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Abhstract

This paper presents a summary of plasma-material interactions which
influence the operation of TFIR with high current (§ 2 MA), ohmically heated
and high power {~ 10 ™W), nautral-beam-heated plasmas. The conditioning
procedures which are applied routinely to the first-wall hardware are
reviewed. Fueling characteristics during gas, pellet, and neutral beanm
fueling are described. Recycling coefficients near unity are observed for
most gas-fueled discharges. Gas-fueled discharges after heliurm discharge
conditioning of the toroidal bumper limiter and discharges fueled by neutral
beams and pellets show R ¢ 1. 1In the vicinity of the gas-fueled density limit
fat n, = 5-b x 10+19m'3) values of 2 are & 1.5. Increases in 2 of & 1

e ef f eff
have been observed with neutral hbheam heating of 10 MW. The primary low-2Z
impurity is carbon with concentrations decreasing from ~ 10% £> ¢ 1% with
increasing n,. Oxygen densities tend to increase with N, and at the ochaic
plasma density 1limit oxygen and carbon concentrations are comparehle.
Chromium getter experiusnts and Hett/p* plasma comparisons indicate that the
limiter is the primary source of carbon and that the vessel wall is a
significant source of the oxygen impurity., Metallic impurities, consisting of
the vacuum vessel metals (Ni, Fe, Cr), have significant (~ 1074 ne)
concentrations only at low plasma densities (ne < 10*19m'3). The primary

source of metallic impurities is most 1likely ion sputtering €rom metals

deposited on the carhon limiter surface.

Invited paper presented at the Seventh International Conference
on Plasma-~Surface Interactions in Controlled Fusion Devices

Princeton, WJ, May 5~3, 1986



1.0 INTRODUCTION

Plasma-material interactions significantly affect the present operation
of TFTR. Understanding these interaction=s and their coupling to the edge
plasma parameters is necessary tc optimize future TFTR results. This paper
documents the considerable effort expended on plasma-material issues, such as
conditioning, impurity control, and fueling studies for the opsration of TFTR
with high current (I, € 2.2 MA), ohmically heated and high power (~ 10 MW},
neutral-beam-heated plasmas. These activities have paced the evolution of the
machine as substantial new first-wall hardware has bean added, and as the
auxiliary heating power has been increased from 5-7 MW in early 1985 to the
present level of 10-15 MW. The neutral beam powar should peak at 20 W late
in 1986, followed by an upgrade in power to 27 MW in 1987,

The conditioning procedures which are applied routinely to the Eirst-
wall hardware in TFTR following venting of the torus to atmosphere are
reviewed and updated (Section 2.0) from previous publications [1,2], In
addition to the use of standard glow discharge and pulse discharge cleaning
technignes, we deécribe a disrvuptive discharge c¢leaning technique which was -
Found necessary to condition the recently installed graphite bumper limiter.
Active impurity contrel techniques incorporated during the course of high
power plasma operation include gettering experiments with a prototype 2ZraAl
surface [3] pumping array and with evaporative Cr gettering [4].

Measurements of the plasma impurity content and modelling of the
impurity source mechanismgs are presented in Section 3.0, The variation of
both low-2 [primarily C and 0) and high-2 impurities (Ni, Fe, Cr) with input
power, plasma density, plasma current, and fuel gas (H, P or He) has been
studied. Three-dimensional calculations of the sputtered Elux have heen
performed to assess the importance of ion sputtering of the limiter as an

impurity source mechanism.



The plasma fueling and recycling behavior with gas, pellet and neutral
beam fueling are described in Section 4.0. Recyecling c¢oefficients and global
particle confinement times are inferred from particle input, H,, and Langmuir
probe measuraments. Recycling coefficients are genarally near unity for gas-
fueled dischargas. For pellat and neutral-beam-fuelad discharges, the
recycling coefficient drops significantly below unity. ©or a sperial case of
gas—-fueled operation on the bumper limiter, density punpout, wnich cian be
ascribed to decreased recycling, has heen ohserved. The implicatiocns of this
limiter punmping effect on the future requirements Ffor edge profile
modification in TFTx are described, Finally, in Section 5.0 a summary of the
above results is given.

Far reviews of the results of plasma caonfinement and heating studias in
TFPR, the reader is iveferred to several recent conference review papers by
Murakami at al. 5]}, Hawryluk et al. [6], and Bell et al. [?]. A summary of
the best confinement parameters achieved as of May 1986 is given in Table 1
for several modes of plasma operation. Density-confinement time (n {0) T4)
products of 1020 =35 have heen gbtairned by pellet fueling. The highest ion
temperatures {~ 9 keV) have been achieved with neutral bsam injection at low
plasma densities. In this "energetic ion reqime,” a suhstantial fraction of
the core plasma consists of heam-injected ions. The best achieved nt 5T,

3.5 keV has been obtained by pellet injection inte

product of ~ 2 x 1019 -
ohmically heated plasmas.

Extending the operational limits of TFTR, either at low densities ian the
enargetic jon regime, or with higher density pellet-fueled discharges, will
raquire continued study of plasma-mazarial interactions, specifically the

development of a means of plasma density and/or plasma edge-profile control,

in addition to the usual requirement of nminimizing impurity influx.



2.0 FIRST-WALL CONDITIONING

During the summer of 1985 a significant amount of new first-wall
hardware was installed within the TFTR vessel to prepare the device for high
power neutral beam operation. The new internal hardware included a full
toroidal bumper limiter consisting of 1850 kg cf graphite tiles and a full
complement (36) of ZrAl surface pumping panels. The considerable increase in
graphite surface area (20 mz) compared to the previously installed moveahle
limiter (4 m2) affected the vessel cgonditioning procedures, The initial
conditioning of the wvessel with the new internal hardware involved a 6G-week
period with the vessél heated to 150°C. During this time 130 hours of glow
discharge cleaning (GDC) and 175 hours of pulse discharge cleaning (PDC} were
appliad. Following cooldown of the vesgel to ambient temperatures, high power
discharge performance was not satisfactory. After a single high current (2.2
MA) disruption, no subsequent high current Aischarges could be made until the
machine was reconditioned by pulse discharge cleaning, followed by an extended
series of discharges with increasing plasma currant and frequent disruptions
at each new current level., When disruptions at the maximum current level (2.5
MA) would not significantly affect Lhe next discharge, the vessel wag taken to
be in a conditioned state. At this point high current ohmic discharges were

characterized by low wvalues of P /Poy < 50% and Zogg < 1.5 at n, > 4.0 x

rad
10192 -3,

The ahove conditioning procedure, dubhed “disruptive discharge cleaning"
(DDC), was found necessary and was applied in a more systematic fashion
following a recent short vessel maintenance period that involved venting the
torus to atmosphere for one week (March 3-10). A vessel conditioning regimen
of 10 hours of GDC and 60 hours of PDC during a 7-day vessel bakeout at 150°C

showed favorable residual gas analysis trends, i.a., impurity {Hy0, ca, CH4)



production dropped by a factor of 10 during GDC and a factor of 5 during
PDC. However, following cooldown of the vessel to ambient temprratures, high
power discharge performance was again hindered by excessive outgassing from
the bumper lianiter. Successful high power discharge operation was attained
after 2 two-day procedure that involved more PDC and a DDC sequence of ~ 100
discharges spanning plasma current levels of 0.6-2.5 Ma. The current was
increased by 200 kXA after a forced disruption at a giver plasma current did
not affect the succeeding discharge. As this procedure progressed, the
radiated power fraction of nondisruptive discharges showed a sfstematic drop
(Fig. 1).

We surmise that the surface heating of the bhumper limiter due to the
haat load deposited b§- disruptions is of prime benefit to the limiter
conditioning precess. Measurements [8] of the surface temperature of the
humper limiter follewing a 2.2 MA Aisruption yield temperature rises of AT ~
1000°C, We vcalrulate that this €lash heating will desorb H,0 from a
tereidally symmetric area of ~ 10 ®Z and from a depth characteristic of th:
thermal diffusion length (~ 1 mm). Recent laboratory measurements have shown
that the bumper limiter graphite [9] ({(POCO AXF-5Q) and similar forms of
graphite [10] will absorb substantial (~ Torr-1l/g) gquantities of 4,0 following
short (< B hours) atmospheric exposures. Subsequent thermal desorption
measurements [?,10] show that the TFTR 150°C vessel bakeout temperature is
ineffective in desorbing the Ho0 because the primary desorption temperature
for H,0 is in the range of 300-350°C,

Comparing our conditioning experience with the toroidal bumper limiter
thus far with the previous conditioning history of the moveahle limiter, we
note the following differences. Our previously descriked [2,11] conditioning

procedure of vessel bakeout of 150°C concurrent with GDC followed by PDC, was



sufficient to condition both the vassel and the moveable limiter. No
significant problems were experienced with regard to recovery from the effects
of disruptions. However, a slowly improving plasma impurity situation was
observed as a function of exposure of the moveable limiter to high power
discharges [11]. Immediately after the initial discharge cleaning period, the
fraction of radiated power in standardized ohmic discharges ("fiducials") was
~ 100%. The P, 4 fraction slowly dropped to < 40% after 2000 discharges.
Correlated with this drop were decreases in both c¢arbon and axygen
radiation. A short period (~ 1 week) of atmospheric exposure appearsd ko have
little effect on this long-term conditioning trend.

In contrast, the behavior with the bumper limiter showed that standard
vessel conditioning procedures wer: inpsufficient to degas the bumper
limiter. The above-described procedurs of intenticnal exposdre to a series of
disruptive discharges at increasing current levels (DDC) was needed for
limiter degassing. However, after this procedure, relatively low values of
Prad (~ 50-60%) for fiducial discharges werz obtained immediately. The long-
term conditioning process seen in the case of the moveable limiter was not

observed after the initial conditioning of the bumper limiter.

2.1 HYDROGEN-ISOTOPE EXCHANGE

Another conditioning problem related to the porosity of the graphite
limiters is the H-isotope exchange provess. A previous study by LaMarche et
al. [12] has documented the H * D exchange times observed with plasma
operation on the moveahle limjter. Long exchange times (> 600 discharges for
the initial isotopic ratio, H/(H + D}, to decay in conncentration by 1/e) were
observed with the moveable limiter operating at 300°C. With increased power

loading durirg neutral bpeam injection (WBI), the peak limiter tempervature



would rise, and exchange times decreased to ~ 60 dischargeg Eor limiter
temperatures of 900°C. This hehavior is consistent with a thermally activated
diffusion proces: being the rate-limiting step in the exchange process (Figq.
2)a An Arrhenius activation energy was determined to be 0.15 eV, an energy
characteristic of surface diffusion. To account for the amount of H desorbed
from the limiter during the exchange process, a reservoir of bulk hydrogen
must he invoked. Therefore, it is possible that the surface diffusion that is
relevant to the H-D exchange process includes diffusion along the surface of
voids within the bulk graphite which communicate to the surface. Laboratory
measurements on samples of the AXF-50 gtaphite used for fabrication of the
TFTR limiters show evidence of bulk porosity which is connected to the
surface. BET [13) surface area measurements yield specific surface areas of
0.29 m2/g for samples as thick as 1 cm [14]. 1In addition, H-isotope analysis
[15] shows a aniformly distributed bulk concentration of ~ 1% H for samples
prior to tokamak exposure, and post-plasma ahnalysis shows a small D
cencentration (9 £ 4 ppm maximum) which has apparently diffused througheut the
bulk of the sample after implantaticn in the near surface layer.

The H * D exchange times observed thus far with bumper limiter operation
are intermediate compared to observations on the moveable limiter. The first
H * D exchange with the bumper limiter occcurred after the initial conditioning
by GDC, PDC, and DDC. The exchange was performed with an extended series of
moderate density (He =13 x 101? m_3), 2.2 MA, ohmic discharges, and 110
discharges were required for 1/e exchange. This exchange time is consistent
with the exchange model described in Ref. 12, with the assumption that ohmic
discharges praduce negligible heating of the humper limiter, such that the
diffusion of hydrogen to the sgurface of the limiter is negligible. Thus,

incident plasma particles exchange only with a limited wvolume of graphite



containing absorbed hydrogen. This volume is determined by the bumper limiter
scrape-off area times the mean implantation depth. The assumption of
negligible surface heating of the bumper limiter for normal ohmic discharges
is reasonable. The power loading is sufficiently small (< 13 watts/cmz) that
surface temperatures are below the limit of detectability for the limiter
infrared diagnostics I8). Estimates of the surface temperature rise derived
Erom standard thermal models Eor graphite yield an upper limit of AT ~ 259C
for a typical S5-sec long, 2.2 MA ohmic discharge. (The bhulk temperature does

not exceed ~ 50°C,)

2.2 GETTERING STUDIES

TWO tyées of gettering schemes have been studied in TFTR for impurity
and plasma density control: (1) a bulk gettering system employing an array of
ZrAl pumping panels [3], and (2) an evaporative getier system employing Cr
sublimation sources [4]. Tests of the prototype for the ZrAl Surface Pumping
System (SPS), which included an array of six ZrAl panels were conducted in
1983784 [3,16]. The prototype system achieved a pumping Speed of 120 m3/s
(fox 02), and improved the residual gas partial pressures over the normal case
of pumping with only the torus turbomolecular pumps {(with 10 m3/s). However,
no effect of this inc¢reased pumping capability was observed on plasma impurity
levels or recycling. Recent calculations confirm the null result with respect
to recveling control. Using a three-dimensional neutral transport code [17],
we calculate that only a small traction (~ 10-3) of the hydroaen neutrals
recycling from the moveable limiter are captured by the pumping pansls in the
SPS prototype array [18]. The full SPS system consisting of 36 pumping panels

was installed in 1985. To date the system has not been tested.



In order to test the difference in gettering schemes between the high
pumping speed provided by the SPS system and the high surface coverage
provided by the conventional evaporative getter schemes, a series of Cr getter
tests were performed during January-April 1985 {4]. These axperiments
involved evaporating a thin layer (10-100 um} of Cr over 70% of the TFTR
vessel, {The moveahle limiter was shielded from direct evaporation.) The
first evaporation of Cr within the torus had relatively long lasting effects
on both rvesidual gas behavior and subsequent plasma performance: (1) the
oxygen radiation was depressed by approximately a factor of two for a period
of 3-% days of plasma operatiomn; {2), the ohmic density linit was increased by
20%; and (3), the partial pressures of oxygen-containing residual gases wers
depressed by a Factar of ten for a pariod of ~ 10 days. Since the evapofated
Cr layer increased the torus pumping speed for active gases only by a factor
of two [4}, we concluded that the surface coverage eEEe?ts of the gettering
wera more important than the incrzased pumping speed. Evidently, the vessel
wall {prior to the installation of the bumper limiter) was an important source
of oxygen, and the oxygen introduction mechanism (wa2ll sputtering or
desorption) was depressed by overcoating the mixed oxide layer on the vessel
surfaeces with Cr. The effect of the Cr gettering on the plasma density
behavior must be related te the importance of oxygen radiation near the
dengity 1limit, since an evaporated Cr layer will not pump significant
quantities of hydrogen. Farther details of the COr getter experiment are given
in Ref. 4, and an expanded discussion of impurity studies in TPTR is given in
the next section, With the installation of the toroidal hbumpar limiter,
further use of evaporative Cr gettering in TFTR became impractical, and was

discontinued.
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3.0 IMPURITY STUDIES

In th'; section w2 discuss soft x-ray [19], wvisible [20], and vacuum-
ultraviolet (21] spectroscopic measurements of plasma impurities in ohmically
heated and neutral-beam-heited TFTR discharges. The de‘pendence of impurity
densities on basic plasma parameters such as the xlasma densicy, currvent, and
fuel gas are des~ribed. These measuaremunts are compared to model calculations
of limite. and wall sputtering in an attempt to identify the important

impuiiey production mechanisms in TFTR.

3.1 IMPURITY MEASUREMENTS

Figure 3a shows the 7,.. variatiwm for a density scan of high current
(2.2 MAd), 5hmic 0t plasmas for operation on the moveahle limiter and on the
bump>y limiter. The low density linit for this density scan is termed the
recyaling limit, and is the density which results from a discharge that is
Fueled only by prefilling the torus with gas sufficient to satisfy breakdown
requirements. The high density limit (5-5.5 x 10'2 m'3) is determined by the
onset of disruptions (see Section 4.0). The value of Zoge falls smoothly
between these limits reaching ~ 1.2 near the high density limit. These
measurements were made with a single channel u-ray pulse-height analysis
spectrometer viewing the cantral chord of the plasma. The mneasurements wvere
modeled with analytic n, and T, profiles chosen to approximate typical Thomson
scattering profiles. Reanalysis using measured Thorson scattering profiles
increases Teff values by about 0.2 to 0.4 suggesting a wminimum Zogg OF ~
1,5, Zope values of 2.0 have been ohtained at the density limit (ne = 8,1 x
1012 m—3) of He discharges [20]. Spectroscopic analysis [20,21] shows that
the low-2 impurities, carbon and oxygen, are the dominant contrihutors to zeff

-3

and vhe radiated power. At low densities, ﬁe < 2 X 1018 m -, <he low~Z
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impurity concentration is of the arder of 10% and is primarily carbon with the
C/0 density ratio * 10, m..' the density limit, the low-zZ impurity
concentration falls below 1.5% with approximately equal contributions by
carbon and oxygen. Carbon and oxygen densities show oppogite trends with
electron density indicating that different source mechanisms are operative.
The carbon density falls monotonically with Ee, and the oxygen density rises
monotonically with Ee.

The primary metallic impurities (Fe, Cr, and Ni) are constituents of the
stainless steel and Inconel vessel components. The metal concentrations in
these ohmic plasmas, shown in Fig. 3b, are negligible, falling exponentially

with He from relative concentrations of < 4 x 10-4 at low densities (2 x 1019

rn"3) to ~ 1 x 10'5 at the density limit. The dashed curve shows, €for
comparison, results obtained while operating on a well-conditioned moveable
limiter with the Inconel hellows cover plates stilli fully exposed to the
plasma [19], The rapid fallwoff of metallic impurity concentrations with ﬁe
correlates with the edge plasma cooling (and thus decreased sputtering yields)
which accompanies increased plasma densities. Furthermers, a trend of
increasing metal densities is observed with increased plasma current [19],
which heats the edge plasma. Thus, the observed trends with density and
current are consistent with a sputtering mechanism as a source for the
metallic impurities.

The contribution of the plasma impurities to the radiated power [27] in
ohmic discharges is shown as a function of ﬁe in Fig. 4. Here again, ths
opposing trends of oxygen and carbon and the negligible contribution of the
metals are evident. The data points shown in Fig. 4 are based on VUV

spectroscopy measurements of various impurity lines and modeling of the

impurity transport using the MIST cgode [22]. The total radiated power
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obtained by summing the values from the individwal elements agrees {within %
20%) with the total radiated power measured with holometers.

The impurity content of neutral-beam-heated discharges in TFTR is
illustrated in Fig. 5 as a function of the input power. During the first
series of NBI experiments in 1985 operated on the moveable limiter, a rise in
Zags of AZ = 1 is seen for moderate injected powers (Pheat < 7 Wd). With more
recent operation on the bumper limiter, and at higher injected powers (10 Mw),
there appears to he no significant rise in zeff with injected power up to 9
M, The data shown in ¥ig. 5 are characteristic of a conditioncd bumper
limiter, Data obtained during NBI experiments earlier in. the conditioning
cycle (i.e., shortly after an atmospheric exposure) ghow significant
excursions in the low=2Z impurity content with NBI, Ircreases in the metal
densities are seen with NBI, but the increased levels 40 not make significant
contributions to Z,gr or the radiated power.

3.2 TMPURITY SOURCES

The probable scurces for the impurities cbserved in TPTR discharges can
be identified based on a number of general abservations. The observed
metallic impurities (primarily Fe, Wi, Cr, and Ti) are beliaved to enter the
plasma frem sputtering and/or erosion of an eguilibrium metal oxide/carbide
layer on the graphite limiter surface. This metal oxide/carbide layer builds
up as metals are Ffirst removed from plasma-~exposed sections of the vacuum
vessel, and are then redeposited by the scrape-off plasma onto the limiter
surface. Evidently, an equilibrium metal layer, which represents a balance of
the competing deposition and erosion processes, builds up on the limiter,
because very similar results have been obtained From surface analysis of the

TFTR limiter tiles removed after the 1983/84 [23] and 1984/85 [24] plasma



operations. TFigure 6 shows the results of tne most recent surface analysis
which was performed during a one-week break in operations in March 1986. The
profile of metal deposition across the limiter tiles reflecks the competing
effects of erosicn and deposition. The deposition minimum occurs on the area
where the power Fflux is maximum (Fig. 6). Similar deposition neasurements
were obtained with the first pos*-plasma exposure surface analysic of the
bumper limiter; deposits‘of 10171078 metal atorns/cm2 are observed ovaer the
scrape-off area. Surface analysis of the JET limiter tiles show a remarkably
similar pattern (25].

FPurther evidence that the redeposited metal layer on the limiter
surfaces is the primary source of metallic impurities comes from the following
two observations: (1) when the moveable 1limiter was installed in TFTR in
1983, the graphite tiles were coated with a nominally 25 pm TiC layer. During
the subsequent operations period the coating partially failec [26]1, and it was
removed prior to the 1984/85 operations period. After removal of the TiC
coating the Ti concentration [19] in the plasma decreased by a Factor of 50.
(2} A recent series of experiments in TFTR has focussed on the formaticn of
detached plasmas [27,28], After detachment of the plasma from the moveahle

limiter, the line emission of metallic impurities in the soft X-ray region is

attenuated to helow the noise level in the spectrometer (28).

With regard to the source of the low-Z impurities, the obvious source of
the primary impurity, carbon, is +the limiters. No spatially resolved
spectroscopic measurements of low ionization states of impurities have heen
made in TFTR in order to quantify the relative influx rates from the limiter
and wall. However, the Cr gettering experiment described in Section 2.2
provided some information on the relative importance of the two sources. The

Cr evaporation was applied only to the wall in these experiments and not the
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limiter which was shlelded from direct evaporation. Since the gettering
affected the oxygen but not the carbon impurity content, we conclude that the
limiter is the primary source of carbon, but that both the wall and limiter

represent potential sources of oxygen accessible to the discharge.

3.3 IMPURITY SCALING WITH FUEL GAS SPRCIES

To further investigate the impurity sources and possible mechanisms of
impurity generation, the impurity content variation with the fuel gas species
was investigated. No significant change was observed in the impurity levelsg
of high current (1.8-2.2 MA) ohmic discharges as the fuel gas was changed from
hydrogen to deuterium. #With the change from deutsrium to QHe, no change was
observed in the low=2Z impurity content at constant electron density (Fig. 7a).
However, the metallic imourity concentrations increased by a factor of 1-2 at
low electron density and by a factor of 3-8 at high electron density (Fig.
h).

If physical sputtering by €fuel ions were the dominant impurity
generation mechanism, and if impurity transport and plasma edge temperatures
were insensitive to the gas species, we would expect large changes in bhoth the
carbon and metal impurity content ag the gas species is changed from H to D to
de. Figure 8 shows laboratory sputtering data 29,30 for various spacies
incident on graphite for the energy range of interest for tokamak edge
plasmas. Assuming a simple model [31] for the sheath which develops at the
limiter (with secondary emission cocefficient, Ye), ions with charga 2 and mass

m; will impact the limiter, with energies E; equal to

m.
1

2rm

T,
(z+ 57" (1 - )% . 1

E. = 2kT, + 2XT_fn {
1 e
e a

1
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= 3 ZkT_ + 2 kT, (fox T, ~T ,Y_ =0} ,
e i i e e

where T, and T; are the edge electron and ion temperatures, respectively. The
edge electron terﬁperature for a mid-density (4 x 102 n~3) chmic Dt discharge
in TPFTR is 75 eV based on Langmuir prohe analysis [32], and limiter power
loading. Thus fuel ions will impact the 1limiter at energies near the
sputtering curve maximum, 375 eV for u* and D+, and 500 eV for He't incident
iong {(assuming a constant value for the edge temperature). The sputtering
yields at the same electron density are in the ratio of € 5:2,7:1 for He/D/H,
respectively. These vyields cannot be directly compared te the relative
impurity density measurements in TFTR because of the unknown edge transport
properties of the different fuel species. However, if one assumes that the
irpurity confinement times are similar in H, D, or He plasmas (and such
similarity has been measured for Si transport in H or D discharges in ASDEX
[233]), then physical sputtering alone cannot accnu'nt for the observed small
variation in carbon density in TFTR with fuel species.

A more sophisticated calculation of physical spattering was made asing
the three-dimensional neutral transport code DEGAS [17], which calculates the
integrated sputtered flux dQue to physical sputtering by the intercepted ion
flux on the moveable limiter and the charge—exchange flux on the limiter, The
geometry of the scrape-off area on the moveable iimiter was divided inte 7
segments according to the range of ion flux [34]. Fiqure 9 shows the results
of this calculation assuming physical sputtering coefficients for three types
of limiter surfaces: (1) pure graphits, (2) a metal carbide, and (3) a
characteristic medium-2 metal (V}. These three types of materials span the
probable surface composition of the moveable limiter. Sputtering measurements

on samples taken from plasma-exposed TFTR moveahle limiter tiles [35] show



that the sputtering coefficient is characteristic of pure graphite in the
center of the scrape-off area where the incident particle range is larger than
the metal deposition layer., ©On the edge of the tile where metal deposition is
thicker, the tile has a sputtering coefficient characteristic of a metal. The
Fig. 9 results show that physical sputtering by charge exchange neutrals is
small in comparison to physical sputtering by fuel ions, and show again the
large variation in ion sputtering with gas species for all three types of
surfaces.

Two other sputtering mechanisms to be considered are chemical erosion
and impurity ion sputtering. Adding the chemically eroded CHy., using the data
of Roth [36], results in a smaller variation in impurity sputtering yields of
carbon (at the same electron density) with ratios of 5.5:4:3 from He'*, D%,
and WY, respectively. The dependence of sputtering on fuel ion is now weaker.

A source mechanism for carbon which is probably active at the lower
plasma densities is impurity ion (o*n, ctmy sputtering, baséd on the modest
impurity scaling with species and the sputtewxing data in Fig. 8. Ramsey et
al. {20] have attempted to match the shape of the cbserved carhon density as a
function of edge temperature with the sputtering data of Fig. 9. Except for
the lowest edge temperatures ({i.e., highest edge densities) signiFicant
contributions of self-sputtering and oxygen sputtering are needed to match the
enerqy dependence of carbon impurity density. In addition, Ramsey et al. [20]
find that the effective sheath potential must be lowered by a factor of ~ 2
nver the value given in Eg. 1. This is consistent with the recent
observations made on DITE [37] whieh indicate that the sheath potential on
carbon surfaces is lower than ~ 3 k'l‘E because of the effects of secondary

mlectron emission.
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4,0 PLASMA PUELING AND RECYCLING

TFTR discharges are fueled by standard gas injectian techniques cr by a
comhination of gas fueling with neutral beam or pellet injection. This
section reviews the fueling characteristics and the differences in recycling

hehavior that are observed for these three fueling techniques.

4.1 GAS FUELING

Gas input is required only during the current and density rise portions
of the TFTR discharge cycle. No gas input is required to maintain steady-
state densities for the 3-5 gecond period of constant current. This behavior
is characteristic of the entire dengity range accessible by gas fueling, (1-
5.5) x 1012 m-3, and is attributed to the combined effact of long narticle
confinement times and efficient recycling (R = 1),

In general, a small difference in the required gas input is norted
hetween operation on the moveable-limiter (Fig. 10a) versus operation on the
toroidally symmetric bumper—limiter (Pig. 10b). Figure 11 shows the total naas
input required to fuel ohmic plasmas for the twn limiter configurations as a
function of the line-averaged density. The required gas input scales linearly
with density, and inversely with the plasma current (not shown). This
behavior raflects a trend of decreasing particle confinement time with density
and increasing particle confinement time with plasma current, which are also
deduced from analysis of H; emission data [38]. The fueling data shown in
Pig. 11 are srattered at low densities (near the recycling limit) where shot-
to-shot variations in wall effects (racycling rates) can have larqge effects on
the requirad gas inpnt. At higher densities approximately 30% more gas is

raquired for bumper-limiter operation than for moveable-limiter operation. A
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similar effect was observed in the comparison of gas-fueled rail-limiter
versus bumper~limiter discharges in the PDX device {39]. There appears to be
no significant Jdifference 1in plasma confinement with the two limiter
configurations (7], Therefore, the increased gas input regquirement must
reflect a small decrease in recycling due to the differing plasma-limiter
geometry. This geometric difference also affects the evolution of the edge
nertral Jdensity. With the moveable limiter configuration, the edge neutral
presgure {density) during a discharge was below the limit of detection, € 1 %
1077 Torr (3 x 1013 m“3) of ionization gauges located at the torus boundary
(LaMarche et al. [40]) regardless of the fueling method (gas, pellets, or
neutral heanm injection}. Recent operation with the bumper limiter also shows
edge neutral pressures below 10~7 Torr for standard gas-fueled ohmic
discharges. However, during neutral heam or pellet injection, and during any
of the plasma scenarios that Fforce detachment of the plasma from limiter
contact [27], edge neutral pressures (densities) in the range of {1-3) x 1077
Torr [(0.3-1.0) x 1018 m_3] are detected. The observation of large edqge
neutral pressures with operation on a toroidally symmetric bumper limiter was
alsc seen in PDX [39]. The effect is attributed to a symmetrizaticn of the
recycling flux, which is highly iocalized in the case of a single poloidal
limiter and toroidally symmetric with a bumper limiter.

No significant difference is observed in the Eueling curves (Fig. 11)
between H-fueled or D-fueled discharges. A similar lack of isotopic
dependence was observed in the recycling £lux from i, emission analysis [38].
in contrast to the hydrogen 1isatope behavioy, gas fueling with He is more
efficient and attalns Approximately twice the electron density limit (but the

same ion density limit) as hydrogen- (or deuterium) -fueled ohmic discharges.
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Since these discharges required no steady-state gas input, the usual
definitions of fueling efficiency [39,41,42] are not applicable. For the
purpose of discussion of TPFTR data, we define the curve of 130% efficiant
fueling as the line equating the total number of plasma electrons at steady
state (NE = f ng - dv} to the total input of electrons from gas fueling (i.e.,
assuming two electrons per input H, or PR, molecule or He atom). With this
definition of 100% fueling, an incremental fueling efficiency can bhe defined
equal to the slope dNe/ng where Ng igs the number of input rlectrons, With
this_ definition the fueling efficiency of He discharges is ~ 60% and the
eEficiency of H- or D-fueled discharges is ~ 20%,

Another indication that the gas fueling efficiency is dependent on the
plaéma limiter geometry comes from examination of the plasma minor radius
scaling of the required gas input. For plasmas with radii < 0.60 m the gas
input scales with the plasma volume (~ R az). For the larger plasmas, less
‘than a volume-scaled input of gas 1is required, presumably hecause the

recycling is more efficient (R cluser to unity) in the large plasma geometry.

4.2 NEUTRAL BEAM FUELING

The initial density rise at the onset of NBI corresponds to all beanm
particles being ionized as shown in Fig. 12h for a typical case. However,
later in the beam pulse, the rate of density rise decreases and the density
often reaches a constant level {a phenomena kﬂown as density clamping). Thus,
fueling curves as shown in Pig. 12a show less than 100% fueling efficiency.
This behavior is interpreted as a reduction in recycling with increasing beam
pover. The results of Shimada et al. [38] show that the particle confinement

in TFTR is a function of I, and n,, hbut independent of heam power.

time,

Tpr P

For the data shown in Fig. 12a, the current and final density were the same
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for all the analyzed dischardes, hence the value of Tp was also the sama.
Therefore, the density clamps as a result of a decrease in the effective
confinement time, T; = TP/(1-R), because the wvalue of the recycling
coefficlent, R, decreases with increasing heam power. This interpretation is
further supported by the rate of density decay after NBI. Assuming that the
conditions which brought about the reduction in R do not revert to ohmic
values too rapidly, the recyeling coefficient should remain approximately
constant for some time (~ T;) after beam turnoff, This is indeed the case, as

the density pump-out rate after NBI is only slightly lsss than the pumping

rate required to maintain constant density during NBI (Fig. 12b).

4,3 PELLET FUELING

Pellet fueling experiments [43,44] have been performed in TFTR with two
sizes of devtarium pellets, 4 mm and 2.67 mm. Figure 13 shows the plasnma
density hehavior during fueﬁing with a single 4 mm pellet (¥17, 13a), and with
three 2,67 mm pellets (Fig; 13b). The fueling efficiency for pellet fueling
is generally close to§100% {with some pellet-to-pellet variations) as can be
seen from the comparison of the ohserved density excursions in Fig. 13 with
the density rise predicted for 100% cpnversion of the pellet fuel to plasma
electrons. The time constants (T; = 2=4 s) ocbserved for the densgity decay
following the pellet injection are intermediate in time scale to the short
values of T~ (< 1 s) observed with WBI and the long values of 1; (> 10 s)

P

observed for gas fueling.

4.4 RECYCLING
It is interesting to speculate on the observaed differences in recycling

behavior for gas, pellet, and NBI-fueled discharges. The usual particle
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balance equation can be written in which the time derivative of the number of
electrons stoved in the plasma volume ﬁe, is equated {0 the electron loss rate

plus the gas (Sg), neutral bear (Sn), pellet (SP), and impurity (Zz) source

tarms:
. N e
¥ =——+R—+8S+5 +8S_ +5_, Eg. 2
e T T g n p r4
p 2]
- V]
where T =71 /1=-R = = Eq. 3
P b

S +5 +3S+85 =N
g n p = e

is the time constant of the density decay when the fueling source terms are
zZerc,

The observed values of t; in most gas—-fueled discharges are greater than
10 s. Using values of Tp derived féom By emission and Lanémuir probve

’

measurements [38}, the. recyclipg coefficient is calculated to be close to
'
unity for gas-fueled discharges.

As noted in BSection 4.1, small variations were observed in the gas-
fueling measurements depending on the plasma~limiter geometry, such as during
the plasma~size scaling experiments, and the moveable/bumper 1limiter
comparison. The only large change in recycling with gas fueling was observeq
following a recent conditioning experiment with the bumper limiter. After
exposing the bumper limiter to 2 series of low density He discharges, a

density decay constant of T = 2,0 g was observed for the first high density

a
p
deuterium discharge that was attempted (Fig. 10ec}, The effect showed signs of
saturation over the succeeding 5 discharges as the required gas input

*
decreased, and the value of p increased. We ascribe the ohserved large drop

in T; to pumping of the edge plasma by *he bumper limiter, which effectively

decreases the recycling coefficient.
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Because of the high level of hydrogen retention (~ 30 atomic %), and the
high porosity of POCO graphite, a degagsed area of the limiter should act as a
transient pump. Calculations of the hydrogenic flux incident on the moveable
limiter for a typical ohmic discharge [33] indicate that *the relatively small
active area (< 0,5 m2) should saturate in < 0.5 s. Thus the pumping effect
would not be observable for most of the discharge pericd. With the much
larger active area of the humper limiter {(~ 10 mz), the pumping effect should
be observable for many discharges if the hydrogen density in the near-surface
region (~ 10 nm) is below the saturation density. For the case shown in
Fig. 10c, the reduction in T; to 2.0 s corresponds to a reduction in recycling
from R = 1 to R = 0.97, if we assume Tp = 0,07 s as inferred from Hy
measurements [38) of discharges with the same Ip and ng-

Pumping effects with decreased recycling have also been ohserved with
the large area bumpar limiters in JET [45]. However, unlike TFTR, the limiter
pumping effects in JET are observed whenaver th? digcharge is brought into
contact with the bumper limiter, and does not show signs of saturation. It is
not obvious that the difference in wall temperature between JET (at 300°C) and
TFTR (at 20°C} can account for different limiter pumping behavior, since
neither the bulk Aiffusivity 1[46] nor the hydrogenic outgassing [9] is

significantly enhanced at 300°C in graphite.

*

P with NBI and pellet

We interpret the obhservation of smaller values of T
fueling to bhe a consequence of R being less than unity. Quantitative values
of R have been obtained for a series of NBI discharges using Eg. 2 (where in

this casae the 8, term dominates), and values of T_ are derived from Langmuir

P
probe and H, emission measurements (38]. The results of this analysis for a
beam pulse such as shown in Fig. 12h show that R dreps to ~ 0.8 during the

beam injection, and then eventually recovers to R = 1 after termination of the
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pulse, This behavior is not unexpected and has been deocumented in an earlier
gtudy in the JFT-2 tokamak [47]. It is likely that R depends on the neutral-
beam-injected power because as the injected power increases, both the edge
temperature and the mean enerqgy of the charge-exchange flux to the wall will
increase. Both effaects will lead to decreased recycling, since (1) increasing
the plasma edge temperature will lead to increased retention of the jon flux
on the limiter, thus decreasing R at the limiter (at least for a transient
period until a new saturation limit is reached), (2) and increasing the charge
exchange energy will decrease R at the wall. We have not yet atudied the
variation of R during pellet fueling, however, we suipect that the observed
decreased values of T; can also be ascribed to decreases in R via pellet-

induced modification of the plasma edge profile.

5.0 SUMMARY

We have reviawed our studies of plasma~material interactions in TFIR
with high current (g 2.2 MA}, ohmically heated and high nower (10 MW},
neutral-beam-heated discharges. The effects of the two limiter configurations
in TFTR, a poleidal mov;able limiter, anq a toroidal bumper limiter, have been
investigated. Conditioning procedures involvinc various forms of discharge
cleaning have resulted in values of Z e < 1.5 for ng > 5 x 10'? n™3 ¢or ohmic
plasmas. Only modest increases in Zoge {(~ 1) have been ocbserved for 10 MW of
D® neutral injection. The dcminant plasma impurity in terms of contributions
to Z,e¢ and plasma radiation is carbon, except near the ohmic density limit
whare both oxygen and carbon are comparable. Metallic impurities from vacuum
vessel metals (Fe, Cr, Ni, and Ti) are negligible in terms of contributions to
Z,pg Or plasma radiation. The conditioning time, either for reducing the low-

Z {C, 9) impurity influx from the limiter following an atmaspheric vent, or
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for isotopic exchange (# + D) apparently is driven by the high porosity of the
limiter material {AXF-5D graphite}. The dominant source of impurities aprears
to be: ion sputtering of the limiter, except frr oxygen ‘for which (sputtering
or desorption from) the wall nay represent an equaily important source. The
dominant sputtering process for carbon is unknown.

A recycling coefficient near unity and large values of the effectiwve
particle containment time (‘r; > 10 s} have been observed for most gas-fueled
discharges. Gas-fueled a’'scharges witl R < 1 have heen observed after helium
discharge conditioning of the bhumper limiter so that it pumps during a

subsequent deutsrium discharge. Discharges fueled by neutral beam or pellet

*

injection voutinely show lowey wvalues of TP

and recycling less than unity.
Future plasma material interaction studias in TFTR vil].l most likely
concentrate on additional means of plasma density control via control of
plasma recycling. Density control is important for the optimization cf H, D,

and T isotopic ratios and density profiles for NBI and ICRF heating

experiments.
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TABLE 1i:

Regime

Gas Fueled
{ohmic}

Pellet Fueled
(ohmic)

Standard NBI
{10.4 ¥W)

Pellet Fueled
{NBI)

Energetic Ion
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SUMMARY C.* TFTR HEATING AND CONFINEMENT EXPERIMENTS

IP Ng ne(OJ
(M) (10"%3) (10"%%)
2.2 5.4 T2
1.6 14 28
.4 3.0 4.7
2.2 7.1 1
0.8 1-2 ~3

Te

(s)

G.4

0.5

(keV)

~2.3

~1.4

10.5£1

~2.3
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FIGURE CAPTIONS

Plasma current and radiated power fraction vs. discharge number
during Disruption Discharge Cleaning (DDC) procedure.

Arrhenius plot of the number of discharges (so) required to exchange
from H to D as a function of the moveable limiter temperature (from
[12] with permission).

(a) Zofg VS. line-average density (ng) for high current (2.2 M),
large radins {(a = 0.82 m) ohmic discharges. (b} relative metal
concentrations vs. n, for the same ohmic density scan as plotted in
(a). The measurements were derived from pulse height analysis of
soft x-ray emission.

Radiated power due to carbon, oxyden, and metallic impurities as a
function of line=averaged plasma density (ﬁe) for high current (2,2
MA), large radius (a = 0.82 m) ohmic discharges. The total radiated
power, egqual to the summation of the individual impurity fractions,
agrees with the total power as measured by bolometry [21].

Z,¢¢ vS. neutral beam input power (P eat) for high current (2.2 MA)
discharges on the moveable limiter (a), and for the first power scan
aon the conditioned bumper limiter (bh).

Measured distribution of deposited metals on two of the moveahle
limiter tiles. The minimim in the depogition distr_hution
corresponds to the region of highest heat flux.

Comparison of the impurity content of deuterium- and helium-fueled
discharges (I_ = 1.8 MA, a = 0.82 m) on the moveahle limiter. (a)
Zepe  VvS. line-averaged density (fi,) derived from visible
hremsstrahlung measurements. {b'! Relative concentration of Ni wvs.
Ee derived from pulse height analysis of soft x-ray emission.

Sputtering coefficient as a function of incident particle energy for
graphite. The curves for H, D, and He sputtering are from [28), angd
the curves for C and O sputtering are from [30].

Calculated sputtered flux from the moveable limiter for a moderate
density (A, = 3.0 x 10" p3) ohmic discharge, assuming a fuel
current of 1 x 1022 particles/sec for H and D discharges and half
this value for He discharges. The sputtered flux is calenlated for
the three fuel ions (H, D, and He) and for three limiter surfaces:
pure C, a pure metal (V}), and a metal carbide (TiC).

Gas-fueling and plasma density waveforms for three representative
cases in TFTR: typical gas fueling with ohmic discharges on the
moveahle limiter {a), and humper limiter (h). The special case of
fueling on the humper limiter, which shows deasity punpout {¢), was
ohtained after conditioning with He discharges.
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CGas~fueling curves for ohmlc discharges on the moveahle and bumper
limiters. For comparison the curve of 100% fueling efficiency is
draWn assuming the gas input is egual to the velume-integrated
plasma density.

(a) The fueling efficiency of neutral beam injection as a function
of the injected power and plasma current. (b) The plasma density
behavior during a 0.5 s, 10,5 MW neutral bsam pulse into a 1.4 MA
discharge.

The plasma density behavior after injectian of one 4 mm deuteriam
pellet (a) and after the injection of three 2.67 mm deuterium
pellets. The density rise equivalent to 100% fueling efficiency for
each pellet is noted.
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