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ABSTRACT

THE INTERACTION OF GRAPHMITE
WwITH A HOT,
DENSE DEUTERIUM PLASF

JOHN C, DESKO, JR.

The first wall of future fusion reactors will be
subjected to intense bombardment by neutrons, electrons, and
energetic ions. The ability of various materials to perform
succeesfully over long periods of exposure is a timely re-

. search topic. Graphite is being considered for use as a fu-
sion reactor'component (limiters, beam dumps, etc.) because
carbon impurities radiate significantly less energy, which
is lost from the fusion process, than all other higher atom-
ic number impurities. |

The erosion of ATJ-S graphite caused by a hot, denée
deuterium plasma has been investigated experimentally. The
plasma was produced in an electromagnetic shock tube. Plas-
‘ma characteristics were typically: ion tempefature oz 800 eV

7 OK), number density 341016/cm3, and transverse

(~1.x 10
magnetic field &1 tesla. The energetic ion flux, @, to the

sample surfaces was A11023 ions/cmz—sec for a single pulse




duration of A 0.1 usec. Sample surfaces were metallograph-
ically prepared and examined with a scanning electron micro-
scope before and after exposure. n

Samples of ATJ-S graphite were subjected to as many
as 200 pulses. Surface erosion was found and was observed
to increase linearly w#th exﬁosure. Erosion was not uniform
over the surface. Sigﬁificantly greater erosion was oObserv-
ed in the thin regions above sub-surface pores. Consider-
able flaking was observed in these regions and is attributed
to stresses arising from the thermal expansion of the sur-
rounding material. However, no cracking or other serious
structural damage was observed.

After the graphite had been exposed to the hot,
dense deuterium plasma, the residual gas was analyzed for
evidence of the formation of volatile hydrocarbons resulting
from the erosion of the graphite surfaces by the plasma,

CD4 was clearly observed as an erosion product. The impu-
rity production rate for ATJ-S graphite was calculated and
found to be 18 % 12 carbon atoms/incident deuterium ion.
This indicates that erosion is not due to such classical
erosion mechanisms as physical and chemical sputtering.
Erosion is attributed to arcing and sublimation.

These studies indicate that ATJ-S graphite is a su- .
perior material, with regard to the maintenance of struc-=

tural integrity, for use in a fusion reactor. However, the

ii



high impurity production rate places an upper limit on the
amount of graphite that can be exposed to plasma bombardment

in a fusion reactor.
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I. INTRODUCTION

It is known that plasma-wall interactions are of
critical importance in the operation of a tokamak fusion
power lr'eactor.l-'3 Small amounts of wall material ejected
into the deutefium plasma through such processes as phys-
ical sputtering1-4, chemical sputteringl’s, unipolar arc-
ingl’s, and thermal evaporationl’s, can result in signifi-
cant energy loss by bremsstrahlung radiation. Such loss
can prevent fusion ignition.5’6’7

Low atomic number impurity atoms radiate signifi-
cantly less energy than high atomic number impurity atoms
sincc bremsstrahlung radiation is directly proportional to
Zs, where Z is the atomic number of the impurity.6’7’8
Consequently, wall materials with low atomic number have
been suggested for use in plasma environments, especially
at such sites as limiters and beam dumps where wall loading
is the most severe. One material which is receiving consid-
erable attention is graphite with a Z of 6.

The advantage of using a iow-Z material such as
graphite is negated, however, if the production rate of im-

s . X 6,7
purity atoms is excessive. ’

Hence, to correctly evaluate
the merits of graphite as a candidate fusion reactor compo-
nent material, the impurity production rate must be deter-

mined under conditiens expected to be found in the antici-



pated fusion reactor.
The impurity production rate and dominant erosion
mechanisms have not yet been determined for the high inci-

dent fluxes of energetic ions (1022—1023

. 2
ions/cm©~sec)
which are expected to exist in certain areas of the antici-
pated fusion reactor such as, again, limiters and beam

dumps.g’10

It is precisely in these areas of higher flux
that the use of graphite appears most attractive due to the
high sublimation temperature (3350°C) of graphite which al-
lows it to sustain a considerable level of heat loading.
Very little quantitative information exists on the
erosion of ATJ-S graphite. This type of bulk graphite is
expected to be used in a fusion reactor because of its ex-
ceptional thermal shock resistance characteristics., ATJ-S
graphite is a molded, fine grain graphite with a density of
~1.85-1,90 grams/cm3 and a pore volume of m18%.11
Most previouc crosion results were ublalned at much

1 18 ions/cmz—sec)-

12-27

lower incident particle flux ranges (10 4—10
and on pyrolytic graphite instead of ATJ-S graphite.
Pyrolytic graphite has a high degree of directional crystal-
linity and is formed by wvapor deposition in thin layers,

and hence, 1s not as suitable for use as bulk components in
the fusion reactors. In these studiesla—27, chemical sput-

tering was found to he the dominant erosion and impurity

production mechanism above ambient temperature with CD4 (CH4)



being the reaction product. The temperature of maximum im-
purity production was found to occur at about 570°C. For

bombardment by energetic ions (100 eV £ E € 10 keV), the
chemical sputtering rate was found to be between 2.5 x 10-2
and 1.0 x 107t molecules/incident ion. These experiments
were performed using ion beams which precluded the occurrence
of arcing, an erosion mechanism which requires the presence
of both ions and electrons. However, recent qualitative re-
sults on the erosion of graphite limiters by a plasma (ions
and electrons) indicate that arcing may be thé dominant ero-
sion mechahism for graphite under tokamak conditions.ll’zs’29
In this thesis, the erosion of ATJ-S graphite by a
hot, dense deuterium plasma has been investigated experimen-

3 . 2
ions/cm“-sec.

tally at an incident particle flux of f\alo2
The plasma was produced by an electromagnetic shock tube
which has been used previously in similar studies involving
the interaction of deuterium plasma with metals and alloys.so
After exposure of the graphite samples to the plasma, the
residual gas was analyzed using a monopole gas analyzer to
identify volatile hydrocarbons resulting from the interac-
tion of the deuterium ions with the graphite surface and to
evaluate the impurity production rate for hydrocarbon forma-
tion. Specimen surfaces were also examined after exposure

to identify the damage modes and to discern trends in sur-

face damage.



II. REVIEW OF PREVIOUS WORK

The deuterium particle flux presently anticipated in

12_, 413

an operating tokamak is A~ 10 0 particles/cmg—sec at the

22_10°3 particles/cm®-sec at the limiters. The

2

wall and ~ 10
anticipated tokamak pulse length is ~ 10 -104 sec, The av-
erage energy of an incident deuterium particle will be

~10-300 eV at the walls and ~ 100-1000 eV or higher at the
limiter and the average wall and limiter temperature is ex-

pected to be a500°c,28:29

The interaction of such a hot,
dense plasma with wall materials reéults in the introduction
of impurity atoms into the plasma from the wall primarily
through such mechanisms as physical sputtering, chemical
sputtering, and arcing.

Physical sputtering is a momentum transfer process
betweén the incident deuterium ions and the wall atoms.
Upon collision, a deuterium ion transfers momentum to the
wall by a cascade collision and a wall atom near the point
of impact leaves the surface after gaining sufficient energy
Ato break its surface bonds. Physical sputtering theoryl’2’3’4
is well established for the sputtering of high-Z wall atoms;
however, the application of.the theory to low-Z wall atoms
such as carbon is questionable. This is primarily due to

the assumptions made in the model. The theory does indicate

that physical sputtering is Qirtually independent of temper-



ature below .8 Tm, where Tm is the melting point, for all
materials.4

Chemical sputteringl’3 is a mechanism whereby the
incident deuterium ions react chemically with the wall to
form volatile molecules which are loosely bound to the wall
and are subsequently released into the plasma. This mech-
anism is confined to those maferials which form volatile
molecules with deuterium; whereas, physical sputtering oc-
curs for all materials to varying degrees. Since chemical
sputtéring involves chemical reactions, it is expected to be
extremely temperature dependent and very material dependent.

Arcingl’3 is a mechanism whereby an intense electric
curreﬁt channel is formed between the wall and the plasma.
Arcing is thought to be due to the known formation of an
electric sheath potential at the wall-plasma interface. The
sheath results from the increased flux of electrons from the
plasma. Localized surface heating and melting allows posi-
tive ions and neutrals to ieave the wall and enter the plas-
ma. However, very little is known about the mechanisms of
arc initiation or the impurity production rate from arc ero-
sion.

The introduction of impurities into the plasma
through mechanisms previously mentioned is cause for serious
concern., Impurities can result in significant energy 1loss

by radiation from the plasma such that the attainment of fu-



sion ignition is impossible., Radiation loss occurs through

bremsstrahlung radiation and is proportional to Ne:ENjZ%

J
where Ne is the electron concentration, Zj is the atomic
number of the jth impurity species, and Nj is the ion con-
centration of the jth impurity species. The summation is
carried out over all the impurify species present in the
plasma,

To determine the severity of this problem, it is
necessary to consider the effect of plasma impurities on

5,6,7 This criteria states that for a

Lawson's criteria,
fusion reactor to produce more energy than is needed to heat
the plasma, the produét of the plasma density,~n, and the
plasma energy confinement time, t, must be equal to or
greater than a calculated value. This value depends on the
plasma temperature, T, and is determined from energy balance
equations which take into account all plasma energy loss
meclianlsms., FOPY plasma temperatures of 10 keV and 20 keV,
the minimum values of nt are ~ 4 x 1020 sec/m3 and ~1,5 x

1029 sec/m3, respectively, for a plasma containing equal

parts of deuterium and tritium and no impurities.G’7
The effect of plasma impurities on Lawson's criteria

is shown for several diffgrent impurities in Figure 1. The

shapes of the curves and tﬁe relative positions of the‘curves

are determined to a large degree by the bremsstrahlung

radiation loss term. It is seen that.the minimum value



of nt increases rapidly and there exists a critical impurity
concentration for each impurity specie above which, net fu-

sion power is impossible. These critical concentrations are
shown in Figure 2 for several impurities.

The effect of impurities upon Lawson's criteria is
seen to be substantial. Since an increase in nt results in
a significant increase in the amount of energy needed for
plasma heating, it is imperative to not only keep impurity
concentrations below the critical wvalues, but to try to keep
nt as near as possible to the minimum value by reducing im-
purity concentrations to the lowest possible value.

Numerous investigationsll_29 have been undertaken to
experimentally determine the impurity production rate of
graphite under deuterium or hydrogen bombardment to evaluate
graphite's usefulness as a tokamak fusion reactor material.
These investigations involved bombardment by either beams of

13,14,16-27 11,12,15,28,29 1,1 peam experi-

ions or plasmas.
ments, because of the inherent absence of electrons, give no
information on arcing or its seriousness as an erosion mech-
anism. Experiments utilizing ion beams are limited to the
study of such classical erosion mechanisms as physical or
chemical sputtering, in which electrons do not play a role.
The interaction of thermal deuterium (hydrogen)

atoms or ions with graphite has been experimentally studied

13,14,16

by several authors using either ion beams or



plasmaslz’15

produced by a radio frequency voltage. The im-
purity production rate was determined by either mass spec-
troscopy of the residual gas or weight change measurements
of the graphite samples. The rate was found to be very tem-
perature dependent and the maximum value ranged between 4 x
10™° atoms/ion and 4.5 x 107> atoms/ion and occurred in the
material temperature range of 400°C to 630°C. Impurity pro-
duction is attributed primarily to the chemical sputtering
of the graphite with CD, (CH4) as the principal chemical
sputtering product below 800°C. Above 800°C, C,D, (C,H,)
has also been identified as a chemical sputtering product by
Balooch and Olander.14 Wood and Wise12 and HMcCracken and
Patridge15 also report the occurrence of hydrocarbon mole-
cules with two or more carbon atoms as erosion products.
However, there is some question as to whether these hyqro-
carbon molecules actually resulted from the erosion of
graphite or rather from some other chemical process.

17f27 have also studied the interac-

Several authors
tion of energetic deuterium (hydrogen) ions with graphite
using ion beams. The ion energies used in these experiments
ranged between 100 eV and 30 keV. In these expefiments; the
impurity production rate was determined by either mass spec-
troscopy, height or weight change measurements, or auger

electron spectroscopy. The rate was found to be very tem-

perature dependent. Values of the impurity production rate



at room temperature varied between 2.4 x 10_3 atoms/ion and
'5 X 10-2 atoms/ion. Maximum values of the impurity produc-
tion rate varied between 2.5 x 10”2 atoms/ion and 1.0 x 107'
atoms/ion and occurred in the material temperature range of

530°C to 650°C. Impurity production at room temperature is

attributed solely to the physical sputtering of carbon atoms
from the graphite surface. The increase in impurity produc-
tion-at higher temperatures is attributed to chemical sput-

tering. CD, (CH4) is the only identified chemical sputter-

ing product.

A summary of the results for both thermal and ener-
getic, atoms and ions is shown in Table 1. The chemical
sputtering rates for energetic ions are almost two to three
orders of magnitude higher than for those for thermal atoms
and ions. The higher rates are probably due to the higher
trapping efficiency of the energetic ions as compared with
the low sticking efficiency of the thermal atoms and ions.1
The energetic ion data is more applicab1e4to fusion&reactor
materials studies since the incident ion energy is in the
range of that expected for the anticipated fusion reactor.

Braganza et. al.24 has suggested a model of chemical
sputtering by energetic ions where the ion-induced desorp-
tion of deuterium from the surface layer of graphite is the
critical variable in chemical sputtering yield. The model

predicts that the erosion rate should decrease and the tem-



10

perature of maximum chemical sputtering should increase with
increasing particle flux. In addition, it predicts that the
chemical sputtering rate is only weakly dependent upon par-—

ticle energy. All of these points are supported by the au-

thors' experimental data.

Smith and Meyer27 have shown that the apparent scatter

in chemical sputtering rate. results -of six authorsl7’19-22’27

could be successfully explained by the model of chemical

sputtering developed by Braganza et. al.24 in which the in-

cident particle flux, which varied from one investigation to

another, and ranged from 1014 to 1018 ions/cmz—sec, is taken

into account. However, the authors' corrections to the data

of Feinberg and Post17 do not seem justified and hence agree-

ment between theory and experiment at a particle flux of

18

10°® ions/cm®-sec or greater is questionable.

11,28,29 have studied the erosion of

Several authors
graphite limiters by a plasma in experimental tokamaks. 1In

all of these experiments, the partial pressure of CD, was

4
found to increase after plasma bombardment. Arcing damage
was evident on the limiter surfaces exbosed to the plasma

11,28 .o

and was reported as the primary erosion mechanism.
impurity production rates were not reported, however, since
these experiments were qualitative in nature,

To correctly evaluate the usefulness of ATJ-S graph-

ite as a fusion reactor material, the impurity production



rate of ATJ-S graphite must be determined under conditions
expected to exist in an operating fusion power plant. A re-
view of previous works, summarized in Table 1, shows that
this has not been done. The impurity production rate has
been determined for particle fluxes that are mény orders of
magnitude lower than that expected to exisf;at the limiters
and beam dumps of tokamak reactors. ;In addition, these
studies have been confined to pyrolytic graphites which are
considerably different from ATJ-S graphite. Finally, these
results were obtained using ion beams which precluded the
occurrence of arcing. Results obtained on the erosion of
graphite limiters by a plasma indicate that arcing may be
the most serious erosion and impurity production mechanism
for graphite under plasma bombardment. If this is the case,
then the impurity production rate for graphite under plasma
bombardment may be quite different from that obtained in ion

beam experiments.

11



ITII. EXPERIMENTAL PROCEDURE

A. Eguigment
Shock Tube

The Columbia University Electromagnetic Shock Tube
is a pulsed device thét produces a plasma by shock wave heat-
ing and cdmpression.31 It has been used previously for
plasma-wall interaction studies involving metals and alloys
and is described in detail in reference 30.

Briefly, the shock tube consists éf two concentric
cylinders of length 1.8 m and diameters 23 cm and 13 cm. A
rod, electrically insulated from the cylinders is located on
the axis of the cylinders. The cylinders and rod aré made
of OFHC copper. The plasma is formed in the annulus between
the cylinders. The shock tube is shown schematically in
Eigure 3.

The plasma is produced by first evacuating the annu-
lus region to a base pressure of less than 1.3 x 10"4 Pa and
then filling this region with deuterium gas to a pressure of
6.7 Pa. A slow rise time (~ 50 usec) capacitor bank is then
discharged through the bias .rod producing a fransverse mag-
netic field. When this field is approximately constant, a
fast rise time (~5 usec) capacitor bank is discharged be-
tween the inner and outer conducting cylinders, forming a

radial current sheet at one end of the tube, the launching _

12



wall. This current sheet interacts with the transverse
magnetic field resulting in a 3‘x'§ force which propels the
plasma along the tube axis from the launching wall and to-
ward the reflecting end wall. After shock reflection at
the end wall, the plasma comes to rest in the vicinity of
the énd wall.

Six ports are situated on the outer conductor near
the end wall. They allow samples of 6 mm diameter to be in-
serted into the shock tube for the irradiation of the sample
surfaces. The ports contain valves which ailow for easy in-
sertion and removal of the samples.

Plasma conditions in this sample region have been
well documented by previous investigators.ag-36 Plasma

characteristics are listed in Table 2. Thus for each pulse

13

of the shock tube, each sample is bombarded by NlO16 ions/cmz.

Residual Gas Analyzer

A residual gas analyzer was used to analyze the
shock tube gas for evidence of hydrocarbon molecules result-
ing from the erosion of graphite and to determine the impu-
rity production rate for hydrocarbon production. The gas
analyzer was a Veeco model SPI-10 monopole gas analyzer.

The analyzer's functions are described in detail in
its operation manual. Briefly, gas molecules enter the ana-
lyzer tube and are ionized by high energy electrons emitted

from a heated filament. The ionized molecules are then ac-
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celerated into the analyzing region which consists of a V-
shaped rail and a cylindrical rod positioned parallel to
and a precise distance apart from the rail. The rod is sup-
plied with a radio frequency voltage superimposed on a di-
rect current voltage. Ionized molecules entering this re-
gion oscillate in a complex fashion. For particular elec-
trical conditions, only ionized molecules of a specific mass-
to-charge ratio will move in a path which results in their
impingement upon a collector. Ionized molecules of all oth-
er mass-to-charge ratios will not reach the collector. The
ion current, the number of ionized molecules impinging on
the collector per second, for this particular mass-to-charge
ratio is displayed on a meter. The potentials applied to
the rod are varied automatically and uniformly by a sweep
generator, resulting in an oscilloscope display of the ion
currents for all molecules in the mass-to-charge range of 1
to 50. The oscilloscope display can be recorded on a strip
chart recorder, A typical gas spectrum is shown in Figure 4.
A residual gas analyzer displays a single gaseous
compound as a series of peaks, known as a cracking pattern.
The pattern includes the primary peak and a number of secon-
dary peaks. The primary peak is due to the single ioniza-~
tion of the compound's molecules and occurs at a mass-to-
charge ratio position corresponding to the molecular weight

of the compound. Secondary peaks are due to isotopes, multi-



ple ionization of the molecules, and fragmentation of the
molecules by the ionizing electrons. Each gaseous combound
produces its own individual, repeatable cracking pattern.
Cracking patterns are used to positively identify the in-
dividual coﬁponents of a mixture of gases. Once the com-
ponents are identified, their partial pressures may be de-
termined if their analyzer sensitivities are known. The
sensitivity of a gas is defined as the ratio of the ion cur-
rent of the primary peak of the gas to the pressure of the
gas in the analyzer sectidn and is given in units of
amps/Pa.

Interface System

The Veeco gas analyzer was.connected to the shock
tube by means»of an interface system, shown in Figure 5,
which was designed and constructed as part of this researdﬁ.
The Nupro needle valve and the Ultek 20 liter/sec ion pump
were installed to maintain a sufficiently low pressure in
the Veeco analyzer during analysis of the shock tube gas.
A flexible coupling was included to facilitate attachment
of the system to the shock tube., A pyrex section was added
to electrically isolate the analyzer from the shock tube,
To prevent charged particles from streaming into the analy-
zer when the shock tube was pulsed, a butterfly valve was
installed. An ionization gauge tube was included to moni-

tor the pressure in the analyzer section. In addition, an

~15
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up-to-air valve and an ion pump isolation valve were in-

stalled.

B. Sample Preparation and Surface Characterization

ATJ-S graphite samples were prepared from a 7.6 cm
x 2.5 cm x 2.5 cm block of ATJ-S graphite, courtesy of
Oak Ridgé National Laboratories. Samples of cylindrical
geometry with a diameter of 6 mm and a thickness.of 15 mm
were machined from the block. The wall thickness of graph-
ite fusion reactor components is expected to be of this or-

der.11’28

One end was drilled and tapped to screw onto a
sample holder rod. The other end, which was exposed to the
plasma, was metallographically polished to near mirror
(Linde B) smoothness. The entire specimen was then cleaned
in distilled water in an ultrasonic cleaner and dried in an
oven at 100°C for one hour.

Several samples of graphite were randomly selected
after surface preparation and prepared for examination un-
der a scanning electron microscope (SEM). The sample sur-
faces were examined and micrographs were taken of typical
areas at magnifications ranging from 50 to 5,000 magnifica-

tion. Micrographs of typical pre-exposed surfaces are

shown in Figure 6.




C. Test Procedure

This investigation involved the irradiation of
ATJ-S graphite in the shock tube and an analysis of the
shock tube gas to identify hydrocarbon erosion products and
to determine the impurity production rate.

Prior to these experiments, considerable work was
performed on the shock tube and vacuum system to reduce
background impurity levels to a minimum in order to facili-
tate residual gas analysis interpretation. It was necessary
to thoroughly clean the walls of the shock tube and vacuum
system to remove all hydrocarbon build-up resulting from
prolonged use of an o0il diffusion pump. This réquired the
complete disassembly of the shock tube and vacuum system.
All inner surfaces were cleaned with abrasives, dilute ni-
tric acid, freon, and finally trichloroethylene. Trichloro-
ethylene was used as a final cleaner because the peaks of
its cracking pattern would not interfere with the present
residual gas investigation. All O~-ring surfaces and grooves
were remachined and polished at this time to ensure good
vacuum seals with new viton O-rings and teflon gaskets. A
Sargeant-Welch model 3134 turbomolecular pump with 1500 {/sec
capacity was used instead of an 0il diffusion pump to reduce
0il backstreaming and subsequent recontamination of the in-
ner surfaces of the shock tube and vacuum system.

After reassembly of the shock tube and vacuum system

17



and installation of the turbomolecular pump, the entire
system was helium leak tested. The system was made as leak-
tight as possible and attained a base pressure of 6.7 x 107°
Pa. At this point, the residual gas analyzing system was
coupled to the shock fube. Prior to experimentation, the
shock tube was pulsed thirty times to discharge clean the

inner surfaces. Cleaning ended when the post pulse gas

pressure showed no increase for several consecutive pulses.
Six graphite samples were inserted into the shock
tﬁbe and irradiated for 200 pulses at the incident ion ener-
gy of 800 I 150 eV. Pulses were spaced a minimum of four
minutes apart to allow sufficient pump down time between
pulses. Gas analysis was performed after every fifth or
tenth pulse and the residual gas spectrum was recorded. A
residual gas spectrum of the background gases was also re-
corded at this time. Typical spectra are shown in-Figure 7.
After gas analysis following the 200th pulse, the graphite
samples were removed and replaced with six samples of PE-16,
a high nickel-stainless steel which had previously been
studied in the shock tube by other investigators.30’37’38
These samples were irradiated for 50 pulses at an incident
ion energy of 800 ¥ 150 eV and gas analysis was performed
after every tenth pulse. Typical spectra are shown in

Figure 8. The purpose of this analysis was to determine

which of the observed changes in the residual gas spectra

18



for graphite were due solely to the irradiétion of graphite
and which were merely due to pulsing the shock tube. After
gas analysis following the 50th pulse, the samples were re-
moved.

Six additional graphite samples were irradiated for
40 pulses at an incident ion energy of 800 ¥ 150 eV and re-
mqved. These graphite specimens and those previously irra-
diated for 200 pulses at an incident ion energy of 800 eV
were then examined under a scanning microscope and typical
areas were'photographed. No gas analysis was performed at
this time.

A set of graphite samples were also irradiated at a
lower incident energy of 250 I 50 eV for 5, 25, 44, 50, 100,
150, and 200 pulses and removed. These specimens were ex-
amined under a scanning electron microscope and typical
areas were photographed. No gas analysis was performed on

this set.

D. Residual Gas Analyzer Calibration

The cracking patterns of several gases were deter- -
mined to assist interpretation of the residual gas spectra.

These gases included CH H,0, CO, HCzclsl(Trichloroeth—

4° N2’ 2
ylene), and Ar. In addition, the analyzer sensitivities of
several of these gases were determined. These results are

found in section A of the results section.
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IV. EXPERIMENTAL RESULTS

A. Cracking Pattern and Sensitivity Results

The cracking patterns and sensitivities were deter-
mined for several gases as mentioned earlier. These gases

include CH co, H,O, H02C1 (Trichloroethylene), and

4’ N2’ 2 3

Ar. The cracking patterns and sensitivities for these gases
are found in Table 3,
Secondary peaks arise in the cracking patterns for

H,O, CH and trichloroethylene from broken hydrogen bonds.

2 4°

The secondary peaks in the N Ar, and CO cracking patterns

2,

arise from dissociation and double ionization.

B. Gas Analysis Results

Residual gas spectra were obtained after irradiation
of the graphite and stéinless steel samples, as noted in the
previous section, to identify hydrocarbon erosion products
and to determine the impurity productidn rate. Before ana-
lyzing this data, it was necessary to perform two more
tasks. First, it was necessary to determine which deuter-
ated hydrocarbons were most likely to form from the erosion
of graphite and to determiné the peaks associated with each
product. Second, it was also necessary to detgrmine which
other gases and impurities were present in the vacuum sSys-—

tem and to determine whether these produced peaks, as de-
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termined from cracking pattern results, which would overlap
those of the hydrocarbon erosion products.

With regard to the first point, from a review of

. . 11-29 . -
previous literature » CD, (Cd4) and C,D, (C2H2) have

been..the only hydrocarbon erosion products observed. Since
in this investigation, graphite was bombarded by "deu-

terium ions, the erosion products expected were CD4 and 02D2.

The peaks associated with CD, occur at the méss—to—charge

4
ratios of 12, 14, 16, 18, and 20 while the peaks associated
with 02D2 occur at 24, 26, and 28.

With regard to the second point, the background gas-
es and impurities present in the vacuum system can éasiiy be
determined by simple considerations. Since the base pres-
sure of the shock tube is only 6.7 x 107° Pa and the pumping
section was closed off during firing, atmospheric constitu-
2> O Hp» €Oy
peaks at 14 and 28; 16 and 32; 1 and 2; 12, 14, 16, 28, 29,

ents .such as N CO and Ar should be expected with
and 30; and 20 and 40, respectively. Since the system was
unbaked, large quantities of H,0 should be present with
peaks at 16, 17, and 18. Remnants of trichlorcethylene, a
solvent used to clean the inner surfaces of the shock tube
and vacuum system, should be seen at 35, 36, 37, and 38,

In addition, organic impurities such és CH4, CHBCH;, and
CHch+ should be seen at low levels. These impurities occur

. s ; R . 39
in all vacuum systems utilizing oils or bearing lubricants.
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Several additional peaks should occur as a result of the
substitution of deuterium for hydrogen atoms. Contributions
to each observed peak in the mass-to-éharge ratio range of 1
to 50 are listed in Table 4 on the basis of this analysis.
The residual gas spectra obtained for graphite and
stainless steel were initially analyzed for the presence .of
CD,. This was done by taking the 20 peak, the primary péak

4

_for CD and subtracting the contribution from argon as de-

4°
termined from the observed height of the primary argon peak
at 40 and cracking pattern data. Then the background was

deducted, as determined by the background gas spectrum, to

give the amount of CD, produced only as a result of the one

4
shock tube pulse prior to gas analysis. This data is pro-
duced in Figure 9 for both graphite and stainless steel
spectra. Notice that there remains a contribution to the

20 peak for graphite but none for stainless steel indicating
that the contribution is a result of the erosion of graphite.

To positively identify this product as CD the 16 and 18

4°
peaks were also analyzed in the case of graphite and the re-

sults were compared to the cracking pattern for CD After

40
subtraction of the contributions from other gases and cor-
rection for background, the remaining contributions were

plotted and are shown in Figure 10. A comparison ef the -

experimental results with cracking pattern results is seen

in Table 5. The agreement is seen to be very good. It is



therefore concluded that CD4 is a product of the erosion of

graphite, in agreement with the results of previous inves-
tigators.11”29

Noticé that the amount of CD, produced after each
pulse, as determined by the height of the 16, 18, and 20
peaks, is relatively constant after each pulse during the
course of the 200 pulse experiment. This indicates that
surface conditioning did not occur to any significant degree
during this investigation.

The observed spectra were also analyzed for the pre-
sence of C2D2' The 28 peak could not easily be used to de-

termine the presence of C2D because of the large contribu-

2
tion to this peak from N2 arising from the erosion of the
boron nitride reflecting wall. Instead, the 24 and 26 peaks
were examined. However, after correction for other gases |
and background, results showed that there were no differ-
ences between results for graphite and stainless steel indi-

cating that C is not a significant erosion product of

2P
graphite under the present experimental conditions. There
existed no evidence of any other hydrocarbon erosion product.

These results agree with previous results which found no

other erosion product for bombardment by energetic ions.

C. Impurity Production Rate

Since the gas analyzer sensitivity for CD4 was pre-

23
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viously determined, the partial pressure of CD, in the ana-

4
lyzing section was calculated and was found to be 9.3 x 10~

Pa for an average peak height of 0.92 x 10712 amps for the

6

20 peak. This corresponds to a partial pressure of CD4 in
the shock tube of 2.1 x 10~! pa after making the necessary
corrections for flow through a needle valve. Applying the
ideal gas law, the partial pressure of CD4 can be converted

into the number of molecules of CD4 produced for each pulse
of the shock tube. Since the number of energetic deuterium
ions striking the graphite samples per shock tube pulse is
known, 1 T 25 x 1O16 ions/cmz, the impurity production rate
can be determined. The impurity production rate for hydro-
carbons was found to be 18 ¥ 12 carbon atoms per incident
deuterium ion. This value of impurity production rate can-
not be explained by such classical erosion mechanisms such
as physical and chemical sputtering where the impurity pro-
duction rate cannot exceed unity. It indicates, instead,
that the erosion of graphite by a hot, dense deuterium plas-
ma is mainly due to other erosion mechanisms such as arcing
or sublimation. For these‘erosion mechanisms, an impurity
production rate can exceed unity.

D. Surface Analysis.Results

'As mentioned, sets of graphite samples were exposed

in the shock tube to a deuterium piasma at mean incident ion
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energies of 250 eV and 800 eV, Surface examination was per-
formed in a scanning electron microscope at 35 to 5000 mag-
nification for the 250 eV samples exposed for 5, 25, 44, 50,
100, 150, and 200 pulses and for the 800 eV samples exposed
for 40 and 200 pulses. Typical surface areas of these sam-
ples are shown in Figures 11-17. Micrographs of the surfaces
of unexposed samples are included for comparison.

Three distinct areas can be identified on all exposed
and unexposed specimen surfaces. The first area is the area
at the pore edges and appears almost white in the micro-
graphs. This is due to electron saturation in the scanning
electron microscope at these areas. Erosion at the pore
edges from deuterium bombardment is seen to increase as the
radiation dose incfeases. The sharp edges eventually become
smooth and rounded.

The second area is an area which appears very dark
gray or black in the micrographs. This dark area represents
solid, bulk graphite and is dark because of the good conduc-
tion of scanning electron microscope electrons from the sur-
face region. The areas appear smooth with extremely fine

surface features. Erosion of these fine features in the

dark areas increases with dosage.

The third area appears light gray in the micrographs.
These areas represent pores hidden below the surface. They

appear lighter in shade than the bulk areas because conduc-



tion of scanning electron microscope electrons from the thin
surface layer is reduced, resulting in a slight overcharging
of the layers. On the exposed samples, the thin surface
layers appear flaked, buckled, and displaced and exhibit a
large amount of surface area. Micrographs show the erosion
of these thin layers at various stages. The coverage of the
surface by these light gray areas increases-with exposure at
the expense of the darker regions indicating that there is
an enhancement of erosion at the sub-surface pore regions.
Successive enlargements of a sub-surface pore region is seen
in Figure 16.

A comparison of micrographs of graphite specimens
exposed to the same number of pulses but to different mean
incident ion energies shows that a significantly greater
amount of erosion occurs at 800 eV than at 250 eV. This is

seen in Figure 17.
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V. DISCUSSION AND ANALYSIS

This experimental investigation has been successful
with respect to achieving its original goals:

1) Methane (CD4) has been identified as the sole
hydrocarbon erosion product of ATJ-S graphite under the
existing experimental conditions. :

2) The impurity production rate for ATJ-S graphite
has been determined and is found to be 18 % 12 carbon atoms
per incident deuterium ion for bombardment by a deuterium
plasma with an incident ion flux of 1 ¥ .15 x 10°° ions/cm°-

sec and a mean ion energy of 800 t 150 ev.

3) Distinct features and trends in the erosion of

the ATJ-S graphite surface have been identified.

These results will be discussed further in this sec-
tion. It will also be shown in this section that: .

1) The major impurity production mechanism, or ero-
sion mechanism, is not chemical or physical sputtering, but
is probably arcing or sublimation.

2) The surface flaking is due to the thermal expan-

sibn of the graphite grains.

A, Validity of the Present Investigation

Residual gas analysis is usually performed in an

ultra-high vacuum system in which all background .gases and-im-
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purities are minimal. In such a system, gas analysis is
straightforward -and unambiguous and the results are unequiv-
ocal. Unfortunately, the design and operation criteria for
an~u1tra-high vacuum system are incompatible with the design
and operation criteria for a shock tube. As a result, the low-
est- base pressures attainable in the shock tube are in the

low 10™° Pa range. At these pressures, background gases and
impurities can complicate analysis.

However, in this study, the significant differences
in observed gas spectra for graphite and PE-16 stainless
steel certainly eliminates any doubt as to the presenbe of
CD4 as an erosion product of graphite. The actual amount of
CD4 produced per pulse, though is less certain. The contri-
butions of other molecular species to the CD4 gas peaks and
the accumulation of gases during the course of the experi-
ment introduce some amount of error into the determination
of the impurity rate. The experimental error from these un-
certainties is estimated to be ~30%. The total experimen-
tal error is estimated, quite liberally, to be no more than
~ 75%.

It should be pointed out that the use of the vacuum
system presently employed on the shock tube does have an ad-
vantage in that it is almost identical to the type of vacuum
systems presently being employed on experimental tokamaks

and envisioned for use on future tokamaks. Hence, the vac-
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uum environment found in the shock tube, with its background
gases and impurities, is similar to the vacuum environment
found in present day tokamaks and expected to exist in fu-

ture tokamaks.

B. Surface Erosion and Flaking

The results of this experiment indicate that consid-
erable erosion of the graphite surface occurs under energet-

23 ions/

ic ion bombardment at high incident fluxes of A, 10
cm2—sec. The principal erosion areas are those areas lying
directly above sub-surface pores in which the layer of graph-
ite is quite thin-— a1 um or less in thickness. These layers
also appear flaked and fractured. The pore edges also/exhib—
'it considerable erosion while the flat, bulk surface exhibits
only mild erosion. However, no flakihg or cracking occurs

iﬁ these two regions.

The heat flux to the sample surface can be calculated
to see if the heat flux is responsible for the observed sur-
face flaking and cracking. If all the incident ions deposit
all their énergy during the 0.1 usec of interaction for each
pulse, then the heat flux is 15 x 10° watts/m° and 48 x 10°
watts/m2 for bombardment by 250 eV and 800 eV particles, re-
spectively.

The maximum heat flux, Wegs which can be sustained

by a material of thickness, X, whose back surface is cooled,
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without exceeding the material yield stress is given by4O:

[N

*_ 2
WCR =CT K(l—v)ahax

AE« (1)
where v is Poisson's Ratio, ¢max’ iz the ultimate compressive
strength, X is the material thickness, E is Young's Modulus,
*

«is the coefficient of thermal expansion, C 1is a constant

with a value of order 8 and K is a constant between 0.5 and
2.5 which depends on geometry. For typical values41 of X, v,
max?®

E, and-&ifor ATJ-S graphite we obtain the following

expression:

W.. = 1.8 x 10° watts

CR
') m2 (2)

when % is given in meters, For ATJI-S graphite, tho maximum
value of {, which yields the minimum value of WCR’ is the

average grain size which is ~ 200 um, Hence, we have

8

9.0 x 10 watts/m2 (3)

CR
which 1is significantly greater than the maximum imposed ex-
perimental heat flux of ~n 48 x 1O6 watts/m2.

According to this, then, cracking and flaking should

not occur anywhere on the graphite surface. This conclusion



is supported, in the bulk areas, but not in the thin regions
above sub-surface pores. This implies that a different type
of cracking mechanism is in effect, which can occur at lower
heat fluxes. An examination of the cracking, as seen in
Figure -16, shows that cracking occurs primarily where the
thin layer joins the bulk region. This seems to imply that
the lateral stress arising from thermal expansion of the
bulk cannot be supported across the thin layer. The situa-
tion is shown schematically in Figure 17 in a simplified
version where the graphite bulk and thin regions are shown:
as separate entities.

To calculate the stress on the thin region, it is
necessary to determine the temperature of the surface,
Knowing the heat flux to the sample surface, the surface

temperature rise can be computed using42

—
T = 2W t
\ KCp (4)

where W is the heat flﬁx, t is the time of application of
the heat flux, K is the thermal conductively, C is the spe-
cific heat, and p is the material density. For typical
values41 of K, C, and p, and for an interaction time of 0.1

usec, we have
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T =Wwx6 x 1078 % (5)

when W is given in watts/me. For values of W as previously
determined, we find that the temperature at the surface of
the bulk regions rises to ~900°C and w~ 2,880°C for irradia-
tion by 250 eV and 800 eV particles, respectively. Using
the lower value of temperature and the coefficient of ther-
mal expansion, the change in length of a 200 um grain is

~ 0,26 um which implies that the strain on a thin region of
length 5 um, surrounded on two sides by large grains, is
~ 5%, This results in a compressive stress of ~ 4.5 x 10‘8
nt/m2, which is far in excess of the maximum compressive
stress41 of ~5.5 x 107 nt/mz. Therefore, it seems that the
flaking of the thin regions is due to thermal stresses aris-

ing in the bulk grains which cannot be supported across the

thin layered region.

C. Erosion and Impurity Production Mechanisms

In addition to flaking and cracking, the thin regions

appear to suffer considerably more erosion than the bulk re-
gions. A proposed erosion mechanism for graphite must be
consistent with this observation and the experimentally de-
termined impurity production rate.

The impurity production rate determined in this in-
+

vestigation- 1.8 - 1.2 x 10l molecules/ion -is considerably
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greater than unity. This suggests that erosion mechanisms
such as physical and chemical sputtering do not play a major
role in the erosion of the graphite surface since it is dif-
ficult to envision a mechanism whereby these processes could
produce a impurity production rate in excess of unity. Other
possible mechanisms are evaporation and sublimation. It has
been shown that the maximum temperatures on the graphite
surface are  ~900°C and AJ2,88000 for particle energies of
250 eV and 800 eV, which are considerably below the éublima-
tion temperature of 3,350°C. At these temperatures, evapo-
ration is minimal. However, these méximum temperatures are
correct only for the bulk material, which indeed showed 1it-
tle erosion at all. It is possible that heat conduction is
severly reduced in the thin regions, due to a reduction in
the mean free path for conduction, resulting in temperatures
approaching or exceeding the sublimation temperature. This
would account for the enhanced erosion of the thin areas.
However, it is impossible to determine the impurity produc-
tion rate resulting from evaporation or sublimation since in
this case they would not be a bulk phenomena.

Arcing is another possible erosion mechanism énd im-
purity production mechanism. Since arcing involves a cur-
rent loop between the plasma and the material surface, as
originally Suggested by Robson43, which can produce intense,

localized heating, resulting in melting and vaporization,
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impurity production rates in excess of unity are possible.
Evidence of arcing consists of arc craters or arc tracks on
the sample surface which form as a result of surface melting
and subsequent resolidification. These remnants of arcing
are easily visible on surfaces polished to a mirror finish.
Arcing is known to occur in the shock tube.30’37’38
All materials tested prior to graphite by previous investi-
gators exhibited evidence of significant amounts of arcing
in the form of arc craters. These other materials include:
304 stainless steél; 316 stainless steel; PE-16, a high nic-
kel stainless steel; 4130 steel; Ti-6A1-4V; tungsten; nio=-
bium; and copper.

There is no direct evidence of arcing on the surfaces
of the graphite samples exposed in the shock tube during
this investigation. However, this is not at all suprising
since graphite sublimes, rather than melts. Arcing damage
could be considerably different from that obsérved on mate-
rials which can melt. Also, since graphite can not be pol-
ished to a mirror finish, evidence of arcing may be indis-
tinguishable from other surface features. Hence, the lack
of evidence for arcing does not preclude the possible occur-
rence of arcing. Arcing may have occurred but may not have
left behind any recognizable surface remnants of arcing. .
The occurrence of observable arcing damage, in the form of

long ridges, on the surface of graphite limiters exposed in
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tokamaks may be due to arcing of higher intensity and of
longer duration than that which occ;rs in the shock tube.

Arcing could produce the higher erosion observed on
the thin layered regions. Previous studies on arcing have
suggested that structural discontinuities and interfaces in-
crease the potential for arcing.44-47 Since the thin layer-
ed regions are characterized by flaked and fractured surfaces
which contain innumerable discontinuities and interfaces,
arcing erosion would be more severe in these regions than in
bulk regions resulting in a higher degree of erosion in the
thin layered regions.

The observed erosion product of graphite was CD a

4°
product usually associated with chemical sputtering. However,
chemical sputtering does not seem to be a likely erosion mech-
anism in this study. The proposed erosion mechanisms, subli-

mation and arcing, result in the release of carbon atoms from

the graphite surface. Hence to account for the large presence
of CD4, l

face by the proposed mechanisms of erosion must combine with

it seems that the carbon atoms released from the sur-

deuterium ions in the plasma to produce CD4.

D. Comparison of Results with Previous Work

The results of the present investigation are in agree-

ment with the results obtained for graphite in experimental

25227

tokamaks™ which showed that CD4 levels increase appreciably
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as a result of plasma bombardment and that arcing is a major
erosion mechanism, !

Comparison of the present results with results obtain-
ed using ion beams, shows that ion beam experiments do not ac-
curately predict the impurity production rate for graphite
under plasma bombardment., Ion beam results for the impurity

2 to 1.5 x 107t molecules/ion —

production rate — 2.5 x 10~
are significantly lower than the results obtained in this ex-
periment — 18%X12 molecules/ion. This significant difference
is attributed to the absence of electrons in the ion beam ex-
periments which precludes arcing as an erosion mechanism and

to the low incident particle fluxes used in the ion beam ex-

periments which preclude significant amounts of sublimation.
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VI. CONCLUDING REMARKS

The present results show that flaking occurs only
above sub-surface pores and is due to lateral stresses aris-
ing from the thermél expansion of the surface regibn. Ero-
sion is also observed to occur predominantly above the sub-
surface pore regions and may be related to the flaking pro-
cess. This suggests that flaking, erosion, and the impurity
production rate may be significantly reduced by using other
types of graphite that contain no pores and have a low coef-
ficient of thermal expansion in the surface plane, which
would reduce the lateral stresses in the surface region.
Further studies‘should be undertaken to evaluate the perfor-
mance of these other types of graphite under plaéma bombard-
ment.

The need for a low expansion coefficient in the sur-
face plane suggests the use of a graphite with a columnar
grain structure in which the c-axes of the grains are all
oriented perpendicular to the surface plane. This orienta-~
tion places the a-axes of the grains in the surface plane.and
reduces the lateral stresses in the surface region since, in
graphite, the thermal expansion coefficient is a minimum in
the a-axis direction.

A graphite with a columnar grain structure and no

pores can be utilized either in bulk form or as a graphite



coating on some substrate material. At present, however, the
availability of a bulk graphite with an extremely low pore
volume is questionable., Most bulk graphites have.porosities
in excess of 15%. The fabrication of a bulk graphite with
low or zero porosity and a columnar structure may require
considerable modification of the present fabrication tech-
niques. Graphite coatings, however, appear to be quite at--
tractive. With'proper growth techniques, a thin graphite
coating with a columnar grain structure and low pore volume
‘should be attainable by present vapor deposition methods.
These coatings need not be moré than ten to twenty microns
in thickness, judging by the amount of damage observed in
this study on the bulk surfaces of ATJ:S graphite. However,
these columnar grain structures in thin coatings typically
have weak grain boundary adhesion pernendicular to the
thermal shock direction which may cause serious cracking
problems. In addition, the adhesion of the coating to the
substrate may be a serious problem especially if metals are
used as the substrate material, Metals typically have
thermal expansion coefficients that are significantly larger
than the thermal expansion coefficient of graphite.

This investigafion has also shown that the number of

methane molecules formed per incident ion during the plasma

bombardment of ATJ-S graphite exceeds unity. This implies

that the formation of impurity molecules is probably due to
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such erosion processes as arcing, or sublimation, or some
combination of both. However, the calculation for an impu-
rity production rate usually assumes that the number of impu-
rity atoms formed actually correlates with the incident ion
flux. ‘Is this a valid assumption to make in the present
investigation?

-For an impurity production mechanism such as sub-
limation, the correlation clearly exiéts. The incident ion
flux determines the rise in surface temperature which deter-
mines the number of'carbon atoms leaving the surface through
sublimation. However, for arcing, the correlation is not
clear. The humber of impurity atoms produced through arcing
may be more dependenﬁ upon the electrical conditions at the
wall of the device during a discharge than on the incident

ion flux. In fact, the electrical conditions at the wall is.

one area where shock tube simulation may be markedly different

from a tokamak limiter.

If correlation does exist between the number of impu-
rity molecules formed and the incident ion flux, as is the
case for sublimation,the pfesent results can be readily ex-
tended to a tokamak reactor. A calculation can then be made
to estimate the carbon impurity concentration that one would
expect to find in a tokamak reactor under steady-state con-
ditions. This wvalue can then be compared to the critical

impurity concentration for carbon atoms to evaluate graphite
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as a fusion reactor material. These calculations can be found
in the Appendix. The results of the analysis show that impu-
rity production can be a serious, but not a critical, problem
for ATJ-S graphite.

In conclusion, this investigation has shown that
ATJ-5 graphite does not experience serioqs surface damage and
hence, maintains its structural integrity under bombafament'
by a hot, dense deuterium plasma. In addition, it has been
shown that the influx of impurities into the plasma may oc=-
cur primarily through such erosion mechanisms as unipolar
arcing and sublimation rather than through chemical or phys-
ical sputtering. If this is the case in a tokamak reactor,
the introduction of impurities must be carefuliy evaluated

for a real tokamak.
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Figure 1.

A plot of the minimum value of the product
of the plasma number density and plasma
energy confinement time, nt, for ignition
of a deuterium-tritium plasma vs. the impu-
rity fraction for several impurities at
plasma temperatures of 10 keV and 20 keV.
(Taken from R.V. Jensen et.al., Nuclear
Fusion, 17, 1187, 1977)
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Figure 2.

A plot of the maximum allowed impurity
concentration for fusion for several
impurities vs. plasma temperature.
(Taken from R.V. Jensen et.al., Plasma
Physics Laboratory Princeton, REP. PPPL-
1350, 1977)
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Figure 3. A schematic of the Columbia University
Electromagnetic Shock Tube.
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Figure 4. A typical residual gas analyzer spectrum.

This spectrum was recorded after plasma
bombardment of ATJ-S graphite for 60
shock tube pulses.
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Figure 5.

A schematic of the interface system that
coupled the residual gas analyzer to the
shock tube, ’



Pyrex
Ceramic Needle
Break Valve

=

0 o

o

P

Flexible Butterfly
_Coupling Valve

_'
o~

20 L/Sec
Ion Pump

o Isolation Valve

I Residual Gas Analyzer

Inlet |
valve (&}

Ionizatioh
Gauge
Tube

Figure 5

§S



56

Figure 6.

SEM micrographs of typical areas of
the unexposed, polished surface of
ATJ-S graphite.
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Pi gure W

Typical post-pulse (A) and background (B)
residual gas spectra for ATJ-S graphite.
These spectra were recorded after exposure
of ATJ-S graphite samples to 60 shock tube
pulses.



Amps)

=12

Jon Current (x 10

|l

20 28 36

Mass Number

(A)

44

Figure 7

12 20 28 36 44
Mass Number

(B)

6§



60

Figure 8.

Typical post-pulse (A) and background (B)
residual gas spectra for PE-16 (a high -
nickel stainless steel). These spectra
were recorded after exposure of PE-16
samples to 30 shock tube pulses.
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Figure 9.

A plot of the CD, peak height (20 peak) vs.
shock tube pulse number. ATJ-S graphite --
was bombarded for the first 200 pulses and
PE-16 was bombarded for the next 50 pulses.
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Figure 10. A plot of the CD, peak heights (16 and 18
peaks) vs. shock tube pulse number for
bombardment of ATJ-S graphite.



0T 2an31d

Amps)

-13

Ion Current (x 10

16
¢ - 18 peak
144 X - 16 peak
12 &4
« ° .
10 4 ..
]
o
8‘.—— .—--—-——a—'—-——:-—:-—-—d ———————— —
LT .
6 4 i °
]
4 4=
2 4 X " X X X
s IRV S SN G U S 0, S
x X X X X X J
' + + ' —— ! + —2
0 20 40\ 60 80 100 120 140 160 180 200

Pulse Number

G9



Figure 11.

SEM micrographs of the surfaces of ATJ-S
graphite samples illustrating the three
distinct surface areas: dark gray areas,
which represent bulk graphite; light gray
areas, which represent thin layers of
graphite above sub-surface pores; and
pore areas.
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Figure 12,

SEM micrographs of typical areas of the
surfaces of ATJ-S graphite samples after
plasma exposure for O (A), 40 (B), and

200 (C) shock tube pulses at a mean inci-
dent ion energy of 800 eV. Notice the
increase in the number of light gray areas
with exposure indicating that erosion oc-
curred preferentially at the thin layered
regions above sub-surface pores.
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Figure 13,

SEM micrographs of typical areas of the
surfaces of ATJ-S graphite samples after
plasma exposure for O (A), 40 (B), and
200 (C) shock tube pulses at a mean inci-
dent ion energy of 800 eV. Notice the
increased surface erosion with plasma
exposure.
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Figure 14.

SEM micrographs of typical areas of the
surfaces of ATJ-S graphite samples after
plasma exposure for 0 (A), 40 (B), and
200 (C) shock tube pulses at a mean inci-
dent ion energy of 800 eV. Notice the
increased loss of surface detail with
plasma exposure.
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Fisure 15,

SEM micrographs of typical areas of the
surfaces of ATJ-S graphite samples after
plasma exposure for O (A), 40 (B), and
200 (C) shock tube pulses at a mean inci-
dent ion energy of 800 eV. Notice the
increased loss of fine surface detail
with plasma exposure.




FIGURE 15

745



76

Figure 16.

SEM micrographs of a flaked area on the
surface of an ATJ-S graphite sample ex-
posed for 40 pulses at an incident ion
eniergy: of 800 eV,
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Figure 17.

SEM micrographs of typical areas of the
surface of ATJ-S graphite samples exposed
for 44 (A) and 200 (B) pulses at a mean
incident ion energy of 250 eV and for 40
(C) and 200 (D) pulses at an incident ion
energy of 800 eV. Notice the increased
erosion, especially at the thin layered
regions, for the 800 eV cases.
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Figure 18.

A schematic of the ATJ-S graphite struc-
ture near the surface showing a thin
layered region above a sub-surface pore
surrounded by graphite grains.
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TABLE 1

Summary of Previous Experimental Results for the

Impurity Production Rate of Graphite

MAXIMUM IMPURITY

PRODUCTION RATE

TYPE OF

PARTICLE FLUX

AUTHORS REF. ]| (atoms/incident ion)| GRAPHITE (sec™tom™?) -
Thermal Particles

Wood et.al. 12 7 x 1074 bulk ?

Gould 13 4 x 107° ? ?

Balooch et.al. 14 4.5 x 1073 pyrolytic ?
McCracken et.al.| - 15 ? ? ?

Veprek et.al. 16 > x 1074 pyrolytic ?
Energetic Particles .

Feinberg et.al. | 17 8.5 x 1072 reactor |1 x 10%® u*,2 x 10%% HO
Behrisch et.al. | 18 2.4 x 1072 pyrolytic 3 x 101 u}

Roth et.al. 19 3.4 x 1072 pyrolytic 2 x 10%° ut
Busharov et.al. 20 8.3 x 10™° ? 2 x 1013 gt
Erents et.al. 21 2.5 x 1072 pyrocarbon| 4.6 x 10 p*

Sone et.al. 22 |4 x 107%/ 1 |pyrolytic |6.3 x 10142 x 10 u*

1 x 107

... .COntinued on next page

c8



TABLE 1

(continued)

MAXIMUM IMPURITY

PARTICLE FLUX

PRODUCTION RATE TYPE OF

AUTHORS IREF. l(atoms/incident ion) | GRAPHITE (sec™om™2)
Energetic Particles

Smith et.al. 23 2 x 1072 thin film 6.3 x 1075 u}
Branganza et.al. | 24 1.5 x 1072 pyrocarbon 4 x 10'% p*
Bohdansky et.al. | 25 3 x 1072 pyrélytic 6.3 x 10%° p*
Borders et.al. 26 5 x 1072 bulk 6.3 x 10+% p*
Smith et.al. 27 1 x 107% thin £ilm 8 x 104 HY

£8
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TABLE 2

Summary of Shock Tube Plasma Characteristics

Ion Temperatﬁre ~500 eV

3

Ion Number Density ~10L8 pt/cm

Transverse Magnetic Field ~1 tesla

Ion Flux at Sample Surface ~1O23 D+/cm2-se9

Duration of Ion Bombardment ~0.1 usec/pulse



TABLE 3

Cracking Pattern and Sensitivity Results for the

Veeco SPI-10 Residual Gas Analyzer

PERCENTAGE OF : :
GAS PEAK . PRIMARY PEAK SENSITIVITY OF PRIMARY PEAK

CH, (CD,) 12 (12) 3.2% £ .39
13 (14) '8.8% ¥ .5%
14 (16) 18.1% ¥ .59
15 (18) 83.3% X .5%

16 (20) 100.0% 9.8 ¥ 1.0 x 10”8 amp/Pa
N, 14 6.2% £ .5%

28 100.0% 2.3 ¥ 0.1 x 10~/ amp/Pa

H,0 2716 5.1% * .5% : l

17 31.C% I .5%

18 100.G%

.....CcOntinued on next page . ‘

G8



GAS
Cco

Ar

Trichloroethylene
(H02C13)

20
40

35
36
37
38

TABLE 3

(continued)

PERCENTAGE OF

'PRIMARY PEAK

4.9%
1.0%
1.6%
100.0%
1.0%
0.8%

.3%
. 2%
. 2%

1+ 1+ 1+

« 2%

1%

I+ 1+

1+

25.1%
100.0%

+5%

I+

29.4%
100.0%
9.4%
32.1%

.5%

.5%

I+ 1+

SENSITIVITY OF PRIMARY PEAK

1.7

+

0.2 x 10~

7

amp/Pa

98



MASS
NUMBER CONTRIBUTIONS

1 H

2. H2 D

3 HD

4 D2

5

6

7

8

9
10
11
12 C
13 CH
14 CH2 N
15 CH3
16 CH4 0

17 HO
18 HZO DO
19 HDO

20 Ar
21

22 .

23

24 02 |

25 C,H,-

TABLE 4

MASS

NUMBER

Contributions to the Residual Gas Analyzer Spectra

CONTRIBUTIONS

CoH,
CoHg
CH,
CoHg
CoHg

02

Cl
HC1
DC1

Ar

Co

35

87



88

TABLE 5

Comparison of Experimental Results

with CD4 Cracking Pattern

PEAK RATIO EXPERIMENTAL RESULTS CD, RESULTS
12/20 3.2%
14/20 8.8%
16/20 15.6% 18.1%
18/20 | 87.7% 83.3%

20/20 o . 100.0% - 100.0%



APPENDIX

The results of Jensen et. al.7 show that for a 10 keV
plasma, the maximum allowed impurity concentration of carbon
atoms is A,10%. Above this value, fusion ignition cannot
occur. For a tokamak fusion reactor with a plasma number den-
sity, ng, of A4102O particles/m3, this implies that the maximum

9

max’ is m;lOl carbon

allowed number density of carbon atoms, n,
atoms/ms.

If the number of impurity molecules formed as a result
of plasma bombardment correlates with the incident ion flux,
ATJ-S graphite can be easily evaluated as a possible fusion
reactor material by first using the impurity production rate
found in this experiment to determine the number density of
carbon atoms, n,, that one would expect to find in a tokamak
under actual steady-state conditions and then comparing this
value of n, to nzax. This analysis is given below.

When correlation exists, the number of carbon impurity

atoms produced: by plasma bombardment of graphite in a fusion

reactor, Nc’ is given by the following expression:
Nc = S¢Ato (8)
where S is the impurity production rate, @ is the particle

flux to the graphite surface, A is the area of the graphite

89 .
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surface exposed to the plasma, and to is the time of plasma

bombardment. The number density, n,, of carbon atoms is

simply:
: N A _
=~ C P
nc =5 (7)
where V is the volume occupied by the plasma. We now have

the following expression for n,

- S¢Ato (8)
V'

c

This expression must now be evaluated using typical
values for the various parameters. The plasma volume, V, in a
tokamak reactor is typically ~A500 m3 and the impurity produc-
tion rate, S, found in this investigation is 18 carbon atoms/
incident ion. The plasma bombardment time, to, should be the
minimum plasma energy confinement time for fusion ignition.
For a 10 keV plasma, Lawson's criteria indicates that nt must

20 sec/m3.6’7 Using the plasma number

be greater than ~ 4 x 10
density, Ny of-«/lozo particles/ms, the energy confinement
time is then ~ 10 sec. This gives us the following expression

for n_:
c

n_ = 3.6 x 10”1 pa carbon sec (9)
c. D+ m3



Since ATJ-S graphite is being strongly considered
for use as a limiter material, @ and A must be evaluated for
the limiter positiom., A typical limiter geometry in present
experimental tokamak devices is the rail geometry. Charged
particles travel in the direction of the magnetic field lines
in the torus and strike the face of the limiter that is per-
pendicular to the field lines. The particle flux at the
limiter can be computed using the following expression based

on simple kinetic theory:

nedge.C
P imiter o — (10)
where n 1s the mean number density at the plasma edge and

edge
C is the mean particle velocity at the plasma edge. Assuming

that n and the mean particle energy is ~s 500 eV,

. n
edge % "~ T00

we have that

B iiter X 5 X 1022p* /m2-gec (11)

However, this is only for the leading edge of the limiter.

The particle flux decreases with distance from the leading
I .

edge. In this analysis, we assume that the particle flux,

@

the leading edge, and is given by:

1imiter? decreases exponentially with x, the distance from

91 -



+

¢ (x) = 5 x 10°%° exp(-x/a) (12)

limiter m —=sec

where a is the characteristic length. For a typical rail
limiter of 1 cm thickness, a is assumed to be .25 c¢cm. Hence
we have

+

¢(x) -5 x 10922 __
limiter m -=-sec

exp(=-x/.25) (13)

Since @ now varies over the face of the limiter sur-

limiter

face exposed to the plasma the product @ *A must be

limiter

replaced with the integral, @A) *dA. But dA is just
limiter
X+-dx where Q is the limiter length which is typically 10 cm.

So, we then have

x=1 | x=1
19 .p'

¢§§%dA = ¢§§%ldx =5 x 10—/ (x/.25)ax (14

limiter x=0 %x=0
surface
Evaluating this expression, we find that
B¢ ~ 19 D* |
x)dA &~ 1.2 x 107 Z= (15)

limiter
surface
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Upon substituting this for P.A in equation (9), we find that
~ 18 3
n, &£ 4 x 10 carbon atoms/m (186)

Since we have that n@axhﬁil X 1019 carbon atoms/m3 for n &<

(o}
20 B

1 x 10 particles/ms, we see that i

n_ o ntex (17)

This analysis shows that the impurity concentration
of carbon atoms is close to the critical impurity concentra-
tion. It must be pointed out. that this analysis only gives a
very rough estimate for n,. The mean plasma number density
and the mean ion energy at the plasma edge are not well known
at present. The value of the mean ion energy ﬁsed in thi$
analysis, 500 eV, is thought to be reasonable and typical.for a
tokamak reactor. The variation of ion flux across the limiter
surface is not well known. Also, this estimate is only for one
limiter; whereas, tokamak reactors will employ several. sets of
limiters., In addition, this estimate assumes that all carbon
atoms leaving the surface of the limiter enter the plasma,
which is unlikely. "As plasma conditions at the limiter become
better known and limiter designs change, this value for n, will
change. However, on the basis of this analysis, we may con-

clude that at the present time, impurity production is a seri-





