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ABSTRACT

Radiation and charge exchange losses in the PLT tokam~' are compared for
diacharges with ohmic heating only (OH), and with adAitional heating by
nentral beams (NB) or RF in the 1ion cyclotron freguency range (ICRF).
Spectroscopic, bolometric and soft x~-ray Jdiagnestics were used, The effects
of discharge cleaning, vacuum wall gettering, and rate of gas inlet on
radiation losses from OH plasmaa and the correlation between radlation from
plasms core and adge temperatures are discuseed.

Por discharges with neutral beam injection the radiation dependence on
typa of injection (e.g., co-injection versus counter- and co- plus colater-
injection) was investigated. Radial profiles of radiation loss were compared
with profiles of power deposition. Although total radiation was in the range
of 30-60% of rotal input pover into relatively clean plasma, nevertheless only
10-20% of the total central input power to ions and electrons was radiated
from the plasma cors. The radiated power was increasad mainly by increased
influx of impurities, however a fraction of this radiation was due to the
change in charge-state distribution associated with charge-exchange
recombination.

buriag ICRF heating radiation lossea were higher or comparable to those
experionced during co- plus counter-injection at similar power levels. At
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these low power levels of ICRF heating the total radiated power was ~ 80% of
the auxiliary heating power. Radiation losses changed somewhat less rapidly

than linearly with ICRF power input up to the maximum available at the time of

these measurements (0.65 MW).
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I. Introduction

The Princcton Large Torus (PLT) tokamak has been extensively operated
with neutral beam [1] and with lon cyclotron resonance frequency {ICRF) (2}
heating at power levels exceeding the chmic powsr input (400-800 kW). Many
operating conditions affect the plasma characteristics to a greater or lesser
extent. For example, there are the various combinations of the four
(tangential) neutral beams, about 5S00-800 kW each, of which two 1inject
parallel to the ohmic heating current {co—injectors) and the other two
antiparallel (counter-injectors). The ICRF power may be preferentially
coupled to a minority ion in the plasma, e.g., H* or 3He™ in deuterium
plasna. There are variations of current, toroidal field, density and
temperature, and impurity content of the ohmically-heated target plasma. The
latter conditions are not independently variable. 1In particular, the impuritcy
content depends on the limiter material (tungsten, stainless stesl or
graphite), on the previcus history of the vacuum vessel (amount and manner of
discharge cleaning, and gettering by evaporating titanium on the walls), and
the programming of current and of gas inlet rate. The latter in turn affects
the plapma density and temperature, and 1s implicitly restricted by plasma
composition; e.g., high density, implying high gas inflow rate, is only
posaible if the carbon and oxygen concentrations are low.

Both the magnitude and the spatial distributions of radiated power is of
course primarily determined by the impurity contaent. Light slements, oxygen
and carbon, radiate stroagly only near the periphery, as they become
completely stripped in the hot interior of the plasma. On the other hand,
radiation intensity from heavier elements is more uniform in radius or

somevhat peaked toward the center, because the radiation efficiency s not
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very strongly temperature dependent (in the temperature range of interest]) and
varies linearly with electron density.

In this paper we survey measured radiation intengities both in absolute
magnitude and spatial distribution under a variety of target plasma and
auxiliary heating conditions, and compare the measurements with corresponding
power inputs deduced from measured total »nowers and calculated radial
distributions. In view of the large variety of experimental conditions the

data presented here are representative rather than comprehensive n nature.

II. Experimental Arrangement

A schematic view of the PLT tokamak and the principal diagnostic
equipment is shown in Fig. . The guasi-steady part of the ohmically heated
target plasma lasts about 0.7 sec, and usuvally toward the latter part of this
interval the auxillary power (N8 or ICRF or both) is turned on for about
150 msec, which 1s sufficlient tc produce a new quasi-steady condition. The
limiter is either graphite or stainless steel (in pre-1978 experiments
tungsten). The vacuuwm vessel 1s stainless steel, with titanium evaporated on
it at several toroidal locations, for the purpose of trapping oxygen and
carbon, and providing greater flexibilty of gas inlet programming.

The erergy emitted by the plasma in the vadial direct:on, i.e., radiation
and neutral atomg, is measured by means of bolometers: a stationary array
viewing different chordg simultaneously and a separate single bolometer, which
can scan the chords from shot to shot [3]. The absolute magnitude of the
measurement is subject to a calibration uvncertainty of + 50%. Charge-exchange
neutral atom flux is measured separately by charge-stripping energy analysers

at high vnergies and time-of-flight measurements at low energies. Spectrum
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line intensities are measured by a variety of spectrometers covering the
entire range from soft x-rays to visalble. All these spectrometers are
calibrated for absolute intensity measurements.

Comparing the various measurements in time and space, it appears that
reasonance-line emission of various impurity ions constitutes the bulk of the
bolometer Signal, i.e.,, continuum emission and charge~exchanged neutrala
provide only minor contributions. An exception to this may occur during high-
power neutral beam injection, when charge-exchanged neutrals may be
appreciable, because the bolometer is toroidally located (Fig. 1} between two
injectors, where during injection the newtral hydrogen density is larger than
toroldal average. However, no measurements distinguishing charge-exchange and
radiation contributions in the bolometry signal have been feasible so far.

One further uncertainty in interpreting the radiation measurementa is the
assumption of toroidal and polaidal symmetry. Toroldally, there are two known
singuiar locations: the limiter and the gas inlet valve. Because of the
difficulty of access, their effect is only approximately known, but is
probably largely peripheral, as would be expected from the high torojdal
mobility of the ions. There are also known (measured) poloidal asymmetries
{4,5], which may be quite large near the periphery but diminish rapidly toward
the interior of the plasma. Such asymmetrlies do not strongly affect the
measured total power but can alter the radial distribution of the local
emigpivity deduced by an Abel inversion. For the broad radiation profiles
ugually observed on PLT, simple numerical estimates indicate that the 3deduced
central radiation levels represent essentially an upper limit.

Spectroscopic measurements do not suffer appreciably from this problem,
because the various ions radiate sgtrongly only cver a limited electron

temperature range, and hence only over a limited radial extent for discharges
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with peaked temperature distributions. However, spectroscopic measurements
comprise only a few of the strong resonance lines, and the rest of the
radiation is estimated on the basis of various model calculations (6,7]. This
procedure is generally quite reliable (unless some unknown element is present
in signrificant quantities), but it 1s very 1laborious and therefore not
practicable in surveys over a large variety of plasma conditions. It is
therefore used mostly as a spot-check on the bolometry, in total radiation
measurements.

The soft x~ray measurements [B] are somewhat intermediate between the
bolometric «nd spectroscopic methods. The 1instrument measures the total
photon flux at wavelengths shorter than about 300 A, but at the longer-
wavelength end of its senaitivity (where indeed a large fraction of the
radiation is emitted; the photoefficiency is uncertala. It therefore measures
fairly adequately the total radiation from the hot central part of the plasma,
but tends to ignore the radiation from lower lonization potential ions further
out. However, since the gross gpectral characteristicse of tokamak plasmas do
not vary very strongly elther with temperature or with composgition, this
ingtrument ig very useful for monitoring relative changes as plasma conditions
are varied.

In the present paper all these measurement methods are implicltly used,
with primary emphasis in regards to bolometric measurements on the total
energy flux. In these, poloidal variations are symmetrized, and toroidal
variations lgnored. The latter 1s expected to lead to an underestimate of the

total radlated power, but probably not a very serious one.



ITI. Radiation in Ohmically Heated Plasma

In this section we review briefly the radiation characterisgtics 1in
ohmically heated plasmas, which are in qualitative agreement with the results
raported earlier (9] and by several cther experiments [10-14].

In a plasma with high level of oxygen or carbon, the total radiation is
high, but it is strongly concentrated near the periphery of the plasma. As a
corollary, the edge temperature, the heavier element concentration, and
central radlation are low, the central temperature 1is high, and the current
channel and power input radial Aaistribution are Ffairly narrow. Such
digcharges have generally good confinement, but they are unstable against
raising the density by gas inflow.

Oxygen and carbon levels in the discharge may be reduced by discharge-~
cleaning techniques ([15,16] and titaniun gettering {17}. Reduction in oxygen
and carbon results in raising the peripheral temperature and a concomitant
increase in the wall and limiter materials in the discharge. With the limiter
made of high-Z material, the central radlation is considerably higher, in some
cages riging to a substantial fraction of the local power input. such
discharges, even when the total radiation is not very high, tend to have poor
confinement, but they are generally more stable against gas influx and
auxiliary heating, than the narrower oxygen-rich discharges. Intensive
(hydrogen) gas inflow tends to lower the peripheral temperature and reduce the
wall and limiter-material influx, while ralsing the plasma density. The rise
in plasma danaity uspally implies a lowering of temperature not only on the
periphery but everywhore, partly because the power input tends to drop as a

result of decreased effective ion charge.
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To recapitulate, there appear ta be three basic types of discharge 1) a
narrow {peaked) low-density high-temperature discharde with the periphery
cooled primarily by oxygén or carbon radiation, 2} a narrow high~density low-
temperature discharge with periphery cooled by hydrogen influx and recycling,
and 3) a wider, low-density moderate~to-low temperature discharge with
congiderable central radiation from heavier impuvrities. The third type may be
converted to the first during a given discharge by adding a small puff of
oxygen or neon [18), or *o the second by adding a rather large puff of
hydrogen [19]. ‘rhese three types of discharge do not necessarily differ very
muach in total radiation, but they do differ in radial distrcibution and

spectral origin.

IV. Radiation During Weutral Beam Injection

Many features of the radiation behavior observed in ohmic heating
discharges also occur at leaat gualitatively with auxiliary heating. Figure 2
shows the correlation bhetwéen peripheral temperature and the intensity of
tungaten radiation (at a time when the limiter was still tungsten and tungsten
radiation was a major mechanism of energy loss from the plasma interior)}. The
radiation from the plasma interior falls mainly in the 30-70 A region in the
form of "tungsten bavds" {20,211} the temperature is of the ions measured from
Doppler broadening of CILI lines within 2~3 cm from the limiter radius. The
electron temperature behaves quite similarly. The data in Fig. 2 imply that
the counter-beam tends to broaden the temperature (hence also ohmic heatling
current) radial profile, and the co-beam counteracts this effect; also that
the principal tungsten release mechanism is not impact of the beam-ions

directly on the limiter, but indirectly through modification of the plasma



properties, and also that the release of tungsten (or any limiter material)
depends sensitively on the plagma edge temperature (presumably through
formation of electron potential sheaths at the limiter). Because c¢i the large
radiation efficiency of tu;xgsten iona, the tungsten limiters were replaced by
interchangeable (in radial locatior) stainless steel and graphite limjiters.
Iren and chromium ions have a vradiation pattern similar to tungsten, 1i.e.
highest at highest electron density up to at least 2 keV temperature, but the
radiation efficiency {per lon) 1is conaiderably lower. Carbon of courge
radiates strongly only near the periphery.

Pigure 3 shows a representative sample of the radiation of the Fe XXIII
ion (ionization potential, I.P,, about 2 keV) before, during, and after
neutral beam injection with steel and with carbon limiters respectively at
comparable plasma density. The beam power was doubled in the cage of the
carbon limiter, and in general iron radiation is roughly proportional to beam
power. Thus, there is about 3-4 times more iron in the discharge with steel
limitera, but the relative changes and radial distributions are €fairly
similar. Experiments of this kind imply that the limiter is the principal,
but not the 3zole source of metallic impurities in the plasma.

A representative case with steel limiter showing the Aifferences between
co- and counter injection at comparable power levela is deacribed in Fig. 4
and 5. In this experiment, approximately 400 kW was injected between 400 and
500 mgec intc a plasma with ohmic heating power also about 400 kW (toroidal

field 32 kG, current about 400 kA, line-average density 2.6 x 1013 @3

, steel
limiters at r = 49 om). Figure 4 shows the radial profiles of electrom
temperature and density deduced from Thomson scattering measurements '22] at
ths end of the beam-injaction, compared to the profiles at the same time

without the beams. The data are averaged over ageveral discharges, and
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symuetrized over top and bottom halves with considerable variationa in both
respect3. The results are probably quite reliable at r < 25 cm, but at larger
radil tirey may be taken only as a rough indication of the trends. The
electron densities apparently were not appreciab'ly changed by the beams,
except for a possible increase near the periphery. With the co-beam the
electron temperature also did not change except for a modest increase at
intermediate radii. With the counter-beam, however, the profile isg
significantly different, wilth substantially lower temperatures near the center
and indications of higher temperatures and flatter slope near the periphery.
Although the peripheral measurements are very uncertalin, the indicated values
are entirely consistent with the ion temperature measurements made ader
similar conditions with both steel and graphite 1limiters and algso with the
data shown in Fig. 2 for the tungsten limiter case. The change of the
temperature profile of course implies a corresponding change in the current
dens.ty, ohmic power input, and poloidal field distributions. The poloidal
field distribution in turn presumably affects the radial transport rate and
hence influences further the temperature distribution as well as the particle
flux to the limiter.

The changes of brightness distribution of two iron ilon resonance lines is
shown in Fig. 5. The dlagtribution without the beam injection was not
meagured, but it was probably very similar to the “"before NB" curves, except
perhaps slightly wider for the FeXXIII line. The scan is mechanically limited
to r < 17 cm, so the outer edge of the FeXV could not be reached. We
therefore show only the chord brightneas for both ions, 1.¢., the number of
photons emitted per m? column aleng the line of sight. Since the radial
poaition of each type of ion is limited to a range over which the electron

dengity does not change very much and since the excitation rate is nearly
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independent of electron temperature for the 1linay under consideration, the
chord brightness is alsoc proportional to the number of the cotresponding ifons
along the line of sight.

The results clearly indicate a agubstantial difference in the jiron
concentrations between the co- and counter~injection cases, being roughly
double in the latter case. The changes are quite gimilar in the near-central
FaXXIX¥I and the FeXV ions, the latter peaking in intensity in the nelghborhood
of r ~ 25 cm, i.e., the change (as well as the iuitial concentrations, which
may be estimated from the absaolute brightness valuegs) appears to be
homogeneous. [A slight relative ir "rease of the FeXXIII concentration would be
expected from the Te(r) change in the counter-injecticn cas2 because somewhat
less of the total iron lons would be in the higher, ¥FeXXIV, XXV states].

The soft x-ray signals from these digschargeu were very similar to the
FeXXIIT light (in time-behavior as well as magnitude changes), indicating a
small increase with the co-beam and roughly doubling with the counter-beam.
The bolometry measurements [3,22] indicated a substantial central radiation
peak in the counter-injection, and a fairly flat distribution or perhaps a
small central peak in the co-injaction case. Measurements of this type have
been interpreted to indicate relative accummulation of Leavy impurities in the
center of the discharge with counter beam injection [24, 25]. such
interpretations do not seem to be warranted, and are certainly not
compelling. We note that the radiation pattern of a heavier impurity such as
iren, with a homoge- 2ous concentration, behaves roughly as nez(r). whereas
emigsion from oxygen, carbon (and hydrogen, including chargs~exchanged
neutralis) ha-e a centrally hollow radiation profile. Thus a factor of 2-3
increase in the heavy impurit; concentration may well produce an impressive

central radiaticon peak without relative accumulation.
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The increase of central radiation in high power neutral beam (co- or
counter-) heating plasma may be Ffurther aggravated by the charge-exchange
recombination {26} with beam fnjected neutral atome, which tends to suppress
the iunization balance to lower, more strongly radiating states.

The cause and effect relationship between increased (central)} radiation
levels and modification of the radial temperature profile in counter-injection
{(va. co-injection) cases is not clearly established. However, in low~density
dlgcharges wlth steel limiters the radiation constiutes a substantial fraction
of the power input into the electrons, thereby tending to lower the central
conductivity and ohmic power input, thus further flattening the temperature
profile and presumably causing higher influx of the limiter material by
raising the edge temperature.

As illustrated in Piy. 6 differences in total radiated power between co-
and counter-injection persist over a wide range of injected beam power, even
when carbon limiters are ugsed. Th2 solid dots are based on spectroscopic lina
intensity measurements, the triangles on bolometric measurements, and the open
circles on soft. x-ray measurerents. The latter, because they do not include
the longer~-wavelength radiation (e.g., oxygen resonance 1lines) near the
periphery, have been normalized to bolometric measurements at beam power of
0.5 MW. The rather rems.kable agreement between the different measurements
indicates that line radi«tion ig the dominant part of the total, and that the
apectral character (i.e. 1elationship of longer-wavelength to shorter-
wavelength radiation) of the emission Aves not vary appreciably with the power
level.

The larger radiation with counter injection is undoubtedly due to higher
impurity concentration in the plasma, and this in turn appears to be caused by
higher edge temperature, or more generally a different radial temperature and

power input distribution.
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Generally, bolometer measurements on PLT account for between 30 and 60%
of the total input power (P, plus Pgyy). Calculated thermal charge-exchange
losses normally equal 25 to 50% of these measurements. Beam charge-exchange
and orbit losses are not viewed bv the bolometer. Radiation losses after a
correction for charga—exchange account Ffor between 30 and 50% of the input
power to the electrons. If no corraction is ."ade for charge-exchange, from 40
to 80% of the electron input pawer ig accounted for.

In order to minimize central radiation, practically all the experiments
with auxiliary heating have been performed with graphite limiters and vacuom
veasel wall conditioned by low-current discharge cleaning and titanium
gettering (see [1], [27), [28]). Under these conditlicns, the central radiated
powar 1t generailly a small fraction (10-20%) of the local power input. In
gome cases, however, 1t can still be a significant iraction of rthe total power
input. Figure 7 shows some typical exanples of radiated power deduced from
belometric measurements, and power input calculated from dischaige parameters:
the ohmic heating power density from a magnetic diffusion eguation {29} using
experimental electron tempexrature profile, loop voltage and toroidal current,
and the beam power deposition from a Monte-Carleo aimulation [30] of the beam
absorption and thermalizatinn.

In Figure 7, the injection was by 2 co- and 2 counter-beanms, for a total
beam-powery of 2.1 MW. The ohmic heating power, initially about 0.5 MW
decreased to about 0.3 MW because of increased electron temperature (and
c.nductivity). The increase in radiation during the beam jinjection is to &
large extent due tc increased plasma density, rather than any dramatic change
in impurity concentrations (central electron density increases from 2.3 to 4.5
x 1073 cm3 auring neutral beam injection). Thus, during the injection as

before, the power is largely deposited in the plasma intarior whera radiation

Lol
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logses are small but not entirely negligible, the outward enerqgy flows by
thermal conduction and particle transport, near the periphery the energy
transport 1is augmented by a gubstantial amount of radiation, which helps to
depregs the edge temperature. In the insert the total input and radiated
power before and during injection is ghown.

Data in Fig. 6 represents a relatively high level of total radiation,
especially during counter-beam injection. However, in PLT, a wlde range of
total radiation losses have been observed. In Fig. 8 are shown measurements
for relatively low level of total radtation. Long term titanium getter.ng,
vacuum vessel wall conditioning, and the wuse of carbon limiters all
contributed to the reduction in total radiation losses. It is remarkable that
even at a neutral beam power level of 2.8 MW the increase in radiation loss.

8P - qr did not exceed 0.7 MW. Central radiation losses in this case were als:
low and were found to decrease with increasing electron density (28}. This
dependence is illustrated in Fig. 9 and results from a lower influx of high-2
impuriries with increasing density. 1In this case, total radiation losses were
rather independent of density. Such low radiavion losses make possible a
subetar.tial increage in central electron temperature, from 1.2 to 2.5 keV for

Pp~2.8Miatn ~3x 1003 3,
e

V. Radiation Losses During ICRF Heating

The ICRF heating in PLT [31] is in some modes similar to neutral beam

heating. For example, rf power can be preferentially coupled to a minority

Jﬂe++ in deuterium, and creates a high-energy

ion in the plasma, e.g., u* or
fons which then heat the bulk of the plasma by collisional thermalization, as

in neutral beam injection. The ICRF heating has several potential advantages
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oVey neutral beams, such as greater flexibility in choosing the locaticn of
applied powar input, lesa bulky equipment near the tokamak, and the absence of
significant introduction of neutral atoms in the hot ceater of the plaama, but
to date the availadble power has been much less, and the available 25 MHz
fregueicy (8 not optimal for PLT experiments.

Tigure 10 shows the radiated power and power input in a D’ plasma with 5%
u* ainority at 360 XW rf power. Tha radiared power i3 measured
bolometrically, the piwer input is calculated from a ray-tracing code and a
Fokker~-Planck model for the minority-ion heating {32}. The qualitative
gimilarity to neutral beam results, Filg. 7, is evident. In particular, the
cantral radiated power remains quite small compared to power input, although
the total {(mostly peripheral radiation, especially during the rf heating) is
atgnificant and uandoubtedly contributes to the lowering of the edge
temperature (the vacuum vessel wall was conditioned in the same way as for WNB
injection). Analogous data for a rather low-power heating of 3He++ minc ity
ions, together with radial ion temperature profiles, are shown in Fig. 11,
Thiz experiment was characterized by an unugually large, almogt 5 eV/kw, ion
heating efficlency {(roughly double the usual n* ainority heating resultsg).
The electron temperature did not change very much in this experiment (as would
be expected from the low power input), but the electron density roughly
doubled which contribute scme fincrease in T;- Thug the increase of vadiated
power 1ls to a large extent ascribable to the density increase, rather than
change in plasma composition. The 1ion tewmperature radial preofile was
determined from the Doppler profiles of the indicated ion lines, measured with
a rapid-scan spectrometer, which provides the time-evolution of a given line
profile in A single diacharge. Tae rzdfal locations of the ions, determined

by thair ionization potentials and the elactron temparature radial profile
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were obtained from line emissivity radial distribution measurement. Prom the
carbon line measurements 1t 1is evident that the absolute change in the
perpiheral temperature was small. The aear-cantral temperatures deduced Erom
neutron emission and from the charge-exchanged D* energy distribution are in
good agreement with the Doppler ion temperatura, {the actual a—:eement is
probably better than the figure shows, because the charge-exchange temperature
neasurement was performed at a different time, when the plasma conditions had
changed in a direction where lower Ti would be expected).

The variation of total radiation with ICRF power 1s shown in Fig. 12. As
in the neutral-heam data (Fig. 6} the soft x-ray measuremente have been
normalized to bolometry at one point. In these measurements the central
electron density increased from 2-3 x .075 em > before to 4-5 x 10°° cm™3
during +he ICRF heating, and che central electron temperature increased
slightly, from about 1.4 keV to 1.5 keV. Total accountable radiation lesses
were not greater than 50% of total input power for any rf power presented in
Pig. 12, Detailed comparigons of chalges of temperature profile, and

particularly the edge temperature would be deslirable, espezially when higher

power input levels become avajilable.

V¥. conclusions

Although there are many variations of detail depending on particular
conditions and previous history, the principal features of the power radiated
with auxiliary heating appear to be as follows:

1. The total r ..tated power increases with power input 8slightly less

rapidly thea- linearly.

St | ¥
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The power input occurs mostly Iln the interior of the plasma, whereas
the radiated power arises to a large extent near the periphery. With
a few exceptions noted below the radiated energy from the interlor,
i.e., energy that is lost immediately, constitutes & small fraction
(less than 2u%), of the total local pover input. Thua the bulk of the
input energy resides in the plasma for about one confinement time,
causing a rise in the interior temperature jeven if the toral radiated
power is equal uo the total power input), and it is tran~ported from
the interior tc the periphery as particie kinetic energy.

The principal exception to this description occurred in the low-
deansity discharges with tungsten limiters, where radiation losses viere
overwhelmingly important everywhere, sometimes even causing the hollow
electron temperature profiles. An addirional exception is the low-
density discharge with egteel limiters, where radiated power may be a
considerable fraction of t'e power input into electrons.

The central radiated power {and to & lesger extent the total radisted
power) is inversely =~orrelated with the electron denaity and
peripheral plasma temperature. High-density plasmas tend tc have low
central radiation levels because the rapid (hydrogen) gax inflew and
recycling, required to produce and maintain high-density Qischarges,
also depress the peripheral temperatures, and hence impurity content.
In neutral beam heating counter-injection produces significantly
higher radiation losses than either co-injection or simultaneous co-
and counter-injection at the same power lavel, probably Dbecause
counter-injection tends to produce higher paripheral temparature

(flatter radial profile]).



18

fase

6. ICRF heating produces radiation losses higher or comparable to
plus counter-injected neutral beam at the same (< 1 MW) power level.

Although the radiation is higher than i1n the neutral beam cass,

heating efficiency has not been substantially affected, since the

radiation in the plasma interior remains generally a small fractions

of the tr-al power input.

Thus, in general terms radlation effects with auxiliary heating are

similar to ohmic heating alone. The effect may be either unfavorable or

favorable (by reducing peripheral temprature) for the purpose of producing

high~temperature plasma. Usually, the radiation level is not very important

in influencing the plasma dynamics, especially near the center of the plasma,

but it is sufficiently high that a factor 2-3 increase of central radiation

cannot be tolerated.
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FIGURE CAPTION

Locatione of the major diagnostics around PLT in relation to neu-
tral beam injection and ICRF wave antenna.

Intensity of tungsten radiation versus ion edge temperature for
different neutral beam injection conditions (co-beam ~ 500 kW, Ctr-
beam ~ 350 kW, Py, ~ 600 kW}.

sample of the radiation of the FeXXIII ion before, during, and
after neutral beam injection with steel (co + ctr -injection) and
carbon (2co + 2ctr-injection) liwmiters (note different ordinate
scales).

Radial profiles of electron temperature and density before and
daring neutral beam co~ and counter injection (steel limiter).
Brightness distribution of FeXXIII and FeXV resonance lines before
and during neutral beam co~ and counter-injections.

Total radiation losses in the PLT versus neutral beam injected
power during co-, ctr -, and co + ctr-injection [;e = (t.5 -~ 2% x
1013 ™3y,

Radial profile of mezsured radiation losses and calculated input
powar before and during neutral beam injections for Pp = 2.1 MW
{2co + 2 ctr).

Total radiation losses in the PLT versus neutral beam injected
power during co-, ctr-, and co + ctr-injection.

Central plasma radiation versus electron denaity for 4 (2.7 MW) and
2 (1.4 MW) neutral beam injection, and for ohmic heating {(OH) only

discharges.



Radial profile of measured radiation losses and calculated input
power before and during ICRF heating experiment with hydrogen as
minority heated.

{a) Radial profile of radiation losses and input power during and

before ICRF heating with 3

He as minority.
{b) Corresponding measured lon temperature proflile.
Total impurity radiation logses during ICRF heating experiments

versus input power.
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