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ABSTRACT

Fueling requirements and impurity levels in neutral-beam-heated
discharges in the PDX tokamak have been compared for plasmas formed with
conventional graphite rail limiters, a particle scoop limiter, and an open or
cloged poloidal d:l..vertor. Gas flows necessary to obtain a given density are
highest for diverted discharges and lowest for the scoop limiter. Hydrogen
pellet injection provides an efficlent alternate fueling technique, and a
multiple pellet injector has produced high density dliacharges fur an absorbed
neutral beam power of up to 600 kW, abave which higher speeds or more massive
pellets are required for penetration to the plasma core. Power balance
studies i.ncii.cate that 30-40% of the total input power 1is radlated while ~ 15%
ig absorbed by the 1limiting surface, except in the open divertor case, where
60% flows to the neutralizer plate. In all operating conflgurations, Zogf
ugually rises at the onset of neutral beam injection. Both open divertor
plasmas and those formed on a well conditioned water-cooled limiter have Z ..
¢ 2 at the end of neutral injection., A definitive comparison of divertors and
limiters for impurity control purposes requires longer beam pulses or higher

power levels than available on present machines.
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1. Introduction

As experience with large auxiliary-heated tokamak devicea has grown,
the importance of impurity control has become ever more evident. High power
neutral heam injection experiments in several devices have allowed the study
of impurity production and control under power loading levels of sgeveral
RW/cmz. Advanced limiter concepts such as toroidal ldimiters [1,2) and
particle scoop limiters {3,4] are presently under gtudy while large tokamaks
with magnetic divertors have been operating for several years [5-7]. Tests of
these concepts for impurity control are particularly important for the desaign
of future long pulse devices with high power 1loading. The importance of
particle contrel in toxamaks has alsc lncreased dramatically in the past few
years. The localization of the plasma fueling source near the divertor reglon
has been ldentified as a crucial factor in the attainment of improved eneragy
confinement in neutral-beam-heated divertor discharges [8-10], while theAuse
of pellet fueling has led to the attainment of breakever values of nr in the
nlcator-C device [11].

Earlier, we reported a preliminary comparison of several impurity
control devices ia the Poloidal Divertor Experiment (PDX) tokamak [5]. That
work emphasized the need to explore more <fully several impurity cortrol
technigues in the presence of high power auxiliary heating. The PDX device is
a large tokamak (RP = 145 cm, a = 40 cm) with up to 6 MW of neutral beam
heating power available for 300 ms, and it has been capable of producing
plasmas with either standard rail limiters, a toroldal bumper limiter, both
oren and closed poloidal divertors, and a particle scoop limiter. Plasma
fueling is achieved@ by either gas puffing or hydrogen pellet fueling. The
lainAe_xperiments in PDX consisted of the study of heating efficiency with

near-perpendicular injection (each of four beam lines on PDX have a tangency
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radtus of 35 cm), the study of high-8, low qfa) discharges, and exploring
regimes of improved confinement with diverted and scoop limliter discharges.
During these studies, we have expanded our data base on the performance of
various particle and impurity control techniques during high power neutrai
injection. In this paper, we review information obtained in the past two
years to gain more lnsight into a direct comparison of ihegse technigues for
particle and impurity control, and to put our earlier results in better
perspective.

Several modifications were made to the PDX device in lake 1982 to
extend the machine capabilities and allow new modes of aperation [8]. The
divertor hardware was modified to clogse off the open conductance paths between
the divertor chambers and the maln plasma chamber, so that recombined neutral
particles in the diverter region could enter the main chamber only by passing
through the plasma in the throat region. This configuration is referred to as
the "closed” divertor meode, as distinguished from the earlier "open" mode of
operation, The outer divertor colls were deactlivated to ease the plasma
startup. The titanium divertor neutralizer plates and liners in the main
chamber were replaced with ones made of stainless steel. In addition, the
practice of Ti gettering in the upper divertor reglon was dlscontlnued so that
the upper chamber was unpumped. With these changes, single-lobe diverted
plasmas of up to 500 kA with R = 140 cm and a = 38 cm could be obtained
routinely by displacing the plasma column a few cm upward, and our earlier
problems with titanium bursting in divertor plasmas were alleviated.

In addition to the divertor modifications, a particle scocp limiter was
installed on the outer vacuum vessél wall. This limiter iz described in
detail elsewhere [3], but we note here that it consists of a large (29 cm x 33

cm) front graphite surface with a 2-cm wide pumping channel approximately 2 ecm



behind the front face. The plasma hits vanadium-coated copper neutralizer
plates and the recombined neutrals are collected in an unpumped S0-2 closed
volume behind the limiter surface, The limiter wag at a major radius of 193
cm, resulting in 40-cm radiuc plasmas with Rp = 153 cn.

We concentrate here on discussions of the rail limiter, scoop limiter,
and inside Dee divertor discharges with neutral injection. Four-null divertor
discharges and toroidal bumper limiter discharges were discuggsed in our
earlier paper [5}.

The major diagnostlicg employed for these studles include Themson
scattering systems for both the central plasma and edge plasma wmeasureme.ts,
while impurities are monitored with absalutely calibrated VUV spectrometers,
an X-ray pulse height analygis system, bolometer arrays, and vigible
bremsstrahlung meagurements. Power Jeposition and edge plasma power flows are
inferred from infrared TV observations, thermocouple arrays, and a wvariety of
plasma probes.

2. Fueling and Particle Control
2.1 Gas Puffing

The fueling of ohmlically heated PDX discharges by puffing cold gas
at the plasma periphery has heen described in detall previously [12,13]. 1In
general, the dlverted discharges, elther open or cleosed, reguired the largest
gas flow to 9gustain a given plasma density while the limiter discharges
required the 1least (approximately four times less than the divertor case),
with the toroidal bumper 1limiter falling roughly midway Letween these two
xtremeg. The change in neuntral gas behavior, which was most evident after
cloging the divertor, was the buildup of a neutral gas pressure difference
hetween the divertor and main chamber regions. While the compression ratio,

Pprv/Pupgys wWas very close to unity for all cases with the open divertor
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configquration, it routinely reached values of 10 te 30 in the closed
configquration, Neutral gas pressures approaching 10'3 Torr were achieved in
the divertor region for line average densitles of ~ 5 x 1013 -3 (fig. 1).
Both the neutral pressure and the scrape-off plagma denslty showed a nonllinear
increase with the average main plasma density, indicating that a high
recycling divertor regime was achleved. The dependence of neutral pressure,
Hy emissions, and divertor plagma density on He was modeled with the DEGAS
neutral transport code to indicate that the electron temperature in the
divertor region was a rapidly falling function of ﬁe. with values below 10 ev
for fg 2 3 x 10'3 en”3 13,141,

The situation with neutral heam injection (NBI) is considerably
more complex since the confinement bYehavior of the plasma itself is a
gensitive function of the operating conditions [3,9]. It i3 instructive,
however, to compare the gas flow rates required tc achieve or sustaln a given
plasma density during at leagst 200 ms of NBI for each of our operating
modes. In table ' we llist the gas flow rate required to obtain the listed n,t
for each of five operating conditions of interest. The open divertor results
were obtained with the upper dome ungettered, similar to the closed divertor
operating conditions. Neutral gas pressures were measured with magnetlcally
shielded ionization gauges located near the limiter (rall or scoop) on the
plasma midplane and in the upper divertor dome. The ionization gauge near the
limlcers was located on the ocuislde wall of the vacwum vessel, directly below
the scoop limiter, Since the top rail limiter was used in the rail limiter
studies, this gauge was located considerably cloger to the gcoop surface than
to the surface of the graphite rail.

The rall-limited discharge shows a relatively high pressure near

the limiter while it is quite low far away from the limiter. The pressure



near the scoop limiter was less than, but comparable to, the values cbtalned
with the rail limiters. However, the scoop reguives a very low gas flow
compared to the rall limiter, suggesting efficient recycling on the face of
the gcoop or through the wvolume of gas trapped in the scoop plenum. The
pressure of this gas in the plenum 1g on the order of 1072 Torr.

The neutral gas distribution in diverted discharges with NBI is
compared in table 1 for three cases of interest. The open divertor data show
only a sllght amount of compression between the unpumped divertor ragion and
maln chamber. The operation mode desicnated H-mode 13 an example of the
improved confinement regime obtained wilth diverted discharges with NBI
[g,91. This regime, originally observed on the ASDEX device ([15], is
characterized hy a spontaneous improvement in the particle confinement time
during NBI and hence high wvalues of z':e are cbtained with moderate gas feeds.
The second regime of operation in the closed divertor geometry igs ldentified
by a forced density rise (FDR) wherein the gas feed 1s incraased to force the
denslty to rise ip to or above values 1t would achieve in a good high
confinement H-mode shot. These FDR discharges are c¢haracterized by lower
confinement times +typical of open divertor and 1limiter discharges. A
neceggary characteristic for the achlevement of high confinement in PDX has
been a large compression ratio and low maln chamber neutral gas pressure. As
seen in table 1, thia feature is lost in the FDR case where neutral gas is
forced back to the main chamber through the divertor scrape-off plasma or
through residual open conductances in the divertor/main chamber Lnterface
hardware. Calculations of the neatral particle transport in diverted PDX
discharges with NBI have been reported hy Heifetz et al. (14].

Finally, the toroidal and poloidal distributlons of Hu or D

o

emissions glve ingsight into the particle gource locations. The +toroidal




distribution of H,/D, emissions shows a large peak near the limiter in rail
and scoop limited discharges, while a large peak at the location of the
midplane gas puffing valve was observed for the open divertor case [12,16].
In the closed divertor case with a divertor gas feed, the toroidal
distribution is essentially flat, but the poloidal distribution shows a streng
localizat:i:on of the particle source in the region of the divertor throat
[9,17,18].

2.2 Pellet Injection

An alternative fueling mechanism is the injection of solid hydrogen
pellets At high speed (600-900 m/s) into the plasma, Barly single pellet
injection experiments into diverted PDX discharges with only ohmic heating
have already been described elsewhere {19); here we give an overview of
results obtained with mulf.iple pellet injection into diverted discharges with
and without NBI. The injector used was capable of injecting three hydrogen
pellets (~ 1.5 x 1020 atoms /pellet) with arbitrary differences in the
injection time for each pellet.

Pellet injention has produced ohmic¢ discharges with much higher
density than those available with gas puffing. For ~ 300 kA ohmic discharges,
the large pellets are able to penetrate beyond the plasma axis, resulting in a
substantial peaking of the particle deposition on the central flux surfaces.
For example, chmically heated plasmas with n,{o) = 3 x 10'4 cn~3 have been
produced by injection of three clogely spaced pellets (A&t ¢ 5 ms). The
Murakami, parameter, ﬁeR/BT ~ 9.5, is substantially higher than that obtained
with gas puffing. The plasma absorbed this extra fuel without disruption, and
the global interaction with the fuel ig observed to be approximately
adiabatic, Immediately following injection, the electron temperature is

greatly reduced, but recovers rapidly. Density and temperature profiles



obtained via Thomson scattering immediately before and after pellet injection
are shown in fig. 2. After this abrupt density rise, sawtooth oscillations
are suppressed while the central density decays with a characteristic decay
time of 100-150 ms. The density profiles remaln strongly peaked during this
decay.

In discharges with NBI, the pellet penetration 13 substantially
reduced since the ablation rate is lncreased due to both the higher electron
temperatures in beam-heated plasmas and the additional ablation due to fast
beam ions [20). For a given injected beam power, the beam ion contribution
may be enhanced -even more with perpendieular injection, as in PDX, gince a
large fraction of the ions are trapped in orbits on the outboard side of the
plasma, particularly at large minor radii, It argears that a significant
perturbation in the plasma density profile occurs only when the pellets
penetrate the plasma to near the q = 1 surface. For the existing pellet
injector with a pellet speed of ~ B00 m/s, a single pellet penetrates to only

r/a ~ 0.5 for Pps = 2 MW, where P is the abzorbed neutral heam power. The

abs
use of several pellets spaced ~lousely in time (At = 1 to 2 ms), however, does
improve penetration and results in particle dJdeposition inside the q = 1
surface for low beam power. For example, fig. 3 shows the change in the

central chord visible continuum radiation {roughly proportional to nez) for
beam-heated discharges with pellet injectlon. The incremental change in the
signal at the time of pellet injection gives a measure of the overall density
increagse due to the pellets. As the bheam power increases, the penetration
decreages, but it can be improved somewhat by stacking all three large pellets
clogely in time, effectively simulating injection of a pellet with larger

mass.

Using two closely spaced pellets, discharges with peak n,(c) ~1 x
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1074 cn~? were produced with Pibg = 9.6 MW for detailed study. The central
density remains high and the density profile remains peaked as the T, and Ty
profiles recover after pellet injection. During this period, an increage in
the global confinement time from 20 to 30 ms occurs, while MHD (luctuations
change from se-+tooth oscillations before pellet injection to m = 1
oscillations afterward.

Although a detailed comparison has not heen made, pallet fueling
with penetration *> the g ~ 1 surface ls considerably more efficient than gas
puffing. The fraction of injected atoms which are converted to plasma ions is
~ 1 for the otmic case and ~ 0,5 for the 0.5 MW beam-heated cases. Th2
corresponding fueling efficiency for gas puffiag is ~ 0.1 or less for high
density ohmic plasmas {12}, and is estimated to he comparable to or lower than
this value for the beam-heated discharges.

3. Energy Deposition and Power Balance

3.1 craphite Rail Limiter

Earlier, we reported on the properties of undiverted »slasmas formed
on standard carbon rail limiters at a single toroidal 1location I[51. The
uncooled limiters were often disruptive during high power NBI(PINJ % 6 MW) for
beam pulse leagths of » 150 ms, 1In general, however, these discharges with
Fryg € 6 MW had negligible metallic impurity content, and radiated power
profiles obtained with a halometar array were hollow, with total radiated
powers accovnting for ~ 30% of the input power. It was noted at the time that
spectroscopic estimates of radiated power were only ~ 1/2 the values obtained
with the bolometer measurements, and the discrepancy was ascribed to the
bolometer sensitivity to fast charge exchange neutrals arising from the
anisotropic beam ion velocity distribution, This suggestion has since been

studied in more detail (21], and substantively confirmed by comparing the
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bolometer signal from different angles of view with respect to the toroidal
field, In addition, the contribution of the fast neutrals themselves to the
bolometric measurements was estimated by studying the exposure of poly-methyl~
methacrylate (PMMA) to the energy flux at the vessel wall, All these methods
indicate that up to 50% of the flux to the standard bolometer array on PDX can
be accounted for by beam charge exchange, A measurement of the toroidal
asymmetry in bolometric power loss measurements was made by placing a
bolometer near the limiter location. The ratio of the power loss near the
limiter to that 126° away toroidally (i.e., the standard bolometer location)
was ~ 1.8 for ohmic discharges while it xose %o ~ 3.5 for discharges with
strong NBI. 1If we take the radiated power toroidal distribution to he similar
to that measured for H, emissions [16], we estimate that the total power loss
is at least 1.4 times that given by the local bolometer array measurements.

- At the end of 1981 the rail limiters were modified to allow water
cooling between shots to keep the bulk limiter te;nperature below 100°C before
the next discharge {22], A single graphite rail limiter of this type was
subsequently used for low gf{a), high <BT> experiments from February to July
1982. 1In initial operation, a disruption would usually occur shortly after
the start of neutral beam injection due to a large, influx of impurities,
principally carbon. However, operation over a pericd of several months
resulted in sufficient conditioning of the limiter surface that 6 MW of NBI
could be handled for 250 ms without disruption. Detailed sur:zace analysis
indicates that a thin TiC coating had formed on the limiter surface by the end
of this operation period [23].

Similar to the results obtained with the uncooled limiters, power
fluxes of ~ 3 k\;\‘/cm2 and surface temperatures of ~ 1400°C were typical with

high beam powers (PINJ 2 3 MW). In general, the energy deposition on the
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limiter varied from 15 to 30% of the input energy (Epy) and tended to saturate
at high Epy [22]. Bolometric estimates of volume-integrated radiated power
losses average ~ 30% of the input power. Some of the remaining 40-50% of the
input power, which is still unaccounted for, can be found in the above-
mentioned toroidal asymmetry of radiation losses, although a strict accounting
requires a detailed measurement of the toroidal and poloidal radiated power
distribution,

3.2 Divertor Discharges

The energy balance and power leoading of open divertor discharges
with NBI was discussed in Ref. 5, and here We concentrate our discussion on
results obtained principally with the closed divartor geometry and an open
geometry with an ungettered upper dome. The energy balance of these diverted
discharges in PDX has been discussed in some detail by RBell et al. (16]. 1In
general, the largest difference between the open and c¢lesed divertor cases
occurs in the fraction of input energy which is deposited on the givertor
neutralizer plates. TIn the open divertor case with NBI, this energy to the
plates was typically 50-60% of the input energy while it ranged from 11 - 17%
for the closed divertor case. Almost all of this energy was deposited on the
cuter neutralizer in both cases. The average energy deposition on the
neutralizer plate was measured by a thermocouple array and by probe
measurements of the divertor plasma [24). A compariscn of the thermocouple
array results and the integrated energy flux from probe data projected along
magnetic fields lines .o the outer neutralizer plate is shown in fig. 4 for a
good H-mode discharge with Ping = 2.3 MW. Reasonable agreement between the
two measurements is obtained, and .tne peak power fluxes are ~ 0.2 kH/cm'?.
also, the power deposition profile width ig gquite narrow, ~ 2 cm, in contrast

to the high neutral pressure data obtained with the open divertor at high
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plasma densities [5].

Bolometric measurements indicate that 30-40% of the input power is
radiated in tne main chamber while ¢ 5% is radiated in the divertor chamber.
Some of the remaining power can be accounted for by a large asymmetry in the
bolometer profiles observed near the divertor throat region in the main
chamber, Up te ~ 15% of the input power was estimated to ke radiated from
this region for ohmically heated plasmas, and this asymmetry broadens
considerably during NBI, Tne quoted values for radiated power ignore this
asymmetry by inverting the bolometer data from the lower half of the plasma.
The broad divertor throat radiation can cause the inverted profiles from the
lower half to appear more peaked in the center than they really are, but
spectrascopic estimates of impurity radiation from the plasma center indicate
that the central radiation density is at most 100- 00 mw/cm3.

Thus while energ; accountabiiity was reasonably good for the apen
divertor case, 1t is considerabiy poorer for the closed divertor case.
Efforts are underway to determine if the enhanced radiation near the divertor
throat is sufficiently intense to account for the missing input energy.

3.3 particle Scoop Limiter

The power loading on the front face of the unpumped scoop limiter
was studied by using an infrared camera to scan the midplane front face
temperature. The surface temperature and power loading was very similar to
that of the carbon rail limiter. Peak surface temperatures of ~ 1400°S and

power Eluxes up to 3 kWw/cm? were observed at P 2 3 MW, With its larger

abs
front face area, this limiter ahsorbs 25-50% of the total input power, which
is higher than the typical values for a rail limiter. The wide wvariation in

this fraction is due to variations in operating conditions such as plasma

density, current, position, etc. Toroidally asymmetric thermal loads were
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observed on the scoop liniter. The asymmetry was usually skewed toward the
beam ion drift direction and tended to increase with Prysz- Ion orbit
calculations indicate that 20-40% of the tota) thermal load is due to bad lon
orbit losses, consistent with the magnitude and direction of the observed
asymmetries. Calorimeter probe measurements of the power flow in the plasma
scrapeoff indicate that a total of only 69 kW, or 3% of Pp a1 (™~ 2 M), flows
into the scoop channel [25). Finally, bolometar estimates of radiated power
losses account for 20-40% of the total input power. Efforts are underway to
reduce the uncertainties in both the absorbed energy fraction and the radiated
power estimates to see 1f there still exists a gubstantial fraction of the
input pover unaccounted for.

4. Impurity Levels During Neuiral Injection

We should note immediately that the impurity levels in PDX discharges
are seldom sc great as to perturb the plasma significantly. with the
exception of some of the closed divertor cases and cases with counter-
injection, radiated power losses in the plasma core are only a small fraction
(< 10%) of the input power and do not significantly affect the overall power
balance there. However, it is instructive to examine the plasma purity in
order to compare the various options for limiting surfaces,. BAlso, it will be
seen that the average values of Zggg Obtained with high power NBI are often
above levels desired for reactor plasmas. All the data discussed here are for
co-injection cases only.

The average impurity level is conveniently characterized by the average
plasma Zggf+ Since vigible continuum measurements in PDX have indicated that
the Zeff radial profile is approximately flat for most cases of interest, we
use the line-averaged Z,g¢ derived from the central chord continuum emission

as a gimple impurity monitor. It was found that Z,er rose with the onset of



NBYI in almost all running conditions. Figure 5 gives the time evolution of
the average Z.¢f for several cases of interes:. As car be seen, only the
water-cooled, well-conditioned qraphite limiter case actually shows a decrease
at the onset of NBI, and this decrease is due mainly to the rapidly ris;ng
density.

The cleanliness of rail-limited and open divertor plasmas was discussed
earlier in Ref. 5. 1In general, low=Z impuritias were the dominant impurities
while titanium was the most abundant metallic impurity, in concentrations of
nTi(o)/ne(o) < 10“3, or even less under conditions of heavy gas puffing. With
such levels, central radiation levels were less than ~ 50 mW/cm3, and hollow
radiation profiles resulted. The later cases of the conditioned rail limiter
and the ungettered open divertor were similar, except for occasional bursts of
titanium radiation during divertor operation. REdge radiation from low charge
states of C relative to characteristic OVI emissions was approximately two
times higher for the conditioned 1limiter case than for the uncooled
unconditioned limiter, and titanium radiation was often so low as to be
undetectable in these cases. This indicates that in the best cases the cooled
rail limiter discharges were almost entirely free of metallic impurities.

The particle scoop limiter appears to hehave in some ways like the
unconditioned rail limiter, which is not surprising since only seven run days
with neutral injection were available for operation with this limiter, and it
clearly was not optionally conditioned in that short time. X-ray pulse height
analysis measurements indicate iron to be the most abundant metallic impurity
in concentrations of (1-4) x 104 of the electron density, with the balance of
Zagg being due to C and O.

The closed divertor case is somewhat extraordinary in that relatively
high metallic¢ (principally iron) impurity levels were the norm during NBI. X-

ray PHA results show that the iron levels increase rapidly at the cnset of
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NBI, and the concentration decreases at later times due more to rising plasma
density than decreased Fe levels. VUV spectroscopy measurements of good H-
mode discharges have given fip (ol/n, (o) = (3.7 & 0.9} x 1073 at early times in
the NBI pulse and 1.8 x 10~3 at late times after the density rise which is‘
characteristic of H-mode discharges. Central radiated powers due to iron are
~ 150 mw/cm3 at early times and ~ 110 mW/cm3 at late times. Much of the rise
in 2,¢¢ which ogcurs at the onset of NBI can often be attributed to increased
iron leveis. The source of this iron is not definitely known, but most likely
arises from plasma interaction with the stainless steel neutralizer plates or
liners in the region of the divertor throat. With the exception of a few arc
tracks, visual inspection of the liners showed no obvious polishing or damage
which would indicate strong plasma-surface interaction.

In cur previous report [5], our best data to date indicated that the
divertor coperation with NBI resulted in cleaner plasmas than either the rail
as toroidal bumper limiter operation modes, Since then, however, we have
found the cooled graphite limiter to give equivalent results, and the impurity
control advantage of the divertor is no longer obvious for PDX discharges.

Continuing such investigations, we have collectad values of zeff from
visible bremsstrahlung measurements for several operating modes, and these
values are plotted in fig. 6 for times at least 200 ms after the onset of
NBI. The error bars indicate the standard deviation obtained over several
shots during a particular run while the points without error bars reflect
values obtained from only one or two shots, While the scatter of data is
large, it is noted that relatively clean discharges at high beam powers were
obtained with both the open divertar and the conditioned rail limiter, while
the closed divertor results were usually poorer due to the large iren
concentrations. The exceptionally high datum for the closed divertor at PINg

= 2.2 ¥4 came from a series of runs in which the plasma separatrix was shifted
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downward a few cm from its usual position. That these results were so dirty
indicates that even the divertcr neutralizer plates must undergo some
conditioning before relatively clean plasmas are obtained. The scoop limiter
data are somewhat higher than the best rail limiter data, probably reflecting
the relatively short run time available for the scoop.

The present data base 1is insufficlent te unravel any specific

dependences Of Z,cc on discharge parameters such as By, I etc. Examination

Ff

of scalings of zeff with I, or BT indicate that any such dependence is magked

P
by a dependence on varying plésma dengities. 1In order to eliminate the effect
of variations in ng, we plot the quantity ﬁ(Zeff - 1) as a function of Pryy in
fig. 7 for the data shown In fig. 6. Only the very high ZefE closed divertor
data were ignored since they we e not obtained under standard divertor
operating conditions. Neglecting variations in plasma ion dilution due ta
impurities and in profile effects, ﬁe(zeff -1) =3 22 B, where fi, ls the
average density of impurity species with ionic charge Z. Thus the plots in
fig. 7 give rough estimates of the relative variations of impurity densities
as a function of Pryg for each operating mode. Agaln, the error bars indicate
the standard deviation of several shots while points without error bars are
due to one or two digscharges only. If the impurity densities are constant,
this quantity would also be constant. We see that it increases strongly for
the rail limiter cases as Pryy increases, indicating increasing impurity
densities as Prng increases. We note, however, that this increase is not
observed for low plasma currents (IP< 300 kA) when Z, ¢y values are obtained
feom Thomson scattering profiles using a Spitzer resistivity model, The lack
of such a dependence on Pry; at low IP may be related to the observation that
a lower fraction of the input energy is absorbed by the limiter at low

currents than at high currents [22]. The scoop data lle above most of the
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rail limiter values except at highest Pyyg- This is probably a reflection of
the short time spent in operation of the scoop, and its relatively
uniconditioned state. The open divertor data are quite independent of Peng
except Ffor the low beam power case, while the closed divertor case also
indicates a weaker dependence on Pyyy than the rail limiters. A cursory look
into the difference between the open and cloged divertors indicates that it
can at least sometimes he ascribed to high iron levels in the closed divertor
plasmas. The divertor data as yet show no strong upward trend with ppyy as do
the rail and scoop limiters.

Finally, we report an interesting observation of impurity behavior in
the presence of pellet inj<ction fueling, Figure 8 presents X-ray PHA results
for the impurity levels in a clused divertor discharge with pellet injection
and 600 kW of absorbed neuntral beam power. at the time of the pellet
injection, a large density rise occurs and the X-ray enhancement factor
decreases to a value of 1, which is ~ 2 times less than that expected from
dilution alone. Z,r¢ drops from 1.8 to 1.0 and recovers slowly, while a drop
due to dilution of the plasma with pure hydrogen would result ‘a2 a value of no
less than 1.2, Estimate. from visible bremsstrahlung measurements also
indicate that Zgge drops to 1, which is significantly lower than that expected
from dilution alone. These results suggest that the pellet fueling process is
aiding in the expulsion of impurities from the plasma. While these resuilts
are preliminary, they may point to an additional benefit of pellet fueling.

5. Summary

We have extended our previous investigations of particle and impurity
control to include pellet fueling and discharges formed with a closed high
recycling divertor system or an unpumped particle scoop limiter, The gas load
required to fuel a scoop limited plasma is significantly lower than a rail

limiter, while the c¢losed divertor case can be adequately fueled with
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congiderably less gas than the old open divertor, Substantial neutral gas
pressures can be sustained in either the scoop plenum or closed divertor
region with relatively low pressures in the plasma main chamber.

Pellet injection provides an attractive alternative to gas puffing at
the plasia edge as a fueling method. Very high densiuvy ohmic discharges have
been obtained in a moderate toroidal field without disruption. The present
injector system is capable of centrally fueling a discharge with modest beam
power (4 600 kw), and the resulting discharges display improved confinement
over that of the prepellet plasma. Central fueling with higher beam powers
requires larger and/or faster pellets than were available on PDX. There is
some evidence that pellet fueling also helps to flush out central impurities
from the plasma,

Comparison of impurity levelg determined from visible bremgstrahlung
measurements and power balance for several modes of operation indicates that
while very clean discharges with high neutral injection power can be okbtained
with both an open divertor and a graphite rail limiter, the limiter data often
show an increasing impurity density as Pryg ilnereases when the diluting ef fect
of increasing plasma density is taken into account. This observation raises
the question of the ability of limiter discharges to sustain favorable
impurity performance under increasing pulse lengths and power loading. The
apparent advantage of the divertor over the graphlte limiter appears only near
the end of our accessible parameter range, and it would be of interest to
pursue such comparisons to higher power levels in ouvder to differentiate more
clearly between the power handline and impurity generation capahilities of
thege confiqurations. The testing of the presumably more favarable power
handling abilities of a divertor geometry for high power pulses longer than

our 300 ms beam pulse 1s thus highly desirable.
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TABLE J. GAS FUELING OF NEUTRAI BEAM HEATED DISCHARGES

Configuration n.t Species Pin Flow Rate P, (Main) B, (Div)
(1o 5 em™2) (MW Torr-%/sec (Torr) Torr}
Rall Limiter 3.4 p° + nt 2.5 56 9.6 x 1072 1.3 x 1073
Scoop Limiter 3.3 pe + u* 2.3 2.6 7.3 » 1073 1.0 % 1072
3.1 H° + pt 2.0 15 9.9 x 1078 1.6 x 10~
Open Diveror
2.6 pe + pt 2.7 g0 4.1 x 1075 7.3 x 1073
Closed Dlvertor(H) 2.6 pe + p* 2.2 20 9.3 x 1073 1.6 x 1074

(FOR) 4.6 p° + p* 2.0 150 3.0 x 1074 > 1073
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Figure Captions

Fig.1

Flg.2

Fig.3

Fig.4

Fig.S

Fig.h

Flg.7

Fig.8

Nevtral gas pressure as a function of line-averaged plasma deasity for

closed divertor configuration with ohmic heating.

Plasma electron dJdeasity and temperature profiles for an ohmically

heated plusma before and after pellet injectisn.

central cheord visible continuum signals for pellet injection inte
discharges with different P;yy; and varying timing of the three
pellets. The last pellet penetrates to r = 13,16,25, and 11 cm for

cases a,h,c, and d, respectively.

Total energy Jdeposited on outer neutralizer plate {NE) as a functlon of
distance above the bottom of the neantralizer plate. The histogram
reflacts measurements from a thermocouple array on the neutralizer
plate while the points indicate values derived from probe measureme~ts

of the divertor plasma.

Time evolution of line-averaged Z. . irom visible bremsstrahliung

measurements for various confiqurations.

visible bremssgtranlung measurements of zeff after at least - 200 ms of

neutral injection for several configurations.

pilution-corrected impurity density estimates as a function of injected

power,

Time evolution of Zeff and the X-ray enhancement factor 7 during pellet
injectlon as derived from X-ray PHA measurements. The decrease in
impurity concentration appears to be stronger than that expected from

dilution only,
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