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Abstract 

Pieces of divertor and midplane tiles from DIII-D have been studied to determine 

their erosion characteristics under low-energy deuterium impact (50 eV and 200 eV) as a 

function of fluence for sample temperatures of 300 K. 500 K. and 700 K. At the outer 

midplane, laboratory measuremrnts of erosion yields were initially found to be consistent 

with boron-doped graphite. The erosion yields decreased by a factor of 1.5 - 3 with 

increasing DC fluence in the range of 4 x 10" - 3 x 10" ~'lrn'. and levelled off for 

fluences 2 3 x 102' ~'lm'. Chernical erosion yields of the inner divenor sample were 

found to be comparable to that of pure graphite for incident D' energies of 50 eV and 

sample temperatures of 300 K and 500 K. Visual inspection indicated that the film was 

eroded through to the graphite substrate, confirming the observed chernical erosion 

results. 
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Introduction and Background 

1.1 Fusion Energy 

At the beginning of a new millenium, it is becoming increasingly clear that the ivorld is 
in need of an abundant, safe, environmentally acceptable. and cost-corn petit iw soiircc of 
energv. Future global energy demand ni11 depend on rates of growth of popiilatiori arid 
econornic activitx as well as reduction of energy usage. i.e.. energy conservation. .Ut liotigii 
studies va% many long-term projections of world energy demand predict coiisiiriiptioti 
levels 2 - 3 times their current levels by the F a r  2050 [l]: this is comniorily attrit~iitcd to 
the pursuit of rapid economic development in less developed nations. coriit~iiied n-i t l i  Iiigli 
population growth rates. Of the total primary energy used in the world i i i  1983. iiwrly 
30% \vas used in the generation of electricity. while 70% was iisetl for iieat. iiiotii-tl ponïxr. 
arid other non-electrical applications [l]. In both cases. the burning of fossil fuds (oil. qis. 
and coal) was the main contributor. Cod. oil. and gas al1 release carbon diosirlc a1it1 otliilr 
gases into the atmosphere. creating adverse effects on the eart h's clirnate. iriclu(1itig t lit) ris k 
of global warming and acid rain. These effects are perceived with increasing roriccrri. h i t h  
in public opinion and at  the governmental level. 

Khatever the quantity of energy which will be required. it niust be procliiccvl iri iiri IW- 

riomically and environmentally acceptable manner. Suclear Fusion as a coiririiercial w i i r c - t b  

of energv has many attractive attributes: 

O The fuel supply is extractable from ordinary seawater ancl is siifficierit in qii;iritit,y for 
millions of' years: 

a Suclear fusion produces no greenhouse gas emissions: 

O There are advantages over many forms of renewable energ- (i.e.. hylro. solar. iviritl) 

a i th  respect to impacts on ecological and geophysical processes: 

a Fusion does not carry the same risk of radiological Liazarcl as fission criergy: 

0 The monetan costs of fusion are expected to be comparable to t tiose of ot lier nitdiiir~i 
and long-term options. 

It is interesting to note that in the United States. there lias been a reriiarkably stroiig 
correlation between fusion research funding and crude oil prices [2]. For esaniple. 2.j yeilïs 
ago the fusion research program \vas accelerated as oil prices soared in response to an 
OPEC-driven supply crisis. Even despite substanstial successes in fusion researcti sirice t lie 
seventies? including pushing temperature, density and confinement parameters to reactor 
grade levels. funding for fusion research has mirrored supply and demand circumstanres for 
oil. The seventies saw ambitious plans for the development of fusion energ-. but budgets 
limited their implementation. Cold war politics in the eighties have led to the proposecl 
Internat ional Thermonuclear Experimental Reactor (ITER) as a centerpiece of internat iorial 



collaboration and the next step in fusion energv. With the end of the cold \var. politiral 
support for ITER has diminished. Today, the fusion program is confronted by clieap oil 
prices and the perception that fusion electricity will be too espensive: over the past (lecatle. 
funding h a  replaced time as the p r i m a s  constraint for the development of fusion erierg. [2]. 

1.2 Nuclear Fusion 

In 1905, Albert Einstein postulated that mass can be conveted into energy accortliiig t o  

his famous formula E = mc2. and it \vas not long before spectilations were niade as t o  t io i~  
to tap this potential source. Of the several candidate fusion reactions. tleuteriuiii-tritiurii 
fusion is the most easily achieved. and therefore is most likely to be used iri tlie firsr fiisiori 
reactor. The D-T reaction proceeds as: 

In order to achieve fusion. ions must have sufficient energv to overconie the Cu~iloi~ih rcpiil- 
sion between the two nuclei. By heating the atoms to very high temperatures ( > 100 x 10%). 
the tail of the Slauwellian velocity distribution (along n i th  quantum tun~ieliiig effwt s )  al- 
lons enough ions to fuse. Today. one of the most promising schenies for tlic rcalizatiori of 
controlled nuclear fusion is the tokamak concept. 

When gaseous deuterium and tritium are heated to the temperatures recluiretl for fiisioii. 
they become a seething mass of ions and electrons called a plasma. Cnless t l i r s ~  partic*ltls 
are confined in some manner. they will escape the plasnia in rnicroseconds. Brcaiisc pltisrtia 
particles are fully ionized. they are susceptible to the influence of a niagnetic field. C'1i;irgt.d 
particles are free to move along magnetic field lines. but will orbit the field liries iircwr(li~ig 
to the Lorentz force. with a cyclotron frequency of uc = e u m .  thus cnrryiiig a i t  a lii4icït1 
rno t ion. The tokamak concept (figure 1) employs a toroidal reactor vesse1 wi t li t i i i i ~ ~ i ( ~ t  i c .  
field coils surrounding the vessel providing a Ë-field in t lie toroidal direct ion. Siirroiitidi rig 
this structure is a set of transformer coils which uses the plasnia as its secondary wiiidirig 
to create an avial current. and hence a poloidal magnetic field. The net magnetic field of 
this arrangement is helical around the toms which provides escellent confinenieiit of tlie 
plasma and its energy. 

1.3 Plasma Surface Interactions 

Cnfortunatel- the plasma confinement of the tokamak scheme is not perfect. Plasnia 
particles can escape frorn the core plasma by self diffusion due to Coulombic collisions and 
by anomolous transport through microinstabilities. Outside the last closed flus surface is 
a region called the scrape off layer (SOL): where the magnetic field lines end on the vessel 
wall. A more complete treatment of the SOL and its properties can be found in [3 ] .  

When plasma particles are incident on the inner walls of a reactor vessel. the- cari 
either be reflected or penetrate the surface. These impacting particles will typically erode 



the plasma-facing material. which in turn can enter the SOL and be traiisported hiiçk 
into the main plasma where it not only dilutes the fusion fuel. but also cools the corp 
through brehmsstralung radiation. The tolerance of the plasma to impurities is an important 
constraint to ignition. and depends on the atomic weight. 2. of the eroded niaterial. 

Furthermore. during operation? materials a t  different locations of the reactor will bp 
subjected to significantly different conditions. The main wall ivill experience Aiiscs of 
charge exchange neutrals with energies ranging from a few eV to ke\"s. while tlivcrtor 
targets and sidewalls see much higher fluxes of hydrogen mith 10's of eV. Ttirer niairi 
erosion mechanisms can be defined for the interaction between plasma particies and the 
plasma-facing components: 

Physical Sputtering: Substrate particles are emitted due to a direct transfer of ni(,- 
mentum frorn the incident particle to the target matris atoni. This effect r~cluir<as t1i:ir 

incident particles have energies greater t han a part icluar t hreshold energ'  cliarac t crist ir of 
the target-projectile combination. 

Radiation-Enhanced Sublimation (RES): This erosion rnechanism is iinicliit~ to c;irl)on- 
based materials. RES is induced by energetic part icle impact above a certain t tirilslioid 
energy at  temperatures greater than 1200K. Interstitial-vacancy pairs are forriied iii  t lic 
implantation zone, and at  sufficiently high temperature will diffuse to the surface. iirid art1 
released with thermal enegies of a few e i * .  

Chemical Erosion: Occurs when chemically reactive plasnia species conie into i*oiitiwr 
n i t  h plasma-facing materials. releasing molecular reaction products froni t tic siirfacr. This 
process occurs a t  al1 energies, and there is no evidence of a threshold. 

There are still many aspects of plasma surface-interact ions t hat are not acltyciat taly 
understood. Control of these processes is vital for control of both SOL and corp p1iistii;i 
parameters. 

1.4 Chemical Erosion of Carbon 

Due to its low atomic number and excellent thermo-mechanical properties. carbon in the  

form of graphite is a prima- candidate as a plasma-facing material. Siiice cleiiteriti~ii ii~id 
tritium d l  be the fuel in future reactors. these plasma species will domiriate the flux of 
particles to the plasma-facing materials. These ion species will have bombarding erirrgies 
of - 2kT, + 3kTe [-LI? which corresponds to energies of 10's to 100's of eV depentlirig on the 
edge plasma temperature. Furt hermore, first sa11 cornponents are also subjected to cliargr 
exchange neutrals with energies ranging from 10 e\* to keYs and Frank-Condon atoms \rith 
a few eV. as well as energetic impurity and helium ash ions. neutrons and electrons. Al1 of 
these influence the chernical erosion of carbon materials: in fact. the cornbiriation of al1 of 
t hese particle sources can lead to synergistic effects in erosion yields. Furt her coniplicat ing 



the erosion of graphite is the wide range of particle f lues  espected in tokamak devices. 
ranging from -. 1018 D/m2s of energetic neutrals. - 10'' - 1022D+/m2s on the vesse1 nalls. 
to - 1 0 ~ ~ D + / r n * s  at the divertor plates. The jury is still out as to the flus deperdence of 
chemical erosion. -A brief review of results relevant to this thesis is presented tiere. 

Chemical Erosion in Tokamaks 
The importance of chemical erosion with respect to impurity production in tokaniaks. in  
particular the relative role of hydrocarbon format ion compared to physical sput t rririg o f  
carbon atoms. is still a matter of contention in the fusiori community [4. 51. Hoa~wr.  thcl 

use of optical emission spectroscopy (OES) ha. conclusively demonstrated ttie preserictx of 
hydrocarbon formation in tokamaks. CD line emissions have been obsewetl in ASDES 16. 
il? JET [Tl. DITE [8]. TESTOR [9]. TORE SCPRA [IO]. and DIII-D [ J j ]  for dtwtcriiii~i 
discharges. Slauimurn methane yields (at Tm) were derived. uncier certain assuniptions 
of plasma parameters and photon efficiency, from the emission spectra in ASDES. DIII-D. 
JET. TESTOR. and TORA SUPRA. and fell in the range 0.01-0.03 CD.( /D.  Tliesc rcwilts 
are in agreement !vit h the TESTOR sniffer probe experiments [Il. 121 rvherr tiylrur;irl~im 
formation yields were measured using the SOL as a high flus density ion source. 

Despite these results! the effect of chemical erosion on tokamak core plasnia inipiiriry 
levels is st il1 uncertain. Reasons for t his uncertainty include: 

unpredictability of wall component surface ternperatures: cheniical erosiori yieltis arc) 
strongly temperature dependent. varying by as much as an order of niiignitiidt~: 

assuming a finite reaction time. the reaction will saturate at sufficiently tiigh H i i s  

densities. although this saturation lerel is still under debate: 

in multi-element wall materials (as is presently the case for ITER). niiilti-spr(:ir!s 
bombardment on graphitic materials may result in synergisms or alter tlic wosiori 
mechanisms. 

The fact that the total carbon found at  the divertor strike points c m  be accoiintecl for 11. 
physical sputtering alone suggests that there is a prompt redeposition of the hydrorarhori 
products and dissociation fragments. or that there is a strong Bus dependence on tlw 
chemical erosion yield [SI. Howei-er, away from the strike points. physical sputteri~ig aloiie 
is not enough to account for the impurity carbon leveis. Discharges nith heliuni plas~iias 
show that the discrepancy is most likely due to chemical sputtering [JI. The source o f  t 11th 

chemical erosion is still oot clear [13]. 

Chemical Erosion in the Laboratory 

The mechanisms leading to the obsewed chemical erosion phenornena in tokamaks are 
wry difficult to identify due to the complexity of the plasma-surface interaction processes. 
Therefore. a good understanding of the controlling processes inrolved in these mechaiiisnis 



is necessary in order to select suitable materials for plasma-facing components. In ortler to 
isolate these processes and their underlying mechanisms. controlled laboratory esperinieiits 
are being conducted. h number of reviews of available results can be found in [5 .  13. 1-11, 
More recent weight loss measurements of chemical erosion of graphite can be fouricl i t i  [l5].  
The ensuing discussion will be limited to results which are pertinent to this thesis. 

Data accumulated from various investigations of hydrocarbon format ion due t O t lie I~oni- 
bardment of carbon by energetic hydrogen ions is in fair agreement. Figure 2 s h o w  tlitl 

chernical erosion yield of methane as a function of temperature for incident hylrogeri aiid 
deuterium bombardment for energies of 50 eV - 1000 eV. These plots show that the erosiori 
yields reach a mavimum for temperatures of -750-800 K. with peak yields of - O. l X D  
at 1000 eV and 5 0.02 -0.04CD4/D at 50 eV [16. 17. 181. Furthermore. as the ioii tliic.rgy is 
decreased. a broadening of the temperature profile is observed. accompanieci hy a rdi ict  ion 
in the maximum erosion yield and a shift in the temperature of the peak yield. T,,,. to 

lower temperatures. As seen in figure 3 [S. 201, this trend is seen to continue for twrgicls 
550 eV. It is also seen (figure -4) that there is an increasing contribution koni t h  C2 arid 
C3 groups to the total carbon erosion yield with decreasing impact energ! [?O]. For iriipact 
energies of -3 keV, there is about a 10% contribution from the heavier bydrocarhoris [ ' > I I .  
increasing to roughly 50% at  50 eV [20], and continuing d o m  to sub-eV Ho inipart w l i t w  

the contribution to total carbon erosion from heavier hydrocarboiis iri about ari ordtlr of 
magnitude higher t han the contribution from met hane [20]. 

Frorn these obsevations. it has been proposed that there esists two reaction rrirrliariisrris 
that contribute to the formation of methane in graphite subjected to D- irracliatioii [l:I!. 
One mechanism dominates at  higher temperatures and energies greater than 4 0 0  i l \ ' .  

and leads to the formation of CD3 radicals with a maximum yield occuririg at  -800 Li. 
The second mechanism, which becornes important at  lower teni pera t iires and l o w r  ioii 
energies. gives rise to the formation of C D4 rnole~ules~ and may have a niasiniurn yidd for 
temperatures as low as 200 K [19]. 

1.5 Effect of Boron Dopants in Carbon 
Various attempts to reduce the chemical erosion of graphite have been niade. leadirig to the 
introduction of dopants into the carbon matriv or ont0 the surfaces of plasnia-facing ma- 
terials in fusion devices. Characterization and chemical erosion esperiments on amorptioiis 
hydrogenated boron-carbon films have been conducted [22. 23. 341 with varieci results as to 
the suppression of hydrocarbon formation. Boron doping of graphite. on the other lianti. 
has been bund  to drastically alter the erosion characteristics of the carbon. For esürriple. 
chemical erosion of B4C due to 1 keV HC ions was found to be very small [?si. The overall 
reduction. however, is seen to be greatest for temperatures 3 Tm [28. 26. 27. '281. Fig- 
ure 5 shows the erosion yield temperature profiles for pyrolyt ic graphite and CSBl3 ( 13% 
boron doped graphite) for various Df impact energies [26]. For sample teniperatures less 
than -600 K there is no appreciable difference in the yields of the two materials. Siniilar 
results were found in chemical erosion experiments Mth TiB2-doped graphite [BI. where 
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erosion yields were found to decrease by a factor of 4-10 as compared with pure graphite 
for energies 1300 eV and temperatures 2700 K. At lower temperatures and energies (-30 
eV). the erosion yield was comparable to that of graphite. accounting for the reductioii in 
carbon content due to doping, implying that the dopants do not play a role in the erosion 
mechanism at low temperature and energ- other than to physically cover the carhoii. 

These results support the hypothesis (131 that two reaction channels esist for rlie clieriii- 
cal erosion of carbon based materials. The boron doping of the graphite appears to suppress 
the high temperature mechanism. while leaving the low temperature channel unchanged [13] .  
This suppression of the high temperature channel leads to the characteristic shift of T,,, ro 
lower ternperatures in boron-doped graphites [13]. It is important to note. tiowwr. t liat 
at lojver temperatures and energies (expected conditions in nest generation fusioii tierirt:~) 
the dopants do not cause a significant reduction in the chemical erosion yieltl. 

Boronization 

In addition to the doping of graphitic materials. attempts to reduce cheniical crosiuii l i i i w  

been made by depositing thin films onto the plasma-facing carboii components. This lias 
led to a process called boronization. which is the plasma cheniical vapour drpositiuri of 
a thin a-B/C:H film on the first wall of fusion devices. As a result of boronizatiuri. :i 
significant reduction in core plasma impurities has been observecl. includirig carbon. osypii. 
and heavier elements (i.e.. iron, nickel and chromium) leading to an iniprovement in tolumiak 
discharges [29. 311. The improvement in plasma performance is prirnarily dile t o  osygrri 
gettering effects. as well as the suppression of chemical erosion of carbon materials [13!.  
The boronization process was pioneered in TEXTOR [31]. and has been perfornicd in niusr 
tokamak fusion devices. including ASDES [30], TORA SUPRA [3'2]. TFTR [33]. and DM- 
D [34]. Since this thesis is concerned a i th  the chemical erosion of DIII-D tile saniplps. sorric3 
discussion of the DIII-D tokamak is warranted. and tvill be presented liere. 

1.6 The DIII-D Tokamak 
With the ultimate goal of creating a safe. steady-state source of energi eniployirig fiisiori 
principles. numerous research centres and test facilities have been developed arourid tlit. 

world. One of these facilities was the Doublet III tokamak. which u-as built in  the late 
1970's by General Atomics. The prima. purpose of Doublet III mas to be a flexible facility 
invest igat ing the advantages of non-circular plasma cross-sec t ions. X new. larger D-sliaped 
vacuum vessel replaced the old doublet shaped vessel after seven p a r s  of operatiori as 
Doublet III. and the tokamak became knotvn as DIII-D. The coi1 systems trere adjiisted 
to fit the new vessel, an extra generator was added, and the neutral beams were iipgracled 
enabling longer pulse duration, greater power. and better reliability. The new DIII-D facility 
is capable of a wide range of plasma operating conditions. and the recent addition of a new 
divertor has significantly improved plasma confinement and stability In addition. in t he  fa11 
of 1992 DIII-D switched al1 plasma-facing surfaces to 100% carbon coverage. from -40% 



previously [33]. Previously inst alled graphite t iles were cleaned by baking and grit- blas t ing. 
and re-installed. Starting with the 1993 operational period. the DIII-D wall \vas consideret1 
to be 100% virgin graphite [35]. 

Boronization in DIII-D 

Boronization was performed in the DIII-D tokamak using a pulsed glow discharge ( to  provitle 
toroidal homogeneity) and a mixture of helium (90%) and deuterated diborane. B2D6. ( 10%) 
gases [34]. The gas mivture was spread out along the vessel wall at low current (0.5 A )  for 
-2 seconds. and then deposited more intensely for 1 second during a high currriit ( 3  -4) 
pulse. As a result. carbon. oxygen and nickel impurities were substant ially reduced. lowririg 
the core plasma Zeil. and hence the radiated power. although osygen remainecl th0 pririiary 
radiation source. This led to an improved plasma confinement called \'H mode. o l ~ s t w t ~ r l  
for the first time in DIII-D. This new confinement mode is characterized by a coiifinciiierit 
time 1.5-2 times higher than that predicted by H-mode scaling [3-L]. The boron fil111 \vas 
sufficient to achieve VH-mode discharges during 150 post-boronization shots. It Ilas also 
been seen that the erosion characteristics of the DIII-D divertor surfaces have evolvid witli 
increasing number of boronizations [35]. This effect is esarnined below. 

A comprehensive spectroscopic study of carbon sources and core plasma cart~ori iiripiiriry 
content has been performed in the DIII-D tokamak since the installatiori of grapliitr tiks 
on plasma-facing surfaces in the fa11 of 1992 [33]. In-situ atornic. rnolertilar. iirici cliargr 
eschange recombination spectroscopy has observed that the cheniical erosioii rate i n  r h t k  

l owr  divertor has evolved over the last eight years of operatiori. with thc areragt% l;+,,,, 
having decreased by a factor of -10 since the installation of the virgin graphite rilcs. Siml 
1993. DIII-D plasma-facing surfaces have experienced - 105 seconds of plasnia osposiirr. 
and -30 boronizations of 100-130 nm each. resulting in a cuniiilative boron l a y r  of 3-3  
Pm. Figure 6 shows that the ratio (Bco being an indicator of clieiiiical cwsion) 
in the Iower divertor region has decreased by a factor of 10-20 in the past eiglit y i r s .  
;\ direct comparison of the ratio for two nearly identical shots frorri 1003 x i t l  

1999 is s h o w  in figure 7. and dernonstrates the reduction in chemical erosioii ilcross t l i ~  
lower divertor [35]. The reduction in erosion at  the lower divertor d vas thoiight to I I P  clut. 
to boronization (or perhaps some other form of plasma conditioning proccss) of t lir iiiiirr 
vessel wall. Hoivever. surfaces in the vicinity of the divertor strike points are prone to large 
net erosion or net deposition rates. and hence deposited boron nould be qiiickly reniowi. 
or covered by a thick deposit. 

Despite this reduction in the carbon source from the lower dirertor. the core carbon 
content has remained roughly constant (see figure 8). There is a fair arnount of scatter in 
the data, but on average a core carbon impurity content of 2-3% is seen for the H-niodt. 
discharges. It is also found that there has been no significant decrease in the cheniical 
erosion yield at the outer midplane. Estimates of chemical erosion. based on nieasurenients 
made by a survey (100-1000.4) vacuum ultra-violet (SPRED) spectrometer. are coniparable 
to that of pure graphite and do not change with time. These can be found in figure 9 [XI. 
In the region of the outer midplane, the ion flux is not considered to be sufficient to rmiove 



the deposited boron, and consequently should not be a significant source of carbon. In 
light of these contradictory measurements, it \vas resolved to perform controlled laboratory 
experiments in an attempt to glean some insight into the obsemed tokamak resiilts. 

1.7 Thesis Objective 
Tile samples from the divertor and outer midplane regions (see figure 10) have been ob- 
tained. The objective of this thesis is to perform low-energy ion-beam experirnents in a 
controlled laboratory environment a t  the University of Toronto in order to determine the 
chemical erosion yields of the boronized samples. with the aim of shedding sonie lialit oii 
the c o n t r a d i c t o ~  measurements made in DIII-D. This will be pursued by perforniirig rsprr- 
iniental measurements of the chemical erosion yields of DIII-D boronized graphite tliwrtor 
and midplane tile samples (including methane. heavy hydrocarbons. and horon coritain- 
ing molecules) as a function of incident ion Ruence under loa energy deuteriiim impact iit 

energies of 50 eV and 100 eV. and for temperatures of 300 K. 500 K. and 700 I< (rougIily mir- 
roring DIII-D operating conditions). Surface analysis ni11 also be performecl on al1 saniples 
in order to synthesize a more complete picture of the processes involred. In the Followirig 
sections. details of the esperimental procedure and the experimental resiilts are priwntcvl. 



2 The Experiment 
Al1 chemical erosion experiments outlined in t his t hesis nere conducted in an iilt raliigli 
vacuum (CHV) system in the Fusion !daterials Research Lab of the Cnversity of Tororito 
Institute for Aerospace Studies. This section outlines the esperiniental facilit? and its 
operational characteristics, dong with a description of the experimental procedure eniplo~-~cl 
during the experiments on the various DIII-D tiles. 

2.1 Experimental Facility 
The main components of this low energv ion gun facility include the vaciiiini diariilm. 
ion gun and mass filter system. deceleration lens. quadrupole mass spectronieter. aiid data 
acquisition system: refer to figure 11. Samples are mounted in the niain vacuum c:li;inibrr 
on a linear motion feedthough device which allows for vertical inovement of t h  smiplcl. 
perpendicular to the incident ion bearn. The sample is heated resistively arid its tcrripmit iirr: 

is measured by optical pyrometry. 

2.1.1 UHV System 

The entire CHV facility is pumped by a 360L/s Leybold-Heraus turboniolt~rular piiriip 
backed by a Leybold Trivac mechanical pump. The main test chamber is eqiiippd ~ i t l i  

several ports of various dimensions. The sample is held in place by stainless stccl j ; iw aritl 
positioned roughly in the centre of the test chamber. normal to the incident iori lwarii. 

Prior to running chernical erosion experiments. it is necessary to conditiori t tic1 CH\' 
system. After exposure to atmosphere. the entire system is baked at -500 Iï for at lwst 
21 hours. resulting in base pressures < 10-9 torr. consisting rnainly of il2 and C'O. witli  

smaller contribution from H20 and CO2. To lurther reduce aater levels and to rediicp sigtial 
confusion due to deuterated hydrocarbons undergoing isotope eschange or1 the rlianilwr 
walls. a hot tungsten ring filament is run for another 24 hours producing Do atonis in a 
deuterium backfill of - 10-~ torr. 

2.1.2 Ion Gun and Mass Filter 
.A SPECS IQE 12/38 electron impact extraction type ion gun in conjunction witli a SPECS 
Wein-type mass filter are used to create an exclusively Dg ion beam. The ion sourcil 
consists of a chamber containing an anode cage enclosed by an iridium coated ring filanient 
cathode. A high density of Dz ions is created in this region by 100 eY electrons eniittetl 
from the ring filament and traversing the anode cage numerous times. These ions are tlieri 
extracted from the ionization chamber at selectable energies between 0.2 and 5 lie\-. Tliese 
ions subsequently enter the W i n  mass filter, which employs an Ë x force to select ions 
at a specific velocity. There is also a 2 degree bend in the filter so that only ions with 
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the prescribed radius of curvature pass through. keeping the beam free of neutrals. The 
final stage of the ion gun/mass filter pair is ttvo electrostatic lens elements. whicli allo~v for 
variable focussing of the beam. 

In order to ensure that the ion beam was roughly rnonoenergetic. ion beam energ' spreacl 
analysis measurements were made using a four stage energv analyzer. These rneasiireriierits 
were used to determine the optimum operating conditions of the ion gun. ma-imizing ciment 
while minimizing the energy spread in the beam. It mas found that stable currerits ( -  2.5 - 
3.0 PA) with minimal energy spread (5 I5 eV) could be achieved with initial ion energies - 
of - 1000 eV and main chaniber pressures of h. 7.5 - 9.0 x IO-' torr. The plasma p o t m  ial 
offset in the ion gun was found to va- depending on the operating conditions. biit was 
optimally - 30 V. 

2.1.3 5-Element Electrostatic Deceleration Lens 

.-\ 5-element cylindrically synmetric lens. using the target as an addit ional end eltx-r rock 
(designed by Mech [20]) \vas used to decelerate the beam of m u s  selccted Dr iotis. For 
t his lens configuration. the final ion energy is the difference betweeri the initial bearii ilriergy 
and the bias applied to the target. In this esperiment. ions were clecelerated to criergitls of 
50 eV/D+ and 200 eC'/D'. with a beam flux of 1 - 1.5 x l ~ ~ ' D - / r n ' . s  owr an cliptical spot 
of - 1 x 6 mm dimensions (- 20 mm' area). 

2.1.4 Quadrupole Mass Spectrometer and Data Acquisition 

Chernical erosion reaction products are monitored in the residual gas using an Estriiriiirlrrar 
quadrupole mass spectrometer (QhIS). Due to the varying quadrupole sensitivity r o  r l i t b  

background deuterium pressure. it is necessary to ensure that the backgroiid prPssiirP re- 
mains nearly constant during chernical erosion experiments. The Q l  IS is calibrat  cl irr-sit ci 
with known leaks of C DI? C2 D4: and C3 DE. Relative sensit ivit ies for C2 D2. DG. aiicl C I  D* 
are estimated from previous calibrations [37]. 

Cornputer-controlled data acquisition is performed employing a 16 bit Sational Iristrii- 
rnents AThIIO16 board and the LabWindows user interface environment. This altows for 
measurements of signal intensity for selected quadrupole masses. along with display. h i -  

dling and storage of erosion measurement data. The erosion product spectrum a d j - s i s  is 
made using matrix analysis techniques, which are elaborated on in section '2.3.2. 

2.1.5 DIII-D Tile Samples 
TIVO samples from the DIII-D tokamak were int-estigated. one from the outer miclplane 
region and one from the lower inner divertor. Both tile samples were CCAR-TS-1792 ( -4T.J) 
graphite? and were present in the tokamak through the 1993-1999 operational periotl. The 
outer midplane sample. which was more extensively studied at CTIXS. has a distinct reddish 
coloring when v-iewed from straight on. and is speckled and non-uniform in appearance. The 



sample from the lower inner divertor is of a blueish-grey hue. and is streaked with arc tracks 
from tokamak operation (see figure 12). 

2.2 Experimental Procedure 

Al1 chemical erosion experiments of DIII-D tile samples aere performed in the CH\- systeni 
described above. Following systern conditioning (system bake and H o  impact on the cliarri- 
ber aalls). it was necessary to establish a "conditionning spot" on the saniple in order to 
stabilize the ion gun performance. The ion gun ivas run on this spot prior to the acqiiisitiori 
of each data set in order to ensure steady equilibrated background sytem condit ioiis. A ritjw 

spot location was used for each new experiment? eliminating effects of daniage due to psios 
irradiation. 

The esperirnental set performed on the mid-plane tile sample SIP3 \vas coricluctrtl iit rwo 
selected ion energies (50 eV and 200 eV). and three temperatures (300 K. 500 I\: and 700 I i ) .  
roughly approximating a broad range of operating conditions in the DIII-D tokamak. T l i ~  
chemical erosion yield of rnethane and heavier hydrocarbons (C2 D2. C2 D.*. C2 Dg. CI Di;. i \~i ( l  

C3D8)  as determined as a function of the incident ion fluence. The sample tenipcrat iiria wts 
measured by optical pyrometry. and ion energies aere measured as the differenct~ I~rrivtwi 
the extracted beam energy and the sample bias potentiai. Sirice the transriiittd ioris artb 
niolecular. this energy is divided between the atonis in the molecule and riiay Vary II!. a f ~ w  
e\' (on the order of the molecular binding energu) in the case of unweri sharirig of tbiivrgy 
as the molecule strikes the sample surface. In this thesis. D- is used to dist ingiiisli iii(-irltanr 
particles. however. it should be noted that deuterium atoms in the beam are nriitra1izc.d 
upon impact. 

Prior to each esperiment, the quadrupole sensitivity was calibrated in-situ agairisr 
known leaks of CD4. C2D4? and C3&. The esperiment began nith the sclection of a 
new beam spot location. QbIS signals for al1 masses1 were scanned ancl recortled hy t tw 

data acquisition system. Each mass peak was scanned three times in a stepwise ( 5  stt~ps) 
fashion. A typical mass spectrum showing the relative contributions of the leak hot t les is 
s h o w  in figure 13. The maximal signal value \vas then selected and displayecl iii a r d - t i r r i f a  

plot. The final value of the mass signal wu then taken as an average of between 30-30 of 
these maximal values. The number of values averaged in each measurenient clepi.iitlrd on 
the signal stability. and was usually an average of 50 points. 

Once the ion beam \vas turned on to the new spot. the evolution of the chemical erosiori 
signal was plotted in real-time and displayed on the data acquisition ( DAQ ) conipiltcr 
system. 'rleasurernents were made at roughly equal fluence intemals. approsimateiy ewr?- 
hour (depending on the beam current), with the first data point taken after half an hoiir of 
running on the new spot. Subsequent to each data point measurement. the ion hearn iras 
t urned off and anot her signal measurement was taken when background stead-st  at e \vas 
achieved. in order to account for any drift in the background signal. The difference in the  

lThe erosion signals for masses 12-52 were recorded. 
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"beam on" and "beam off7 signals was then taken as the measured erosion signal. Figure 14 
shows a typical trace of the raw data for masses 18, 26, and 32. 

2.3 Analysis of Erosion Signals 

Calculation of the actual erosion yields in these experiments is complicated by: (1)  tlie vari- 
ance in the QSIS sensitivity to each of the hydrocarbon species. (2)  tlie Q'rlS convoliitioii of 
the measured signals due to hydrocarbon cracking in the ionizer. and (3) wall coiitrihtioiis 
due to hydrocarbon formation from reflected deuteriurn ions incident on the wall siirfiic~. 
T hese issues are addressed below . 

2.3.1 Relative QMS Sensitivities 
Csing the matris analysis of cheniical erosion signals described by Davis [3T]  it is possit)lrb 
to define six principal analysis masses. Eacli of sis hydrocarbon species (C DI. C'? Dz. C'? D !. 
C2Ds. C3Ds. and C&) is assigned a principal analysis m a s .  Table 2.1 surrirnariz~s t lit. 
assignments for Df irradiation. 

Hydrocarbon Species Analysis Mass ( amu) [ 

Table 2.1: Principal masses used for analysis for D+ irradiation espcrirrients. 

Csing three in-situ leak bottles. it is possible to determine the relative QSIS seiisitivit?- 
for ethylene (C2 D4) and propene (C3 Ds) with respect to met hane ( C D I ) .  Tlie relative s t w  
sitivities of the other three principal masses were estirnated based on the previoiis restilts of 
Davis [37]. Relative sensitivities to methane were measured prior to eacli set ofespeririieiits. 
and did not vary significantly (< 5%) between experiments. Table 2.2 shows a typical set 
of QMS sensitivities relative to methane. 

2.3.2 Matrix Analysis of Erosion Signals 
The determination of the chernical erosion yield is further cornplicated by r he QSLS convo- 
lution of the measured signals due to hydrocarbon cracking in the quadrupole ionizer. To 
account for the cracking of the heavier hydrocarbons. the cracking contributions to each of 
the sis analysis masses was determined. It was possible to determine the esact cracking 



1 Hydrocarbon Species Relative Sensitivity 1 
1 1 .O0 

Table 2.2: Relative sensitivities of principal masses used for analysis of various hytlrocarbon 
species to met hane. 

patterns of three of the six anlysis masses with the three in-situ leak bottles: ttir otlirr 
three cracking patterns were inferred from the results of Davis [KI. Froni t1it.w rrsiilts. i i  

6 x 6 cracking pattern matrix can be formed [vit h coliirnns represeiit ing the sis hydrocart)oii 
species in ascending mass order and the rows being the principal analysis niasses in asceiid- 
ing numerical order. Below is a tyipical example of the cracking pattern matris used iii t l i t b  

calculation of the erosion yields. 

If Ive define the measured signal vector divided by the incident ion flus as .?. arid g i r ~ r i  rtir> 

cracking matriv C. the relative sensitivities to methane in a 6 x 6 diagonal niat ris. Y. and 
the QhIS sensitivity to methane. K? then 

We can now determine the erosion yield vector 

The hydrocarbon erosion yield can now be determined given the measured erosion sigrial 
from each of the siu principal analysis masses. 



2.3.3 Wall Contribution to Erosion Signals 

When performing ion beam chemical erosion experiments with graphite. a fraction of the 
incident deuterium ions are reflected from the target surface to the walls of the r a c u u ~ ~ i  
system. Here they can form hydrocarbon molecules which are subsequentiy desorhed and 
detected by the RGA. This component of the erosion signal is called the wall coiitrit~iitiuii. 
and must be subtracted from the measured erosion signal in order to determine tlic act lia1 
chemical erosion yield from the sample surface. Wall contributions are measured iisirig the 
procedure in [20]. The sample is initially annealed a t  1-00 I< for 4 0  secoritls in ort1r.r 
to thermally desorb the deuterium from the sample. followed b .  a cooling periotl of -43 
minutes. The ion beam is then turned on. Typicall. a rery fast rise in the methanc sigrial is 
measured (see the "beam on" arrow in figure 15). followed by a slower increase. If wr assiirw 
that there is 100% retention of the non-reflected particles. we can calculate tlie Hiicwe 
corresponding to the saturation of the implantation zone. accounting for the diffetciict~ iri 
depth of the implantation zone with incident ion ene rg .  For S0 eV D- impact on carl~ori. 
the incident fluence needed to saturate the implantation zone is z 1.4 x 10'~D-/r~i' [35]. 
from which we can calculate the time required to reach saturation (assuming ail iiicitlmt 
flus of - 3 x 1 0 ~ ~ D + / r n ~ s )  to be 4 5  seconds. This implies that the initial stcp iri r l i t )  

hydrocarbon signals cannot be due to hydrocarbon release frorn the sample sincc i r  is riot 
completely hydrogenated. However. because hydrocarbon precursors esist ori tlic v:u9iiiitii 
vesse1 walls (resulting frorn the carbon sputtering h is ton  nithin t lie systerli). t liis iiascvrit 
signal can be attributed to the interaction of the reflected D with the inner vesse1 siirfiiws. 

In the present experiments with the DIII-D tile samples. t hese contribiit ions Iiail to I I P  
estimated because an initial anneal at  1200 K would have damaged the films on t lie siiiiiplv 

surfaces. Wall contributions were estimated after performing the erosion nieasiirrriierits at 
700 K (the highest temperature studied in these experiments). Folloning the 700 11; inca- 
surements. the sample was left to cool to -300 K, tvhereupon the ion beam nas tiirricd 
on. The prompt rise in the measured erosion signal \as taken to be the wall coritrit~iition. 
The measured value of the na11 contribution was typically <?O% of the total erosiori sig 
nal. i.e.. the sum of the measured hydrocarbon CzDy. In the case of nietharie alorie. t l i ~  

measured wall contribution \vas <5-10% of the methane signal. The uncertairity in t l i w l  

wall contribution measurements represents the main component of error in the erosiori yirltl 
values. 



3 Experiment al Results 
This section presents the results of the chemical erosion esperirnents on tivo DIII-D tile 
saniples: SIP3 from the outer midpane region, and B3 from the lower divertor region. -Usa 
presented here are results from surface analyses performed on the tile saniples in ortler to 
substantiate the ensuing discussion. 

3.1 Midplane Sample MP3 

3.1.1 Surface Analysis 

Sumerous surface analysis methods were perforrned on the l IP3 tile saniple in  ordtlr t u  
characterize the film present on its surface. The techniques employed. dong \vit h t liv iiiajor 
observations are presented here. 

Scanning Electron Microscopy (SEM) 

SEM photographs of the sample were made both of the surface and in cross-sectiori II>-  Fm1 
Seub of the Department of Material Science at the University of Toroiito. Pliotograplis of 
the surface (figure 16 a))  show a globular structure. which is typical for plasnia-clr~)osito(l 
films. Figure 16 b) shows an SEM photograph of the same sample in cross-section. T h  top 
surface. the film Iayer and the carbon substrate are al1 clearly visible in the photo. orid tlic 
film thickness can be estimated to be -1-2 Pm. 

Energy Dispersive X-Ray Spectroscopy (EDX) 

ED'; analysis spectra were provided by Fred Neub of the Department of Naterials Scirwv 
at the Cniversity of Toronto. Within the EDS analysis zone (-2-3 p i ) .  an  E D S  spmriitii 
of the midplane sample indicate trace amounts of aluminum. silicon. sulpher. calciuni. and 
copper. as well as a few at% carbon. nitrogen. and oxygen. The rernainder of the filni 
(-90 a&) is interpreted to be boron? indicating that the laver consists mostly of I~orori 
extending to at least 2-3 pm (see figure 17). It should be noted that EDS has a ixrg 

low sensitivity to boron. and the relative heights of the peaks in the spectrum Iiaw rio 

bearing on actual at% values. The amount of carbon found in this region. 4 - 1 0  atX.  is 
consistent a i th  the amount of carbon deposited nith the boron during the boro~iizatioiis iri 
DIII-D [33, 391. 

X-Ray Photoelectron Spectroscopy (XPS) 

SPS anabsis is useful for garnering information in the near surface. and can proride infor- 
mation about atomic bonding in addition to compositional information a i t  hin the first few 
monlayers. XPS analysis was performed by Dr. R.N. Sodhi of the Cniversity of Toronto 



Centre for Biomaterials on the surface layer, as well as at t s o  separate depths. folloning 
periods of .-Ir+ sputtering. Only rough estimates of the sputter depths are amilable. since 
it was not possible to measure the sputtering beam cunent: the depths are estimared to be 
-10 nrn and 4 5  nm. Table 3.1 summarizes the composition of the surface as determiriecl 
y this niethod. prior to Di exposure. 

Table 3.1: Surface composition of tile sarnple SIP3 by SPS analysis. 

The boron bonding was rnainly B-B in al1 three locations of measurement. 111 t h  1-irgiii 
near surface. prior to Ar7 sputtering, there \vas evidence of B-C and B-OD boricliiig. For 
the two sputtered depths. there was an increasing B-O component. and the B-C i i ~ i ~ i  B - 
OD coniponents disappeared. Similarly. the carbon bonding is primarily b i n d  i n  C-C 
bonds. The type of carbon bond. however. seems to change after sputtering. Hytlrorarl~ori 
bonds also account for a small amount of the carbon bonding. Surface osygen is foiiiicl i t i  

osygenated hydrocarbons. with an increase in the B-O coniponent observed aftcar sp~ittt~ritig. 

N a t %  
3-4 
3-4 
3-4 

B/C 
0.8 
2 -4 

Secondary Ion Mass Spectroscopy (SIMS) 

: 1 

SISIS cornpositional depth profiles were generated by Cindy Huctwith at Siirfactl Sririiw 
Western. providing information within the first few monolayers of the surface (figitrth 18). 
The profiles in this figure do not represent the relative concentrations since the SIMS yields 
are not calibrated. -4 deuterium profile of a D+-implanted pure carbon refereiice (HPGOD 
pyrolytic graphite form Cnion Carbide) was used to estimate the SIlIS sput tering ratr to 

be = 3 nm/s. 
The SIlIS profile in figure 18 shows boron, carbon. osygen. and deuterium conipotimts 

in the film. In the first 10 nm of the film there is an increasing signal from both the horori 
and deuterium components, nhich is consistent with the SPS results for borori. w l i e r ~  i n  the 
first -10 nm the B concentration increased from 34 at% to 56 at%. The carbon coniponent 
in the film is seen to extend to a depth of >30 nm. however. no surface peak is ol>serwcl as 
in the SPS spectrum. Changes in the sensitivities due to variations in the surface poteritials 
in the first few nm of the matrk.  leading to large changes in the signal sensitivity. ni+- he 

responsible for the strong increase in al1 signals immediately at  the surface. Tliis effecr 
could also obscure a decrease in the carbon concentration with depth from the filni surface. 
The B/C ratio is also seen to increase by a factor of 4 between 30 seconds (4 nm) and 300 
seconds (-10 nm) of sputtering. This is consistent with the results from the SPS analysis. 
11-hich indicates a factor of -3 increase in the B/C ratio from 0.8 B/C at  the surlace to 2.4 
B/C at  -10 nrn. 

3.3 I 

Front Surface 
Depth 4 0  nm 
Depth -75 nm 

O at% 

19 
17 
1s 

B at% 

34 
56 
63 

C at% 
43 
23 
19 



Summary 

It can be concluded from the various surface analyses that tlie SLP3 tile sample has a 
thick layer of plasma-deposited boron on the surface of the CCAR-TS-1792 (ATJ) graphite 
substrate, introduced during the numerous boronizations during the operation of the DIII- 
D tokamak. The thickness of this boron layer (-2 pm) is consistent nith the aniount of 
boron deposited on the inner vesse1 wall of DIII-D (5 3 - 5 pm averaged over the erit ire 
surface area [35, 391) during these boronizations. On the surface of t his boron l a y r  is a thin 
layer of an amporphous B/C:H film containing aproximately 20 at% carbon. This siirfacr 
carbon layer indicates that the midplane surfaces are areas of net carbon depositiori iii t t i ~  

tokamak. at  least for sorne part of the discharge. 

3.1.2 Chemical Erosion Due to  Df Impact 

Chemical erosion experirnents have been perforrned for 50 eV and 200 e Y / D -  impact at 
saniple temperatures of 300 K. 500 K t  and 700 K. Figures 19 and 20 show the nietharir aiid 
total carbon (1 CiDj)  erosion yields for 50 eV and 200 eV Do irradiation. respectii.rl>: a s  

a function of fluence. It can be seen for the midplane tile sample tliat the gerieral trmd iri 

the fluence dependence is similar for al1 temperatures and energies. 

Low Temperature Chemical Erosion Results (T- 300 K)  

.At a temperature of 300 K. erosion yields are initially the same as that of the pyrolytic 
graphite (0.01-0.015 CID') [40], but yields are seen to decrease by a factor of about t w  

with increasing fluence. It should be noted. however. that in order to obtain t ticse fiiirlicrs. 
esperiments were performed over the course of several days. Iii each new t lay  of espcrirtimts. 
the first yield rneasurement made was a factor of 4 . 5  tirnes high. but sliglitly clerrt&ng 
nith each new day. This may be attributed to carbon segregation to the sarnplr siirfacr 
between each run. or may also be a conditioning cffect when the beam is turned on to th(. 
sample spot after the initial calibration measurements are made. 

High Temperature Chemical Erosion Results (TL500 K)  

As the sample temperature is increased, yields are marginally increased. and are foitricl 
initially to be factor of -2 lower than that for pure graphite at 500 h: [JO]. and a factor 
of -4 lower than pure graphite at 700 K [JO]. These yields are also seen to decrease by 
a factor of 1.5-2 as the fluence is increased. The erosion yields then ievel off ancl reniain 
approxirnately constant (up to Buences of -8.5 x 1OZ2D'/m2s in the 50 eV and 500 I i  case). 
It should also be mentioned that the first experiment conducted aas at 50 eV and 300 
K. and the shift in the cunies in figure 19 for this case is due to an uncertairity in t lie 

fluence measurement caused by changing beam operating conditions upon initiation of the 
experiment . 



3.1.3 Discussion 

The initial (i.e., at low fluence) erosion yields measured on the llP3 tile sample are similar 
to those found for doped graphites (26, 281. At lower energies and temperatures. the yields 
are comparable to that of pure graphite, but are substantially loner at  liigher energies (200 
eV) and temperatures (700 K). As the Buence is increased. the decrease in yield niigiit )je 
attributed to preferential removal of carbon from the film. leading to a boron enriched 1ayr 
at the surface (see figure 12). The chernical erosion yield rneasurements. liowewr. reach a 
steady state value wit h increasing fluence. but do not decrease to zero. This nia!- iriiply t liat 
the erosion is limited by carbon diffusing to the film surface or by the renioval of borori. 
.Ut hough no boron-containing molecules were detected in the QSLS spectruni diiring t t i t ~  

erosion measurements. the sensitivity to boron-containing molecules may be ver? low. or 
signals may be obscured by hydrocarbons. The increase in steady-state yield wi t li satiipltl 
temperature suggests that carbon diffusion through the a:B/C film may play an iiiiportarit 
role. 

These results may at first appear to be inconsistent with the spectroscopie nieasiireiiimts 
made in DIII-D at the outer midplane. However. since the niidplane surfaces ~speriencia 
incident D+ f lues  of - 4 x 10~~D+/rn's [12], for the shots ahich are - 5 s lorig thta tutal 
fluence in this region is zz 2 x 10*'D+/rn2. Based on the results of this stiidy t tir. D M - D  
Auence during a typical shot appears to be insufficient to reniove the surface r:arl)ori I-w. 
As a result. DIII-D erosion measurements over the course of a single discliarge nia\* iiiatrli 
those of virgin or boron-doped graphite. 

3.2 Inner Divertor Sample B3 

The DIII-D divertor tile samples were split into nine fragments (see figure 21). a i t  11 the 
toroidal angle increasing from left to right. and the radial or outboard direction €rom hottorii 
to top. Sample B3 was situated on the inner divertor side and tvould be subject to a widc 
range of plasma conditions. Generally. it wvould be exposed to the private Hus. and mi ld  
be either a region of net erosion or net deposition. 

3.2.1 Surface Analysis 

.As with the midplane tile sample, various surface analysis techniques were used iri  ortler to 
characterize the surface of the lower divertor tile sample B3. The analyses [vere perfornied 
by t hose individuals/organizations rnentioned in Section 3.1.1: Rutherford backscat tering 
analysis? not mentioned in 3.1.1: was performed by Rick Macauley-Sewcornb using hcilit ies 
at the University of Western Ontario. 

Scanning Electron Microscopy (SEM) 

SEM photographs were taken of the surface of the B3 tile sample (see figure 2). The 
surface appears to be uniform and cracked. but fair- typical for a plasma deposited film. 



Energy Dispersive X-Ray Spectroscopy (EDX) 

The EDX spectra show that within the analysis zone (2-3 pm). there is primarily carbon. 
with 1-7% oxygen (and by inference boron), and trace amounts of aluminum. silicon. sol- 
phur. chlorine. potassium, calcium. chromium, iron. and nickel. This is cotisist erit wit ti 
an area of net erosion (primariiy carbon)' with evidence of some redeposition (evicleiicp of 
;mal1 boron concentrations). 

X-Ray Photoelectron Spectroscopy (XPS) 

SPS analysis was performed on the surface layer. as well as at a tlepth of 4 ntn aftrr a 
short sputter. Table 3.2 summarizes the composition of the surface as deterriiined II! tliis 
rnethod. prior to D+ exposure. The SPS measurements show that the siirface is coriiposed 
almost exclusively of carbon. .A small amount of boron (-3-574 observecl at tlw siirfiiw 
\vas reduced by 4 0 %  after a very short sputter. 

Table 3.2: Surface composition of tile sample B3 by SPS arialysis. 

Rutherford Backscattering Analysis (RBS) 

Front Surface 
Depth-5nm 

c art' Results from RBS analysis are summarized in table 3.3. The boron results quotcd lit r 
upper lirnits: averaged over a depth of 4 0  nm. These results are consisterit tt-ith tlii~scl 

found from E D S  analysis. however the RBS signal could be interpretecl as ttirrc twing no 
boron present at all. 

N at% 
2.3 
1.2 

B at% 
3.0 
1.4 

Table 3.3: Surface composition of tile sample B3 by RBS analysis 

B/C 

Auger Analysis on Sample B5 (Performed at PISCES-B, UCSD) 

] C at% / O at% 

Auger analysis was performed on inner divertor sample B5 at the CCSD PISCES-B Facilit! 
before and after exposure to a moderately high flux deuterium plasma in PISCES-B. The 
B5 sample was located near B3 in the divertor (see figure 21). The results are sunirriarized 
in table 3.1 [42]. The divertor sample was biased at 30 1' and subjected to a Bus of 

0.040 [ 
0.01.5 1 - 

-- 
i l . 4  
92.1 

Si at% 
<l 

I 
/ 

11.3 
5.4 

Ni at% / Mo at% 1 
0.3 i 0.04 i Front Surface 

B at% 

4 1  
C at% ' 

78 
O at% 

11 
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1 8 x 10"D+/m2s for about 10 minutes. The CD band aas seen to drop suhstantially 
after a few minutes of plasma exposure. indicating that carbon was quickly reniorecl from 
the surface. leaving a B rich amorphous boron-carbon film. 

II Sitrogen II Trace 1 Trace n 

Sample B5 
Carbon 
Boron 

Osygen 

Table 3.4: Surface composition of tile sample B5 by Auger analysis at CCSD PISCES-B 

The picture provided for the surface of the inner divertor tile samples is a little conrolured. 
For the B3 sample, there exists a very thin amorphous boron-carbon plasma-deposit~d filrii 
on the surface. consisting rnainly of carbon with small arnounts of nitrogen. usygeri. aiid 
trace metals. The exact thickness of the film cannot be deduced from these restilts. hrit SPS 
and RBS analyses indicate it is likely in the range of -5 - 20 nm. The PISCES-B aiialysis 
of sample B5 produced results similar to that of 8 3  at the surface. but fouricl a priiiiari1)- 
boron-containing film underneath. However. because of strong spatial Riis gracli~iits iri thcl 
divertor region. it may be possible for substantially different surfaces to esist or1 fragiiiorits 
3 and 5 of the same tile. 

Pre-Exposure - 90% - 4% - 4% 

3.2.2 Chernical Erosion Due to  Df Impact 

Post-Exposure - 10% - 55% - 32% 

Preliminary chemical erosion esperiments were conducted on the inner divertor saiiiple B3 
at an incident D+ energy of 30 eV. at temperatures of 300 K and 500 K. These esprriiririits 
yielded only rough qualitative results? since background aall  contributions coiilcl riot h l  

measured at  these low temperatures. Figure 23 shows the erosion signal i~itensity as ii 

function of flue~ice for methane. without deductions due to the wall contribution. Sotcl t liat 
the "yield" values quoted could be up to -50% high in the case of methane. sinw the rvall 
contribution would be a constant deducted from al1 erosion signals. 

These preliminary experiments indicate a general trend ahere at lori- flutnce 
( 5  1 0 * ~ D + / r n ~ ) ,  the erosion yield is lower than the steady-state yield achiered at higlier 
fluences (3 4 x 10" Di/m2) .  These calculated **yields7' are seen to be higher tliari tiiat 
of graphite, although once wall contributions are accounted for. would be roughly in the 
graphite yield range. It IV% also observed that there is no evidence of any boron liydritles 
in the erosion spectra (although again, this may be a sensitivity issue). Cpon visiial esarri- 
ination of the sample. it is seen that the film has been cornpletely eroded througli to the 
graphite substrate (see figure 12). This effect was seen even on a spot t hat had only beeri 
esposed to the beam for -1 hour. or a fluence of - 4 x 1 0 ~ ~ D - l r n ~ .  



3.2.3 Discussion 

From these preliminary experiments, it appears that there exists an estremely t hin depositetl 
film on the surface of the graphitic substrate. Wit h an incident beam current of .- 2.5p.4. tlie 
erosion rate can be estimated at - 1 - 2 nm/h. implying the film is only a few riarioriietrrs 
thick. This picture is generally confirmed by the surface analysis performed on die B3 
sample. A general picture can be constructed for the erosion experiments. Initially wlien 
the beam is first turned on the sample. the erosion yield is slightly lower ttiari that of 
pure carbon. As the film is eroded away. the methane yield increases until tlir filin is 
gone. leaving a steady-state erosion yield similar to that of graphite estending up to Iiigli 
fluences. The srnall scatter in the yield for Ruences < 4 x 10"D-lm' rnay intlicat~ t h  
t here is some variability in the erosion yield across the film. with more loosely-boiirid cartwii 
(and subsequently hydrocarbon precursors) existing at the interface between t lie filni ariil 
su bstrate. 

The inner divertor region of DIII-D is a mix of inner strike point (ISP). priwt~-Hus. 
and outer strike point (OSP) exposure. alid the 83 position of the iniier divertor is actiially 
the position of the OSP during double-nul1 plasmas. So. it appears tliat at t t i ~  t i t w  of  
remo~al of this sample. this region was actually more like a net erosion or else a wry \~ri ik  
redeposi t ion region. 

The present experiments have only been conducted at 300 and 300 K. wkiicli art1 t w h -  
the temperatures required for the reduction of erosion yields seen in boron-dopeti grap1iitt.s. 
It is possible that for temperatures >500 K. these effects will becorne niore prorioiiricwi. 
and tlie initial yields rnay be lower thari those measured here. However. at Iiiglier Hiicwws. 
reduced yields should disappear with the departure of the filni on the siirfacc of t l i ~  ciiwrtor 
tile substrate. 



4 Conclusions 
Spectroscopic data of chemical erosion in the DIII-D tokamak has been compiled orer the 
past eight years' from which it was found that CD band emissions a t  the loiver divertor. 
near the inner strike point have decreased by a factor of 10-20. At the outer midplane. 
however. erosion yields have remained static and similar to that of pure graphite. Pieces 
of divertor and midplane tiles from the DIII-D have been studied in controlled ion-bearri 
experiments to determine their erosion characteristics under loa energv deuteriiiiri impact 
(50 eV and 300 eV) as a function of fluençe for sample temperatures of 300 K. 500 I i .  arid 
100 K. 

Surface analysis of the outer midplane sample hIP3 concluded t hat the surface pririiarily 
comprises boron. with a thin B/C overlayer. The initial chemical erosion yields wcw fouiid 
to be consistent with that of boron-doped graphite. with total hydorcarbon (x C, H,) yirlds 
of .V 0.01 - 0.02C/Df. The erosion yields nere found to decrease by a factor of 1.3-2 witli 
increasing Huence in the range of .- 4 x 10" - 3 x 10"DT/m'. Erosiori yields I ~ w 1 ~ 1  off 
for fluences 2 3 x 10'~ D+/m2.  In DIII-D, with typical shot durations of -5 5 aiid fliisils 
of - 4 x ~ O ~ ' D +  lm's [El. the incident ff uence of a single shot is - 2 x IO?' D-lrr?. arid 
thus the erosion yield is expected to be sirnilar to that of carbon for the tliiratioii of thil 
discharge. 

For the inner divertor sample B3. surface analysis sliowed ver- little borori oii t l i ~  siirhcv. 
and at a depth of -5 nm the sample \vas found to be primarily carbori. Cliertiical cwsioti 
yields for incident D+ energies of 50 eV and sample temperatures of 300 Li arid 500 I i  ivcril 
found to be comparable to that of pure graphite. Visual inspection inclicatetl ttiat the filin 
was eroded through to the graphite substrate. even nhere the sample hnd bet.11 ~sposod to 
Ruences as low as -- loZ1 D+/rn2 at  300 K. confirming the obserwd chemical erosioii rwilts.  
In the region of the divertor from where this sample \vas remoucd. there lias beeri a r r i i s  of 
ISP. private-flux, and OSP exposure. and during double-nul1 plasmas. the B3 posit iori of t iir 
inner divertor is actually the position of the OSP. It is probable that at the tinie of rtliiioval 
of this sample. this region \vas actually more like net erosion or else rery weak retlqmitiori. 
Thus. only a very thin film was detected on the surface. and the present measiirertierit of 
chemical erosion yields are very similar to that of pure graphite. 
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Figure 1: A tokamak magnetic fusion device. 
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Figure 2: Chernical erosion yields of methane due to H C  (dotted lines [17. 181) and D+ 
(solid lines 1161) irradiation of graphite as a function of temperature for energies of 50 eV - 
1000 eV. 
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Temperature (K) 

Figure 3: hlethane yield due to D+ irradiation of py-olytic graphite as a functio~i o f  teni-  

perature for energies of 10 eV - $0 e\- [5!  201. 
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Figure 4: Methane, heavy hydrocarbon and total carbon yields of pyrolytic graphite as a 
function of ion energv for Dg impact at a j  300 K. b) 500 K. c) 700 K. and  d )  1000 1; [201. 
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Figure 5:  Methane yield for pyrolytic graphite (solid symbols) and GSB 15 (opm s ~ m h o l s )  
as a function of temperature for D+ at 50, 200. and 1000 eV impact [us]. 
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Figure 6: Reduction of the BcD/BD, ratio in the lower divertor region over the past ten 
years [34]. 
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Figure 7: Cornparison of (a) the ratio and (b) the Bcrr/Bol for t1-o ncarly 
identical shots frorn 1993 and 1999 [34]. 
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Figure 8: Core carbon fraction as a function ofshot number for the operational period 1993 
to 1999 [34]. 
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Figure 9: Midplane SPRED measurernents from the outer midplane as a function of shot 
number from 1993 to 1999 [34]. 



Figure 10: Cross-sectional schernatic of the DIU-D tokamak indiçating the location of the 
tile samples [35]. A more detailed sketch of the divertor tile region is shonn in figure 21. 
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Figure 11: Schematic depict ion of the esperiment al f a d i t - .  



Figure 12: Digital photogrnph of midplane tile sample MP3 and divertor tile sample B3. 
Arrows (1) and (2) show the locatior? of typical beam spots on the two samples. 



Figure 13: Trace of a typical QMS spectrum showing the relative contributions of the 
met hane, et hylene and propene leak bottles. 
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Figure 14: Trace of the "beam on" and "beam off' QMS signals for masses 18, 26, and 32. 
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Figure 15: Rise in measured methane signal due to wall contribution from D' impact on 
midplane sample MP3. Following erosion measurements nt 700 K. the spwimen is left 
to cool to -300 K. The ion beam is subsequently turned on. and the prompt  ris^ in t i i ~  

measured erosion signal is taken to be the wall contribution. 



FIG URES 

Figure 16: Scanning electron microscopy (SEM) photograph of (a) t h  
and (b) of the MP3 sample cross-section 
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FIG UR ES 

Figure L i :  EDS spectrum of sample 'rIP3. 
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Figure 18: SIMS profile for sample MP3. 
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Figure 19: Fliience dcpendence of 50 c i '  D' rrosiori nioasiir(miliits: ;i i ( ' L I ,  ;ml I I  I r '; il, 
on midplarir t i l r  saniple 11P3. 
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Figure 20: Fluence dependence of 200 eV D+ erosion measurements: a) CD4 and b)  1 C', D, 
on midplane tile sample MP3. 
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FIG UR ES 

Figure 21: Schematic of the DIII-D divertor region indicating the location of t lie t ilr s a m p l ~  
8 3  [40]. 



Figure 22: Scanning electron microscopy (SEM) photograph of the surface of sample B3 
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Figure 23: Fluence dependence of 50 eV DC CD4 erosion measurenients at 300 l i  a n d  500 1; 
for inner divertor tile sample B3. 




