) 
87-102 
63-164 
68-137 
45-96 
58-95 
75-102 
75-95 

75-105 

Cg«> 
(vol. ppm) 

59 
195 
118 
672 
339 

1897 
714 

3612 

Ar flow rate 
in extractor 

Ve (scm3 mur1) 
50 
25 
50 
30 
30 
30 
30 
30 

P tankf» 
(Pa) 

ND 
ND 
ND 
ND 

134 
2143 

ND 
1750 

(1) Psat: H2 partial pressure at the saturalor bottom 

(2) //.» concentration in the gas at the extractor exit 

(3) Ptank1 ^2PartialPressureat the tank ooUom 

ND: not determined 
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The large fluctuations in the Pb-l~Li 
flow-rate given in Table I, result from the 
very high sensitivity of this parameter to 
small variations of the gas pressures in the 
vessels. However, these variations were too 
rapid to induce a noticeable effect on the H: 
concentration in gas leaving the extractor. 

4. GAS-LIQUID CONTACTOR MODEL 

This model considers a column of 
constant cross section S in which H2 is 
transferred continuously from liquid to gas. 
Considering an element of height dZ, the Us 
flow from liquid to gas can be written: 

LdX = 2Gd(Pl/P) 
and 

LdX = aSK,p(X-X*)/MdZ 

(i) 

(2) 

A mass balance from the top to an 
intermediate Z level of the column leads to: 

L(X0-X) = 2G 

with 

P = P,+pgZ 

\ 
(•3) 

(4) 

The equilibrium between the dissolved 
H2 and H* gas is given by Sievcrt's law: 

X' = K,JPt (5) 

Combining these relations leads to: 

(6) 

When the gas pressure along the column 
is constant, equation (6) becomes: 

aSK ML Jp,„ 

dP. 

P t -
PK,L 
2G 

VPT + ^ X 0 - P t l 
2G 

For our plate column the gas pressure 
drop is negligible, therefore, the pressure 
can be considered as constant. For a bubble 
column we will have to account for the gas 
pressure drop due to the height of Pb-17Li. 

5. DISCUSSION 

Equation 7 has been used to determine Ki 
values and the KiA product (A being the gas-
liquid total contact area), assuming a mean 
constant flow-rate of Pb-l7Li. We have also 
considered that the Wz partial pressures in 
the Pb-17Li at the bottom of the saturator 
and tank correspond to those in the Pb-I7Li 
entering and leaving the extractor 
respectively. The data arc given in Table 2. 

Tabic 2 
Overall mass transfer coefficient values 

T 
CO 

Psat 
(Pa) 

KiA 
(m3 s-') 

Ki 
(m s>) 

370 
370 
370 
370 
450 
445 
490 
490 

170 
400 
4G0 

2112 
157 

2363 
203 
2305 

3.7 10 7 

4.2 10-7 

4.5 10 7 

7.4 107 

1.8 10* 
2.2 lO* 
4.1 10-6 

4.9 10-6 

1.8 10-5 

2.0 10* 
2.1 10 '• 
3.5 10° 
8.7 10* 
1.0 10-* 
1.9 10-s 
2.4 lO-5 

(7) 

These data are of the same order of 
magnitude than those reported in the 
literature [6-9] for hydrogen isotope 
desorption, when a gas sweeps the surface 
(between lO-5 to 10-« m s-' in the 300-700°C 
temperature range). 

The slight dependence of Ki with the 
initial H2 partial pressure in Pb-17Li has to 
be considered with care, Ki variations being 
of the same order of magnitude as the error 
bars. 

An Arrhenius plot gives an activation 
energy of 70 kJ mol•', which is higher than 
the activation energy for the diffusion across 
the Pb-17Li boundary layer (approximately 
20 kJ mol"1 14]). 

These low values for the overall mass 
transfer coefficient confirm that this type of 



column, with a low contact surface between 
the gas and the liquid, has a low efficiency 
(the maximal value obtained at 490°C is 
15%). Considering a gas-liquid tritium 
extractor for a blanket, the gas-liquid 
exchange surface has to be maximized in 
order to avoid excessive gas flow rates. This 
is why we are currently studying a bubble 
column extractor. The bubble column has 
been installed within the same outer 
envelope as used by the plate column. In this 
envelope. 8.5 litres of Pb-17Li are contained 
between two concentric tubes, with the inner 
tube being used as an over-flow to maintain 
a constant Pb-17Li level. The gas is fed 
through two sintered injectors at the bottom 
of the column. At present no mixing system 
has been installed. This will be done in a 
second phase of the experiment. 

5.CONCLUSION 

Tests of hydrogen extraction from 
Pb-17Li have been performed in a plate 
column installed in the MELODIE loop. 
They have allowed, for different 
temperatures, to determine the overall mass 
transfer coefficient. We obtain about 
10-3ms-' at 450°C and 106 m s-1 at 370°C. 
These data are in good agreement with those 
reported in the literature. These low values 
lead to investigate gas liquid contactors 
offering large gas-liquid contact area and 
allowing to achieve a high liquid mixing 
level and a long gas residence time. 

NOMENCLATURE 

L: liquid molar flow rate 
G: gas molar flow rate 
Ks: Sievert's constant 
X: hydrogen atomic fraction in the liquid 
X*: hydrogen atomic fraction in the liquid in 

equilibrium with the gas 
Xo: hydrogen atomic fraction in the liquid 

entering the extractor 
a: specific gas-liquid contact surface 
S: column cross section 
Ki: overall mass transfer coefficient 
p: Pb-l7Li density 

M: Pb-17Li molar weight 
P t: hydrogen partial pressure in the gas 
Pti: hydrogen partial pressure in the gas 

leaving the extractor 
P t n: hydrogen partial pressure in the gas 

entering the extractor 
P s: total pressure of the outlet gas 
P: gas pressure at the Z level in the 

column (the reference level is the top of 
the column') 
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Influence of manganese on the nickel concentration in solution in Pb-17Li alloy 
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The remova] of nicks! from solution in Pb-17Li has been shown to be possible by adding manganese to the 
Pb-17Li. Experiments using the Anapurna. loop with a ccid trap temperature of 523 K and an alloy 
temperature of 673 K. have shown that nickel concentrations as low as 1 wppm may be achieved by this 
method. 

1. INTRODUCTION 

The corrosion and subsequent deposition of 
corroded material resulting from the exposure of 
type 316L austenitic stainless steel to liquid 
Pb-17Li is an important safety aspect for the 
operation of fusion reactors particularly -when the 
corrosion products have become activated. Of the 
componeT. elements of stainless steels, chromium, 
manganese and iron have relatively short decay 
times but nickel has a long-lived activation product 
[1]. Therefore, suitable methods for the trapping of 
activated products need to be developed and this 
paper describes a method for the removal of nickel 
dissolved in Pb-17Li. Previous investigations [2] 
have shown that nickel, when deposited under a 
thermal gradient, is associated with manganese in 
an approximately 1:1 ratio. We have used the 
Anapurna liquid metal loop [3] which is fined with 
a cold trap to show that by adding manganese to the 
Pb-17Li the dissolved nickel may be removed to 
very low levels. 

2. EXPERIMENTAL PROCEDURE 

2.1. Description of the Anapurna loop 
The layout of the Anapurna loop is shown 

schematically in Figure 1. The loop, constructed 
from type 316 L stainless steel, is composed of three 
parts: (1) a main circuit devoted to the evaluation of 
lithium monitoring devices, (2) a secondary circuit 
containing the cold trap and (3) a small circuit 
containing two pots connected to a glove-box from 
which samples of Pb-17Li may be taken for analysis 
and material may be added to the loop. Each circuit 
can be isolated from the others. The alloy flow is 

generated by electromagnetic pumps and is 
measured by magnetic flew meters The loop 
contains a totai of 270 kg of alloy with about 167 kg 
of this being in the small circuit containing the two 
pets. The water-cooled cold trap (id. 7.5 cm. length 
154 cm) has a volume of 6.7 litres and is filled with 
knitted stainless steel wire giving a ratio of packing 
surface area/trap volume of 3.5 cm".cm""'. In this 
srudy, die alloy enters the trap at 673 K and is then 
cooled to 523 K with a flow rate through the trap of 
50 l.h*! leading to a residence time of S minutes. 
The alloy is heated back to 673 K (the operating 
temperature of the loop) at the trap outlet. 

2.2. Addition of Ni and Mn 
Nickel was added to the Pb-17Li by immersing 

a pre-weighed nickel foil in the alloy in pot 2 of the 
small circuit at 773 K. Two separate additions were 
made: the first to give a concentration of about 
60 wppm and the second to give a concentration of 
about 660 wppm. In each case the nickel 
concentration was measured as a function of time 
with the loop operating at 673 K and the cold trap 
at 523 K. The first test ran for 526 h, the second for 
504 h after the second addition of nickel. 
Manganese was added to the Pb-17Li containing 
the dissolved nickel by placing a small basket 
containing manganese chips into the same pot of 
the small circuit. The first manganese addition was 
carried out with only the small circuit in operation 
at a temperature of 773 K, these conditions are 
therefore isothermal. Later manganese additions 
were made with the whole loop in operation with 
the cold trap set at 523 K and the rest of the loop at 
673 K. During all the tests samples of Pb-l7Li were 
taken and analysed for Ni and iMn by atomic 
absorption spectroscopy. 
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Figure 1. Scheme of the Anapuma loop. 

3. RESULTS AND DISCUSSION 

3.1. Cold trap experiments after addition of 
pure nickel 

The first dissolution of nickel took place very 
rapidly since after one day the level of nickel in the 
alloy had reached the expected value of about 
60 wppm. The cold trap was then operated for 
526 h with a sample being taken after 260 h. The 
results (Table 1) showed that no change in nickel 
concentration took place over this time. The second 
addition was then made and the cold trap operated 
for a further 504 h. Again no change in nickel 
concentration with time was observed following the 
initial rise to about 670 wppm (Table 1). These 
results are in complete agreement with the 
behaviour predicted from the solubility data for 
nickel in Pb-17Li [4] since both nickel 
concentrations are well below the saturated 
solubility of nickel in Pb-17Li at 523 K which is 
approximately 900 wppm. Thus, no removal of pure 
nickel is possible with this cold trap temperature. 
We would also expect no noticeable transfer of 
nickel between the 316 L steel and the Pb-17Li at 
these concentrations and temperatures. 

3.2. The dissolution of manganese under 
isothermal conditions and its effect on 
nickel concentration 

Manganese (40 g) was added to the Pb-17I_i 
containing a preset concentration of nickel 
(475 wppm) with only the small circuit of the loop 
in operation. This corresponds to isothermal 
conditions with the alloy température being 773 K. 

The added manganese corresponds to a 
concentration of 240 wppm if all the metal 
dissolves in the Pb-17Li. Both nickel and 
manganese concentrations were sampled during the 
test which ran for 432 h. The analytical results, 
given in Table 2. show that the nickel concentration 
was unchanged in the fiisi 24 h and that the 
manganese concentration increased only to 5 wppm 
despite some 240 wppm being added. This clearly 
suggests that the dissolution of manganese in Pb-
17Li is very slow at this temperature. This may be 
attributed to insufficient wetting related to a 
protective oxide layer which is not removed rapidly 
at 773 K or to compound formation on the Mn 
surface. After 8 days the nickel concentration has 
fallen to 403 wppm and the manganese 
concentration has increased but only to 17 wppm. 
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Over longer times the nickel concentration 
continues to nil while the manganese concentration 
appears to level out at 20 wppm. It can be assumed 
that the decrease in nickel concentration is due to 
the formation of an insoluble NiMn compound 
existing in the range 45-52 at.% Ni [5]. The closest 
agreement of the experimental results is obtained if 
the formation of the NiMn compound adopts the 
highest reported Nln content. Therefore, at the end 
of the test, about 213 wppm of manganese has 
entered the system (.193 wppm as NiMn and 
20 wppm in solution in the Pb-17Li). This gives a 
rate of dissolution of manganese in the Pb-17Li of 
approximately 12 wppm/day, i.e. 19 mg/cnr/day 
(value calculated using an approximate surface area 
of the \tn chips I. This value is also given for each 
of the time periods in Table 2. 

Table 2 
Concentration of Ni and Mn during dissolution of 
\ ln under isothermal conditions at 773 K 

Time 
(h) 
0 
24 
192 
312 
432 

Ni content 
(wppm) 

475 
455 
403 
361 
317 

Mn content 
(wppm) 

<1 
5 
17 
22 
20 

The test was repeated after a second addition of 
manganese (26.5 g) again using the small circuit at 
773 K. This addition corresponds to a concentration 
of 15S wppm if all the metal dissolves in the 
Pb-l"Li. After 14 days, the nickel concentration 
decreased from 294 wppm to 196 wppm and the 
manganese concentration increased from 3 wppm to 
34 wppm. Using a similar calculation, a decrease in 

nickel concentration of 9S wppm and a rise in 
manganese concentration of 31 wppm is equivalent 
to 151 wppm manganese entering the system. This 
gives a rate of dissolution of manganese in Pb-17Li 
of approximately 11 wppm/day, i.e. 25 mg/cnr/day 
(also calculated using an approximate surface area 
of the chips). Both tests therefore are in reasonable 
agreement with a manganese dissolution rate of 
19 and 25 mg/cnrVday. The higher value observed 
in the second test may be attributed to a decrease in 
the initial Ni activity and thus the probability of 
forming a compound on the Mn surface is reduced, 
which mav increase the dissolution rate. 

33 . Dissolution of manganese in non-isothermal 
conditions 

Manganese was added to a preset nickel 
concentration in the Pb-17Li at 673 K with the cold 
trap operating at 523 K. Two tests were carried out 
with 99 g of Mn being added in the first test and 
100 g of manganese in the second test. The results 
for both tests are given in Table 3. 

Table 3 
Concentration of Ni and Mn in Pb-17Li during cold 
trap tests 

lest 1 

Time 
(h) 
0 

163 
307 

Ni content 
(wppm) 

195 
115 
3 

Mn content 
(wppm) 

2 
1 

32 
0 85 <1 

144 <1 IS 
Test 2 242 <1 14 

408 <1 15 
647 <1 13 



At the start of test 1. TAC may assume that the 
manganese added (370 wppm) is in excess of that 
required for complète precipitation of the nickel 
since only 195 wppm Ni is present in the Pb-17Li. 
The data show that the manganese concentration 
remains below 1 wppm after 7 days of trap 
operation and the nickel concentration falls to 
1 If wppm. For a cold trap operating at 523 K we 
would expect a manganese, concentration of about 
15 wppm m the Pb-17Li which is the solubility 
limit at 523 K. After 13 days, the nickel 
concentration has fallen to only 3 wppm and the 
manganese concentration has risen to 32 wppm. In 
test 2. identical behaviour -was observed with nickel 
falling from S5 wppm to 1 wppm and manganese 
rising to 13 wppm at the end of the test. 
Concerning the first test, the final value fcr Nln 
concentration is 32 wppm which is higher than that 
expected. However, this test has been performed 
with a cold trap temperature of 573 K instead of 
523 K because of a difficulty with the cooling 
system. In fact, the analysed concentration is very 
close to 40 wppm which is the solubility limit of 
Mn at 573 K. Thus, for both tests, the final values 
for manganese concentrations are reasonable for the 
cold trap attaining equilibrium with the loop. Since 
the equiliV>rium values for manganese concentration 
are only ooserved when virtually ail of the nickel 
has been removed from solution, we must conclude 
that, when nickel is present in solution, the rate of 
reaction with manganese is faster than the 
dissolution rate of the manganese into the Pb-17Li. 
Both of these tests however do support the 
conclusions drawn from the isothermal tests that 
nickel is removed from solution in Pb-17Li by the 
addition of manganese and that with a cold trap in 
operation the NiMn product may be trapped to give 
very low levels of nickel in solution. 

We should also mention that at the end of each 
of these tests, the cold trap was heated to the same 
temperature as the rest of the loop to give an 
isothermal condition. On each occasion, it was 
observed that the nickel content increased 
significantly while the manganese concentration 
increased only slightly. We can only say that the 
dissolution rate of nickel is faster than the 
dissolution rate of manganese. In fact, we need data 
on the dissolution rate of the NiMn compounds. 
Work is currently underway to determine the 
concentrations of nickel and manganese established 
in Pb-17Li in contact with various NiMn phases. 

4. CONCLUSIONS 

Cold trap experiments using the Anapurna loop 
have been carried out for the trapping of nickel 
dissolved in Pb-17Li. It has been shown that the 
cold trapping at 523 K does not remove pure nickel 
from solution at concentrations lower than 
saturation. However, the removal of nickel has been 
shown to be possible by the addition of manganese 
to the Pb-17Li and nickel concentrations as tow as 
1 wppm have been achieved by this method. 

In isothermal conditions, the dissolution rate of 
manganese in the Pb-17Li was found to be very 
slow at 773 K and was estimated at 12 wppm/day. 
The interaction of nickel with manganese was 
assumed to give an almost insoluble NiMn 
compound existing in the range 45-52 at.% Ni. 
Such precipitates have been previously observed in 
deposition tests where both nickel and manganese 
were present in solution [2]. Work is currently 
underway to determine the equilibrium concen
trations of nickel and manganese in Pb-17Li in 
contact with a series of nickel-manganese 
compounds. 
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An irradiation experiment (90 FPD in S1LOE reactor) has been designed in order to evaluate the in-
situ effect of red-ox power of sweeping gas (helium with 100 vpm of H2/H2O with relative 
concentrations varying from pure H2 to pure H2O) on a) Tritium removal from L1AIO2 and LÏ2Z1O3 ; 
b) Tritium permeation through AIS1-316L SS tubes with bare and coated surfaces. 
The conditions and materials explored were selected in order to test possible improvements with 
respect to critical issues for the "Breeder Inside Tube" (BIT) blanket concept development. 

1. INTRODUCTION 

ENEA and CEA are supporting the R&D for the 
Helium Cooled "Breeder Inside Tube" (BIT) 
Solid Blanket Design for DEMO Fusion Reactor 
[1] in the framework of the European 
Community program. 
One of the critical issues of the BIT concept is 
the tritium loss from the purging to the coolant 
gas because of its permeation through the walls 
of the cladding tubes. TRINE experiment has 
been conceived in order to explore "in situ" how 
to minimize the tritium permeation without loss 
of efficiency in tritium removing rate from the 
Li-ceramics by acting on (i) the purging gas 
chemistry and (ii) the development of tritium 
barrier coatings on the cladding tubes. Helium 
purging gases with 100 vpm of hydrogen in 
several oxidizing conditions (pure H2. H2 + 

H20 mixtures, pure H2O) will be tested and 
compared to the reference sweeping gas (He + 
0.1 % H2) for both tritium removal from the Li-
ceramics and its permeation through the 
stainless steel (SS) dads. This paper describes 
the experimental lay-out of TRINE irradialion, 
the fabrication of the specimens, their 
assembly and the characteristics of the 
materials involved. 

2. EXPERIMENTAL SCHEME AND 
SPECIMENS ASSEMBLY 

The experiment will be performed in SILOE 
reactor (CEA Grenoble) for four cycles (about 

,90 FPD). The irradiation device is a CHOUCA 
type furnace containing three capsules and 

specimens are arranged as sketched in Fig. 1. 
Each capsule contains Li-ceramics for tritium 
generation and SiC pellets stack inside the 
volume of the zone devoted to tritium 
permeation through the capsule wall as shown 
in Fig.2. The fabrication, controls and testing of 
the structural materials, instrumentation, final 
welding by automatic TIG were performed by 
FN (Bosco Marengo, AL) following the 
Guarantee Quality procedure as reported by 
the national norm UNI 29002. 
During irradiation each capsule is heated in the 
tritium breeding zone (400-500"C) and in the 
permeation zone (600°C) and is swept inside 
and outside by He doped gas . The exiting 
gases are reduced by a Zn bed held at 380°C 
to convert all the tritiated species in HT or T2 
before reaching the cold line. 

Figure 1. TRINE sample holder scheme. 
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Figure 2. Drawing (A) and radiography (B) o f the assembled TRINE capsule. 

In the inner side, the gas removes the 
generated tritium from the ceramic breeder 
pellet stack. Then tritium is swept to the high 
surface SS tubing (the membrane of the 
capsule) through which permeation is favoured 
by higher temperature. The part of the 
sweeping gas flowing outside the tube carries 
the permeated tritium. The total tritium 
released from the ceramic breeder specimens 
is shared in the two lines due to the permeation 
of tritium through the SS membrane and is 
measured "on line". 

3. Cladding tubes 

3.1. Bare specimens 
Commercial AISI-316L tubes (diam. 19.1 mm, 
thickness 1.63 mm) have been reduced to the 
needed dimensions {diam. 10.0 mm, thickness 
0.5 mm) by several cold drawing and annealing 
steps (at 1050°C) in order to have a final 
solubilization and austenitic recrystallization. 
This work was performed by T.A.I. manufacture 
(Como, Italy). Chemical analysis of final 
specimens were performed using optical 
emission spectroscopy (ARL3400) and a 
LECO-CS244 analyser (for carbon and sulphur) 
to chech that the composition of alloying and 
impurity elements meets the AISI-316L 
specifications. 

3.2. Coated specimens 
The aluminide coating on the 316L steel 
capsules has been obtained by pack 

cementation [2]. The process includes two 
tteps: 1) the pieces to be coated are immersed 
in an aluminum rich cement under hydrogen 
and heated at 750°C (deposition of a brittle 
aluminum rich layer) 2) after cooling they are 
removed from of the cement and heated at 
900°C under argon for 6 hours (diffusion 
treatment). 
The micrograph in Fig.3 shows a cross section 
of the coating on the substrate; the total 
thickness is about 60u,m. It consists of different 
parts. A thin superficial layer very rich in 
oxygen and aluminum and two main layers, the 
outer containing about 20 wt% AI and the inner 
about 6 wt%. Some cracks in the main outer 
layer were observed. 

_A 
B 

Figure 3. Two main parts (A,B) of the 
aluminide coating on 316L substrate (C) 
(magn. 250x). 
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4. CERAMIC SPECIMENS 

4 .1 .L i 2 ZrQ 3 

The preparation process is based on the solid 
state reaction method finalised at CEA for both 
UAIO2 and Li2Zr03. The process leads to 
materials with small and homogeneous grain 
size which, so far, have exhibited good 
behaviour with respect to tritium release [3] and 
thermomechanical performance; the main 
characteristics are reported in Tab.1. The 
process includes the following steps: 
1) blending a mixture of screened U2CO3 and 
ZrC>2 powders in proportions corresponding to 
5% lithium deficiency compared to theoretical 
proportions. The Zr02 powder (supplied by 
Pechiney) has specific surface area 20 m^/g 
and Hf content less than 50 ppm. 2) Twice 
decomposition/synthesis at 700°C for 3 hours 
followed by sieving and blending. 3) Heating at 
800°C for 3 hours sieving and blending. 
4) isostatic pressing at 300 MPa. 5) Sintering at 

1025°C for 3 hours. 6) Machining to obtain the 
required dimensional specifications. 

4.2. L iA I0 2 

The research at ENEA on UAIO2 ceramics is 
mainly directed toward the development of a 
"wet" fabrication route [3,4] which is particularly 
interesting for re-processing ceramic breeder 
materials partially depleted in Li-6. The UAIO2 
specimens prepared for TRINE (A~4) were 
obtained by a "wet" preparation route. The 
method is based on the dehydration and 
denization of Li and Al nitrates solution in 
microwave oven, followed by calcining at 
800°C. The lithium and aluminum nitrates 
solution with atomic Li/AI ratio below the 
stoichiometric value, is continuously stirred 
during the decomposition step in order to obtain 
a very fine homogeneous powder and good 
sintered pellets at 1010°C for 2 hours. The 
main characteristics are reported in Tab.1 and 
Fig.4. 

Figure 4. SEM fractographies of L1AIO2 ceramics for TRINE. 

TABLE 1 Main characteristics of the YL1AIO2 and LÎ2Zr03 sintered pellets. 

Properties L i A I 0 2 L i 2 Z r 0 3 

Apparent density (% of TD) 

Surface Area (m2/g) 

Grain size (u.m) 

80.0 

4.8 

0.5 

79.6 

1.2 

1 



4.3. SiC pellets 
To maintain constant the flow-dynamic 
conditions for the inner sweeping gas line, 
silicon carbide pellets and rods have been 
inserted in the high temperature (600"C) 
permeating zone of the capsules. SiC has 
been chosen because it is expected to be 
inert with respect to tritium and for its 
potential interest as a Low Activation 
Material. The exposure to typical ceramic 
breeder blanket environment will allow to 
confirm its compatibility with tritium and to 
evaluate the effect of neutron irradiation on 
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TABLE 2 Main characteristics of the SiC pellets. 

Starting Apparent Dynamic M.O.R Thermal Sintered 
materials density modulus of conduct. materials 

elasticity 20°C main 
(%T.D.) Ed (GPa) (MPa) (W/mK) phase 

a-SiC 96.6 400 81.7 a 
(B+C) 

a-SiC 98.3 430 370-425 75.8 a 
(B-f-C+AI) 

0-SiC 96.0 380 360 64.5 a 
(B+C) 

a-SiC/ 90.7 250 200 68.0 a 
Graphite 
(B+C+AI) 

LASER 95.0 110 p 
BSiC 
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TiC /TiN bilayers, - 1.2 nm thick, were deposited on Manet II steel by the ion beam assisted deposition 
technique to investigate the possible use of this ceramic coating as hydrogen barrier. Hydrogen 
permeation experiments in the temperauire range 470-570 K showed indeed that this coating is a very 
efficient barrier to the hydrogen permearion being able to reduce the hydrogen flux up to two order of 
magnitude with respect to the uncoated steel. Preliminary compatibility tests between coated Manet II and 
Pb-17Li showed no attack of Pb-17Li to the steel. 

1. INTRODUCTION 
The problem of tritium permeation into the 

blanket coolant circuits is very important 
because of its impact on both environmental and 
plant costs. In the case of future demonstration 
reactor (DEMO), in which the use of martensitic 
steel as structural material is envisaged, the 
problem of tritium permeation becomes 
particularly important (ref.l). One possible 
solution of this problem envisages the use of 
coating to limit the tritium leakage toward the 
coolant. Three main types of coating are 
presently under investigation: aluminised, 
titanium carbide and ternary oxides. However 
the adopted coating must be subjected to several 
requirements (ref.2); in particular the following 
characteristics must be met: good compatibility' 
with the breeder (namely Pb-17Li), resistance to 
moderate thermal cycling, structural resistance 
against irradiation. Moreover the deposition 
process must not alter the structure of the 
martensitic steel and the deposition technique 
must be able to cover large components. The 
objective of the present work was to establish 

the possibility to use TiC and TiN as permeation 
barrier. Several studies have evidenced (ref.3-4) 
this possibility, but some problems (for example 
adhesion failure and porosity of the coating) 
remained unsolved with this coating. 

In this work, thick coaling was produced by 
Ion Beam Assisted Deposition (IBAD) technique 
and tests of permeation and compatibility with 
Pb-I7Li have been performed. 

2. EXPERIMENTAL 
• As substrate material we used some discs of 

1.4914 martensitic steel, 0.5 mm thick with 
diameter of 18 mm, but because of the sealing 
gold "0"-rings the geometrical area for 
permeation was reduced to 2 cmr 

TiC / TiN bilayer deposition was carried out 
by IBAD technique. Keeping the substrate 
temperature at 320 K, Ti atoms were evaporated 
from an e-gun crucible on the substrate and the 
N2+ beam was accelerated to 30 KeV: at the 
sample surface the ion current was 1.6 u\A cm"-. 
To form a nearly stoichiometric TiN compound, 
titanium was deposited at a rate of 0.2 run sec*1 
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in presence of nitrogen high purity cas at 
pressure of 10~-> Pa to favour N adsorption and 
diffusion in the growing film. By changing the 
reactive gas from nitrogen to acetylene at the 
same pressure, the TiC film was finally 
deposited on die nitride substrate. The thickness 
of the bilayer film used in this investigation was 
0.25 \im TiC over 1 urn TiN. Hydrogen 
permeation rates through the samples were 
measured over the temperature range 470-570 K 
at an hydrogen inlet pressure of 2x103 Pa. The 
experimental procedure chosen for the hydrogen 
permeation measurements is the membrane 
technique (ref.5): one side of the membrane is 
exposed to high purity gas at high pressure and 
the other side to the vacuum (usually the 
analysis chamber). Gas transport through the 
sample from the high pressure side to the 
vacuum causes in the chamber a pressure rise 
that can be monitored by appropriate pressure 
transducers. The experiments were carried out in 
a standard stainless steel UHV chamber 
evacuated by vacuum ion pump and provided by 
Quadrupoie Mass Spectrometer and Ionization 
Gauge. Details concerning calibration procedure 
and permeation flux measurement are described 
in a previous work (ref.6). The samples was 
heated by a special resistance oven and the 
temperature, monitored by three independent 
thermocouples, was controlled by PID system: 
the thermal stability of the sample temperature 
was of the order of ±1 K. 

3. SOME CONCEPTS ABOUT THE 
PERMEATION PROCESS THROUGH A 
SINGLE AND A BILAYER SYSTEM 

Before illustrating the results obtained in our 
hydrogen permeation analysis, let us underline 
some concepts currently utilized in this kind of 
experiments. In a membrane of thickness da, 
where the rate limiting process for diatomic gas 
permeation is bulk diffusion rather than surface 
reactions, the steady state permeation flux is 
given by the Richardson law: 

J-
(1) 

where O a is the permeability constant of the 
membrane and P the gas pressure in the high 
pressure side. The square root of P relationship 
is a result of the dissociative chemiesorption of 
the gas molecules at the solid surface (ref 7). 
For a bilayer system composed by a coating 
layer of thickness d^ and permeability <bfo 
deposited on the membrane, the steady state 
permeation flux is given by: 

Jt = -
1 

da! Q>a-rdb/<i>b 
•4P (2) 

By defining an effective permeability (ref.3) 

dc+db 
<&sif = 

dj!G>a + db/Q>b 
(3) 

the permeation flux through the bilayer system 
can be written as: 

Jc = -
da ~ db 

4P. (4) 

If the deposited layer is an efficient 
permeation barrier, then 

I Je 

Js \ + (db/do)x(<&a/<Sb) 

db I (Pb » do I <t>a. 

« 1 

(5) 

With the condition d b « d a , the effective 
permeability- may be approximated by: 

db 
(6) 

and its measure gives the value of the barrier 
permeability. 



4. EXPERIMENTAL RESULTS 
In Figure 1 is reported the Arrhenius plot of 

the measured hydrogen permeability as defined 
in (1) for uncoated 1.4914 martensitic steel 
compared with previous measurements by 
Forcey (ref.8). The obtained permeability values 
are a factor three grearer than those of Forcev; 
this is probably connected to the fact that the 
effective area involved in the permeation of the 
sample is wider than the geometrical one: in fact 
DEKTAK analysis of the uncoated steel showed 
some surface roughness of the order of 5]im. 

Data interpolation by least-square fir gives 
the following Arrhenius expression for the 
hydrogen permeabilitv" 

0(T)=2.19x 10-1 °exp(-36100/KT) 
(mol cm"' sec"' P a ~ ^ ) 

In Figure 2 is reported the time transient of 
the hydrogen permeation at the intermediate 
temperature of 530 K for the bare and the coated 
steel: the fluxes are normalized with respect to 
the steady state flux detected with the bare steel 
at the same temperature, but the signal pertinent 
to the coated sample is multiplied by 10 in order 
to obtain a visual comparison in the figure. 
The effectiveness of the TiC / TiN coating as 
hydrogen barrier is shown in Table 1 where the 
strong reduction of the steady state permeation 
flux at each examined temperature is reported. 

The effective permeability of the coated steel 
as defined in (3) is also reported in Figure 1 and 
compared with the permeability of the uncoated 
substrate. By equation (6) we can estimate an 
intrinsic permeability of the TiC / TiN ceramic 
coating 104 times lower than the permeability of 
the martensitic steel. 

These results can be compared with some 
recent measurements on hydrogen isotopes 
permeation through similar barrier coating. 

Forcey et al. (ref.3) for example, showed 
that the bilayer system TiN on TiC (Sum total 
thickness) deposited by chemical vapour 
deposition (CVD) on 3I6L stainless steel is 
three orders of magnitude less permeable to 
deuterium than the substrate. 
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Fig. 1 Arrhenius plot of the hydrogen 
permeability for uncoated and TiC / TiN coated 
1.4914 steel compared to published data. 

Shan et al. (ref.4) examining films of 
TiN-^TiC (2.5 Jim total thickness) deposited by 
CVD on 316L stainless steel surface found a 
reduction of five - six orders of magnitude in the 
tritium permeabilitv- of the barrier with respect 
to the substrate in the temperature range 470-
770 K. This qualitative agreement between 
results from different experimental groups gives 
strong indications about the effectiveness of the 
TiC / TiN bilayer system as hydrogen isotopes 
permeation barrier suggesting these materials as 
good candidate for fusion reactor technology 
applications. Moreover the IBAD technique for 
coating deposition assures high adhesion of the 
coating itself with a reduced level of elastic 
energy into the film where also porosity is 
strongly reduced. All these properties warrant 
high resistence of the coating against thermal 
cycling. 

Before concluding notice that we have 
performed preliminary compatibility tests 
between Manet II and Pb-17Li. The tests were 
carried out' in static conditions at 450° C . 
Cylindrical specimens of about 10 mm on dia. 
and 15 mm on height were used with coatings 
prepared as in planar systems. Little detachment 
of these coatings were detected, but no attack of 
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TABLE 1 STEADY STATE HYDROGEN PERMEATION FLUX 
FOR L'XCOATED AND TtC ' TiN COATED STEEL. 

T 
(mol cm-2 sec1) (mol cm-2sec-1) 

470 
500 
530 
565 

(1.9±0.3)x I0-10 

(3.3±0.5)x ]0-10 

(5.4rO.S)x i0-!0 

(9.1±1.3)x 10-'° 

(S.9±1.2)x 10->-
(9.5±1.2)xJ0-^ 
C1.0±0.I)x Î0-» 
(1.7=0.2) xi0-11 

Pfa-17Li to the steed was found. It is reasonable 
to think that die compatibility of TiC with Pb-
17Li is good and the detaching were caused by 
mechanical problem. Thicker coating would be 
not affected by this problem. 

7=530 K 
a: 1.4914 manensitic steel 
b; TiCTiN coated 1.-591 J steel 

b(x10) 

MM*««*«*.«.4«S««*****' 

time (see) 

Fig. 2 Hydrogen permeation fluxes through 
different samples at 530 K: 
a : uncoated 1.4914 steel 
b : TiC /TiN coated 1.4914 steel (signal 
multiplied by 10) 

5. CONCLUSIONS 
We have shown that TiC / TiN bilayers 

1.2 urn thick deposited on Manet II steel by the 
IBAD technique strongly reduce the hydrogen 
permeation in the temperature range from 470 K 
to 570 K. The reduction of the hydrogen 
permeation is an increasing function of the 

temperature and at the maximum investigated 
temperature die hydrogen flux resulted two order 
of magnitude lower widi respect to the uncoated 
steel. Preliminary compatibility tests between 
Manet II and Pb-17Li showed no attack of the 
Pb-l7Li to the steel. 
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Tfus paper describes the production and testing of two different aluminide coatings on the surface of MANET 
II sarnless steel. The coaimgs were produced by heat treatment of a pure aluminium layer (=100 nm) which had 
been deposited by vacuum plasma spray. Senes 1 coatings were produced by a single heat treatment (I023K/2hi 
•«.rule series 2 coatings were produced by two consecutive heat treatments ( 1348K/30min, l023K/2h). Series 1 
coatings were =120^m thick, richer in aluminium and harder than series 2 coatings -which formed two layers cf 
=120 ^m each. Due to their softer character, series 2 coatings exhibited a greater resistance to cracking under 
cyclic testing than series 1 coatings. Tensile tests of coated specimens indicated that the coating procedures did 
not degrade the mechanical properties of the bulk MANET II. 

1. INTRODUCTION 2. EXPERIMENTAL 

An important safety and operational issue for 
fusion reactors is the permeation of tritium through 
structural materials, particularly those for the water-
cooled blanket [1]. The most common route chosen 
in the attempt to reduce permeation losses have 
recently been reviewed [2]. Of these the use of 
aluminium nch coalings, which form ANOj at the:r 
surface, appears a promising solution. Recent 
permeation tests on aluminide coated MANET 
yielded a reduction in the permeation rate of up to 3 
orders of magnicude f3]. 

The specific heat treatments needed to produce a 
5-ferrite free martensilic steei effectively limit the 
available options for coating MANET. Perujo et al. 
[3J incorporated the production of an alumioide layer 
into the normal heat treatment required for the 
MANET steel forming an FeAl3/Fe :Al5 coating. 
However, the hard aiuminide coating produced 
contained a number of fine cracks and voids. The 
presence of cracks, in particular, could seriously 
impair the effectiveness of the coating as a 
permeation barrier. 

As similar coatings are being developed as direct 
insulating layers [4, 5] for use in the dual coolant 
blanket [6] (to prevent large MHD losses), a high 
crack resistance of the coating is essential to prevent 
electrical contact between the liquid metal and the 
structural material. 

Therefore, in this paper we describe the 
preliminary results of tensile and low cycle fatigue 
tests on aluminide coated MANET II. 

2.1. Materials 
The MANET II steel used in this study was 

provided by KfK Karlsruhe in the form of semi
finished bars ( 0 12mm) from the NET-heat (No 
50761), its composition is given in Table i. 
Cylindrical tensile specimens were rr.ar.ufacrurec 
from these bars (0 3 mm. 15mm gauge length [70. 

Table ! 
Chemical composition of the NET-heat ;No 50~6Y: 
DIN 1.4914 (\vi<Z; 

Fê 
Cr 
N 
Mo 
Mn 
V 
Nb 
Si 

C 

N 

balance 
103 
0.62 
0.56 
0.94 
0.20 
0.15 
0.27 

0.11 

030 

S 
P 
B 
AI 
Co 
Cu 
Zr 
As 

Sn 

Sb 

O.CC-i 
0.CO5 
0.00S9 
0.006 
0.006 
0.007 
0.009 
0.010 

0.001 

0.0002 

2.2. Coating procedure 
After fabrication the tensile specimens were heat 

treated (HT) under vacuum (l238K/2h + 
1348K/30min, fast cool). A coating of = 100 ><m of 
pure aluminium was then deposited by vacuum 
plasma spray (VPS), under the same conditions as 
specified in ref. (3). The final HT used to produce 

* Current address CEA-DT.-VCEREM/DECM/SCECF. CE Fonlenay. BP 6. F-92265 Fontenav-aus-Roses Cedex France 
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Tabic 2 
Vickers microrardncss i HV501 

Aluminide layer 
Specimen Outer lavcr Inner laver .VLA.NET steel 

Uncoated M.AN'ET - - 310 
Senes 1 1125 - 313 
Senes2(1348K.'l0min) 640 380 305 
Series 2 (134SK.30min) 3S3 377 305 

Ac aJurn.'^iJe coatings can be Jivtu'ed into 2 scries. 
Series J underwent a single HT (1023K/2h). 
identical to that of rcf. [3]. Whereas, senes 2 
incorporated an intermediate high temperature HT 
1134SK. up to 30rrtin) before the final HT 
< i023rw2ht. 

2.3. Mechanical testing 
The mechanical testing, using an Instron 

matenais testing machine (model 6025), carried out 
on uncoated and series 1 and 2 coated specimens, 
consisted of tensile tests and low cycle fatigue tests. 
The tensile tests were performed in liquid Pb-17Ls 
(673K;. in an apparatus previously described in 
detail [~], at a constant displacement rate of 0.1 
mm-'mir.. corresponding to an initial strain rate of 
1.1x10-s":. 

The low- cycle fatigue tests, earned out in liquid 
Pb- i 7Li at 673K. were performed under ioad control 
with a triangular wave form and 5 min/cycie. 
Various maximum loads, corresponding to 20.30.50 
and 75~c of the ultimate tensile stress (UTS), were 
used with the minimum load being just above zero. 

3. RESULTS 

3.1. Examination of the coatings 
Examination of the coatings was carried out 

using optical and scanning electron microscopy. 
X-ray diffraction and Vickers microhardness 
measurements. 

Examination of cross sections clearly showed the 
difference between the two series of specimens. 
Series 1 exhibited a single layer of =120 /*m. which 
contained a high % of voids. Whereas, series 2 
contained two layers, each of =120 j/m. The outer 
layer contained a number of voids (though less than 
in series 1) while the inner layer was completely 
dense and exhibited a very sharp interface with the 
steel. Between these two layers a region of very 
small voids had formed, due to the high rate of 
aluminium diffusion (Kirkendall effect). Little 
difference was observed in the thicknesses of the 

layers for the series 2 specùneas KT for 20 or 3Dnh 
at'l34SK. 

The results of the Vickers microhardness 
measurements on the layers are given in Table 2. It 
can clearly be seen that the aluminide layer produced 
on series 1 specimens was much harder than those 
produced on senes 2 specimens, while the values 
obtained for the MANET steel effectively remained 
unchanged. 

This fact can be rationalised in terms of the 
aluminium content of the layers. Semi-quantitative 
SEM-EDAX analysis of series 1 specimens gave the 
composition of the aluminide layer as Al (65-7C 
at<«), Fe (25-30 at<£). Cr (3-6* at<£). which is 
consistent with the formation of a mixture of Fe ;Ah 
and FeAI3, as reported in ref. [3]. Analysis of series 
2 specimens ( I348K/30min) gave the composition of 
the outer layer as Al (27-33 at'ic). Fe 160-66 at1*). Cr 
i6-7 at9c) while the inner layer exhibited a 
decreasing concentration of aluminium with depth, 
from a maximum of 25 at<& to a minimum of 4 atfi. 
The lower aluminium contents of these layers is 
consistent with the formation of a solid solution of 
aluminium in MANET, due to the rapid diffusion of 
aluminium in to the steel durins the hiah temperature 
HT(1348KB0min). 

3.2. Tensile tests. 
The specific heat treatment given to MANET not 

only produces a fully martensitic steel but also 
optimises its mechanical properties. Therefore, the 
incorporation of coatings should be such that they do 
not significantly degrade the mechanical properties 
of the steel. The results of tensile tests on series 1 
and 2 specimens are given in Table 3. 

It can be seen in Table 3 that the coating 
procedures used to fabricate the series 1 and 2 
aluminide layers had no significant impact on the 
mechanical properties of the bulk MANET II. 

Examination of the coatings after rupture of the 
specimens revealed differing behaviours for each 
coating. Cross sections of series 1 coatings exhibited 
numerous cracks which passed completely through 
the coaling to the surface of the steel. Also, in the 
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T-ibie5 
Selected le.nsile properties of coated and uncrated MAN'cT tested m Pb-lTLi at 673K 
Specimen Total elongation UTS 0-2% Yield stress 

Cxi" (MPa^ (MPa) 
L'ncoated 16.7 640 565 
Senes I 15.7 630 560 
Series 2 < 13JSfC30min) 17.4 630 535 

reajen -.vhete the necking had occurred ihe coaling 
was completely fragmented and detached from the 
surface of the steel. However, series 2 coalings 
exhibited a greater crack resistance in that fewer 
cracks propagated from the outer layer and 
jorapieieJy through the inner layer. Also in the 
necking region the coanng was still attached to the 
stesi. indicating a very good bonding. 

3.3. Low cycle fatigue tests. 
The lew cycle fatigue tests were performed with 

maximum load of 20. 30. 50 and 75^0 of -he UTS. 
corresponding to 12S. 192. 320 and JS0 MPa 
respectively. All the tests were performed ;n liquid 
?b- ;7Li at 673K. Tests at the higher loads (320.4S0 
MPai underwent 20 cycles, whereas 50 or ICO cycles 
were performed on the tests at lower loads ( 22S. 192 
MPai. Optical and electron microscopy of the 
surface and cross sections of the coating were 
performed to evaluate the extent of cracking. 

Figure 1. Optical micrograph of a series I coating 
tested at 30% UTS. 50 cycles 

Some general observations can be drawn from 
the resufts. Series I ccatinss exhibited a larger 
number of cracks than series 2 coatings under the 
same test conditions. Although neither coating 
exhibited cracks when tested at the lowest load of 
128 MPa (20% UTS) for 50 cycles. 

Figure 2. Optical micrograph of a series 2 coating 
tested at 50% UTS, 20 cycles 

The cracks observed in series 1 specimens (i.e. at 
30% UTS and above) generally traversed the whole 
thickness of the coaling (Figure 1). Whereas, the 
majority of the observed cracks in the series 2 
coatings were limited to the outer layer and did not 
propagate through the inner layer to the steel surface 
(Figure 2). Very occasionally a crack was observed 
which continued to propagate through the inner layer 
of series 2 coatings. These cracks were not limited to 
the highest load tests, as a crack was observed in a 
test at 30% UTS (50 cycles). Chemical etching of the 
cross section containing the crack seemed to indicate 
that the crack propagated along prior austenite grain 
boundaries of the MANET (Figure 3). 

4. CONCLUSIONS. 

A combination of pure aluminium deposition 
(VPS) followed by two different heat treatments has 
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figure 3. Optical micrograph of a series 2 coating 
tested at 30^ LTS, 50 cycles 

bee a successfully used to produce aiurrur.ioc 
coatings of differing aluminium content. Neither 
coating procedure significantly affected the bulk 
ccnsiie properties of the MANET II stainless steel 
specimens. 

Whereas the high aluminium content aluminide 
coating (series 1). containing Fe:Al s and FeAU, was 
much harder than the bulk MANET II (KV50 1125 
and 310 respeciively), the lower aluminium content 
coatings (series 2) formed two distinct layers which 
were similar in microhardness (HV'50 outer 383, 
inner 377) to the bulk MANET II. The lower 
hardness and greater ductility of the series 2 coatings 
are responsible for their greater crack resistance in 
comparison to the much harder series 1 coatings. 
However, neither coating exhibited cracks at 20% 
UTS (50 cycles) which is close to the value quoted 
by Benamati et al. [8] for the maximum NET-1TER 
load (under normal operation) of 100 MPa. 

Tests at higher loads (50, 75% UTS; 320, 4S0 
MPa; 20 cycles) show extensive cracking of the 
series 1 coatings. The series 2 coatings exhibited 
extensive cracking of the outer layer with a small 
number of cracks propagating through the inner 
layer. Although these high loads are unlikely under 
normal operating conditions on the surfaces of the 

water-cooled rubes they are similar to the loads 
expected in the first wall (FVV> rcçrons- The 
mxximum Von Mises stress (calculated for DEMO 
conditions) is =470 MPa [11- Only the senes 2 
coatings were able to withstand the high loads with 
limited crack propagation through the inner layer. 

The only disadvantage of the series 2 coatings, in 
comparison to series 1. is the high temperature 
( 1348K) used, to form, the aluminide diffusion layer. 
This would impose great difficulties in coating a 
large blanket structure. Therefore, future work wiil 
focus on reducing Che temperature of this heac 
treatment, while still maintaining the optimised 
mechanical properties of the MANET steel and the 
crack resistance of the coating 
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This paper describes the detailed thermal-hydraulics analyses performed on the EU reference design for 
DEMO water-cooled Pb-17Li blanket. It includes the calculation of pressure drops and fiow^rates in the must 
fluid circuits (first-wall and Pb-17Li-pool water-cooling circuits and Pb-17Li circuit, for both inboard and 
outboard segments), and an Out-of-Vessel Loss-Of-Coolant Accident (LOCA) analysis showing that a LOCA in 
one of the two independent cooling-circuits does not lead to unacceptable temperatures in all parts of the blanket. 
A preliminary description of the external circuits layout (out-of-vessel) is also given in the paper. 

1. INTRODUCTION 

In the EU reference design for DEMO water-
cooled Pb-17Li blanket, the structure of each 
segment is essentially a toroidally water-cooled steel 
box which acts as Pb-l7Li container. Cooling-tubes 
are inserted and soft-brazed in toroidal holes which 
are drilled in a single plate, ensuring two barriers 
between coolant and plasma chamber. Radial and 
toroidal stiffeners are added to the box in order to 
withstand, at the same time, the disruption induced 
forces and the coolant pressure (15.5 MPa) under 
faulted conditions. The Pb-l7Lt flows slowly 
(< 5 mm/s) downwards in the rear part of the box 
and upwards in the front part, and is cooled by water 
flowing in opposite directions within a bundle of 
double-wall U-tubes. The feeding-pipes of all the 
fluids are placed on the top of the segments, with the 
exception of those concerning the bottom divertor 
segments. This reference design and its associated 
thermo-mechanical analysis are described in [1-2]. 

A detailed thermal-hydraulics analysis has been 
performed in order to (i) evaluate pressure drops and 
flow-rates in all fluid circuits, and in particular to 
verify that the toroidal First Wall (FW) cooling-
circuit system, with poloidal headers placed at the 
back of the box, does not lead to excessive poloidal 
inlet/outlet AT variations (risks of local boiling) ; and 
(ii) control the maximum temperatures reached in 

case of an Out-of-Vessel LOCA in one of the two 
independent cooling-circuits. 

The external circuits layout is also briefly 
described. In particular, the main components of the 
water-cooling circuit are very similar to the PWR 
ones (same basic parameters), with the exception of 
those included in the detritiation system. 

2. HYDRAULICS ANALYSIS 

2.1. FW water cooling-circuit 
For both inboard and outboard segments (the top 

and bottom divertor segments do not need a FW 
cooling-system), the main water parameters are : 
• Pressure : 15.5 MPa 
• Inlet/outlet temperatures : 305 / 325 °C 
• Maximum velocity : 7 m/s 
The calculation, the main aim of which is to 
determine the maximum poloidal AT, takes into 
account the poloidal variations of (i) tube length 
(outboard case), (ii) header flow-rate and (iii) 
deposited power (N.W.L. 2.2 MW/m2, FW heat Flux 
0.4 MW/m1, mid-plane peak factor 1.2). All the 
water pressure drop formulas are taken from [3]. The 
basic calculation method is shown on Figure 1 and 
the main results for both inboard and outboard 
circuits are given in Table 1 where it can be seen that 
the maximum AT remain in very acceptable values. 
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A P total 

outlet 

APcol.int.i APcol.out.i 

APtotal = APtfw.O = APcol.inl.1 +APtfw.1 + APcol.out.1 = Apcol.inl.i +Aptfw.i +APcol.ouU 

Figure 1. FW cooling-circuit hydraulics calculation method 

Table 1 
FW cool::.g circuit hydraulics calculation results 

F«- înt 
£&.'• ':;..sk.t 
Extras .ed power (MW) 
Number of tube 
min/av./max tube length (m) 
Mass flow-rate (Kg/s) 
min/av^max water velocity (m/s) 
Pressure drop in FW (MPa) 
Pressure drop within W (MPa) 
min/avimaxAT(°C) 
maximum outlet temperature (°C) 
INBOARD 
Extracted power (MW) 
Number of rube 
Mass flow-rate (Kg/s) 
min/avimax water velocity (m/s) 
Pressure drop in FW (MPa) 
Pressure drop within W (MPa) 
min/av./max AT (°C) 
maximum outlet temperature (°C) 
For ail segments within W 
Extracted power (MW) 
Number of in/outboard segments 
Mass flow-rate (Kg/s) 
Pumping power (MW) 

Results 

8.02 
380 

2.59/2.71/2.77 
66.9 

4.95/5.06/5.4 
0.074 
0.088 

15.2/20/24.9 
329.9 

5.2 
250 
43.5 

4.86/5/5.35 
0.056 
0.064 

17.1/20/22.1 
327.1 

552 
32/48 
4600 
0.6 

2.2. Pb-17Li-pool water cooling-circuit 
For all blanket segments, the main water 

parameters arc : 
• Pressure : 15.5 MPa 
• Inlet/outlet temperatures : 265 / 325 °C 
• Max. acceptable velocity : 7 m/s 
The calculation principle is illustrated on Figure 2 : 
for the different U-tube geometries (7 outboard, 5 
inboard), the flow-rates are determined considering 
an equal pressure drop u each U-tube and a 
constant total flow-rate. This calculation takes into 
account (i) the variable geometries, (ii) the 
estimated (thermal analysis) poloidai evolution of 
water temperature and (Hi) the variation of water 
velocity. The main results are given in Table 2 
where one can see that the obtained velocity range 
is within acceptable limits. 

2.3. Pb-17Li circuit 
Assuming ten recirculations per day of the Pb-

17Li in each segment and taking into account the 
different segment volumes and pipe cross-sections. 
the Pb-I7Li velocities are : 
• Outboard (Pb- 17Li volume : 7.4 m3) : 

feeding-pipes : 25 mm/s 
back segment pan (inlet) : 2 mm/s 
front segment part (outlet) : 4 mm/s 
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Table 2 
Pb-l7Li-pool cooling circuit calculation results 

For one segment 
OUTBOARD 
Extracted power (MW) 
Number of U-tube 
Mass flow-rate (Kg/s) 
min/av7max water velocity (m/s) 
U-tube pressure drop (MPa) 
Pressure drop within VV (MPa) 
INBOARD 
Extracted power (MW) 
Number of U-tube 
Mass flow-rate (Kg/s) 
min/av./max water velocity (m/s) 
U-tube pressure drop (MPa) 
Pressure drop within VV (MPa) 
TOP or BOTTOM "Divertor" 
Extracted power (MW) 
Mass flow-rate (Kg/s) 
Estimated pressure drop within 
W (MPa) 
For all segments within VV 
Extracted power (MW) 
Number of "divertor" segments 
Mass flow-rate (Kg/s) 
Pumping power (MW) 

Results 

24.9 
205 
76.3 

5/5.47/5.83 
0.285 
0.323 

ll.9 
96 

36.3 
5.11/5.56/5.9 

0.277 
0.306 

1.7 
5.12 

0.310 

1685 
64 

5152 
2.5 

Feeding-pipes 
Inlet 

Outlet 

U-tubc 
Numbers 

A 

11 m 

APpool = * pU-t min = *Pu-t.1 = - - APU-t.7 

Aptotal = APpool+ APf-p Inlet+ APf-p Outlet 

• Inboard (Pb- l7Li volume : 3 m3) : 
feeding-pipes : 15 mm/s 
segment (average) : 2.2 mm/s 

• "divertor" (Pb-17Li volume : 0.6 m3) : 
• feeding-pipes : 3 mm/s 
segment (average) : 0.2 mm/s 

With these low velocities, it has been assumed 
that pressure drops in the Pb-17Li circuits are 
principally due to magneto-hydrodynamic forces 
acting on the liquid metal flowing perpendicularly 
to the magnetic field. The basic pressure drop 
formulas are taken from [4]. 

The results are given in Table 3. where it can be 
seen that the pressure drop values are acceptable. 

Table 3 
Pb-17Li circuit preliminary calculation results 
For one segment 
OUTBOARD (B = 4T> 
Mass flow-rate (Kg/s) 
Bundle pressure drop (MPa) 
Feeding-pipes pressure drop (MPa) 
EffiQA&D.(B = 7.l/5.4T) 
Mass flow-rate (Kg/s) 
Bundle pressure drop (MPa) 
Feeding-pipes pressure drop (MPa) 
••Divenor"(B = 4.6/4T) 
Mass flow-rate (Kg/s) 
Bundle pressure drop (MPa) 
Feeding-pipes pressure drop (MPa) 

Results 

8.5 
0.01 
0.28 

3.3 
0.02 
0.51 

0.7 
= 0 

0.05 

Figure 2. Pb- 17Li-pool cooling-circuit hydraulics 
calculation method 

3. LOCA ANALYSIS 

The LOCA analysis performed for the previous 
"box-shaped" concept is described in [5]. In the 
"single-box" concept case, the new accident 
scenario (full neutronic power during 1 s and 
surface heat flux decreasing from 100 to 0 % in 20 s 
after accident initiation) and the new design (where 
FW and Pb-17Li-pool are in thermal contact) being 
more favorable, the maximum reached temperatures 
remain in all scenarios within acceptable limits (see 
Table 4). 

The thermal transient calculations, using the 
finite elements method [6], have been performed for 
the following cases and scenarios: 
• a) Outboard segment mid-plane : LOCA in Pb-

l7Li cooling-circuit only 
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• b) Outboard segment mid-plane : LOCA in FW 
cooling-circuit only 

• c) "Divertor" segment top-plane : LOCA in Pb-
17Li cooling-circuit (single circuit) 

•d) Outboard header : LOCA in Pb-17Li cooling-
circuit only 

The maximum reached temperatures are in all 
cases located in the FW steel. 

Table 4. LOCA analysis main results 
Case 

a) 
b) 
c) 
d) 

Max. reached T 
480 °C 
550'C 
4l3°C 
538 =C 

Time after accident 
3s 
12 s 

20 hours 
4 hours 

4. EXTERNAL CIRCUITS LAYOUT 

4.1. Water-coolant circuit 
The design of the steam-water cooling-system is 

based on the French proven PWR technology (3. 
loops. 2785 MWth). Four loops are foreseen for 
DEMO. Their main parameters are given in 
Table 5. The whole Pb-17Li region is cooled by two 
independent w3ter loops. Each water loop is 
connected to 24 outboard, 16 inboard and 32 
"divertor" segments. All segment boxes (FW) are 
cooled by an independent water loop. 

The Divertor one-loop cooling-circuit could be 
used as preheat for the Blanket/FW steam generator 
(assumptions on divertor-cooling have been derived 
from the SEAFP study). 

Each primary cooling loop has one main cooling 
pump, one steam generator, one pressurizer and 
connecting piping. The secondary loops 
(Blanket/FW) will be connected to one turbine 
steam condenser. A detritiation system has also 
been included on the primary cooling loops. 

Table 5. Main parameters of the four water loops 

Power 
(MWth) 

Flow-rate 
(KB/S) 

Thermal 
cycle (°C) 

Pb-17Li-pooI 
(2 loops) 

1693 

5150 

325/265 

FW& 
box 

551 

4603 

325/305 

Divertor 

388 

2156 

220/180 

4.2. Pb-17Li circuit 
The Pb-17Li system is very comparable to a 

sodium circuit, used in the French Fast Breeder 
Reactor. We will find the same main components. 
The main difference will be the presence of a 
tritium extractor on the Pb-17Li system. 

The global liquid metal flow-rate is about 
2l0m3/h. Two independent loops are foreseen 
(connected in the same way as the water loops). 
Each loop will have a main liquid metal pump 
(probably an electromagnetic one derived from the 
sodium technology), a purification system and a 
tritium extractor. All pipes will be equipped with 
electrical heaters. 

Although the reference design [2] foreseen 
double-wall cooling-tubes, targe water leiks in the 
Pb-17Li cannot be excluded. In order to avoid 
extension of the accident to the main Pb-17Li and 
water circuits (over-pressure of 15.5 MPa), safety 
devices (drawn from the sodium technology) are 
foreseen, like bursting discs and discharge loops on 
the liquid metal circuit, or fast water decompression 
systems on the main water circuit. 
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Tritium control issues such as the development of permeation barriers and the choice of the coolant and 
purge-gas chemistry are of crucial importance for solid breeder blankets. In order to quantify these problems for 
the helium-cooled ceramic BtT blanket concept, the tritium leakage into the coolant was evaluated and the 
consequent tritium losses into me steam circuit were determined. Our results indicate that under certain specified 
conditions the total tritium release from the coolant can be limited to approximately 10 CMd, but only on the 
assumption that experimental data for tritium permeation barriers can be attained under realistic operating 
conditions. An experimental study on the impact of the gas chemistry on tritium losses is proposed. 

1. INTRODUCTION 

Within the framework of the European Test 
Blanket Program CEA and ENEA jointly undertake 
the development of a helium-cooled ceramic breeder 
blanket for DEMO. As in most realistic blanket 
concepts tritium losses from the breeder material into 
the coolant and eventually into the steam circuit are 
of major concern. In order to quantify the extent of 
the problem, the potential sources of tritium 
contamination of the coolant in normal and faulted 
operating conditions were evaluated together with an 
assessment of the tritium permeation through the 
steam generator. Our studies show that tritium 
confinement remains a problem even when state-of-
the-art techniques such as permeation barriers are 
applied. This encouraged us to look for other 
solutions and to outline the related R&D. 

2. BLANKET DESIGN 

Even though tritium confinement problems are 
common to all helium-cooled ceramic breeder 
blankets, it is useful to recall some basic design 
features of the Breeder-Inside-Tube (BIT) concept 
[1], Poloidal breeder modules (Fig. 1) are assembled 
in several rows and contained by a segment box. 
These modules comprise of bundles of breeder rods 

surrounded by beryllium blocks and contained in a 
pressure tube. The breeder rods are filled with a 
stack of annular pellets made of lithiated ceramics 
(LiA102 or LûZrOj). AU structures consist of 
manensitic steel. 

QJPWT 
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Figure 1: Poloidal breeder module for BIT concept 

The annulus in the pellets defines a channel into 
which helium purge-gas is injected for tritium 
extraction with a pressure of 5.7 MPa. To improve 
tritium release from the ceramics, the purge-gas 
contains either 0.1% hydrogen or 10 ppm H20, while 
the total pressure of tritiated species at the blanket 
outlet is a few Pascals. 

The predicted tritium production for this concept 
is of the order of 400 g/d. 
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The helium coolant flows through the first wall 
and then through the breeder modules at a pressure 
of approximately 6 MPa with a temperature of 
300°C at the blanket inlet and 530°C at the outlet. 
The temperatures of the breeder rods range between 
430°C and 550°C. 

3. EVALUATION OF TRITIUM LOSSES 

3.1 Tritium permeation into the coolant 
Tritium contamination of the helium coolant will 

occur under normal operating conditions and was 
previously evaluated using specific computer tools 
[2]. The three main sources for the contamination 
were identified to be the first wall, the breeder rods 
and the beryllium cladding. 

Depending on the surface state, steady-state 
permeation from the plasma through the first wall 
can range between 1 and as much as 100 g/d. 
Permeation of the generated tritium from the breeder 
rods can contribute with a minimum of 25 g/d 
depending on the efficiency of tritium recovery by 
hydrogen swamping and the tritium percolation 
through the pores of the breeder material. Finally, 
assuming that the tritium generated in the beryllium 
permeates directly into the coolant, we have to count 
on an additional 4 g/d. Conservatively, a total tritium 
contamination of almost 130 g/d must be taken into 
account, which underlines the significance of the 
problem. 

3.2. Tritium permeation into the steam circuit 
In order to define the specifications of reliable 

measures to improve tritium confinement, the tritium 
permeation from the helium coolant through the 
steam generator into the steam circuit was evaluated 
[3]. This included the definition of the steam 
generator operating conditions by thermodynamic 
cycle calculations, and its thermal-hydraulic design. 
The obtained geometry, surface area, and 
temperature profiles along the heat exchanger tubes 
were then used to estimate the daily tritium 
permeation into the steam circuit. Steam oxidised 
Incoloy 800 austenitic stainless steel was identified 
as the best suited existing material. It enabled, within 
rhe given operating conditions, to restrict the daily 
tritium losses to less than 10 Ci/d. The conditions for 

this are: 
• that experimental data for the oxide barrier 
efficiency (permeation reduction factor 400) of 
steam preoxidised Incoloy 800 are applicable in the 
long run and in realistic steam generator operating 
conditions (thermal cycling, pressure transients, 
vibrations, adapted gas and water chemistry); a proof 
for this is not yet available; 
• that the coolant chemistry and tritium extraction 
processes allow to keep the tritium activity in the 
helium coolant on a level corresponding to a tritium 
partial pressure of 3xl0-3 Pa; various possibilities 
have been identified, but a substantial lack of 
knowledge persists concerning the reaction kinetics 
and their impact on tritium losses, inventory and 
recovery under the particular boundary conditions of 
a fusion reactor. 

4. MEASURES AGAINST TRITIUM LOSSES 

4.1. Permeation barriers 
Permeation barriers are the result of a surface 

treatment and work either by reducing the number 
and/or availability of adsorption sites, by the 
reduction of the surface recombination constant, or 
by their own low permeability. Already natural oxide 
layers (passivation films) possess some barrier 
qualities, but the best overall results achieved in 
laboratory experiments stem in general from 
aluminisations [4]. 

Permeation barriers are still under development 
but do not yet meet the performance requirements, in 
particular under irradiation [5]. Substantial progress 
is still needed if permeation barriers should remain 
the only means for tritium control. 

4.2. Gas chemistry optimisation 
A parallel method for tritium control could 

consist in the application of a proper gas chemistry 
in the blanket. When using LiA102 or Li2Zr03 in the 
blanket, the composition of the purge-gas is 
practically fixed and defined by the requirements for 
tritium extraction from the lithium ceramics and 
must carry hydrogen and/or water vapor, yet it must 
be essentially free from oxygen. The helium coolant 
will probably also contain some water vapor from 
small steam generator leaks. 



A number of experiments showed qualitatively 
that the choice of the gas chemistry could reduce 
tritium losses through at least four mechanisms: 

1. "Isotopic swamping", which means the 
dilution of tritium with hydrogen in the gas phase. In 
the case of a breeder rod. iscitopic swamping can 
occur on the inside of the rod (hydrogen addition to 
the purge gas) or on the outside (hydrogen addition 
to the helium coolant). When tritium and hydrogen 
are present in the purge gas (approx- 0.1% H, are 
recommended to facilitate tritium extraction from 
most ceramic breeders) they supposedly compete for 
the available adsorption sites on the breeder rod. 
This theoretically reduces the probability for a 
tritium atom of finding an adsorption site and to 
diffuse into the helium coolant. The permeation of 
tritium can be expressed as 

•/=7*U-ft)" (1) 

with 
J tritium permeation rate [at/s] 
A exchange surface area [m:] 
t thickness of permeated material [m] 

m-s-Pa" J 
p, upstream tritium partial pressure [Pa] 
p, downstream tritium partial pressure [Pa] 
n power of pressure dependence, 0.5 < « < 1 

By hydrogen addition, the equivalent tritium 
partial pressure p, (or in other words the chemical 
activity of tritium) is reduced according to 

where K is the temperature dependent equilibrium 
constant for the reaction H2 + T2 «-> 2-HT (e.g. K = 
3.45 at 600 K [6]). The partial pressure of HT, p ^ , 
reaches its theoretical upper limit when all T2 

molecules have reacted with H, , i.e. for a given T2 

partial pressure of 1 Pa, the maximum attainable HT 
partial pressure would be 2 Pa. When at the same 
time the H2 partial pressure is kept at 1000 Pa, the 
residual equivalent tritium partial pressure would be 
reduced to 1.16xl0"3 Pa and the resulting tritium 

permeation would drop to 1/30 of the initial value 
when diffusion limited transport is assumed (n=0.5). 

Isotopic swamping could also be applied on the 
coolant side to make hydrogen and tritium compete-
for adsorption sites on the steam generator. 

It can, however, be argued that hydrogen addition 
will not exert any effect on tritium permeation 
because one has to consider the permeation of 
hydrogen and tritium separately. The authors are 
currently not aware of any experiment that could 
support either of these theories but the potential of 
this measure would certainly deserve an 
experimental verifrcatior!. An excellent summary on 
tritium transport theory and some related 
experiments can be found in [7]. 

Figure 2: Sketch of a breeder rod 

2. Reactions of certain purge-gas additives with 
the surface of the structural material could form a 
possibly self-healing permeation barrier. The 
addition of water vapor is a typical example and has 
proven beneficial against tritium permeation at least 
for certain steam generator materials [8]. The 
resulting passivation film is not only acting as a 
permeation barrier but also impedes the catalytic 
reduction of HTO to permeable HT. It is not clear so 
far if the same water vapor will also form an efficient 
permeation barrier on the structural material of the 
breeder rods (martensitic steel). Other substances but 
water should be tested as well. One should, however, 
keep in mind the possible consequences of the gas 
chemistry on the whole system, e.g. with respect to 
corrosion or tritium recovery. 



3. Blockage of adsorption sites on the surface by 
contaminants can also reduce permeation. This effect 
has been observed e.g. with CO on Pd-Ag per-
meators as they are used in tritium processing units. 
It is not clear if the same effect can be reproduced on 
passivated stainless Steel as it will be encountered on 
the breeder rods and in the steam generator. 

4. The conversion of mobile gaseous tritium (HT 
or T,) into non-permeable species i'ike tritiated water 
in the presence of water vapor could be yet another 
way for permeation reduction. Water vapor will be 
present in the helium coolan' in any case (small 
steam generator leaks) or has to be injected so as to 
maintain an efficient oxide barrier on the steam 
generator tubes. At the same time the permeated 
tritium can partly be desorbed as unpermeable 
tritiated water by isotopic exchange reactions, at 
least on low temperature surfaces where water can be 
chemisorbed. This would reduce the amount of 
permeable tritium in the coolant while it would 
increase the overall water vapor concentration and 
thus facilitate the extraction of HTO (by molecular 
sieves or cold traps). Two problems which are 
difficult to quantify must be mentioned in this 
context: 

• The strong dilution of the HTO with H,0 might 
cause a waste water problem because the tritium 
concentration in the water traps of the coolant 
purification units will be too low to justify an 
economical tritium recovery. 

• Even when isotopic exchange reactions are 
known to be rather fast, it seems questionable if they 
are (without catalysis) fast enough to convert most of 
the tritium to HTO in the short time available 
(approx. 1 second) before it reaches the steam 
generator. The oxidation of HT to HTO, e.g. by a 
copper oxide bed. is in principle feasible but, in 
return, would cause an unacceptable coolant pressure 
drop. Oxygen addition to the helium coolant for 
HTO formation is deemed little attractive because of 
the slow reaction kinetics while a catalyst would 
induce too high pressure drops. 

5. CONCLUSION 

Tritium permeation losses from ceramic breeder 
blankets to the environment still present a serious 
issue when available techniques such as permeation 

barriers are used alone. Supplemental measures 
might consist in the optimisation of the chemical 
composition of the gas phases, in particular of the 
helium coolant» which can have a strong impact onto 
permeation by various physical-chemical 
mechanisms. In principle all of them go in the right 
direction, i.e. they can qualitatively reduce tritium 
permeation into the coolant and could thus lower the 
requirements for permeation barriers. However, a 
quantitave evaluation of the impact of the 
mechanisms is missing so far and should be the 
objective of a more detailed experimental program. 
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Validation of phenomerja relative to tritium transport in irradiated closed capsules filled 
with Pb-17Li through modelling tritium release in LIBRETTO-2 experiment 
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The present paper is centred in the modelling of LIBRETTO-2 experiment. An open-minded selection of possible 
release mechanisms followed by its evaluation impose to consider specific interface and irradiation phenomena. From the con
fidence on the Dnal approaches, values for empirical parameters as alloy/cladding wetting factors., weld difiFusivities or sticking 
facrors are provided. In-pile correlations under HFR. irradiation conditions are validated. An average value of 90 for the barrier 
permeation reduction factor is obtained for the PC-AI1O3 coating through the LIBRETTO-2 irradiation history. 

1. INTRODUCTION 

The control of tritium permeation through the 
cooling tubes into the cooling water is a key feasibil
ity issue for the European water-cooled Pb-17Li 
blanket for the DEMO reactor [1J. Experimental 
work jointly carried out in the last years by JRC/Pet-
ten, JRC/Ispra and CEA was devoted to the develop
ment of efficient tritium permeation barriers and to 
the test tritium release under High Flux Reactor 
(HFR) irradiation conditions. The experimental pro
gram LIBRETTO (Liquid BReeder Experiment with 
Tritium Transport Option) includes up to now three 
irradiations carried out at the HFR in JRC/Petten [2]. 
The LIBRETTO-2 experiment, consisting in the irra
diation of sealed steel capsules containing initially 
stagnant Pb-17Li, is intended to test on-Iine/in-pile 
tritium generation and release characteristics under 
variable experimental conditions, and to evaluate the 
performance under irradiation of a Pack Cemented-
A1;03 in contact with the breeding alloy. It includes 
the irradiation of four capsules (5,6,7,8). 

Previous data exploitation work relied on the eva
luation of global release parameters [3], as tritium 
residence time, or on the partial consideration of the 
mechanisms acting on tritium release. If experimen
tal errors were associated to each downstream radio
activity measurement, Arrhenius plot for tritium 
retention time could not provide clear information 
about release characteristics. In addition, such analy
sis are very sensitive to direct data treatment so data 
filtering induce direct errors. The proposed procedure 
is based on the obtaining of comprehensive 
approaches to release data through the development 
of a tool able to integrate individual mechanisms on 
complete transient release, and on the use of existing 
specific in-pile data for differentiated phenomena. 
Preliminary potentialities of this procedure were 
showed [4]. The approach to the phenomenological 

complexity of the experiment force to explicitly 
consider a wide set of transport processes such as the 
impact of alloy hydrodynamic behaviour on tritium 
release, alloy-cladding interface mechanisms ( 
implantation processes from energetic T^THe**, He 
bubble nucleation ), tritium enhanced diffusion pro
cesses or the reactions controlling iritium desorption 
at the swept external surface ( oxidation and isotopic 
swamping ). 

2. ANALYSIS OF PIE RESULTS IN TERMS OF 
TRITIUM RELEASE 

The irradiation facility is similar to that used in the 
first LIBRETTO experiment and is described in 
detail elsewhere [5]. Neutron and X-ray radiography 
were performed during and at the end of the irradia
tion. Structural TEM metallographic examinations; 
scanning wires and fluence detectors sets recovering 
and tritium retention analysis were performed after 
rig channels dismantling [6]. Conclusions derived 
from Post Irradiation Examination (PIE) results, used 
as complementary information for modelling are: 

- confirmation of the design neutronic values for 
fast and thermal neutronic fluence rates referred Co 
tritium breeding rates through the analysis of fluence 
detector sets and gamma wires, 

- die relative increase of lithium-lead top level by 
14% for the capsule 7 (with reduced plenum volume) 
related to the other capsules 6 and 8 (2%), showed by 
neutron radiographies. This could be explained in 
terms of bubble generation in die alloy volume and, 
for chemical equilibrium reasons, in terms of bubble 
nucleation at the interface between Pb-17Li and clad
ding. A different Pb-lTLi free level shape was 
observed for the internally coated capsule, this being 
a straight indication of different alloy/cladding, 
alloy/coating wetting characteristics. 

*PHD Fellow. 
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- the formation of a smail number of microcracks 
in the cladding and a larger number, quite uniformly 
distributed, in the coating. For tLt barrier, me ratio of 
cracked to uncracked surface is less than 3 per cent. 
MetaJlographyc examination showed the formation 
of a quite regular natural oxide tilm of about 2 pun-
thick and coverage ratio of 90<&, from the 100 ppm 
0 ; in purging sas. 

- the existence of negligible amounts of retained 
tritium in plenum gas, in He bubbles nucleated in Pb-
17Li and in capsule material ( < 100 ppm for two 
capsules with different plenum volumes ). Larger 
values were expected. If time-delay between reactor 
sburdo\*-n and analysis is considered, these vaiues 
could not be considered representing the end of the 
experiment. Reference values for tritium retention in 
cladding range from 0.63 ptCi/cm3 (capsule 6) to 
1.54 pCi/cm3 (capsule 8). No specific analysis rela
tive to tritium retention into the barrier or into TiG-
welds was performed. 

3. RESIDENCE TIME ANALYSIS 

An evaluation of average tritium residence time 
must be done after the estimation of the experimental 
errors associated to downstream radioactivity mea
surements inherent to such complex on-line/in-pile 
manipulations. The proposed method for die error 
propagation calculation is based on a "maximum 
likelihood" technique taking into account global tri
tium balance per cycle and capsule and an error crite
ria for cumulating errors adapted to real ionization 
chamber characteristics ( that experiment shape, 
increase during fast release transients): 

£(t) = af+P(—) with \z(t)dt = B where tx, P 
At J 

are fitting coefficients, t die irradiation time during a 
cycle, p die release measurement and B the global tri
tium balance. Intermediate and final steady-state con
ditions arc now preserved. Global tritium balances 
and fitting coefficients are obtained straightforwardly 
for different capsules and cycles. Errors associated to 
residence time are obtained by direct differentiation 
of residence time expression 13] with: Ap = ±E and 

error in breeding rate: Ag = tlO"3 . The figure 1 
shows that if associated errors to global release 
parameter are considered, these do not allow clearly 
discriminate between residence times for coated (08) 
and bare (06.07) capsules. The same applies to cha
racteristic times for n.lease transients [71. Just for 
comparison, central values should be retained. 
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Fig.l: Residence times with associated errors. 

4. BASIS OF A RELEASE RATE MODEL 

Different phenomena widi comparable time limi
ting rate values are overlapped throughout the tran
sient release history. These have been evaluated and 
integrated in a FEM tool [8]. 

4.1. Modelled mechanisms 
4.1.1. Tritium diffusion in moving alloy 
A typical bi-vortex alloy velocity field (modulus 

- 25 m/s) was obtained for capsule 06 from a FEM 
calculation [9]. The Raighleig Number is above me 
experimental threshold value for a similar geometry 
and heat sources. Convection homogenizes quasi-
instantaneously tritium concentration in the bulk of 
die alloy (high Schmid Number). Fickian diffusion 
controls tritium diffusion through a peripheral 
boundary layer 6. A diffusion coefficient four orders 
of magnitude higher than 'he purely diffusion one is 
used for tritium diffusion in the bulk (convection 
velocity/diffusion velocity-104). Values for mass 
exchange coefficients Kp from Pb-17Li in convec-
tive regime under neutron irradiation have been 
obtained [10], meaning layer thickness of S = lO^m. 

4.1.2. Interface mechanisms 
From PEE indications an alloy wall wetting factor 

0<g<l (i.e.: the ratio between the surface directly 
covered by the alloy and the initially weted one) is 
introduced. Three steps represent me transit of tri
tium atoms from Pb-17Li to cladding diroughout the 
(1-g) fraction of He-film covered surface: direct 



recombination transfer from lithium-alloy to He thin 
him. T; diffusion tiirough the film and, direct disso
ciative exchange from the film to inner wall surface. 
For the uncoated wall the associated mass exchange 
coefficient <ht)j_g is wnien as: 

where Ks
al,oy [II], K/1"1 are the tritium solubility in 

the lithium-lead and the "apparent" steel solubility 
[12], DH£.T2 is die theoretical tritium diffusion coeffi
cient m He .7 is a thin film average thickness (urn), 
hdll

steel is the direct dissociative rate [13], and pr is 
the surface averaged tritium partial pressure at the 
interface. At the operating temperatures: 
y/fisteeiD^ 1S négligeable. For die fraction g 

perfect wetting ( chemical potentials continuity ) is 
commonly assumed due to the perfect exchanges 
imposed by the inner capsule thermal conditions. 
Taking into account that contributions of exchange 
coefficients in die covered is: (hT) = KDK%lloy and 

that reasonable values for g are (-1) the final 
exchange coefficients will be: 

hT=g(.hT) +[l-g){hT), ~lOÏSat/(m.2,Jpï) 
1 i g ' l - g 

With comparable covered/uncovered mass exchange 
values, the perfect wetting fraction would not offer 
preferential short circuits for die tritium transit. Simi
lar expressions are valid for die coated wall. Assum
ing a reasonable hypothesis: K?"1 > lQ4K$t203 ±& 
T2 diffusional contribution through the nucleated-
bubble film is also négligeable but no data for die 
direct exchange h^03 (dissociative or not) in PC-
AI2O3 is known. 

4.1.3 Implantation 
A fraction of the tritium and He is generated as 

energetic ions in die alloy region next to die cladding 
within its projected range. The maximum ion driven 
fraction of tritium is lower than GxO.2%. He ions 
implant in the inner wall surface and in the coating 
changing its intrinsic diffusion properties. Induced 
dpa rates by ionic source are about 10"6s''[14]. Mac
roscopic effects of He implantation on hydrogen per
meation have been showed and measured in dual ion 
beam experiments [15]. For die fraction g correla
tions between diffusivity in die implanted region and 
He dose have been extrapolated from [15] to actual 

source characteristics. For die fraction (l-g). He thin 
film presence slows down efficiendy ions, blocking 
implantation. 

Fig. 2: Modelled mechanisms 

4.1.4 Enhanced diffusion in cladding 
On-line hydrogen permeability measurements 

[12], [16] dirough austenitic steels under HFR irradi
ation conditions shows dependence of hydrogen dif
fusivity on neutronic spectra and irradiation fluence 
through competition of ionizing and damage effects. 
The irradiated to non-irradiated permeability ratios 
for austenitic steels extrapolated to AISI316L pro
vide reference expressions for the in-pile permeabili
ties. 

4.1.5 The role of welds 
The role of TiG-welds acting as effective permea

tion windows has been explicidy evaluated introduc
ing a tritium diffusivity factor in weld: Ç. 

4.1.6 Desorption reactions 
The 98% of Tritium was recovered in in HT form. 

Since H/T exchange reactions within the sweeping 
gas are not favoured at purging gas conditions, the 
1% vol. H2 in purging gas opens die most effective 
desorption channel at die swept surface by die 
increase of hydrogen surface concentration dirough 
adsorption reactions: 

a is die sticking factor, K^HJ and K^T. are die 

recombination constants [17]; C?H, (Cf5) the hydro-

gen(tritium) surface concentrations and P ^ " is die 
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HT sweeping gas partial pressure. In this situauon 
the mass exchange coefficient for HT desorpuon is 
just die HT molecules impinging probability times 

the hydrogen partial pressure: oP^ /JSnmNKT. 

Continuous oxidation is modelled by die ase of a 
progressively decreasing value for o . 

4.2. Free and reference parameters 
Assumed free parameters in the model are die 

sticking factor a, die He film surface coverage factor 
g (close to l) and ç. Values for Pb-17Li solubility 
(diffusivity) taken from (11]([I8]), me boundary 
layer thickness Ô and the extrapolations fcr permea
bility characteristics to HER irradiated AIS1316L 
have been assumed as reference. Analogous formal 
correlations widi different pre-exponential factors 
and activation energies are assumed for die coated 
wall. 

5. RESULTS AND CONCLUSIONS 

A free parameters sensitivity analysis has allowed 
to obtain the approaches within the experimental 
errors, figure 3 and 4. For the bare capsules a low 
sensitivity in release to die changes of ç (i.e. less man 
duee orders of magnitude AISI316L diffusivity), to 

die hydrodynamical fluctuations OCT5 < 5 < 10"3 ) 
and to the coverage factor g variations was found, 
according with a global radiation enhancing diffu
sion controlled regime. Through the approaches for 
bare capsules permeability characteristics for in con
tact to Pb-17Li AIS1316L under HFR radiation are 
obtained. The proposed irradiated to out-of-pile (19) 
diffusivity ratio is written as: 

«„(•) = [i + Ç(r)(f)"] + rç(T)<i-f)5(»-»,)] 

with:;0(r) = o. ioi«3 S 4 0 / r i '° , <f(-1024n/m2and 
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z{*~*}) die Heaviside function-A similar expres
sion is proposed for die permeability ratio K , but 
now y r ) = o. i40 e

2 4 l 7 / r i , f 1 . The corresponding 
evolution of solubility is straight derived as: 
xk ~ *P

/KD' A direct exchange coefficient at die 
coating surface two order of magnitude lower than 
mat of die steel should to be used. The evolution of 
die coated to bare cladding solubility ratio provides 
an esumauon of die evolution of die coating effi
ciency as a tritium permeation barrier. An average 
value of 2Û for die barrier reduction permeation fac
tor is obtained for die PC-AI2O3 coating mrough die 
LIBRETTO-2 irradiation conditions. 
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Fig. 3: Modeling release. Capsule 6(Fwst Cycle) 
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Fig. 4: Modeling release. Capsule 8 (First Cycle). 
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Neutronic Analysis of the European Reference Design of the Water Cooled Lithium Lead 
Blanket fora DEMOnstration Reactor 
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aAssociazione ENEA EURATOM sulla Fusione. CRE Frascati C.P. 65.00044 Frascati, Rome Italy 
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Water cooled lithium lead blankets, using liquid Pb-17Li eutectic both as breeder and neutron multiplier 
material, and martensitic steel as structural material, represent one of die four families under development in the 
European DEMO blanket programme. They are studied at CEA. in collaboration with ENEA and JRC-Ispra. In 
die past two concepts were proposed, bodi reaching tritium breeding self-sufficiency: the "box-shaped" and the 
"cylindrical modules", but diey were not designed to withstand die electromagnetic forces generated in a major 
plasma disruption. Also to diis scope a new concept has been defined:"the single box".-The segment box is used 
directly as Pb-17Li container widi additional radial toroidal stifftiers. In diis paper a neutronic analysis of the 
"single box" is presented. A full 3-D model including the whole assembly and many of the reactor details 
(divertors. holes, gaps) has been defined, together with a 3-D neutron source. A TBR value of 1.19 (no ports) 
confirms die tritium breeding self-sufficiency of die design. Selected power densities, calculated for the different 
materials and zones, are here presented. Some shielding capability considerations widi respect to the toroidal 
field coil system are presented too. 

1 INTRODUCTION 
The demonstradon of me technological feasibility 

of a D-T fusion reactor :s the objective of a 
DEMOnstration plant (DEMO), which is expected 
to be built, starting in the next thirty years. The 
blanket, as reactor component, should ensure: i) 
conversion of the neutron energy into heat power; 
ii) to breed an amount of tritium fora self-sufficient 
fuel cycle: iii) shield adequately die Toroidal Field 
Coils (TFC). 

In me European Test-Blanket Programme (started 
in 1989) a selection should be made by 1995 of two 
blanket designs to be tested in the ITER machine. 
Water cooled Pb-l7Li blankets represent one of the 
four families included in this programme. Three 
conceptual designs were under study: the 
"cylindrical modules" design [1], "die box shaped" 
design [2] and the "single-box" design [3], All the 
designs have been developed assuming same 
s p e c i f i c a t i o n s ( D E M O or DEMONET 
specifications), recalled in Table 1. The selection 
should refer more to the blanket lines than to the 

specific design concepts which depend on the 
presendy assumed DEMO specifications. 

Table 1 
Main DEMO specifications 
major /minor radius 
Fusion power 
Mean neutron wall load 
Operadng mode 
Operating time 
Impurity control 
Number of TF coils 
Number of segments 

Blanket+shield diickness 
Inboard 
Outboard 

6.3/ 1.82 meter 
2200 MW 
2.2 MW/m2 

continuous 
20,000 hours 
divertor. double null 
16 
48 outboard 
32 inboard 

117.6 cm 
185.6 cm 

Possibility to locate blankets behind die divertor 
Ports number and 
geometry (to be 10; at outboard 

considered only in die midplane. 3,4 m height, 
neutronic calculations) full sesment widdi 
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At the moment, the "single-box" design is 
considered the reference concept for the water 
cooled lithium lead line. 

For a design data completion, and in the frame of 
a more general CEA-ENEA collaboration in the 
Test Programme. ENEA has offered its expertise to 
perform a three dimensional (3-D) neutronic 
analysis of the concept, results of which are 
presented in this paper. 

2 GENERAL PRESENTATION OF THE 
"SINGLE BOX" CONCEPT 

The "single-box" concept has been at first [4] 
defined within the ITER framework. The basic idea is 
to use directly the segment box as Pb-17Li container. 
Radial and toroidal stiffners are added to: whh stand 
the electromagnetics forces generated during major 
plasma disruption: withstand the water pressure (15.5 
MPa) under faulted conditions. The plates in the box 
are perforated to allow free circulation of the Pb-. 
17Li. but the second toroidal plate-on the First Wall 
(FW) side acts as Hqid metal flow separator. 

Furthermore the water coolant flows in die Pb-17Li 
pool within U shaped Double Walled Tubes (DWT), 
both walls being able to withstand the water pressure 
in order to reduce the tube-rupture probability. The 
selected DWT diameters are 11.0/13.4 mm for the 
innermost tubes, and 14.2 /16.8 mm for the 
outermost ones, leaving 0.4 mm. for casing the wire 
mesh. Basic design foreses a gas flow between the 
two walls in order to promptly detect any leakage and 
stop the reactor. This advantage is paid for. with an 
increase in complexity because a gas circuit is added 
to water and the Pb-17Li circuits. The water 
inlet/outlet temperaure is 265/325 °C, the water 
velocity is limited to 7 m/s. The Pb-17Li flows 
downwards in the back part of the region and 
upwards in the front part (inlet outlet temperature 
325/265 °C). The cooling water flows in die opposite 
direction. 

There are 48 outboard and 32 inboard segments. 
Beside each inboard segment there are two smaller 
segments, behind the top and bottom divertor plates 
(the "divertor" segments). Preliminary thermal 
hydraulics calculations have estimated 205 DWT U 
cooling tubes for an ouiboard segment and 96 for 
inbooard, plus few tubes for the bottom divertor. 

The box cooling system is independent and toroidal. 
In the divertor region there is only one cooling 
circuit. The box of the divertor segment is infact 
indirectly cooled by the Pb-17 Li pool. Outboard 
segment has a thickness of 85 cm (excluding back 
plate), inboard and divenor ones of 55 cm. 

3 NEUTRONIC CALCULATIONS 

For the neutronic calculations, the MCNP Monte 
Carlo code has been used (version 4.2) [5], supplied 
with the library derived from the European Fusion 
File [6]. The code is particurarly appropriate to 
transport neutron and photons in complex 
geometries. 

A 3-D model has been defined, including the whole 
blanket assembly assuming DEMO specifications 
(except the pons not considered). One sector (1/16 of 
the torus) has been considered wiui proper reflective 
surfaces at the boundaries. In die model, there are 3 
outboard. 2 inboard and divenor segments. The top 
and bottom half of the torus have been considered in 
two separate runs, assuming vertical simmetry in 
each. The overall TBR is obtained as the mean value 
of the two runs. In figures 1,2 pictures of the model, 
as in MCNP. are shown. 

-400 -200 200 400 

Figure 1. Vertical section of the model as in MCNP 
(top half) 
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Figure 2. Horizontal section of the model as in 
MCNP (outboard blanket at midplane) 

Gaps in between the modules have been described 
(2 cm). The FW has been represented as a set of 
layers whose total full thickness is 16 mm for the 
martensitic steel (manet) and 2 mm of water. Side 
walls have been described in a similar way. taking 
the plates thickness from the available drawings. 

The divertor system has been represented as a set of 
plates attached to the blanket divertor box: from the 
plasma: W. Cu and manet. with thickness 5. 30 and 
40 mm. according to the DEMO specifications. 

The plasma neutron source has been modeled 
according to [7] and [8]. with an overall fusion power 
of 2200 MW. 

The U DWT has been described in detail, taking 
the double wall as one, with a proper material 
dilution. The poloidal curvature in the outboard 
blanket has been approximated taking three straight 
segments. 

Manifold regions have been considered composed 
of a diluted mixture of Pb-17Li, water and manet. In 
the bottom half of the torus the exhaust plasma 
opening has been considered. 

The main materials macrosopic density assumed 
are: manet 7.76 g/cm3; Pb 17Li 9.51 g/cm3 (90% Lis 

enriched); water 0.744 g/cm3. 

3.1 Tritium Breeding Ratio (TBR) 
A 3-D TBR value of 1.190 has been obtained (see 

table 2 for the detailed contribution). The fractional 
standard deviation is lower than 0.5 %. Ports are 
not considered. The presence of 10 ports can be 
taken into account considering a reduction factor as 
given in [9]. The estimated TBR value then is 1.13. 
which nevertheless, greatly assures tritium breeding 
self-sufficiency. 

This value, compared to 1.16 of the "cylindrical 
module" and of the "double box" designs, shows 
that the choice of the "single box" is the most 
promising from the TBR point of view, due to the 
greater blanket covarage and filling of the space 
available. 

In the system there is an overall neutron 
multiplication of 1.533 ( 1,362 from Pb): 

Table2 
TBR result bv zone 

half top 

half bottom 

total 

outboard 1 
outboard 2 
outboard 3 
inboard 
divenor 
outboard 1 
outboard 2 
outboard 3 
inboard 
divertor 

.193 

.144 

.107 

.138 

.033 

.188 

.140 

.078 

.138 

.031 
1.190 

3.2 Nuclear power deposition 
The nuclear (sum of neutron and photon) power 

densities, have also been calculated. Radial poloidal 
distribution in the various zone are available 
(figure 3, for an example). 

The maximum power density on manet is in the 
first layer of the FW at the midplane: 24 W/cm3. 
The W plate of the divertor facing the plasma 
reachs a power density of 34 W/cm3. These data 
compared to analogous for the solid breeder 
blanket, confirms that the presence of Pb reduces 
the nuclear heat deposition on structural materials 
(-15%)due to the photon absorption in Pb (very 
high atomic number). 

In the blanket there is an overall neutron energy 
multiplication of 1.25. 



Outboard Tsegmenttop 
Outboard 3° segment top 

0 20 40 
Radîal distance in the blanket (cm) 

Figure 3.Nuc!ear power density on PB-I7LÎ in the 
outboard blanket (radial distribution) 

3.3 Shielding capability 
The shielding capability, with respect to the 

superconducting TFC system, of the "single box" 
concept has been calculated. 

At this purpose the 1 -D muhigroup ANISN code 
has been used, supplied with a 213 groups neutron 
data derived from EFF-1 (175 n+ 38y) [10]. The 
analysis is focused on die inboard magnet, the most 
critical for the shielding. In the geometrical model 
these data are assumed as given, according to 
DEMO boundary conditions: 

-thickness of blanket+shield (inboard) 117.6 cm 
-equivalent thickness of removable shield 15cm 
-fixed shield composition: 707o manet 30% water. 

Table3 
Shielding capabilities for different blankets 

limit 
CM 
BS 
BIT 
"sinele box" 

a b 
5 6 
2 3 

0.3 0.5 
2 3 

0.7 0.7 
a: winding pack max heating (mW/cm3) 
b: maxCudpa(10-3) 

Given figures are: maximum heating on 
superconducting coils and maximum dpa on copper 
(after 20.000 hours of irradiation). Results are in 
table 3, together with alowable limits (as defmed in 

NET), compared with other blanket concepts: the 
"cylindrical modules" design (CM), "the box 
shaped" design (BS) and the Breeder Inside Tube 
(BIT) solid breeder (fLiAlOi) blanket design. 

Higher shielding capability oT the two "box" 
liquid breeder concepts is expected due to their 
higher filling factor. The "box shaped" iboard 
blanket has. also, the advantage to be longer 64 cm 
instead of 55 of the "single box". 

4 CONCLUSIONS 
From the performed 3-D neutronic analysis in a 

very detailed geometrical model, it can be said that 
the "single box" water cooled liquid breeder assures 
tritium breeding self-sufficiency. When 10 pons are 
considered (taking a corrective factor of 0.95). the 
value of 1.13 assures still a sufficient margin of 
safety. 

Morover. it has great shielding capabilities 
towards the superconducing TFC system, especially 
compared to other breeder concepts. 

These results are mainly due to the good blanket 
covarage. and capability to fill the space available 
together with the good qualities of neutron 
multiplication of Pb and neutron moderation of 
water. 
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On the Use of Double-Walled Tubes as a means to Improve Safety and 
Availability of the EU DEMO Water-Cooled Pb-17Li Blanket 
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aCEA DRN/DMT/SERMA- CE. Saclay F-91191 Gif sur Yvette cedex - France 
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The impaa on the blanket reliability and availability of both double-walled tube and welded joint failures in the 
Water-Cooled Pb-17Li Demo Single-Box blanket reference design is examined. The pertinence of employing a 
leak detection system is analysed and its contribution to the blanket safety and availability is evaluated. The 
contribution of welded joints to the blanket safety and availability is evaluated in normal operation. 

1. INTRODUCTION 

Water-Cooled Pb-17li Blanket with martensitic 
steel as structural material1,2>3,4 is one of the four 
lines of blankets presently inc'uded ,ci the EU test-
blanket development program. 

The interaction Wnter-Pbl7Li has often been 
identified as one of the critical safety issues. The 
BLAST5 experiment showed that, in the case of a 
large break, a direct contact between the water-
coolant and the eutectic Pb-17Li would lead to an 
over-pressure in the Pb-17Li pool equal to the coolant 
pressure. Consequently, the Double Walled Tubes 
(DWTs) option has been opted for with the design 
specification that each wall should withstand alone 
the coolant pressure. Thus, two indépendant walls 
will separate between water-coolant and liquid metal. 

Opting for the DWTs has led to significant 
decrease in the occurence probability of the 
Water/Pb-17Li contact event. Still, it is of great 
interest to examine the pertinence of employing a leak 
detection system option. 

Box welded joints failure is another possible 
failure mode. A rough evaluation of their impact on 
the blanket safety in normal operating conditions has 
been carried out and is reported in the paper. 

2. REFERENCE BLANKET DESIGN 

The single box blanket contains 48 outboard, 32 
inboard and 64 divertor segments. Each segment is a 
poloidally-cooled stiffened-box containing Pb-17Li in 
which U-bent double-walled water-cooling tubes2 are 
immeresd. 

One possible design foresees, in the breeder 
region, wirc-mesh-bonded DWTs with an inert gas 
based leak detection system in-between walls. Wire-
mesh-bonded DWT has firstly been developped for 
steam generators of FBRs, mainly, to reduce the 
occurance probability of the water-«odium contact 
event6'7-8'9. 
In general, three DWT design optionr ire possible 

Wire-Mesh-Bonded DWTs with leak detection 
Wire-Mesh-Bonded DWTs w/o leak detection 
Brazing-Bonded DWTs without leak detection 

3. EVENTS DEFINITION 

The evaluation of the impact of each design 
option on the blanket safety and availability will be 
done on the basis of two top events: 
1° "Water/Liquid Metal Contact Event", which will 
be qualified as the undesired event. 
2° "Loss of Structure (tube, sheet, welded joints) 
Integrity leading to reactor shutdown Event". 
The first event is correlated to the safety and the 
second to the availability of the blanket. 

4. FAILURE MODES 

Three basic failure modes could be distinguished: 
loss of rube wall integrity: tube wall failure may 

result in the plant shutdown if it results in an 
unacceptable reaction rate between water-coolant and 
Pb-17Li eutectic. 



loss of weld joint: two types of weld joints are 
distinguished» plate-plate weld and tube-tube sheet 
weld. The impact of the plate-plate weld on the 
blanket safety and availability will be examined in 
this study. As for tube-tube sheet welds failure» it is 
included in the tube global failure rate as these failure 
rates were drawn from the global steam generators' 
failure rate data. 

loss of brazed joint: as brazing has mainly a 
thermal contact function, it is unlikely that loss of 
brazing would require plant shutdown. On one hand, 
the past experience in the EBR-II steam generators 
shows that steam generators have been in operation 
with no failures for more thai 10s h (with about 103 

start-up/shutdown cycles}6. On the other hand double-
tube failure rate, used in the paper, are drawn from 
the PWR and FBR feedback running experience. 
They are deduced from the global failure rate of 
steam generators. 

5. MEAN DOWNTIME 

In case of an event that requires plant shutdown 
to replace endamaged segment(s), the plant mean 
downtime will h /e a signif.^ant impact on the plant 
availability. In literature, mean downtime values (to 
replace fev. segments) vary don. 1 to 5 months2,10, 
depending on the initiating event and on the segment 
location. 

A mean down-time of 3 months will be used in 
the paper. 

6. DVVT CONTRIBUTION 

Three options of DWTs are examined: soft-
brazing bonded tube without leak detection and wire 
mesh-bonded tube with and without leak detection. 

S.l. Working Hypotheses 
To evaluate the impact of each option on the 

blanket safety and availability some hypotheses have 
been assumed, such as : 
Is both walls, inner and outer ones, of a double 
walled U-tube show the same failure rate X (h*1). 
This is the probability per unit time to have a first 
wall failure leading to a significant leakage 12.13.14_ 
This failure rate includes the tube-tube sheet weld 
joint failure rate, as well as the U-bent zone failure 
rate. 
2° the detection process is characterized by a 
detection rate to (h"1 ) which is the same whether for 
a water leak into the filling gas or whether for a gas 
leak into the Pb-17Li detection. This is the probability 

per unit time to detect a significant leak somewhere in 
the tube knowing that it exists7. Detection is carried 
out at segment level. Tubes are grouped in segments: 
48 outboard segments with 205 U-tubes each and 32 
inboard segments with 90 U-tubes each. 
3° after a first failure in one of the walls, the failure 
of the other, in the same tube, leads instantaneously 
(.zero propagation time) to the undesired event 
'Water/Liquid Metal Contact'. 
4° Welded joints between back plate and box walls 
(2x80 joints) and welded joints of the poloidal 
manifolds (4x80 joints) are considered. 
5° The mission time is fixed at 20 000 hours of 
continuous full power operation. Whatever the tube 
design option is, the blanket ha» 12 720 U-tubes, with 
an average length of the order of 20 m each. 

6.2. Working Da* 
Two types of data were needed for this 

evaluation: the tube failure rate (A.) and the detection 
rate (oj). 

According to the EDF (Electricité De France) 
data bank, tube failure rates in french PWR steam 
generators (SG's) are of the order of 4.5 10"9 /h/wall 
(single walled tube) wb:~h is drawi. from a global SG 
failure rate equal to 1.5 10"- /h. This figure seems 
somehow conservative since our case ;s free of 
secondary water corrosion. In PWR, secondary water 
corrosion contributes significantly to tube failure, in 
particular sludge-induced corrosion as well as the 
non-optimum material cboice. On the other hand, this 
figure does not include liquid-metal (Pb-17Li) effects 
which could significantly modify failure rates. To 
illustrate that, the tube failure rate in the case of the 
Phénix SG's (an experimental fast breeder reactor) is 
as high as 2 10"7 h (CEA data bank on Phénix). It 
should also be mentioned that those SG's were the 
first of this kind and that the typical wastage 
phenomena of Na-heated steam generators are not 
encountered with Pb-17Li ones11. If the analogy is 
made with heat exchangers (HX's) rather than with 
SG's, tube failure rates of the order from 2 10'9 /h 
(EDF data bank for Water/Water HX's, small leakage 
for tubes with <> = 10 mm) to 3 10'9 (CEA data bank 
on Phénix) are typical in Water/Water and in Na/Na 
HX's. respectively. It seems reasonable to consider 
that, with present nuclear technology and quality 
procedures, tube failure rates for the Pb-l7Li pool 
cooling tube wall of the water-cooled Pb-17Li blanket 
would be in the range of 2-5 10'9 /h without 
considering the irradiation damage. Taking into 
account the expected progress in technologies and in 
quality control over the next 20 years (until DEMO 
construction), failure rates of a single wall in the 
range of 10'9- /0"8 lh will be considered (in the 

http://12.13.14_
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present paper). The word "Wall" in this case will 
assigne a simple U-tube of 20 m length plus 2 joints 
to the tube sheet at its ends. The wall failure rate will 
take into account tube sheet joints (- 60%) and wall 
rupture («40%)10-12 

As for detection rate (to), the only value used in 
this analysis is 10"1 h'K This corresponds to a mean 
detection time of the order of 10 hours7 assuming the 
detection process with a Poisson's distribution. As for 
the value of a> itself (0.1) it seems reasonable for a 
tube with 20 meters length and for a significant 
failure. Detection rate is a function not only of the U-
tube length but also of the total number of tubes under 
monitoring. In the present case, monitoring is carried 
oat at segment level with an average number of 1S9 
tubes per segment. However, we can show that the 
conclusion will still be valid for values of a) as low as 
10"2 h'1. This is mainly due to the fact that to is much 
higher than X of a wall. 

As a first approximation, no distinction has been 
made between the detection of a failure in die inner 
and in the outer walls. It has been also supposed that 
once a second wall fails the contact between water 
and liquid-metal is immediate. This assumption does 
not influence much .'he occurance probability of the 
undesired evot. However, it ,jives a conservative 
estimation. 

6,3. Double Walled Tube without Detection 
(DWT-d) Results 

Considering the total number of U-tubes (=» 12 
720) and the mission time (20 000 h), the undesired 
event occurance probabilities will be of the order of 
5 10"8, 5 10"6 and 5 10"4 for tube wall failure rate 
values equal to 10*10 , 10"9 and 10"8 h"1 / wall, 
respectively, table 1. 

However, in the case of brazing-bonded double-
walled tubes where ruptures on opposite walls should 
be spaced by an effective distance 1Q shorter than 1 m 
(smaller than the tube length). The undesired event 
occurance probabilities will be of the order of 5 10 , 
5 10"7 and 5 10"5 for the same tube wall failure rate 
values, table 1. 

In case of no reparation is considered, the 
unavailability and the occurence probability of 'tube 
failure leading to reactor shut down' are equal. From 
table 1. it is shown that, at A.=10 /h, the 
unavailability in the case of the DWT-d (brazed) is of 
the order of 5 10"5% 

6.4 Double Walled Tube with Detection 
(DWT+d) Results 

A new event will be introduced: the 
Water/Liquid Contact before Detection Event. The 
occurance probability of this event is the probability 

that a wall fails and that a second wall, in the same 
tube, fails before the detection of the first failure. This 
additional condition (non detection of a 1st failure) 
reduces the occurence probability of the undssired 
event. However, this will be paid off by an additional 
reduction in the blanket availability. This is in the 
case where a shutdown is decided at each failure 
detection. 

In the absence of common mode failures, the 
occurance probabilities of the undesired event (in at 
least one double tube, in the reactor) is of the order of 
510"11, 5 10'9 and 5 10'7 for tube wall failure rate 
values equal to 10"10, W9 and 10"8 h'Vwall. table 1. 
If no reparation is considered, the unavailability is 
equal to 40%, for X=10"9. 

Table 1 
Occurance probabilities of the considered events 

Water/Li 
quid 
Metal 

Contact 
Event 

Tube 
failure 
leading 

to reactor 
shut
down 

tube 
wall 
failure 
rate/h 

:o-7 

io-8 

io-9 

io-10 

io-7 

io-8 

io-9 

io-10 

DWT-d 
(wire-
mesh) 

5.10-2 

5.10-4 

s.n'6 

5.10-8 

5.10-2 

5.10-4 

5.10* 

5.10-8 

DWT+d 
(wire-
mesh) 

5.10-* 

5. 10-7 

5.10-9 

5.10-11 

-1.0° 
-1 

9.9 10 

4.10_1 

- 5. 10"2 

DWT-d 
(brazed) 

- 5 10'3 

- 5 10"5 

- 5 10'7 

.0 
- 5 10 

- 5 ! 0 - 3 

- 5 10"5 

- 5 10"7 

-9 
- 5 1 0 * 

63 Reparation 
If reparation is considered (MDT»3 months) the 

blanket availability could be considerably improved. 
Blanket asymptotic unavailability will be of the order 
of 4% (rather than 40% in the case of non-reparation 
at t = 2 104 h) for a wall failure rate in the order of 
lO-9!!-1 in a DWT+d15. 

6.6 DWT Design Option Selection 
The use of double-walled tubes without detection 

makes marginal the contribution of the blanket Pb-
17Li container cooling tubes in the global reactor 
unavailability. Besides, it makes satisfactory the 
occurence probability of the undesired event 
'water/liquid metal contact', if no common mode 
failures are considered. 

Consequently, the use of double-walled tubes 
with leak detection could not be justified. Indeed, the 
possibility of having common mode failures makes it 
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quite unlikely to be able to reject the undesired event 
'water/liquid metal contact' into the residual hazard. 
Thus, leak detection only brings a further reduction in 
the occurence probability of the undesired event. This 
slight sain is overweighed by a drastic loss in the 
blanket availability, table 1. 

7. WELDED JOINTS CONTRIBUTION 

Only welded joints of the back plates (BPJ) and 
of the first wall cooling water manifolds (WMJ) have 
been considered. Some preliminary work16 shows 
that the impact of suffeners on the blanket reliability 
and ôvaikbiUty is rie?lisible in normal operation as 
far as the events defined in section 3 are concerned. 
Both BPJ and WMJ are sheet to sheet longitudinal 
buttwelded joints of 10 m length each. These joints 
are double welded with a gas-filled gap in between. 
The failure of a WMJ leads to reactor shutdown. 
While the failure of a BPJ leads to the undesired 
event, section 3, and to reactor shutdown. 

The failure rate of a longitudinal buttwelded joint 

(in normal operation conditions) has been estimated 
to be of the order of 10'8 h^m'1. This value is 
obtained from a database of accidents on pressure 
vessels built in fern tic or in austenitic steels. It could 
not be directly applied to ferritic-martensitic steels, 
such as MANET. The preliminary parametric 

analysis has been carried out with failure rate 
values as lO-8, 10"9 and 10-10/h/m/single weld. The 
occurence probability of BPJs failure is 6.4 10"4, 6.4 
10"6 and 6.4 lfr8 , while that of WMJs failure is 
1.8 10"3,1.9 10'5 and 1.9 10"7, respectively. 

Values between 10*8 and 10"9 h ' W 1 / single 
welded joint seems technologically reasonable. This 
gives satisfactory occurence probabilities both of the 
undesired event and of the failures leading to reactor 
shutdown. 

8. CONCLUSION: 

Other subsystems are still to be analysed, such as 
upper and lower manifolds and first wall cooling 
tubes. Their contribution is being evaluated. 
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Poloidal Blanket 

G. Dell'Orco a . G. Polazzia» F. Vallette \ E. Proustb, M. Eid b 

a ENEA - CRE Brasimone, C.P. 1,40032 Camugnano (Bo), Italy 

b CEA - CEN Saciay. 91191 Gif-sur-Yvette Cedex, France 

The CEA-ENEA design of an Helium Cooled Solid Breeder Blanket (HCSBB) for tie DEMO reactor, with 
a breeder in tube (BIT) poloidal arrangement, is based on die use of lithium ceramic pellets, the ENEA j -
UAIO2 or the CEA U2Z1O3. Due to the geometry of the DEMO reactor plasma chamber, these breeder 
bundles are adapted to the Vacuum Vessel with a strong poloidal curvature. This curvature influences the 
thermal-hydraulic behaviour of the coolant flowing inside the bundle. The paper presents die CEA-ENEA first 
results of the experimental and theoretical programme, aiming at optimizing the breeder module thermal 
hydraulic design. 

1. INTRODUCTION 

In the CEA-ENEA HCSBB design for the 
DEMO reactor, each Blanket poloidal module is 
constituted by curved tubular pressure vessel 
containing a ceramic breeder pin bundle [1]. As a 
consequence, it becomes necessary to investigate 
the effect of the bundle bending on a number of 
phenomena otherwise relatively known, like the 
pressure drops, the flow distributions within the 
bundle, the coolant mixing and the influence of the 
rod spacers on tue previous effects. CEA and 
ENEA jointly launched an experimental and 
theoretical programme devoted to the investigation 
of the relevant phenomena. 

The paper presents the tests performed on the 
first experimental mock-up, representing a 7-pin 
bundle with a grid spacer system, measuring the 
subchannel temperature and velocity at different 
inlet flow rates and temperatures. The aim of the 
relevant tests is to provide validated correlations for 
the thermal hydraulic design of the breeder rod 
bundle. 

Then a theoretical activities is beeing carried-
out with the main purpose of adapting the CEA 
computer code FLICA as a qualified tool for the 
poloidal Blanket bundles design and for the 
necessary pre-test calculations. The subchannel 
code model, developed at CEA, needs to be 

modified in order to take in to account the bending 
effect for the flow subdivision inside the bundle 
subchannels (flow-split model). 

2. EXPERIMENTAL PROGRAMME 

The experimental activity aims at obtaining the 
bundle mixing coefficients for the CEA-ENEA 
code validation, in the range of interest as the 
reference BIT design is concerned. ENEA designed 
the experience [2], its execution and the test 
sections in order to carry-out three types of 
measurements: pressure measurements, for the 
determination of die bundle pressure drop, with 
particular reference to the pressure losses induced 
by the spacers; temperature measurements, for the 
evaluation of the mixing effect; velocity 
measurements, for the determination of the velocity 
distribution inside the bundle. 

2.1. AIR-FUS1 Facility 
The experimental part of the program was 

carried-out on a test rig called AIRFUS1, properly 
built at the Brasimone Research Centre 
Laboratories [3]. The experimental apparatus is 
schematically shown in the Fig. 1. The working 
fluid is air at low temperature (< 100 *C) and at 
about atmospheric pressure reproducing, in 
Reynolds helium similitude, the reactor temperature 
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and pressure conditions. The helium reference 
coolant condition are temperature of 500 "C and 
pressure of 7 MPa. The use of cold air allows the 
organization of the loop with an open 
configuration. In fact, the air is taken from the 
room, filtered, compressed by a centrifugal 30 kW 
blower and then released to the environment. After 
the compression, the fluid is split into two 
branches. The flow rates in each branch can be 
regulated by means of butterfly valves and are 
measured by using Vortex flow meters. The flow 
rate regulation and control is necessary for 
matching the required stream subdivision between 
the two subchannel groups. The flow in the hot 
branch is heated by means of a 15 kW electrical 
heater, reaching about 100 'C; the cold branch is 
cooled by water exchanger, leaving its temperature 
at room value. The two branched streams, supplied 
to the test section at different temperatures, are 
used as thermal tracers in two annjlar groups of 
subchannels inside the bundle. The Table 1 shows 
the facility characteristics. 

ouTieroEvce 

FLOW SEPARATOR 

VALVE 

VOHTEX FLOW METER 

HEATER 

HOTBIWKX 

Fig.l - AIR-FUS 1 Test Facility 
Table 1 
AIR-FUS 1 characteristics 
Max air pressure 
Min low temperature 

Max hot temperature 
Max air flow rate 
Heater power 
Blower power 

0.13 
20 

100 
0.5 
15 
30 

MPa abs. 

•c 
•c 
kg/s 
kW 
kW 

2.2. Test Sections and instrumentation 
The strategy for selecting the test section 

transversal geometry is based on the adoption of a 
optimization design criterion consisting in the 
minimization of the ratio between the maximum 
and the mean coolant temperature rise through the 

bundle [21. By adopting this criterion, for a fixed 
number of pins, the bundle geometry depends only 
on a single parameter and the number of test 
sections can be reduced to three. 

The first test section, realized in Perspex and 
reproducing the whole axial height of a DEMO BIT 
blanket module,, is constituted by a 7-pin bundle in 
circular shroud. The shroud diameter is 94 mm, the 
pins have a diameter D= 20 mm and a triangular 
arrangement with a pitch P=29.6 mm, therefore the 
P/D=1.48, Fig. 2. The test section is divided in 
eight different sectors connected by special steel 
flanges with welded steel radial grid spacers, 
located one each meter in poloidal direction. The 
Perspex tubes, simulating the pin bundle, are held 
in position by means of these grids. Two feeding 
device are mounted upstream and downstream the 
test section, aiming at feeding two different 
temperature flow rates. The shroud tube presents 
several holes in the poloidal direction, both intrados 
and extrados position, in crder to allow the 
instrumental penetrations for the temperature, 
pressure and velocity measurements. The 
temperatures are measured by type K 
thermocouples. The relative or differential 
pressures are measured by capacitance diaphragm 
transmitters. The velocities are measured by Pitot-
Prandtl tubes. 

WALL 

SUBCHANNEL 

EXTRADOS 

Fig.2 - 7- pin Test Section 

3, MEASUREMENTS 

The experimental programme was planned in 
order to investigate the thermal-hydraulics of a 7-
pin bundle mock-up with radial grid spacers. The 



mixing effect was investigated recording the 
temperature wake along the bundle when two 
flows, at different temperatures, are supplied to the 
test section in two different groups of subchannels. 
The centra! subchannels were fed at hot 
temperature (< 100* C) and the peripheral at room 
temperature. Fig. 2. The inlet temperature 
differences between the two streams were 
respectively 30 'C, 50 "C and 70 *C, at tliree 
different total flow rates and with a constant ratio 
cold/hot flow rate of 2.63. 

3.1. Pressure Drop Measurements 
Pressure drop test results, performed supplying 

air by only the cold branch, are shown in Hg. 3. 

7-PtN BUNDLE PRESSURE DROPS 
DP(mBif) 

140 
120 
100 
80 
60 
40 
'iU 

y- DP tot 

—— DP 4 grid! 

DP grid 

— DP 9 grids 
20Q 300 400 $00 600 700 800 900 

How rile (Nm3/h) 

Fig. 3 - 7-pin pressure drops 

3.1. Velocity Measurements 
The velocity profiles, measured at different 

axial levels, were strongly different each other, 
particularly on the intrados side[3]. Then the mock-
up was modified introducing an hexagonal 
wall/central channel separator on the first axial 
segment of the bundle. After that, the strong 
thermal mixing effect, due to the inlet device of the 
two streams in the tests section, disappeared. 

Velocity measurements were carried-out 
upstream each grid without and with temperature 
differences, Hg. 4-5. and for three cold/hot flow 
rates, but at the same ratio of 2.63. 

CENTRAL SUBCHANNELS DT=0'C 
Gridn-

15 20 25 30 35 40 45 50 55 60 65 70 

V(mft) 

—•— exv. high 

—— intr. high 

octr. mcd, 

—~- intr. used. 

——- extr. low 

—*— inir. low 

These measurements demonstrated the existence 
of a very fast velocity mixing between the central 
and wall subchannels, bodi for extrados and 
intrados. Fig. 6. 

CENTRAL SUBCHANNELS DT = 70"C 
Grids* 

10 15 20 25 30 35 40 45 50 55 60 65 70 

V(m/s) 

ettr. high 

- intr. high 

• extr. med. j 

- intr. med. I 

* e.itr. low j 

• intr. low I 

Fig. 5 - 7-pin velocities at DT=70 'C 

INTRADOS SUBCHANNELS DT=S0 -C 
Gridn" 
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' wall high 

• ceatr. med. 

• wall med. 

• centr. low 

• wiU low 

Fig. 6 - 7-pin intrados mixing at DT=50 *C 

3.3. Temperature Measurements 
Temperature measurements were carried-out at 

inlet temperature difference between the two 
streams respectively of 30 "C, 50 *C and 70 'C. A 
test result is shown in Hg. 7. 

CENTRAL-WALL SUBCHANNELS DT=70 *C 
Grid n' Qbot/cold=294/775 (Nm3/h) 

• extr. ceatr. 

' intr. centr. 

• extr. wall 

' intr. wall 

Fig. 4 - 7-pin velocities at DT=0 *C 

20 25 30 35 40 45 SO 55 60 65 70 75 80 85 90 

T(*C) 

Fig. 7 - 7-pin mixing at DT=70 *C 

These measurements confirmed the existence of 
a very fast temperature and velocity mixing 
between the central and wall subchannels, inducing 
a stratification between the intrados and the 
extrados. In fact, due to tbe bundle curvature effect, 
a small temperature difference still remains at level 
of the last grid. These differences increase with the 
inlet temperature differences. 



4. CODE & MODELIZATION SCHEME considering also the bundle curvature is still in 
progress. 

During the thermal-hydraulic design phase, 
calculations are needed both to help in defining die 
most adequate experimental conditions (helium/air 
similitude) and to validate die inodelization code 
FLICA scheme [4]. In die code model die diennal 
mixing is described in terms of kinetic moment and 
enthalpy transfer. The former is mainly due to 
friction, singularity (grids), turbulence (turbulent 
viscosity u,) and bundle curvature. The latter is due 
to die coolant mass trnsfer and turbulent entiialpic 
conductivity \ . Both turbulent viscosity u, and 
turbuilent conductivity \ are calculated in FLICA 
as follows: 
H,« u.[ l+b Rec]; \ = \ [ 1+b Ree] ; (1) 
X = HCp/Pr; (2) 

n 
k 
Re 
b, c 
Cp 
Pr 

coolant dynamic viscisity; 
coolant endialpic conductivity 
Reynolds' number, 
experimental constants; 

isobaric specific beat; 
Prndtl number. 

Only a fust campaign of calculation ans been 
carried out assuming straigm duct bundle geometry. 

This campaign aimed at: 
• determining die air /helium Reynolds similitude 

diermalhydraulic conditions; 
• verifying taht a measurable mixing effect will 

be observed with hot/cold streams temperature 
difference of At=70 "C. Thermal mixing was so 
pronunced tant only a difference of 5 "C was 
attended at mid-heigm (5 m) of me bundle at 
At=70 "C. Grids* presence improves very much 
ue mixing effect. The envisaged At combined 
witii die mock-up lengdi is dius adequate; 

• showing diat die contribudon of grids to the 
thermal mixing was not too important to hide 
thermal mixing induced by the bundle 
geometry. 
This was necessary to justify calculating 

constants b and c in (1) by comparing experiments 
and calculations [6], and to guarantee a reasonable 
degree of accuracy in uese calculated values. 

Furthermore, diese calculations examinated the 
sensitivity of uermal mixing to inlet pressure 
uncertainties and to die inlet pressures differences 
between die hot/cold streams. In fact, mese 
differences increase the mixing if die Ap/p is above 
1%. An activity to improve to FLICA code 

5. CONCLUSIONS 

In die frame of the design of a DEMO relevant 
breeder blanket, die diermal-hydraulic behaviour 
of curved rod bundles is investigated, botii on 
experimental and theoretical side. The main 
features of die experimental device and die first 
measurements are presented. The experimental 
results indicates mat the bending effect on die flow 
distribution in the bundle subchannels is evident. 
The preliminary tests have shown a strong evidence 
of die bending on die mixing. The measurements 
also have shown die mixing phenomenon is 
subchannel independent but it is strongly 
intrados/extrados dependent. Theoretical 
investigations, confirmed by first experimental 
campaign, revealed die important effect of die 
bundle curvature bom on mass velocity and 
temperature profiles. Consequendy, a tentative 
adaptation of die FLICA modelizadon to include 
this effect was initiated. Once tbis adaptation is 
succesfully completed, calculations for experiment 
result interpretation will be resumed. 

REFERENCES 

1. L. Anzidei, E. Proust et al., First adaptation of 
the European ceramic BIT Blanket to die 
updated DEMO specification. Fus. Eng. and 
Des. 17(1991) 117-122. 

2. S. Cevolani, G. Dell'Orco, Design of an 
experiment to model die diermal-hydraulics of a 
poloidal pin bundle for a helium cooled BIT 
blanket. Fus. Eng. and Des. 17 (1991) 113-116. 

3. G. Dell'Orco, E. Proust et al.. Out of pile 
diermal test activity for die European ceramic 
BIT DEMO Blanket, Fus. Tech., Vol 2 (1992) 
1331-1335. 

4. R. Plas, FLICA 3m .Code de Calcul 
Thermohydraulique de Reacteurs ou de Boucles 
d'Essais, Note CEA-N-2418, Décembre 1984. 

5. P. Raymond, FLICA III m 3.1, Manuel 
d'utilization. DEMT 86/378, SERMA/LETR 
86/835, Octobre 1986. 

6. Vallette, M. Eid, AIR-FUS1 : A preliminary 
study to qualify die mermal-hydraulic 
modelization in Bit 7-pin bundle, DMT/94/299. 
SERMA/BP/1641. 



209 

F£f£oo£iz_ 

Low-Activation structural ceramic composites for fusion power reactors: 
materials development & main design issues 

A.S. Perez", N. Le Bars3, L. Giancarli. E. Proust and J-F. Salavy 

Commissariat à l'Energie Atomique 
DRN/DMT/SERMA (aDTA/CEMM/LECMA). CEN Saclay. F-9U91 Gif-sur-Yvette. France 

This paper is devoted to the development of advanced Low-Activation Materials (LAMs) with favourable 
short-term activation characteristics for the use as structural materials in a fusion power reactor (in order to 
reduce the risk associated with a major accident, in particular those related with radio-isotopes release in the 
environment), and to try to approach the concept of an inherently safe reactor. LA Ceramics Composites 
fLACCs) are the most promising LAMs because of their relatively good thermo-mechanical properties. At 
present. SiC/SiC composite is the only LACC considered by the fusion community, and therefore is the one 
having the most complete data base. The preliminary design of a breeding blanket using SiC/SiC as structural 
material indicated that significant improvement of its diermal conductivity is required. 

1. INTRODUCTION 

There are two ways for minimising the release of 
radioactive elements, and therefore the associated 
risks, in case of a major accident in a D-T Fusion 
Power Reactor (FPR). The first one is to minimise 
the total activation inventory present in the reactor, 
which requires the use of low short and medium-term 
activation materials for all reactor components and 
in particular for die breeding blanket It is the 
solution adopted by the ARIES team widi a reactor 
[1] whose breeding blanket uses SiC/SiC composite 
as structural material, a ceramic breeder (Li02, 
Li.ZrO,, etc.) and high-pressure Helium as coolant 
The other way is to avoid the release of activated 
materials by minimising the energy potentially 
available in the vacuum vessel for breaking the 
confinement In this case it is required all the 
activation confinement barriers remain unaltered for 
the worst possible accident and therefore the use of 
low pressure coolant and of materials with low 
chemical reactivity between themselves and with air. 
Moreover, because of the inevitable plasma erosion 
of the plasma facing components the later should be 
made by low activation materials. This solution has 
been adopted in a preliminary alternative concept for 
the ARIES blanket [2] and in the TAURO concept 
which is the object of the present paper. The 

• EU Fellow and PhD PlOfril» or the Nuclear Fuaoa Imntu« (UP. of Madrid) 

TAURO concept is a conceptual design of a liquid 
metal self-cooled breeding blanket using SiC/SiC 
composite as structural material and Pb-17Li as 
coolant/breeder material. Because of the SiC/SiC is a 
good electrical insulator most of me problems 
related to MHD, typical of this type of blankets [3] 
are automatically avoided. 

2. STRUCTURAL MATERIAL SELECTION 

Non-metallic Low Activation Materials have the 
best performances in term of short-term (< 1 year) 
activation levels, which leads to a minimisation of 
the risks associated with accidental release to the 
environment and with maintenance operation, and to 
a very low afterheat production.. Among them the 
Ceramic Composites (CC) are the most promising 
ones because of their good thermomechanical 
properties [4]. After analysis of most LA elements 
and compounds suitable to be use in a FPR [5] the 
possible alternatives ate the use of SiC based fibers 
(Nicalon or Tyranno) with a Si02 based matrix 
(high silica glasses with or without the addition of 
other minor elements) or the use of die composite 
formed by SiC-Nicalon fibers and fi-SiC matrix. 
Major concerns are dieir behaviour under irradiation, 
tritium permeation and Pb-17Li compatibility [2]. 
Table 1 
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Table 1 
Characteristics of SEP SiC/SiC material, average 
value(10000C).[6] 

Material Property 

Fiber content (%) 
Specific gravity (kg m ') 
Porosity (96) 
Tensile strength (MPa) 
Elongation (tensile) (%) 
Young's modulus (tensile) (GPa) 
Flexural strength (MPa"\ 
Compressive strength (MPa) 

In Plane /Through the thickness 
Shear strength (interlaminar) (MPa) 
Thermal diffusivity ( 10'6 m: s l ) 

In Plane / Through the thickness 
Thermal expansion coeff. (10* K ') 

In Plane / Through the thickness 
Fracture Toughness (MPaVm) 
Specific heat (J kg-1 K1) 
Poisson's ratio, taken from [I] 

v 1 2 / v „ 

Value 

40 
2500 

10 
285 
0.75 
200 
400 

400/380 
35 

5/2 

3/2.5 
30 

1200 

0.05/0.18 

Possible solutions envisaged for the future are the 
use of low-oxygen Nicalon [7] and Tyranno fibers 
[8] which shows belter heat resistance properties but 
worse pyrolisis/swelling behaviour due to the higher 
carbon content. 

For the present study it has been chosen the SiC-
Nicalon/SiC-CVI composite [6] produced by the 
SEP (Société Européenne de Propulsion) as the CC 
candidate for the structural material of a FPR. 
because it possesses the most favourable properties 
and also the largest data base among the available 
CC materials. These properties are summarised in 
Table I. 

3. CONCEPT SELECTION 

The preliminary blanket design has been 
performed using specifications defined for the 
SE AFP reactor [9] that is: 3 GW D-T fusion power 
reactor, major radius of 9.4 m, minor radius of 
2.1 m. plasma current of 10.4 MA. toroidal field on 
axis of 7.8 T, 2 MW/m2 neutron wall loading and 
0.5 MW/m! peak FW surface heat load. The reactor 

has 16 coils with 48 outboard and 32 inboard 
submodules. 

The TAURO blanket uses only two materiaisr 
SiC/SiC and Pb-l7Li. Each outboard (and inboard) 
segment is toroidally divided in five containers w»d» 
rounded FW (see Fig. 1). Each container is 
reinforced by four stiffeners some of them acting 
also as Pb-17Li separators. The Pb-17Li enters from 
the top in the front part of the segment, flows 
pobidally downward in a thin channel (1.25 cm 
ihick) for FW cooling, men turns a first time at the 
bottom, comes up. then down, then up again in order 
to go out at the top of the rear part of the blanket. 
Because of the different channel cross sections, the 
Pb-17Li reduces its velocity from 1.6 m/s in the front 
channel to 0.06 m/s in the back channel. 

4. OUTBOARD SEGMENT DESIGN 

Because of the more severe operation conditions 
the design activities have been focused on an 
outboard segment. Each container is 10 m high. 
0.3 m wide and 0.93 m deep. The coolant flowing 
route could be seen in the Figure 1 as well as the 
thicknesses and dimensions of the walls. The 
SiC/SiC CC structure will be assembled by isostatic 
pressure welding. 

Figure 1. Outboard section of the TAURO concept 
(dimensions in mm) 
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4.1 Design criteria 
Contrary to metallic structural materials for 

which well established design codes exist IASME. 
RCCM-R). no design cntena are available for CC 
structure- For the present preliminary analysis the 
design criteria defined in the ARIES project [1] have 
been assumed. 

In ARIES the maximum allowable primary stress 
has been taken as 140 MPa, following the 
mechanical properties code CLASS [10] and CC 
industry suggestions. Using the thermal shock 
resistance of SiC CC as a guideline, a highly 
conservative maximum-allowable secondary-stress 
limit of 190 MPa has been assumed. For the 
maximum allowable temperature in the composite a 
value from ARIES (1100 ' Q is taken. This value has 
to be experimentally checked before it can really be 
accepted for a final design. 

4.2. Mechanical stress calculations 
In order to determine the upper limit of the 

stresses due to the Pb-17Li hydrostatic pressure, a 
pressure load of 1.5 MPa has been applied to the 
container cross section. Its geometrical distribution . 
can be seen in Figure 2. The calculation has been 
performed with the finite-element codes CASTEM 
2000 [11], using a 3-D geometry, square meshes and 
an orthotopic monolayer model of the SiC/SiC CC. 
The code is capable of dealing with anisotropic 
materials but property values in each direction are 
needed. These values are not always known so the 
results are only preliminary. This is also due to the 
fact that relevant uniaxial stress measures are not yet 
available for composites, so the von Mises stress is 
used to indicate equivalent stress levels [1]. 
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Figure 2. Pressure load of the structure 

For the TAURO outboard segment the maximum 
pressure stress is 64 MPa. well below the maximum-
allowable limit, and .̂cading to a very small container 
deformation. 

4.3. NeutronJc calculations 
As far as the TBR is concerned a 1-D 

comparative calculation with DEMO blankets [3] 
has indicated that the TAURO blanket can easily 
ensure the tritium breeding self-sufficiency. The 
radial heat deposition distribution in an outboard 
segment has also been determined and used as input 
for the thermal analysis, '«he nuclear heat density in 
the SiC/SiC FW is 11 W/cm3. while the total heat 
deposited in an outboard segment has been estimated 
as 34 MW. 

4.4. Thermal calculations 
The heat deposited in the segment must be 

removed by the flowing Pb-17Li. The inlet coolant 
temperature has chosen as 275°C to keep a margin of 
40°C with respect to the solidification temperature of 
Pb-17Li (235°C). The outlet temperature was fixed 
at 850°C. to keep enough margin against the 
maximum acceptable temperature for the SiC/SiC 
CC. This temperature is kept as high as possible in 
order to obtain maximise high thermal efficiency. 

With these input data, the required Pb-17Li flow 
rate per container is 8.3 1/s. The temperature field in 
the segment has been obtained with the 2-D finite 
elements thermal code DELFINE [11]. The Pb-17Li 
flow (down and up, twice) has been modelled with 
iterative transient calculations. 

The critical point is the FW, the most loaded part 
of the structure (volumic heat and surface heat flux), 
where are located both minimum and maximum 
temperature values (in the top and the bottom 
respectively). This is mainly due to the low thermal 
conductivity of the SiC/SiC CC, and also with 
differences following the fiber orientation. We have 
used an homogeneous weighted value of 15 W/mK. 
accounting for working temperature, fiber 
orientation and some irradiation effects. In the 
segment mid-plane the maximum reached 
temperature in the FW is 1005°C (526°C in the Pb-
l7Li) with an average of 748° (476°C). In the 
bottom plane the maximum temperature is 1I78°C 
(704°C in the Fo-l7Li) with and average of 897°C 
(622°C). In the back part of the outboard segment 



structure the maximum température is lower (— 
90O°C) but with a higher average value (-800°C) 
due to the coolant outlet temperature of 850°C. 

In order to know the effect of a larger thermal 
conductivity, -we have also used a value of 20. and of 
30 W/mK giving a maximum temperature in the 
bottom plane for the SiC/SiC CC of 1094 and 
10O4°C. respectively. 

4.5. Thenno-mechanical analysis 
To estimate the stresses due to the AT in the 

SiC/SiC wall thickness, we can use the simple 
isotropic formula a ~Ea A T/2(I-\ ) .giving 
the result of 185 MPa just in the allowed limiL 

The stresses produced in the structures by the 
temperature field have been estimated using the 
same CASTEM 2000 system. For this calculation a 
3-D temperature field is needed. We extrapolated it 
from the 2-D distribution of the thermal calculation 
and its time evolution giving enough accuracy as a 
preliminary approach. 

Using this 3-D temperature field the resulting 
thermal stresses show a distribution peaked in the 
lower part of the FW where the maximum 
temperature is reached. Such a value for thermal 
stress is 158 MPa, in all the remaining structure the 
thermal stresses are much lower. 

The back part of the container in average is 
hotter: for this reason, there is a forward deformation 
(maximum Uz displacement: 27 mm. maximun U* 
displacement: 28 mm), shown in Figure 3. 

Uz 

5- CONCLUSIONS 

The design of a fiber reinforced structure is 
considerably more difficult than that of a metal 
structure, principally because of the anisotropy of its 
properties. 

The preliminary analysis of the TALTRO concept, 
where the FW is indirectly cooled by the bulk Pb-
17Li. indicated that the thermal conductivity of 
SiC/SiC has to be improved in order to render the 
concept acceptable. Design alternatives couid be for 
instance duett FW cooling by rubes, which has the 
drawback of more complicated manufacturing. 

For both design and material development further 
work is still required in order to prove that CCs can 
be used as structural material of a FPR. 
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Figure 3 Thermal deformation of Outboard module 


