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Abstract

The modification of power scrape-off-length, Aq, and power

deposition are studied during various configurations in ohmic TORE-

SUPRA plasmas. The plasma is either leaning on the horizontal limiter

alone, on the full set of 6 pump limiters or on the inner bumper

limiter, all configurations with and without the ergodic divertor

system energised.

From comparison of the infrared images of the limiter we

derived that the Aq for power deposition was slightly less than 9mm

(+/-1mm) in ohmic plasma which is in agreement with the predicted

design value of 10mm.

Inserting the 6 limiters, instead of 1, does not modify

significantly Aq, but lead to small asymmetries. The power is shared

by all the limiters and the maximum surface temperature on the

horizontal limiter decreased. These Aq values have been independently

determined by calorymetric measurements done on the integrated energy

deposition on the horizontal limiter and other internal structures 5cm

into the scrape-off layer. These values agree with the infrared

measurements in the two cases.

In the presence of the ergodic divertor we observe a

broadening of the scrape off layer, the e-folding length for power

deposition reaching 2.5cm. Large asymmetries on power deposition can

be seen on the front face of the limiter leading to the formation of
hot spots at the leading edges.

* This work was performed under the US/France collaboration

agreement and was funded in part by the US DOE under contract N* DE-

AC05-840RHOO.

+ Permanent address: Sandia National Lab., Albuquerque, USA.



1. Introduction.

The experimental conditions [t] envisaged for Tore-Supra
operation, i.e. large additional heating power to the plasma (25MU)
for long pulse duration OOseconds or more) emphasized the need to
find methods to control the particle balance and to remove the heat
losses at the plasma boundary without being overwhelmed by the
impurity influx which is one of the most crucial problems that long
pulse machines have to solve today. For example JET has already been
confronted to this problem (called "the Carbon bloom") when operating
in an all graphite environement [23.

Tore-supra is a medium size machine (R=2.365 m ; a=0.8 m)
aimed to tackle problems relevant to the next generation of tokamaks.

This tokamak is entirely designed for long pulse operation [3]
with a nominal plasma current of 1.7 MA and a magnetic field of 4.5
Teslas at 2.25 Metres. All the internal components are actively cooled
(40 Bars, 200"C) for long operation at full power (25MW1 3Os).
We have large areas of plasma-wall interaction and*at least 3
different regimes can be distinguished, figure 1:

- I) A discrete limiter regime where 7 limiters [4],[5]
[6], [7], are used to control the plasma density and heat removal with
external fuelling sources (gas, pellets and neutral beams). The set of
limiters is designed to handle 8 MW (1 MW for each of the six
vertical limiters and 2 MW for the horizontal limiter) and to remove
between 50 and 100 t.l.s

- II) An inner bumper limiter regime where the plasma is

leaning on the toroidal bumper limiter capable of handling up to 13 MW
in a O.C. regime. This large limiter is made of graphite tiles brased
on an actively cooled stainless-steel structure. Its surface of 12
2 2

m represents a large fraction of the 90 m inner vessel
area.

Ill) A divertor regime [8],[9],[10] where the plasma is
pushed on the ergodic divertor coils (6, equally spaced inside the

machine). The aim of the ergodic divertor is to bring up externally
driven modes which create an ergodic magnetic boundary layer. The role
of the radial field perturbation is to connect "gently" the ergodic
layer to the outer limiters and facing components. The goal to be
achieved by this system is to enhance drastically the transport in the
edge without destroying the bulk properties. The main effects expected
are: 1) a lowering of the temperature at the edge and thus at
the wall and limiters to reduce the production of impurities,

2) an increase of density at the plasma edge to facilitate
particle removal by pumping ducts installed between the winding of the
current bars. These channels lead particles to titanium pumps (for
H or D ) installed on the 2 sides of each ergodic-divertor



coil.

3) to prevent impurity ions to backstream along the field
lines to the bulk of the plasma . The ions are expected to be dragged
out by friction and contained near the neutraliser plates.

Of course these 3 independent regimes can be mixed up by a
proper choice of plasma position and radius and by moving the pump
limiter positions.

2. Experimental conditions.
Different operating scenarios have been used so far on TORE-

SUPRA. depending on the scientific program accomplished. Usually the
plasma is formed on the inner wall (R=232cm, a=76cm) and subsequently
displaced 6cm outwards, early on the current plateau, to lean on the
horizontal pump limiter (R=238cm. a=75cm). A first comparison is made
hereafter of the thermal load when the plasma is in contact either
with the horizontal pump limiter alone or with the horizontal pump
limiter and the vertical limiters. Secondly a comparison is made of
the thermal load on the horizontal pump li'miter.» used alone to limit
the plasma, with different shapes and magnitudes of plasma current and
for different values of the ergodic divertor coils current.

3. Diagnostics.
By making spatially resolved infrared surface temperature

measurements during the plasma discharge, the magnitude and
distribution of the energy flux can be derived. For comparison,• the
surface temperature of the horizontal pump limiter is calculated with
a finite element code using a 30 description of the field lines, an
exponential scrape-off-layer, and the pump limiter geometry.

Calorimetric measurements of the different components are made
by extensive use of thermocouples enbeded in the structures of the
machine. These measurements provide estimates of the time integrated
balance of the energy flow at the plasma edge. Radiated and charge
exchange energy losses are deduced from the vessel calorimetry
(R=242cm, a=9lcm), conductive/convective losses onto the horizontal
pump limiter and vertical (top and bottom) limiters are independently
measured as well as the integrated energy flow on the ergodic
divertors, which are located 5cm in the scrape-off layer (R=238cm,
a=80cm) figure 1. An infra-red camera placed on the top of the machine
is wieving the pump limiter head through an endoscope. The infra-red
camera has been absolutely calibrated by means of absolutely
calibrated infra-red references placed under vacuum in the machine.



4. Experimental results.

4.1 Plasma leaning on the horizontal pump limiter only.

The pictures of the infra-red camera give the temperature

distribution on the horizontal pump limiter face and the time resolved

surface temperature rise during a discharge. The initial temperature

is the temperature of the cooling water flowing in the pump limiter

structure. During these experiments this temperature was 180'C or

200'C. The detailed heating pattern of the face is rather complex as

can be seen on figure 2. This figure presents a map of the temperature

on the pump limiter face. The temperature profile is almost symmetric

with respect to the tip . The maximum temperature of the central blade

is 370*C near the end (t=8s) of the current plateau (Ip=TSOkA) in an

ohmic plasma. From the temperature profiles and the synthetic profiles

from a numerical model TtS]. [14] we can unfold that the e-folding

length for power deposition A is 9mm 1mm. The e-folding lengthq
unfolded by calorimetric measurements is 10mm 1mm. The latter is an

averaged value all around the torus. The power load of the pump
-2

limiter reached a maximum value of 2.4MW.m >•

4.2 Plasma leaning on all pump limiters.
When inserting at the same radius r=75.5cm. the full set of 6

limiters, using the same plasma parameters, one finds that the
maximum temperature decreases to 305'C at the center of the pump
limiter. From the profiles and from the outputs from the code, we can
unfold an e-folding length larger than in the single limiter
configuration: 10mm tmm. The fact that the temperature profiles are no
longer symmetric suggests a shadowing effect of the observed limiter
by at least one other limiter. This effect is dependent on the safety
factor q at the edge.

4.3 Effects associated to the eraodic divertor.

The plasma is leaning on the horizontal limiter acting as the

only limiter in the machine and used to visualise the effects of the

ergodic divertor on the thermal and particle fluxes in the scrape-off

layer. The detailed heating pattern of the face is complex as can be

seen on figure 3. This figure presents a map of the temperature of the

pump limiter face. The temperature profile is no longer symmetric with

respect to the tip. The largest power deposition is on the upper half
of the ion drift side and on the lower half of the electron drift
side. The leading edges experiences large asymmetries on each sides in
the poloidal direction. The maximum temperature of the center of the

face is 320*C (instead of 480"C) on the flat top (t=7s) of the current
plateau (Ip=I.4MA). An important feature is that we have created a hot

spot on each of the leading edges. For exemple on the ion drift side

the temperature at the end of the current plateau (t=7s) is 430'C



when the ergodic divertor is on and 37Q*C without. All these effects
can be seen on figure 4 showing the time history of 3 points (see
location on figure 3) on the upper part of the ion drift side. As
soon as the ergodic divertor is switched on, a striking temperature
decrease can be observed on points located at the center of the pump
limiter and near the tip whereas the leadding edge heats up even
faster. These local structures on the front face of the limiter are
being modelled in reference [H]. This relative temperature increase
of the leading edges compared to the tip, corresponds to an increase
of the e-folding length for power deposition at the edge. This is
confirmed by calorimetric measurements which show a large increase of
the ratio of energy deposition onto the ergodic divertor structures
(5cm deep in the scrape-off layer) to the energy deposition on the
limiter (Aq=2.5cm). So far we have been using a provisional inertially
cooled limiter. This situation will be improved by replacing it by a

2
limiter head designed to be actively cooled so that 3kW/cm can
be removed permanently even at the leading edges.

••
Some more features and results can be found in reference [11]

on thermal load on the first wall and on particle exhaust, in
reference [12] and [13] for plasma modifications, in reference [14] on
the power deposition modifications in the scrape-off-layer and
[15],[16] on modeling of the power deposition on facing components.

5. Conclusion.
The insertion of 6 limiters do not modify significantly the

e-folding length for power deposition which is 9mm in the single
limiter experiment and 10mm in the multi-limiter configuration. The
temperature profiles are almost symmetric in the single limiter
configuration and slightly asymmetric in the multi limiter
configuration, depending on q at the edge (shadowing effect).

The ergodic divertor has proved its efficiency in spreading

the heat flux deep in the scrape-off layer, with a decrease by 3 of
the averaged temperature on the whole head when the current in the
ergodic divertor is maximum (4SkA). The e-folding length for power
deposition, estimated by calorimetry, is 25mm. The heat load of the
limiter face is asymmetric between top/bottom and ion/electron
side.

A drawback is that the ergodic divertor has created hot spots
on the leading edges of the pump limiter. So far, no tentative has
been made to prevent the formation of these hot spots by a proper
choice of experimental conditions (specially plasma current).
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Figure captions:

Figure 1 : Section of TORE-SURRA showing the respective positions of

the limitera, the inner vessel where the plasma can be

pushed on, the ergodic diuertor and the external first

wall. All these components are actively cooled (200"C,

tObars).

Figure 2 : Temperature distribution of the -front face of the

horizontal limiter in the single limiter configuration, at

the end of an ohmic shot. The temperature is almost

symmetic with respect of the tip.

Figure 3 : Temperature distribution of the front face of the
horizontal limiter in the single limiter configuration and
in the presence of the ergodic divertoV (Idiv=35kA). The
temperature distribution is no longer symmetric and
structures can be seen.

Figure 4 : Time evolution of 3 points (see figure 3) on the ion drift

side when the ergodic divertor is switch on. Note the

striking decrease of the temperature near the tip whereas

the leading edge heats up faster.
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Abstract:

Present ergodic divertor experiments in TORE SUPRA have been
devoted to benchmarking the operational regimes of the apparatus. Two

major effects are reported ; on one hand, strong changes occur in the
ergodized boundary layer (up to 20% of the minor radius), and on the

other hand, the central plasma and especially the confinement is not
directly affected, i.e. the observed modifications are induced by edge
effects. The basic trends, which are recorded are a decrease of both
the edge electronic temperature and the edge density gradient while

the radiated power is increased at the very edge ofi the ergodic
region. The latter feature is in agreement with the impurity line

emission characterized by an increase of the peripheral lines with a
strong decrease of the central lines.

+ Permanent address : General Atomics POB 85608, San Diego, Ca.

92186-9704, USA.

* This work was performed under the US/Prance Collaboration

agreement and was funded in part by the US DoE under contract

No DE-AC03-89ER51114.



1 - Introduction

The ergodic divertor (E.D. ) experiment which is a major part
of the TORE SUPRA program, aims at the control of the plasma- wall
interaction, namely the control of recycling, of power loading and of
both the impurity generation and transport [ 1 ]. Although the present
experiments are devoted to benchmarking the operational regime of the
apparatus, significant results on power load control have been
achieved.

This paper reports the basic phenomena observed during the
initial experiments [2,3] for which the toroidal field was limited to
1.8 T and new experiments at 3.1 T. In the latter case, plasma
currents ranging from 1 to 1.6 MA and line average densities from 1 to
3.1O19 m"3 were achieved. Helium and Hydrogenic (H and D) plasmas were
studied in the two following configurations. ..
- an "OUTBOARD" configuration (R=2.37m, a=0.77 m) where the plasma

is limited by an outboard graphite pump limiter(scoop operation), in
the midplane, some 0.05 m ahead of the E.D. modules.
- an "INBOARD" configuration (R= 2.32 m, a=0.76 m) where the plasma

is limited by the inner wall, i.e. a graphite axisymmetric limiter.
The design of the ergodic divertor module is reported in

reference [4] and the overall description of plasma-wall components on
TORE SUPRA is to be found in [1].

Experimental results are analyzed in view of the theoretical
work, see Réf. [53. The main observations are summarized in section 2.
Section 3 is devoted to a more detailed analysis of the heat and
particle diffusion modifications. The general trends of these results
are reviewed in section 4.

2 - Majors effects of the ergodic divertor

2.1. Resonance

A specific feature of the TORE SUPRA Ergodic Divertor
experiment is that the effects of the ergodic divertor are maximized
for a specific value of the safety factor at the edge. This global
"resonance" 'is due to a balance between two effects. On one hand the
spectrum of the magnetic perturbation determines on which rational
surfaces the island chains are created, and thus determines the
interaction distances between these island chains. On' the other hand



the perturbation, and hence the island widths, decreases exponentially
towards the plasma center. Therefore, the overlapping of several
neighbouring island chains can only occur when the modes in the
vicinity of the maximum of the spectrum resonate at the very edge of
the plasma. In the 9*,tp* space of intrinsic coordinates [51, the
Fourier expansion of the magnetic perturbation,

5B = I 6Br [exp i (me*+nip*) + Complex Conjugate] (1)
m,n

exhibits a maximum for m=18±3. The main toroidal mode number n=6 is
determined by the toroidal spacing of the modules. This ensures the
overlapping of the magnetic islands in a large domain at the edge and
a significant fall-off of the perturbation far from the modules : the
safety factor for which a maximum harmonic of the perturbation is
located at the edge thus ranges from q=15/6 (2.5) to q= 21./6 (3.5). In
agreement with these numerical results on the magnetic topology, the
plasma response, described hereinafter, is significant over a wide
range of plasma currents I = 1.2 * 1.6 MA at Bm = 3.1 T.
Resonant effects (extrema) are found for q(a) = 2.9 * 3 in both
configurations, this is readily expected since the magnetic equilibria
are similar (pp + li/2 ~ 0.7).

Fig.1 shows, as an example, the relative variation of the Ha
signal measured on the inner wall in the "outboard" configuration, as
a function of the quasi-linear diffusion coefficient D of the
perturbed field lines [51. This coefficient is taken here as
representative of the global effects of the ergodic divertor.

2.2. Recycling changes

The "inboard" and "outboard" configurations exhibit quite
different recycling changes as the E. D. is turned on. In the inboard
configuration recycling diminishes at the inner wall (i.e. the main
limiter) whereas the density increases up to 25%. This effect
increases with the magnetic pertubation strength, and is now under
analysis : note that the studied shots were in Helium.

In the outboard configuration, recycling increases at the
inner wall. The density either does not change (Helium shots) or
decreases down to 30% (Hydrogen and Deuterium shots) as a possible
consequence of wall pumping. The graphite area in contact with the
plasma increases which is consistent with the Ha signal increase on



chords viewing the inner wall.
In some cases the pressure in the pumping chamber (with no

pumping) increases by 40%. However this does not account for the
change in n (there is a factor 10 deficiency). In other cases,
the pressure decreases. The plasma flux deduced from the Langmuir
probes data, in the pump limiter throat is in rough agreement with the
pressure results.

2.3. Heat flux deposition

Various thermal effects have been observed :
.the spatially averaged heat flux measured by I.R. thermography

diminishes by a factor of up to 4 on the main limiter (outboard
configuration),

.the calorimetry measurement of the cooling water system indicates
that most of this heat deposition is transferred 0.05 .«m radially
outward to the neutralizer plates of the ergodic divertor (located
between the bars of the E.D. modules).

These effects appear above a threshold of the magnetic
pertubation and are clearly resonant, i.e. they nearly disappear for
values the safety•factor which lie out of the so called resonant range
(from 2.5 to 3-5 in present experiments).

The radiative power losses do not exhibit dramatic changes. In
the outboard configuration, these losses remain proportional to
n . The radiation, is enhanced at the very edge but this region
is too narrow to modify the power balance.

The average heat load changes quoted above is accompanied by
heat load pattern, a theoretical analysis of these asymmetries is
given in [6]. More details on heat flux deposition can be found in

[71.

2.4. Impurity content .

In the inboard configuration, and during the first set of

experiments, an increase by a factor of up to 7 has been observed in
the brightness of several metallic lines measured by a grazing
incidence V-U.V spectrometer [8]. This is never observed in the
outboard configuration where metallic lines remain below the detection
limit. The main impurities are then carbon, oxygen and chlorine. In
Helium plasmas, C VI appears to be reduced by a factor of two, O VIII
remaining unchanged. In deuterium plasmas both lines strongly



decrease, which is also true for Cl XIV. Even when taking into account
the density decrease in these shots, the impurity content of the
discharge is shown to diminish (the computed central density of Oxygen
decreases by 46% and Carbon by 59%). An increase in the most
peripheral lines is also observed (see Fig. 2), in agreement with
bolometric results .

The profiles of some carbon and oxygen lines are modified.
This is likely to be due to strong changes of the plasma parameters in
the edge region [8,9] which will affect both the impurity generation
and the distribution of the various lines in the perturbed
region. A possible modification of the impurity transport could
be suspected but is difficult to prove as was already shown in similar
experiments in TEXT [1O].

2.5- Miscellaneous
.«

The E.D. operation leads to an increase of the internal
inductance of the plasma, 1. typically from 1.1 to 1.2 ; this
result is expected to be due to a shrinkage of the plasma current
profile.

Up to now, no severe plasma deconfinement has been triggered
by the the E.D. in contrast to some other experiments [11]. Measured
M.H.D. activity is modified, the (2,1) mode is no more recorded, which
is likely due to some mode locking, while the (3,2) mode is
unaffected. Despite operation with an edge safety factor close to 2, .
disruptions are not observed to be induced by the E.D..

3 - Heat and particle diffusion modification at the plasma edge

3.1. Heat diffusion

A Thomson scattering system measures Tg and ng at 13
locations, above and below the midplane. The spatial resolution of the
system is estimated to be about 0.06 m. The system is pulsed at 30 Hz.
In the outboard configuration, the application of an ergodic divertor
pulse leads to an instantaneous decrease of the outer signal located
at r = 0.71 m, which can reach r=0.60 m, whereas all the other signals
remain unchanged. A scaling of the electron temperature decrease was
done for values of the ergodic divertor current (IJ.Q) from O to
45 kA. Figure 3 indicates that no effect is clearly distinguished



below I17n = 15 kA. Above this threshold, T0 decreases withEAJ e
the divertor current. In experiments where the plasma current was
ramped up, it was observed that the edge temperature decrease reaches
the radius r = 0.6 m for currents between 1.2 and 1.5 MA. Despite the
limited spatial resolution, it can be deduced from the T
profiles that the temperature gradient is less steep in the ergodic
zone. The same kind of effect has already been observed on TEKT [12].

In these experiments, the ion temperature T, is only
measured in the center by change-exchange neutral energy analysis. In
all case T. remains close to Tg at this location.

3.2. Particle diffusion

As stated above, recycling changes induce variations in the
global density in both configurations. In the outboard case, it was
possible to measure the electron density profile by means .pf microwave
reflectometry. Its probing frequency could be swept so as to yield
this profile from 0.8 to 1.5 x 10'9 nf3. Figure 4 presents such radial
profiles in experiments where I = 1.4 MA and the divertor
current was varied. A drastic reduction of the density gradient is
observed for I^ > 22.5 kA.

The density in the bulk and in the ergodic region is measured
with Thomson scattering and I.R. interferometry. The general trend is
a density reduction. This is very similar to what happens when the
plasma is shifted inwards to the inner wall in TORE SUPRA or JET [13].
This density reduction is instantaneous at the edge and with some
delay in the bulk. It results, at equilibrium, in a constant reduction
factor of the density in the unperturbed region (the normalized
profiles are similar in the bulk). This reduction factor increases
With the E.D. current.

4 - Discussion and conclusions

First, it is noted that the plasma response to the ergodic
divertor perturbation follows the theoretical expectations. It is
maximized near the "resonant" edge q value (3 in present experiments)
and the effects appear above a threshold value in the magnitude of the
perturbation. When considering the stochasticity of the field lines,
this perturbation level corresponds to a Chirikov parameter of about
1.5 which stands slightly above the threshold of large scale



diffusion. More specifically, the different phenomena we analyse here
stem from two major origins. The first one is transport modifications
in the ergodic region which extends some 0.10m to 0.15m inside the
limiter radius, the second one relates the impact of ergodization on
the scrape-off-layer and on the plasma-wall interaction as a whole
(recycling, impurity production).

Measurements of the plasma parameters in the edge region
clearly indicate that the magnetude of the pertubation is sufficient
to change particle and heat diffusion there. For instance, the
threshold value to decrease the temperature at r = 0.71 m corresponds
to a theoretically computed heat diffusion coefficient (in the non
collisional regime Te~100eV) of xe ~ D Vthe = 10 m
This is the order of magnitude of the intrinsic heat diffusion. With
the maximum perturbation level, this induced "ergodic" diffusion
coefficient reaches 90 m2s"' . However, at a radius smaller than 0.60
m, computed values then show a decrease well below 4 w2s~\t i.e. less
than the intrinsic heat diffusion. This is consistent with the fact
that the bulk confinement is not affected during E. D. experiments.

A similar analysis can be addressed to particle diffusion. The
computed "ergodic" particle diffusion coefficient in the non
collisional regime is D - D V.. .. It is shown to
prevail over the usual radial turbulent diffusion coefficient in the
edge region when the computed D > 0.4 m2s-1 (r = 0.7 m,
Hydrogen ions and T, = 100 eV) . Above this value the density
gradient decreases as the square of the relative perturbation (see
fig.4b) which could be interpreted in terms of the quasi-linear theory
[5] when assuming D Vn = constant. The immediate density
decrease at the edge induces a density decrease within the bulk
resulting in the end in a similar profile ( Vn/n = constant).
Consequently, the diffusion coefficient within the bulk must be
unaffected. This is also confirmed by analyzing the evolution of the
integrated densities for various chords.

In addition to the transport modifications, the ergodic
divertor operation induces very large modifications of the scrape-off-
layer and in general of the plasma-obstacles interaction. In
particular, heat and particle deposition are much more widely spread
on the walls [7]. The complex structure of the s-o-1 then requires a
careful analysis [6]. This implies that the changes observed in the
impurity content must be thoroughly analyzed, in particular, to
distinguish between production changes related to different plasma
edge conditions, and direct, transport modifications, either due to



dragging by the majority species or to induced electric fields.
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Figure captions :

Figure 1 : Relative increase of the Ha signal measured on the bottom
part of the inner wall as a function of the quasi-linear
diffusion coefficient calculated at the limiter radius, at
various Ip. Blow-up : dependence of Ha (resonance) on Ip at
B1=KST.

Figure 2 : Evolution of the brightness of C VI, O VIII, and
O IV when the E.D. is on, E.D. and plasma currents are
indicat.J.

Figure 3 : Electronic temperature profile measured by Thomson
scattering for increasing value of the ergodic divertor
current.

Figure 4 :

a) Evolution of the electronic density profile measured by
reflectometry in the outer region of the plasma
(0.6 m < r < 0.76 m)

b) Inverse of the density gradient as a function of the square
of the divertor current 1™.
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Abstract

The diffuse connexion induced by the ergodic divertor in Tore
Supra leads to heat load patterns on the plasma facing components.
The topology of those patterns is analysed using field line tracing
and analytical derivation of effective heat transport coefficients.
Control of the heat load via the magnetic configuration is
investigated.



Achieving high plasma performances in steady state
conditions requires the control of the impurity generation and
hence of plasma wall interaction. On Tore Supra, the connexion on
open field lines can be modified with the Ergodic Divertor [I]. The
plasma edge physics are the same as that of the poloidal divertor,
the goal being to trigger a bifurcation to a cold and dense edge
plasma [2]. However, a specific feature of this scheme is the diffuse
connexion introduced by the ergodization of the field lines. In this
paper, we consider the heat transport which results from the
random transport along the chaotic field lines and from the
connexion topology. The present study is devoted to the effect of
the Tore Supra Ergodic Divertor. The implementation of the plasma
facing components, limiters and modules of the. ,ergodic divertor is
given in [3]. Field line integration allows to analyse the heat load on
both the pump limiter head and the ergodic divertor modules. We
show that heat load patterns (hot spots and insulated areas) are
generated. The sensivity of such patterns to the magnetic topology
is investigated in view of both the location in the SOL of the various
limiters and to small changes of the magnetic equilibrium (plasma
current for instance).

1. Magnetic topology induced by the Ergodic Divertor
Numerical computation is used to calculate both the magnetic

perturbation induced by the coils of the ergodic divertor and the
field lines. To perform this computation, the so called intrinsic
coordinates are used [4]. The chosen angles in our system are such
that <p* is the usual toroidal angle while 6* ensures that along a field
line d9*/dcp* = 1/q in the equilibrium configuration, i.e. with no
magnetic perturbation. The third coordinate which labels the
magnetic surfaces is the inverse of the safety factor 1/q. Given
these coordinates, the field lines equations take the following
hamiltonian form :

(D

39* d(<|>tor)



where 5A_ = 5<J>poi V.<p* is the potential vector perturbation induced
by the ergodic coils. This perturbation field is computed with the
Biot Savard formula, see Fig.l. Its basic features are a finite
extension in both the <p* and 9* directions, within the 9* extension
and along 9* a quasi-sinusoidal dependence (see blow up of Fig.l.),
and a periodic dependence in (p*. These features reflect the coil
geometry which is characterized by finite poloidal and toroidal
widths, the current flowing alternatively in bars which are
periodically spaced in the poloidal direction [3]. The periodicity in
<p* is the signature of the 6 equally spaced modules which have
been implemented in the torus. This high toroidal mode number
ensures that the resonant modes of the perturbation fall off rapidly
towards the center of the discharge. The Fourier spectrum of the
perturbation is defined by

5A(l/q,9*,<p*)= X Am,nO/q) exp(im9*+in<p*) " (2)
m,n=-°°

The spectrum Am>n is large owing to the window function shape of
the perturbation and peaks (for the main toroidal number n = 6) at
poloidal wave numbers which correspond to values of qcdgc °f tne

order of 3. The latter value is governed by the poloidal periodicity
of the current bars but also exhibits a dependence on the magnetic
equilibrium (mainly through pp + lj/2). With such a spectrum, chaos
arises when the Chirikov parameter a is larger than 1 [5] ( a = (An, n
+ Am 'n ' ) / (2lrm n-rm 'n ' l ) where Amn and &m'n' are the unperturbed
island widths of two neighbouring resonances and rmn and rm'n- are
their radial locations). The magnetic surfaces are then destroyed
which leads to a significant enhancement of transport in the chaotic
domain. The numerical integration of Eq.(l) allows to recover these
features as shown by the poloidal section on Fig.2. The computation
results given in this paper correspond to the resonant equilibrium
of the ergodic divertor experiments [6,7] at 2/3 of the maximum
perturbation level. Following a field line along the toroidal angle <p*,
Fig.3, the effect of the perturbation is a série of steps in 1/q which
amount to a radial excursion of 8.5 mm each (roughly 6% of the
perturbed zone). These steps occur as the field line goes by the
ergodic coils. Away from this area, the trajectory is the
unperturbed rotational transform (straight line). As shown on Fig.3,
the field lines experience 4 steps in a row which yields a radial
excursion of the order of 30 mm. This transport along the field lines



and across the SOL gives a first order estimate of the increase of
the energy e-folding length (experimental values show an increase
which leads to Xq=25 mm [7]).

2. Heat transport with a diffuse connexion to the wall
An outstanding feature of the experimental results is the

change of heat transport and of heat load of the facing components
[6,7]. The understanding of the heat load with the possible
occurence of hot spots calls for a precise analysis of the heat
transport in the chaotic domain. We consider the effective
transport, Ecff = xcff(ST/A) Scff, which results from the combined
perpendicular, E1 = Xj.(5T/5) S1, and parallel transport, Ef/ =
X//(5T/L) S//, where %x(8T/8) and x//(5T/L) are the perpendicular
and parallel heat fluxes, ST being the temperature variation. The
surfaces S c f f , S1, S// and the characteristic lengths of the
temperature gradients are determined by the topology of the
magnetic flux tubes, Fig. 4. If o > 1, a flux tube of section A remains
coherent over a length L if the diffusion of the field line DQLL is

^such that DQLL = A (DQL is the quasilinear diffusion coefficient).
Furthermore, over the length L, the flux tube opens exponentionally

in a fan such that the characteristic widths are 6 = A~ exp(-L/LQL>

and d such that Sd = A"2. The length LQL = qR a"4/3 is the correlation
length. The geometry of the flux tube is defined by the balance
between the two transport channels, hence E1 ~ E//. Taking into
account the sections of the flux tube S1 = Ld, S// = Sd, one finds 5 =

1 /2L(X1 /X//) • The balance between the two transport channels also
gives the order of magnitude of the effective energy transport E// =

Eeff. The effective section of the flux tube is Scff = LE with A" < A .
Two different regimes can be considered, on one hand the energy
transport is a random walk process of step LT such that the
complete width of the flux tube is effective in the parallel transport

process, then A" = A (spaghetti regime), on the other hand, the
transport can be that of a single step connection to the wall with a
given length Lc (noodle regime). The effective heat diffusivity Xcff
for both regimes is

X// PO L LOL tn f .„ . ,,.
L exp[(L " LT)/LQL! (3)



In the case of the noodle regime, Lc< Lj, the length L in Eq. (3) is
Lc. In the spaghetti regime, L = LT, and the step LT of the random
walk is determined by the following equation :

LT //1T /T v X ,,.,.- exp(2LT/LQL) - - ( 4 )

In view of these results, the power outflow from the core of the
plasma undergoes a uniform random walk transport (spaghetti
regime) until the transport turns over to the noodle regime where
the specific topology of the field lines will govern the heat load and
hence the non-uniformity of the power deposition which has been
observed [7].

3. Shadow effects and heat load on the plasma facing components
A basic effect of the ergodization of the field lines is the

change in the shadowing between the various plasma facing
components, modular limiters, inner wall, etc. Modification of the
SOL and of plasma wall interaction will follow from this geometrical
effect. In a first approach, we consider the case of a single roof
shaped limiter which stands 60 mm ahead of the wall and of the
ergodic divertor modules. The value of qcdge is °f tne order of 3 so
that the limiter shadows itself after 3 major turns when fhe ergodic
divertor coils are not activated.

On Fig.5, the shadow of the limiter is displayed at a given
poloidal section but after various toroidal turns. As shown on Fig. 3,
the poloidal section stands between the limiter and the first ergodic
divertor module. - Step O : image of the unperturbed
limiter head.
- Step 1 : the field lines have experienced the effect of the
perturbation which leads to a spreading of the limiter shadow in
the radial direction. - Step 2 : the shadow is unmodified since the
field lines are now running in the high field side of the torus where
no ergodic divertor coils are implemented.

Step 3 : after 3 turns, the shadow returns to the limiter and a
large fraction does not impinge the limiter.

'- Step 4 : the remaining points then experience a new perturbation
and the radial spreading is such that most of the points impinge the
wall.
This sequence clearly indicates that the ergodic divertor yields a
quite different distribution of connexion lengths. With this simple
effect, the life time of particles and of energy in the SOL are
modified with the known consequences on the e-folding lengths.



The radial excursion of the field lines brings in another
important change of the SOL. Field lines leaving from the limiter
head can experience a large radial excursion and thus be connected
to hot areas of the plasma. The radial excursion along a finite
distance toroidally and for field lines starting on the limiter head is
plotted on Fig.6 as a function of the starting point. A
straightforward consequence of such a distribution is the
modification of the heat load on the pump limiter head. The energy
is now channelled to a narrow band on the limiter which yields a
pattern of hot spots and insulated areas. The effect of the
transverse transport in this situation is now under investigation.

4. Discussion and conclusion
The present analytical and numerical study of the

modification of the SOL induced by the ergodic divertor allows to
take account of the effect of the interaction with the wall. Two
different transport domains occur depending on the length of the
connexion to the wall. The fully stochastic ,region presents a
uniform enhanced random transport. This so called spaghetti
regime is based on a random walk process, of step LT (see eq.(4)),
due to the ergodicity of magnetic field lines. In the second region,
with short connexion lengths, a single step is required before
impinging the plasma facing components. This single step transport
(noodle regime) yields heat load patterns similar to those reported
in other ergodic divertor experiences [9,1O]. The change in heat
deposition can be analysed as the result of three main effects.
- The radial excursion of field lines is modified. The self shielding
of the pumped limiter is altered (see Fig.5) : several field lines
experience a radial inwards excursion and- many are connected to
the wall instead of being re-connected on the pumped limiter.
- This leads to re-arrangement of heat and particles fluxes. On one
hand, field lines of characteristic length Ly with a deep radial
penetration channel the power to "hot spots". On the other hand,
short and non-penetrating lines insulate locally the facing
components. As we noticed in section 3, the pattern in bands of the
radial excursion of field lines starting on the limiter head (Fig.6)
leads to non-uniformity of the heat load, in fairly good agreement,
at least qualitatively, with the measured temperature distribution
on the pumped limiter head [7].

At last, the radial outwards steps of a field line going by the
ergodic coils modify the transport and can form a first order
estimate of the increase of the energy e-folding lentgh Xq in the
SOL, from 9mm to 25mm [7].



The heat load on the ergodic divertor modules must be
considered since the ergodic divertor has been deviced in order to
work with the plasma leanning on the ergodic coils. The control of
the plasma wall interaction by the Ergodic Divertor is optimal in the
sense that the last magnetic closed surface of the unperturbed
equilibrium touchs the ergodic coils and the effect of the
perturbation is maximum. Indeed, the strength of the magnetic
perturbation (Fig.6) clearly discriminates the areas which
experience various radial excursions. As expected from previous 3D
computation [8], the perturbation allows to channel particles and
heat between the bars of the ergodic coils where neutralizer plates
and titanium pumps have been implemented.

A field line tracing code has been developped to analyse the
Ergodic Divertor experiments on TORE SUPRA. This code takes into
account the precise magnetic and wall (moveable limiters, etc.)
configurations. We report here an analysis of heat transport based
on a theoretical derivation of transport coefficients and on the
computed topology of the connexion lengths. Qualitative agreement
has been found with the experimental results on heat deposition.
More detailed investigation of the transport is now in progress,
especially in order to take the transverse diffusion into account.

Ackownledgements : We thank A. Grosman and D. Guilhem for
stimulating discussions and C. Passeron for the important help she gave in
writing the field line tracing code.
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Figure Captions

Figure 1 : Potential vector perturbation induced by the ergodic
divertor at q = 3 and blow up of its poloidal dependence.

Figure 2 : Poloidal section (or Poincaré section) of the ergodic
domain, with no protruding limiters.

Figure 3 : Step in the radial position (1/q) induced by the ergodic
divertor versus the normalized toroidal angle.

Figure 4 : Sketch of the two flux tubes which discriminate the two
transport regimes, spaghetti regime on top and noodle regime
(lower case).

,t

Figure 5 : Shadow of the limiter head at a single poloidal section
and after O, 1, 2, 3 and 4 toroidal turns.

Figure 6 : Pattern of the radial excursion of the field lines leaving
the limiter head as a function of the originating position.



6A

0,00

-0,01
- 0 , 4 0 ,0

O.

0.4

-0,4



1/q

1/2

O O O O O & O o O O' O

O C

2/5-

, .-. f •>._• :•»"-* '".•-«•« - M i - 1 J i M - I » - « " . ',•••"•• "• « ,-» •'• f •?_•> ' • • •*• •" .«
• • . » ! • •_ > J~ «• rfj"-», JI-'B •, V •- _ _ , .' »«'* -J •• •' W*' w... A .1" -jt >- •? ^J
• -^a • I • *• ^B — * E -•« " J1 • •- !•- ' • 5" ' •! *• • '• ^1 • ' • J • • 1 "^i ' —;: ;":•. s- •' ,.-/.-'.'. -• ^. .:-.:•/!.•.:,••'• ' ' • ' - :-~* •' ' ' U
r•*",.:v.,- - ; v 5>"s; . V •-- :"< V". ^,V-r ' V.,- •» •; J 'rS",,' i.;,- - j." O

ii • •• r :. • •• ••- i . >' T -.. • W ^ -
• , ! • .

/2
-1/2 O. 1/2



e*/jc

0,2

0,1-

0,0-

-0,1-

-0,2-

8
*• •

I 9

-0,3
-0,3

1/q 0,31

0,30-

0,29-

0,28-

0,27
-0,3

0,3

0,3

0,9

0,9

1,5

1,5

2,1
(p*/7t

^ y*'*



A

FcC a r e



1/q O1

0,34

0,32

0,30-

0,28-

0,26

s •
»

SgS ,a'»**.V> T

<-! * ***

* +
+**

e

e*
- 3 - 2 - 1 0 1



<P*/27T

0.04 O. M

'0.04
0.085



Study of the influence of air exposure on graphite
implanted by low energy high density deuterium plasma

V Fernandez, J. Bardon, J.P. Palmari

CRMC2-CNRS, Campus de Luminy, case 913
13288 Marseille cedex 09 - France

C. Grisolla
Association Euratom CEA pour Ia Fusion

CEN de Cadarache -13108 Saint-Paul-Lez-Durance - France

Abstract
•«

A study of the influence of air exposure on the content of Deuterium implanted

graphite was done for different exposure durations and different gas exposures. Important
reduction of the D2 thermodesorbed is shown to result from the formation of deuterated

compounds during the desorption, the total amount of deuterium desorbed remaining'
unchanged. Some informations on the mechanisms of the interactions can be obtained by the

comparison of the different experiments.



I - INTRODUCTION

The hydrogen isotopes content of fragments of tokamaks walls obtained in various

situations is frequently measured by ex situ analysis techniques like ERD (Elastic Recoil
Detection), RNA (Radio Nuclear Analysis) or TDS (Thermodesorption). On the other hand,

numerous studies on the recycling properties of graphite exposed to ion beams or plasma are
done in situ in laboratory experiments. It can be suspected [1,2] that air exposure of samples

of implanted graphite could lead to some discrepancies between the results of ex situ and in
situ analysis.

TDS analysis of polycrystaJline graphite samples, first implanted with Deuterium
plasma and then exposed to normal air, dry air, nitrogen, oxygen and hydrogen were done in

SPISA (Surface Plasma Interaction Simulation Apparatus). The aim was to compare the
content of deuterium remaining in the samples with an without gas exposure and to try to

explain the observed effects.
After air exposure, the molecular deuterium signal is decreased by a factor 0.6, but the

quantity of the desorbed deuterated compounds is increased and the total deuterium content of
the sample was shown to be constant even in the case of 1000 hours exposure to humid air.

Some features of the formation of these deuterated compounds are described, showing the
prominent role of OH radicals and saturation effects.

II-EXPERIMENTAL

The SPISA apparatus was described in detail elsewhere [3]. It consists of two vessels

connected by a valve : in the first one a sample is deuterium implanted by the plasma and is
analysed in the second one by thermodesorption. All the experiments described in this paper

were made at T6 = 15 eV and Ne = 5.101 ̂  m~3 corresponding to an implantation energy of 50

eV. All the implantations were done by 4 plasma shots of 0.5 seconds each which are

sufficient to obtain the saturation. The plasma parameters, measured by a double Langmuir
probe were reproducible within 1% with the probe signals filtered at 300 Hz. The base

pressure of the vessel is in the 10"̂  Pa range.

The polycrystalline graphite samples were made up of 5890 PT from Le Carbone

Lorraine. The dimensions are 11x11x2 mm^. The plasma exposure is limited to a circle of 9

mm diameter on one face.

The deuterium implanted graphite was exposed to :
- Atmospheric air with relative moisture between 0.2 and 0.8. The exposure time was between

1.5 and 1000 hours.
- Dry air at atmospheric pressure obtained by slowly introducing atmospheric air via a 2 m
stainless steel pipe immersed in liquid nitrogen.
- Nitrogen at atmospheric pressure.



-Oxygen at 2.1O4Pa.

- Hydrogen at 1(T^ Pa for 20 hours, and at 10"^ Pa for 15 min.

It must be pointed out that a gas exposure is in fact constituted by two parts, the first

one being controlled and described above, the second one being the duration of pumping

down the vessel which amounts typically to 15 min. for 10"̂  Pa and 12 hours for 10"̂  Pa.

The residual gases were, as usual for a non baked vessel, water and hydrogen.
After the deuterium implantation and the gas exposure, the sample was transferred in

the UHV analysis vessel without breaking the vacuum. Then, it was thermally desorbed by a
perfectly linear ramp of temperature from ambient to 1120 K. The heating rate during the ramp

wasl Ks'1.

The m/q ratio was continuously recorded for the values 2,3,4,16,17,18,19,20,40 and

in some cases for the values 28 and 30 to 36.
As stated by many authors [4-7], the quantitative analysis of thermodesorption data is

difficult and needs extended precautions. The typical drawbacks of such experiments are the
species assessment for a given mass, the influence of the ionizadon efficiency, the quadrupole

transmission, the pumping speed, the formation of compounds by the ionizing source of the
RGA, the influence of the walls of the vacuum vessel and of the sample holder, the sample

uniformity of temperature and the variation of the MES amplification coefficient with time.
In order to prevent these errors or at least estimate their magnitudes, some auxiliary

experiments were proceeded. Hydrogen, deuterium air and argon were introduced
successively in the vessel via a calibrated leak. As the vessel is pumped out by two

turbomolecular pumps in série, the low compression ratio of hydrogen was not to be
considered and, taking into account the ionisation efficiencies given by the RGA

manufacturer, we obtained the relative sensitivity curve of the RGA.

A mixture of H 2 and D2 was introduced in the vessel at the same pressure (~ 10"^ Pa)

as in typical desorption measurements. The HD signal obtained was negligible on the scale of
these measurements. The analysis vessel was also exposed to atmospheric air and pumped out

without baking thus ensuring saturation of the walls with ̂ O. Thermodesorption of a sample

implanted by the deuterium plasma but not exposed to the air did not show any variation of the

HD and m = 19 (HDO in part) signal. Therefore the influence of the walls or the ionising
source can be considered as negligible for the formation of the observed compounds.

The influence of the molybdenum sample holder and the temperature uniformity of the
sample had been checked previously [8] and shown to be of no importance except for the
hydrogen desorption spectra in the low temperature region.

SEM amplification and total transmission factor variations were corrected via

introducing argon by a calibrated leak during all the TDS experiments.
The mass assessment of the observed m/q ratio was done by comparing the

thermodesorption spectra of graphite samples implanted in the same conditions by deuterium
plasmas and by hydrogen plasmas. The thermodesorption spectra were similar for H2 and D2



when taking into account the sensibility curve of the RGA. Therefore we can compare the

spectra of the different isotopic hydrogen compounds assuming the same behavior for
hydrogen and deuterium.

Ill - RESULTS

III.l. Reference spectra
Reference spectra were obtained by transfering the sample into the analysis vessel 2

min. after the implantation by the Deuteriumn plasma, the thermodesorption beginning

immediately after.
These spectra show a rather complex structure (Fig. Ia) when the slope of the

temperature ramp is sufficiently low (< 5 K s"^). This structure can be equally well explained

by diffusion or detrapping as the limiting mechanism of the desorption [8]. The H2 and HD

levels are low and nearly constant for hydrogen. The CD4 and related (CD^, CDgH, CD2»
...) signals have a peak at the same temperature of 720 K as the principal peak of the D2

spectrum. For this temperature, the ratio between CD4 and D 2 is 0.13. The C'zPs and related
spectra are much more peaked at the same temperature and are of the s'dme order of magnitude

as CD4.
During the temperature ramp, the following relations are well fitted for a large range of

partial pressures.

Pro = ki \ PH,* PD, (D

HDO

PcD4= ks Pc2D6 (3)

These fits are shown in figures 2,3 and 4.

III.2.- D2 spectra after gas exposures

The results are summarised in tables I and II.
Residual gas

Since the vessel must be pumped out during 12 hours before the desorption to prevent
the contamination of the analysis vessel during the transfer, the effect of residual gas during

this time must be considered. After the first minutes of pumping, hydrogen and water are the
major components of residual gas.



The ratio of D2 spectra for a 20 hours exposure to residual gas and for reference is

equal to 0.90 ± 0.03. No decrease of the D2 spectrum was observed when the sample was
transferred in the analysis vessel immediately after implantation and thermodesorbed 20 hours
later. Therefore the lowering of D^ results from the residual gas as can be expected from other
studies [9].
Hydrogen

A fifteen minutes exposure of the sample to 10"^ Pa of hydrogen, yielding a larger

total hydrogen exposure than in case of residual gas. Nevertheless no drop in D^ occured.
Atmospheric air

Two spectra were recorded for the 1000 hours exposures, three for the other ones.
The results are given in table II.

Dry air
The spectra recorded after an exposure to dry air for two hours did not show a

significant difference with those obtained for the same exposure time in atmospheric air.
Oxygen

We obtained a ratio of 0.62 for the exposure to 0.2 10^ Pa of 02- This ratio is equal,

within the uncertainty limit, to those obtained with atmospheric or dry air.

The influence of different gases on T>2 release is summarized in table I. Table II shows
the D2 ratio after different exposures to air.

III.3.- Other species spectra after gas exposure
The H? spectra give similar results for oxygen, dry air and residual gas exposures.

The maxima are about ten times the value of reference spectra. They occur at 450 K which is

lower than the first peak of the reference D2 or H2 spectra.
The relation (1) for HD spectra is fulfilled for iemperature above 500 K. The relation

(2) is nearly fulfilled for the HDO spectra in the same range of temperature.
The 0)4, C 2D^ and related species are increased by fifteen percent for CD^ and less

than ten percent for C^D^. The relation (3) is fulfilled. CDgH and Œ>2H2 which were
negligible in reference spectra appears at roughly the same level than CD^.

By summing the atoms of deuterium desorbed with the corrections described in part II,
we obtained the same result for the reference and for the gas exposed samples within ten
percent.

IV - DISCUSSION
The principal result obtained from the experiments described in the part III is the

conservation of the total amount of implanted deuterium in graphite after air exposure. It
explains the discrepancies observed between atomic analysis experiments and the
thermodesorpdon ones. These experiments give also some informations on the mechanisms of
thermal desorption of the deuterium from the graphite.

The spectra obtained for the different conditions of exposure clearly show that



hydrogen is adsorbed by graphite on two ways (Fig. la). A part which desorbs at low

temperature and does not react with deuterium. It probably arises from molecular hydrogen
trapped on the defects. Another part more strongly bound to the carbon reacts with deuterium
during the desorption as evidenced by the fulfillment of the relation 1 above 500 K. As shown
below, it probably comes from water dissociation, the water being created on the walls of the
vessel during the dry air and Û2 exposures. Modelling the desorption by atomic detrapping
and subsequent recombination of hydrogen and deuterium, we must obtain a value of 2 for the

k j factor in Eq. 1. The experimental value of 1.8 assumes that H2 is desorbed by the whole
surface of the sample and HD by the deuterium implanted face. The agreement between the
model and the experiment is reasonably good.

The formation of HDO could be the result of CO dissociation [ 10] but this mechanism

is ruled out by the negligible level of D2O during the desorption.
Surprisingly enough we did not observe significant differences in HDO formation

between the atmospheric air, dry air and oxygen exposures. However, in the case of
atmospheric air, the H2 and ̂ O spectra give the expected increase versus the other ones and
saturates the electronics of the RGA. All these facts together with the fuHfilment of the relation
(2) lead to the conclusion that HDO results from OH radicals with a saturation effect.

The spectra of the CD^ C 2^6 and related species presents two interesting features.
The first one is their striking similarity with those given by Philipps et al [11-12] for different
conditions. The second one is the very good fit between relation (3) and the experimental
results providing evidence for the formation of CiP^ from Œ>3 radicals. The third one is the
temperature of the peak maximum which is exactly the same as for the principal maximum of
the D2 spectra. It must be noted that a 720 K the CH4 production is weak and the €2^

production is zero [13] when the graphite is exposed to a flux of atomic hydrogen. The peak
temperature of 720 K may also be compared with the emergence at 800 K of an EELS peak at
6 eV attributed [ 14] to the onset of p bonds during the heating of a : C-H films. A tentative
explanation should be the breaking of some C-D bonds at this temperature followed by D2,

Œ>4 and C'f)^ formation and desorption, CDg being the precursor radical. The slight
increase of the signals when the samples have been exposed to gases containing oxygen may

result from the breaking of some a bonds by the desorption of OH radicals.

All this discussion emphasizes the importance of the OH radical to explain the apparent
lowering of the D2 quantity desorbed in the thermodesorption experiments. When dry air and
oxygen were introduced in the vessel, the ^O content increased rapidly because the

hydrogen saturated the metallic surface of the vessel. The total quantity was largely lower
than for introduction of atmospheric air but it was sufficient to obtain the saturation described
above.

V - CONCLUSION
When a sample is implanted at saturation by a low energy deuterium plasma and then

analysed by thermodesorption, the molecular deuterium desorbed is decreased by a factor of



two if the sample has been exposed to oxygen. This reduction is nearly saturated by a two
hours exposure.

A careful analysis of the amount of desorbing deuterated compounds shows that the
total content of deuterium in graphite is not affected by exposure to the air and that the binding
state of the deuterium is also not affected. All the observed effects can be explained by thermal
detrapping of atomic hydrogen with subsequent recombination. It is also shown that water
plays an important role for the formation of deuterated compounds.

Consequently, the thermodesorption analysis needs UHV conditions if difficult and
cumbersome procedures are to be avoided.
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Table I - Influence of different gases on the desorbed molecular Deuterium

Gas

Pressure (Pa)

Exposure time

Ratio

Atm. Air

10*

2h

0.65

Dry Air

105

2h

0.7

O2

2.104

2 h

0.62

N9 H9£* £*

105 10'1

2h 15min

1 1

Res. Gases

10-5

2Oh

0.9

Ratio of the D£ pressure during the thermodesorption after different gas exposures to the
pressure for reference thermodesorption.The uncertainty on the value of the ratio is ± 0.05.



Table II - Influence of the duration of air exposure on the desorbed molecular

Deuterium

Exposure time 2 24 65 1000
(hours)

Ratio .65 .53 .55 .55

Ratio of the D2 pressure during the thermodesorption after air exposure to

the D2 pressure for reference thermodesorption. The uncertainty on the
value of the ratio is ± 0.05
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Figure captions

Fig. 1 - Thermodesorption spectra of Deuterium implanted graphite giving the relative partial

pressures versus the temperature. Heating rate = 1 K s . The signals are corrected for the

transmission factor of the RGA. Solid lines correspond to the reference spectra, the dashed

ones to the spectra obtained after C>2 exposure at 2.10^* Pa. a) m/q = 2, 3 and 4. b) m/q = 18,

19 and 20.

Fig. 2- Fitti ig of the relation 1. Solid line corresponds to the HD spectrum. The dashed one

to the square root of the product of the partial pressures of H2 and D2- The product is
normalised by a constant factor of 1.8 giving the best tit

Fig. 3 - Fitting of the relation 2. Solid line corresponds to the ratio of the partial pressures of

HDO and ̂ O ; the dashed one to the square root of the ratio of the partial pressures of H2
and Do*• ,1

Fig. 4 - Fitting of the relation 3. Solid line corresponds to the C^^Q spectrum ; the dashed one

to the square of the partial pressure of €04. This curve is also normalised by a constant factor.



0.35J

=. O

\ -\

MASS 2

I 0.2H
CL.

O
MASS 4

300 600 900 TEMPERATURE

PuI 1 O.



MASS 18

300 600 900
TEMPERATURE M

i

b



I I I I
IO

OC
ZD

or
UJ
Q_

O
O
•o

O
O
OO

O
O
(O

O
hO



I I I T I I T

QC

£

O
O
O

O
rO

OO

O

(O

O
hO




