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Abstract

Graphite tiles or carbon-coated structures are largely used as wall or divertor materials in magnetically confined fusic
devices. Laboratory work on plasma—wall interaction has so far mainly focused on obtaining physical and chemical sputterir
yields for such materials. Much less is known on electron emission and molecular fragmentation and reactions during ic
impact on graphite surfaces, despite the fact that both processes might play a decisive role in plasma-wall interaction. \
therefore have measured such data for fusion-relevant ion species (g'gn B 1-3 and C*, z = 1, 2,4, 5) in the eV
to keV impact energy region typical for fusion edge plasma conditions. As a target surface graphite tiles from the Tokame
experiment Tore Supra in CEA-Cadarache/France have been used. Implications of the experimental results for plasma e
modeling are also discussed. (Int J Mass Spectrom 223-224 (2003) 21-36)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction fusion machines (in particular, ITER-FEAT). Inter-
action with the wall material largely influences the
The understanding and control of plasma-surface performance of magnetically confined plasmas. The
interaction (PSI) is not only of great importance for use of lowZ materials such as carbon, boron and
the plasma processing industry, but also rather critical beryllium has been a great success in the present large
for the future success of fusion energy development Tokamakg?2]. In ITER design, graphite-based latv
[1]. While in early fusion devices the energy content material is recommended for divertor plates and first
was largely insufficient to destroy the plasma-facing wall protection for the initial operation phase in order
materials, it has nowadays reached such high levelsto minimize the risk of plasma contamination.
that divertor design including appropriate material  The available databases on PSI mainly include data
selection has become very important for next-step on physical and chemical sputtering/erosion, material
deposition and hydrogen/deuterium recycling. Much
_ _ _ _ less reliable data are known for electron emission from
* Corresponding author. E-mail: aumayr@iap.tuwien.ac.at . . .
L Also adjunct professor at Department of Plasmaphysics, wall materials under impact of energetic ions, atoms
Comenius University, Bratislava SK-84248, Slovak Republic. or electrong3] and data on molecular fragmentation
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during molecular ion scattering are practically non- 2. lon-induced electron emission from
existing [4]. The latter have so far been limited to carbon surfaces
laboratory studies mainly involving Hand O" pro-
jectiles [5] and only recently extended to systems 2.1. Mechanisms of ion-induced electron emission
such as Ch™ and CH* but with conflicting results
[6,7]. However, electron emission can play an impor-  In a simple approach ion-induced electron emission
tant role in PSI by influencing the boundary plasma can result from the kinetic (kinetic emission—KE) as
(e.g., via the sheath potential) and the intensity of well as the potential energy (potential emission—PE)
plasma—wall interaction accordingly. Basically, a of the projectile ions. KE requires a certain impact
large yield of emitted electrons is expected to reduce velocity threshold whereas PE only needs a minimum
the sheath potential. This in turn reduces the impact potential energy deposited upon impact, i.e., a total
energy of ions and consequently the ion flux to the ion recombination energy surpassing twice the surface
surface and the related sputtering yield. Molecular work function W;. There are several ways in which
fragmentation and reactive collisions, on the other slow ions can excite electrons at the expense of their
hand, may significantly change the ion and neutral kinetic energy. The two most prominent mechanisms
composition in the plasma edge due to the emission involve direct binary collisions with target electrons
of neutrals and ions not present in the plasma prior to and electron promotion in quasi-molecular collisions
the impact and thus change its properties drastically. of projectile ions with target atom cores. The latter
Recent studies in the field of thermonuclear fusion process strongly depends on details of the electronic
based on the magnetic confinement of high temper- structure of projectile and target atoms. The situation
ature plasma have demonstrated that the conditionsis further complicated by the fact that the amount of
at the plasma periphery (“plasma edge”) play an im- electrons emitted not only depends on the primary
portant role for achieving, sustaining and controlling electron excitation mechanism but also on other prop-
the thermonuclear fusion plasnj4,8]. In order to erties of the solid surface, e.g., the mean free path for
understand and elucidate the role of the radiative and low energy electrons inside the target bulk and their
collisional processes in this plasma edge region (in escape probability through the surface barf@r
particular, their (i) influence on the plasma properties  In a series of recent studies for clean gold surfaces
and dynamics and their (ii) use for controlling the we have tried to disentangle some of these contribu-
plasma conditions), it is essential to have available a tions to the total electron yield. With very slow ions in
detailed and quantitative knowledge on (i) these ele- higher charge states the domain of exclusive PE can
mentary processes in the gas phgjesuch as cross  be investigated10,11] Coincidence measurements
sections, reaction rate coefficients, etc.) and on (ii) the between emitted electrons and projectiles scattered
interaction of the gas phase particles with the plasma under grazing angles from a monocrystalline surface
walls [4]. These data are necessary as input for edge can separate the PE and KE contributi¢hg]. Ex-
plasma modeling and various diagnostic techniques. clusive KE mechanisms have been studied at the KE
In view of the lack of available data, the main ob- velocity threshold for various singly charged ions on
jective of this paper is to present measured data for polycrystalline Au[13].
fusion-relevant ion species (e.g.,H n = 1-3) in In this chapter we present measured total electron
the eV to keV impact energy region typical for fusion vyields for singly and multiply charged (atomic) ion
edge plasma conditions. As for the target surface, impact on graphite surfaces. On the one hand, graphite
graphite tiles from the Tokamak experiment Tore is quite similar to the gold target used in our previous
Supra in CEA-Cadarache/France have been used. Im-studies: both target materials are good conductors and
plications of the experimental results for plasma edge the work function is almost the same (5.1 eV for gold
modeling are also discussed. and 5.0 eV for graphite). On the other hand, their Fermi
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Fig. 1. Experimental set-up.

energies (approximately 7.6 eV for goJ#li4,15] and
21.3 eV for graphitg16]) are quite different and this
difference might therefore become apparent from a
direct comparison of the two targets.

2.2. Experimental set-up and technique

As projectiles for our studies we have used singly
and multiply charged ions (MCIs) characteristic for
a typical edge plasma, namely"HH,*, Hs*, CIt,

N* and OF. These ions have been produced in our
5GHz ECR ion sourcfl7], extracted and accelerated
with a few keV, formed to a beam, mass-to-charge

23

Total electron yieldgy were determined by means
of current measurements for impinging ions and emit-
ted electrond18] (seeFigs. 2 and B and resulting
total errors can be estimated to abah?%. Data
were obtained for normally incident ions only.

2.3. Graphite targets

For our experiments we have received carbon
tiles from Association EURATOM—CEA/Cadarache
which were used there as limiter material in Tore
Supra. The surface orientations of these carbon com-
pound tiles exhibit different thermal conductivity
(two high and one low thermal conductivity sides, see
Fig. 4).

Since the electron transport in a conductor is con-
nected to its thermal conductivity, some influence
of thermal conductivity on the total electron yield
can be expected. Consequently, we have investigated
electron emission from the high (HC1 and HC2)
and low (LC) thermal conductivity sides separately.
In addition, for comparison we have investigated a
highly oriented pyrolytic graphite (HOPG) sample,
constituting a standard material in surface science.

separated in a sector magnet and directed onto the Before taking data all targets have been sputter-clea-

carbon target situated in an UHV chamber. To obtain

ned by impact of 3 keV Ar ions and all investigations

impact energies typical for the plasma edge (several were carried out under ultra-high-vacuum (UHV) con-

eV to several keV), the ions were decelerated in front

ditions (typically 10-19 mbar). Carbon surfaces inside

of the target by means of a deceleration and focusing a fusion device are supposed to be dynamically clean

lens Fig. 1).
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Fig. 2. Determination of total electron yields by measuring the currents of incoming ions and emitted electrons.
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Fig. 3. Raw data as obtained for impact of dn a graphite (HOPG) target.
2.4. Results for singly charged projectiles Only for the hydrogen ions can data be compared to
literature results. Our data are in very good agreement
Fig. 5 shows measured total electron yieldsin- with measurements performed on bulk carbon samples
duced by impact of M, Ho*, Hs*, C™, NT and OF by Large and Whitloc19] and Cawthror{20], and
ions on the different carbon surfaces (&nd G, de- somewhat lower than data obtained on self supporting

note results for the low- and high-conductivity sides carbon foils[21]. To our knowledge no data for the
of the carbon tiles, HOPG denotes the highly ori- other systems are available so far.

ented pyrolytic graphite sample). As a general trend, Electron yields as measured for the same projectile
about 20% less electrons are emitted from the high ions on clean polycrystalline gol@2] are shown in
conductivity side of the carbon tiles as compared Figs. 6 and 7and compared to the HOPG results. At
to the low conductivity side (both high conductivity projectile velocities below approximately>810° m/s
sides denoted asHz and Gy2 yield identical results  the yields decrease linearly with the projectile velocity.

within our error limits, as shown for the case ofH If one extrapolates this trend to zero yield, the resulting
impact inFig. 5), whereas results for HOPG are gen- intersection with the velocity-axis appears at around
erally situated between the results fqr @nd Gy. For 1 x 10°m/s in the case of our carbon target, which

all projectile species electron emission starts around is considerably lower than the value obtained for Au
an ion impact velocity threshold of 2én/s, corre- (3.5 x 10° m/s)[22].

sponding to an impact energy (per atomic mass unit)  Although we did not perform measurements with
of 50 eV/amu. fast neutral hydrogen atoms on graphite, we can

@ HC Carbon Tile:
High thermal conductivity:
’ Cj HC: 230 W/m/K

3 HC Low thermal conductivity:
LC: 150 W/m/K

Lc

Fig. 4. Carbon tiles from Tore Supra (which exhibit surface orientations with different thermal conductivity) have been used as a target

material together with HOPG.
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Fig. 5. Total electron yields vs. impact velocityfor impact of H", Ho™, Hs*, C*, N* and O" ions on different carbon tile surfaces

(see text).
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Fig. 6. Comparison between total electron yields vs. impact veloc- Fig. 7. Comparison between total electron yields vs. impact veloc-

ity v for impact of H", Hy™, H3* on HOPG and Au, respectively.

evaluate a hypothetical9yield under the assumption

that the relation for equally fast ions:
y(H, D) = y(HD) + (= Dy HO)

holds for graphite in the same way as for the Au target

[22], and therefore we should obtain:
y(H, ") —y(HT)

ity v for impact of C", N*, Ot on HOPG and Au, respectively.

Values fory (H%) derived in this way are shown in

Fig. 8together with measured yields (in electrons per

@)

proton) for the various hydrogen ions as a function of

the number of projectile screening electrons. Within

the combined error bars=10%) they (H®) values cal-

culated according tdq. (2) from data for protons
and H* agree with values derived from yields for

y(HY) = @ i i i
n—1 protons and g, respectively. This agreement gives
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Fig. 8. Measured electron yields per proton for impact of atomic and molecular hydrogen projectiles on clean graphite plotted as a function
of the number of screening electrons per proton at different projectile velocities. Yields for hydrogen dtomeseHderived from data
for impact of protons and #t or protons and i, respectively by usingq. (2)
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confidence thaEq. (1) can also be applied to molec- While the work functions are almost the same for Au
ular hydrogen ions on graphite (as in the case of Au). and graphite, their Fermi energies are quite different
As a result we find that hydrogen atoms liberate about (seeFig. 9).
10% less electrons than equally fast protons. This results in an accordingly different value for
For discussion of our results we will consider the the “classical threshold” velocityvf, e(Au) ~ 2.4 x
different mechanisms for electron emission and there- 10° m/s or ca. 300 eV/amuwin «(C) ~ 1.5 x 10° m/s
fore concentrate on KE only since PE due to Auger or ca. 120 eV/amu). Experimentally, we observe a cor-
neutralization[23,24] can be neglected for the singly rect trend but in a qualitative way only (i.ew e(C) <
charged ion species applied here. In conducting tar- v e(Au)). With measuredin «(Au) ~ 3.4 x 10° m/s,
gets the most prominent KE mechanism (at least for electron emission from Au requires higher impact ve-
sufficiently fast projectiles) is momentum transfer locities than predicted bi¢q. (3) while for the carbon
in collisions of the projectile with quasi-free metal target electron emission already startsvgte(C) ~
electrons (“eKE process’],25]. In such collisions, 1.0 x 10° m/s and thus is clearly lower than calculated
however, quasi-free electrons from the Fermi gas can by Eq. (3) This points to the importance of other KE
only be ejected into vacuum above the so-called “clas- mechanisms like electron promotion into continuum
sical threshold” impact velocityi, e Which depends  in projectile collisions with individual target atoms
on the respective work functiow,, and also on the  [28,29] and/or a newly proposed “surface-assisted
Fermi velocityve (Fermi energyEr) of the electrons  KE” process[30]. Recent calculation, indeed shows

in the solid[9,25-28]according toEq. (3) that surface-assisted KE can explain both the energy
dependence and magnitude of the observed electron
1 W, i i
vthe = =ve |1+ We 3) yl.elds quite well[31]. The reasons for the obsgrved
2 Er difference between results for HC- and LC-oriented

Au C

vacuum level
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Fig. 9. C and Au targets feature similar work function but rather different Fermi energies.
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carbon tiles can, however, only be speculated upon.
It could, for example, be either due to differences
in projectile penetration and stopping power or to
preferred directions for electron transport.

2.5. Results for multiply charged projectiles

So far only preliminary results have been obtained
with MCls. Fig. 10 shows measured total electron
yieldsy induced by impact of €, Ct, C* and C*
ions on carbon tiles (Conly) as well as on HOPG.
The electron yield strongly increases with projectile
charge state which can be attributed to potential elec-
tron emission (PE)32]. Since PE has no impact en-
ergy threshold33], electrons can be emitted already
at impact energies of a few eV only.

This might have consequences for the sheath po-
tential (cf. Discussion in Chapter 4) and we will
therefore continue our studies for other MCI species
like 09T and N&* which are also of relevance in
the edge region of fusion plasmas (oxygen being an
almost unavoidable intrinsic impurity and neon being

S Cernusca et al./International Journal of Mass Spectrometry 223-224 (2003) 21-36

sometimes injected for modifying the edge plasma
temperature profile via enhanced radiation cooling).

3. Fragmentation of molecular ions

3.1. Reactive interactions of molecular ions
with surfaces

lon—surface (reactive) collisions is a research area
which is rapidly growing in an effort to identify and
explore new methods for characterizing gaseous ions
and the nature of the surface and for elucidating
plasma—wall interaction phenomena. Besides physi-
cal and chemical sputtering the following processes
have been identified and investigated in the past years
for collisions in the range of tens of eV laboratory
energy:

1.
2.
3.
4,

reflection,

surface-induced dissociation (SID),
charge exchange reactions (CER) and
surface-induced reactions (SIR).

y (e7ion)

100

120

velocity (10 * m/s)

Fig. 10. Total electron yields vs. impact velocityfor impact of C",

C2t, ¢* and Ct ions on carbon tiles (Conly) and HOPG.
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These four reactions may be written schematically an E-sector field, a surface and a time-of-flight mass

for a primary projectile ion mt or m?t colliding spectrometer)[37,39,40] which allows the investi-
with a surfaceS being covered with an adsorbate AB gation of ion—surface reactions with high primary
in the following way, respectively: mass and energy resolution, i.e., energy spreads of
N S N ot as low as 80meV FWHM have been achieved. In
mi™ = g~ M orm (4) the following we will first describe the characteris-
s tics and the performance of this newly constructed
my* — B my**t - my™ + ma (5) tandem mass spectrometer system BESTOF. We will
then discuss in an illustrative manner results obtained
m 2t — i - m*t > mpt +mg (6) with this machine selecting as an example the same
AB projectile/surface system (i.e.,oH and H* collid-
m — S — miAB** or mA** @) ing with graphite tiles from the Tokamak experiment

Tore Supra from Cadarache) as discussed above for

In addition to being of fundamental importance, the electron emission studies.
polyatomic ion—surface reactions are also relevant
to technological applications encompassing such 3.2. Experimental set-up and technique
diverse fields as: (i) secondary ion mass spectrome-
try; (ii) reactive scattering for surface analysis; (iii) The experimental apparatus BESTOF (5&g 11)
surface-induced dissociation for structural analy- constructed recently in Innsbru¢R7,39,40]consists
sis; (iv) surface modifications for the preparation of of a double focusing two-sector field mass spectrom-
new electronic materials (including the large area eter (reversed geometry) in combination with a linear
of plasma processing) and, quite importantly in the TOF mass spectrometer. Projectile ions to be used af-
present context; (v) plasma—wall interactions in elec- ter proper mass and energy analysis may be produced
trical discharges and fusion plasnids3]. in a variety of ways including a Nier type electron

Typically, polyatomic ion—surface reactions are impact ion source, a supersonic expansion cluster
studied with a tandem mass spectrometer set-up con-source, a pulsed arc cluster ion source, a Colutron gas
sisting of a combination of two or more mass ana- discharge source or an electron cyclotron resonance
lyzers such as a magnetic sector field analyzer (B), ion source. For the present investigations we used
a quadrupole mass analyzer (Q) or a time-of-flight a recently commissioned Colutron low-pressure DC
(TOF) analyzer[34-37] The first mass analyzer is gas discharge ion source allowing us to produce the
used to select the primary ion and the second massrequired projectile ions in abundant intensities.
analyzer (sometimes complemented by an energy Theions produced inthe Colutronion source are ex-
analyzer) is employed to record the secondary masstracted/focussed from the ion source region and accel-
spectrum as a function of the collision energy (and erated to about 3 keV for mass- and energy-analysis by
sometimes as a function of energy and angle). In or- the double-focusing two-sector field mass spectrom-
der to allow a quantitative investigation of SID and eter. The nominal mass resolution of this two-sector
SIR processes it is important to control and determine field mass spectrometer exceeds at 3keV a value of
accurately the collision energy and to achieve energy 10,000 and thus allows easily for selection of isotopi-
spreads as small as possible. So far the best energycally pure primary ionsFig. 12shows as an example
resolution achieved for the study of polyatomic ions a primary mass spectrum obtained by operating the
was a FWHM distribution of about 2-4eV38]. Colutron ion source with a 9:1 mixture obtand CH.
In a recent effort to improve this situation we have  After passing the exit slit of the mass spectrometer,
constructed the tandem mass spectrometer set-up BE{ons are refocused by an Einzel lens and the deceler-
STOF (consisting of a B-sector field combined with ation optics positioned in front of the stainless steel
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Fig. 11. Schematic view of the experimental apparatus BESTOF combined with a Colutron ion source.

surface. Field penetration effects are minimized by ing the (reflected) total ion signal as a function of the
shielding the surface with conical shield plates. The surface potential. The energy spread is given by the
incident impact anglé of the primary ions at the sur- FWHM of the first derivative of the total ion signal.
face is usually kept at 45and the scattering angle is  Fig. 13 shows as an example the total reflected ion
fixed at 92. The collision energy of ions impacting current for the impact of the molecular hydrogen ion
on the surface is defined by the potential difference H,* as a function of the nominal retarding potential
between the ion source and the surface. The potentialin the vicinity of the ion acceleration potential of ap-
difference (hence, the collision energy) can be varied proximately 2929 V. If the retarding potential is above
from O to about 2 keV. We have determined the en- the acceleration potential, no ions will hit the surface
ergy and energy spread of the primary ion beam by and thus no ions will be detected, and if the retard-
using the surface as a retarding potential and measur-ing potential is lowered, primary ions will start to be

600
500
400 -
300 - J

200

lon current (arb. units)

100+

0 ""l""l"l!! "|""|l' R AIRAASE RS
0 5 10 15 20 25 0 35 40 45 50
m/z (Thomson)

Fig. 12. Primary ion mass spectrum for a 9:3/€H, gas mixture in the Colutron ion source. Corresponding primary ions are identified.
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8000 T ' ' v v In the initial stage of our present studies, experi-
Projectile ion: Hy® 16000 ments have been carried out using a stainless steel sur-
face under ultra high vacuum conditions (18 Torr)
maintained in our bakeable turbo-pumped surface col-
lision chamber. However, even these conditions do not
exclude the production of monolayers of hydrocarbon
contaminants (pump oil, etc.) on the surface whenever
the valve between the mass spectrometers and the
surface collision chamber is opened and the pressure

0+ T T — ‘ 0
2956 2960 2964 2968 2972 in the target region is rising to the 1®Torr range.
Retarding Potential (V)

6000 -

14000
4000

12000

lon intensity (cps)

2000

(suun -que) 3p/Ip-

Fig. 13. Total reflected ion current, solid curve, for the surface 3.3. Results for Ho* and Hz™ projectile ions
impact of B ions as a function of the nominal retarding potential

in the vicinity of the ion acceleration potential of approximately . R
2967 V. The derivative of the leading edge of the total reflected In a first check about the re“ablllty of the present

ion currentl with respect to the enerdg, shown by dashed curve, ~Machine after installing the new Colutron ion source,
indicates a FWHM for the primary ion beam of about 0.9eV. we have repeated some of the earlier ion—surface
collision-induced dissociation and collision-induced
able to hit the surface and the reflected ion current reaction measurement87,39,40] thereby proving
will strongly increase to its peak value. The ensuing the correct working condition of the whole set-up. In
decrease of the reflected ion current with decreasing a next step we proceeded to the study of the most
retarding potential (increasing collision energy) is due basic molecular ion—surface interaction involving the
to the loss of primary ions at the surface via neutral- simple hydrogen ions $# and H™. These mea-
ization processes. The derivative of the leading edge surements were first carried out for comparison with
of this total reflected ion current also showrFig. 13 earlier studies and standardization with stainless steel
indicates, in this case, a FWHM for the primary ion and HOPG surfaces and then with fusion-relevant
beam spread of about 0.9eV. This energy spread is carbon-based materials, i.e., using the same carbon
caused by the ion production process and the ion ex- tile samples from Tore Supra as described in Chapter
traction from the Colutron ion source (similar energy 2. The surface samples have been studied (i) either
spreads have been measured for other ions from this‘as is’ under the vacuum conditions present in our
source) and is somewhat larger than the typical energy machine (101°Torr), in which case the surface is
spread of about 100—200 meV which can be achieved assumed to be covered with adsorbed gases from the
with ions from a Nier type ion sourd@7]. background or (ii) after cleaning the surface with
A fraction of the secondary ions formed at the sur- an ion sputter gun. In each case we have not only
face exits the shielded chamber through a 1 mm diam- measured the total reflected ion current, but also
eter orifice. These ions are then subjected to the pulsedperformed mass analysis of the product ions being
extraction and acceleration field which initiates TOF produced by the impact of the projectile ions. Fur-
analysis of these ions. This second mass analyzer is athermore, the reactive interactions have been studied
linear TOF mass selector with a flight tube of about as a function of collision energy (thus yielding energy
80cm in length. The mass selected ions are detectedresolved mass spectra, ERMS) up to an energy of
by a double stage multi-channel plate which is con- about 200 eV (see details as follows).
nected to a fast scaler (with a time resolution of 5ns  As mentioned irSection 1so far laboratory studies
per channel) and a laboratory computer. Mass reso-in the frame of fusion oriented investigations con-
lution has been improved steadily in the past 2 years cerning reactive interactions in the low energy regime
and is to date approximately 100. below 200 eV have been limited, i.e., involving only
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Fig. 14. Secondary ion mass spectra after impactof With different collision energies on a carbon tile sample covered by hydrocarbons.

E =30eV

coll.

012 3 4526 7 8 9 10 1 2 3 456 7 8 9 10
]l H H*
E =60 eV ~ E =80 eV

coll. coll.

Rel. abundance
.

01 2 3 456 7 8 910 0 1 2 3 4 5 6 7 8 9 10

m/z (Thomson)

Fig. 15. Secondary ion mass spectra after impactf With different collision energies on a carbon tile sample covered by hydrocarbons.
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H* and O" projectiles ions. Here we have extended 24
these studies to molecular hydrogen ions for the first 100 mmm * " geo T T
time including in a systematic fashion the species jH: ]
Hy™, and K. Possible dissociation pathways and its £ 501 TS: 26.8 ]
concomitant energeti¢d1] for these ions are listed as Q 1. 50%:44.0 1
follows: g ] H ]
Hym = HT +H (269eV) (8) 2 100 H MNP S
g : ]
Hs™ = H" +Hy (439eV) ) 5 5] TS: 29.2]
[0 50%:55.0
H3" = H," +H (6.22eV) (10) It ]
0_ -
+ + T T T T T
Hst = HY +H+H (891eV) (11) T

As can be seen frorfigs. 14 and 15which show Collision energy (eV)

as an example secondary mass spectra for thie H 1007 =
and KT ion, respectively, at some selected collision ]
energies, also in the case of the triatomic projec-

tile ion quite unexpectedly the only fragment ion to 2 907 ]
be observed is the atomic ion. This is in line with §
the energetics shown above which demonstrate that T 01 : il
production of the proton plus one neutrap fi$ the 3 1007 ]
energetically favored reaction. g 113 saa

In Figs. 16 and 17the present measurements S 507 50%58.8 ]
concerning the b and H™* ions interacting with T
stainless steel and Tore Supra carbon tile surfaces are 04 ]
summarized in form of ERMS plots. As a matter of 20 40 60 80
fact, due to the surprising results obtained we have Projectile velocity (km/s)

repeated all of these measurements several times and
Fig. 16. Energy resolved mass spectrum (ERMS) plot (upper

under different experimental conditions. panel) and velocity resolved mass spectrum (VRMS) plot (lower
Several trends can be deduced from the results panel) for the interaction of the # and H* with a stain-

shown inFigs. 16 and 17 less steel s_urfape covered with hydrocarb_ons. TS: thr_eshold_ en-
Both the diatomic and the triatomic hydrogen ;rggv(velocny) in eV; 50%: energy (velocity) at crossing point

molecular projectile ions (B~ and H*) fragment '

exclusively into the atomic counterparts. This is in

accordance with results concerning the angular depen-Hs* case. This is in accordance with the somewhat

dence of backscattering of keV molecular ions studied larger binding energy of the Hion in the triatomic ion

by Eckstein et al.[42] and photofragmentation of as compared to the diatomic case (Egs. (8) and (9)

these molecular ions by Carrington and Kenngt8]. It is interesting to note that the threshold energies
The fragmentation patterns are very similar for the are shifted by about the same order of magnitude as
two target surfaces. the different binding energies (approximately 2 eV),

The threshold values and the 50% crossing point whereas the 50% crossing point is shifted by a much
values occur at higher energies for the heavier molec- larger amount (approximately 10 eV).
ularion, i.e., 26.8 and 29.3 eV or 44 and 55 eV, respec-  Finally, when the data are converted from an ERMS
tively (seeFig. 16, when going from the bi* to the type plot to a VRMS type plot the ordering in the
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Fig. 17. Energy resolved mass spectrum (ERMS) plot (upper panel)
and velocity resolved mass spectrum (VRMS) plot (lower panel)
for the interaction of the bi" and K™ with a graphite surface of

a Tore Supra tile from Cadarache. TS: threshold energy (velocity)
in eV; 50%: energy (velocity) at crossing point in eV.

threshold value and the crossing point value is chang-
ing drastically.

It is interesting to note that we have recently also
started to use deuterated projectile igdgl], thus
allowing us to obtain information about H-retention
(see Discussion if45]). These studies will give us
information concerning the relative importance of
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4. Implications of the results for plasma edge
modelling

In order to demonstrate the importance of the
present results we will discuss as an illustrative exam-
ple the influence of electron emission on the sheath
potential.

4.1. Electron-induced €lectron emission

The role of electron (re-)emission and its influence
on the sheath potential has been treated by various
authors[46-52] The normalized sheath potentiak
in the presence of (electron-induced) electron emission

2rme(1+ Te/Th)

is given by[53]
" { mi(L—7)? }

1I
2
wherem, me, T; and T are the ion and electron
masses and temperatures, respectivelyjanignotes
the secondary emission yield. In the absence of space
charge the sheath potential for a pure hydrogen plasma
drops to 0 at aroungr = 0.92 [46,48] a value typ-
ically reached for 200-300eV electrons on graphite
surfaces at incidence angles 360ith respect to the
surface normaj48]. However, in the scrape-off layer
(SOL) plasma of toroidal fusion devices with mag-
netic divertors, magnetic field lines usually connect
to the target plates at grazing incidence. On the other
hand, the electron gyromotion around these grazingly
incident magnetic field lines tend to suppress electron
emission[49]. The relevance of this effect again de-
pends on the strength of the electric field across the
plasma sheath that accelerates the emitted electrons
away from the target surface, which calls for more
detailed simulation calculations.

_eVs

\[’s—ﬁe=

(12)

charge exchange reactions as compared to dissocia4.2. Singly charged ion-induced electron emission

tion reactions and pick up reactions when analysing
the ERMS spectra obtained. It is clear that the out-
come of these ion—surface collisions in terms of the
different reaction products will crucially influence the

composition of the plasma in the plasma edge and
may also be of importance in the H-retention process.

As seen from the data presented®iection 2.1elec-
tron emission induced by impact of singly charged ions
on carbon targets only starts at an impact energy of
about 50 eV/amu. At typical sheath potentials of 200V
the total electron yield even for the light hydrogen ions
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is still rather small (typically 0.2 electrons/ion) if com-  the sole responsibility of its publishers and it does not
pared to the electron-induced emission yield. Singly necessarily represent the views of the EU Commis-
charged ion-induced electron emission is therefore sion or its services. Work was partially supported by
usually neglected in plasma simulation codes. How- the FWF and the OAW, Wien, Austria and the Euro-
ever, ion-induced kinetic electron emission exhibits an pean Commission, Brussels. It is a pleasure to thank
impact angle® dependence of approximately®) ~ Dr. W. Hess from Association EURATOM—CEA,
yocos 1(®) [9], which means that under grazing Cadarache, for supplying the presently used graphite

angles of incidence the yields may become much tiles from the Tokamak experiment Tore Supra.

larger. A more definite answer for the role of (singly

charged) ion-induced electron emission can only be

gained from more complex simulation calculations.
4.3. Multiply charged ion-induced electron emission

The electron yield for MCls strongly increases with
the projectile charge statgof the ion[32]. Moreover,

the mainly responsible mechanism (potential elec-
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