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ABSTRACT 

Radiation and charge exchange losses in the PUT tokam*v are compared for 

discharges with ohraic heating only (OK), and with additional heating by 

neutral beams (NB) or RF in the ion cyclotron frequency range (ICRF). 

Spectroscopic, boloaetric and soft x-ray diagnostics were used. The effects 

of discharge cleaning, vacuum wall gettering, and rate of gas inlet on 

radiation losses from OH plasmas and the correlation between radiation from 

plasma core and edge temperatures are dieeuseed. 

For discharges with neutral beam Injection the radiation dependence on 

type of injection (e.g., co-injectlon versus counter- and co- plus cou.ater-

injectian) 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 total 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 core. The radiated power was increased 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• 

During ICRF heating radiation losses were higher or comparable to those 

experienced during co- plus counter-injection at similar power levels. At 
-DISCLAIMER -
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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 naxinum available at the time of 

these measurements (0.65 HW). 

4,, 
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I. Introduction 

The Princeton Large Torus (PW) tokanalc has been extensively operated 

with neutral beam [»] and with ion cyclotron resonance frequency (ICRF) [2j 

heating at power levels exceeding the ohnic power input (400-800 HI). Many 

operating conditions affect the plasma characteristics to a greater or leaser 

extent. For example, there are the various combinations of the foer 

(tangential) neutral b<sams, about 500-800 kW each, of which two inject 

parallel to the ohralc heating current (co-injectors) and the other two 

antiparallel (counter-injectors). The ICRF power nay be preferentially 

coupled to a minority ion in the plasma, e.g., H or He in deuterium 

plasma. 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. In particular, the impurity 

content depends on the limiter material (tungsten, stainless ateel or 

graphite), on the previous 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 plasma density and temperature, and is implicitly restricted by plasma 

composition; e.g., high density, implying high gas inflow rate, is only 

possible if the carbon and oxygen concentrations are low-

Both the magnitude and the spatial distributions of radiatad power is of 

course primarily determined by the impurity content. Light elements, oxygen 

and carbon, radiate strongly 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 

somewhat peaked toward the center, because the radiation efficiency is 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 intensities 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 Towers and calculated radial 

distributions. In view of the large variety of experimental conditions the 

data presented here are representative rather than comprehensive In nature. 

II. Experimental Arrangement 

A schematic view of the PLT tokamak and the principal diagnostic 

equipment is shown in Fig. i. The quasi-steady part of the ohmically heated 

target plasma lasts about 0.7 sec, and usually toward the latter part of this 

interval the auxiliary power (NB or ICRF or both) is turned on for about 

150 msec, which is sufficient to produce a new quasi-steady condition. The 

limiter is either graphite or stainless steel (in pre-1978 experiments 

tungsten). The vacuum vessel is 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 energy emitted by the plasma in the radial direction, i.e., radiation 

and neutral atoms, is measured by means of bolometers: a stationary array 

viewing different chords simultaneously and a separate single bolometer, which 

can scan the chords from shot to shot [3] . The absolute magnitude of the 

measurement ifl subject to a calibration uncertainty of + 50%. Charge-exchange 

neutral atom flux is measured separately by charge-stripping energy analysers 

at high energies and tirae-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 visible. All these spectrometers are 

calibrated for absolute intensity measurements. 

Comparing the various measurements in time and space, it appears that 

resonance-line emission of various impurity ions constitutes the bulk of the 

bolometer signal, i.e., continuum emission and charge-exchanged neutrals 

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 neutral hydrogen density is larger than 

toroidal 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 measurements is the 

assumption of toroidal and pololdal symmetry. Toroidally, there are two known 

singular 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 toroidal 

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 asymmetries do not Strongly affect the 

measured total power but can alter the radial distribution of the local 

emissivity deduced by an Abel inversion. For the broad radiation profiles 

usually observed on PLT, simple numerical estimates indicate that the deduced 

central radiation levels represent essentially an upper limit. 

Spectroscopic measurements do not suffer appreciably from this problem, 

because the various ions radiate strongly only ever 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 sig-iificant quantities), but it is very laborious 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 [8] are somewhat intermediate between the 

boloitietric <ind spectroscopic methods. The instrument measures the total 

photon flux at wavelengths shorter than about 300 A, but at the longer-

wavelength end of its sensitivity (where indeed a large fraction of the 

radiation is emitted) the photoefficiency is uncertain. It therefore measures 

fairly adequately the total radiation from the hot central part of the plasma, 

but tends to ignore the radiation from lower ionization potential ions further 

out- However, since the gross spectral characteristics of tokamak plasmas do 

not vary very strongly either with temperature or with composition, this 

instrument is very useful for monitoring relative changes as plasma conditions 

are varied. 

In the present paper all these measurement methods are implicitly used, 

with primary emphasis in regards to bolometric measurements on the total 

energy flux. In these, poloidal variations are symmetrized, and toroidal 

variations Ignored. The latter is expected to lead to an underestimate of the 

total radiated power, but probably not a very serious one. 
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III. Radiation In Ohmlcally Heated Plasma 

In this section we review briefly the radiation characteristics in 

ohmically heated plasmas, which are in qualitative agreement with the results 

reported earlier [9J and by several other experiments 110-14]. 

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 radiation are low, the central temperature is high, and the current 

channel and power input radial distribution are fairly narrow. Such 

discharges 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 [ T5«161 and titaniua gettering (17J. Reduction in oxygen 

and carbon results in raising the peripheral temperature and a concomitant 

increase in the wall and liraiter materials in the discharge. With the limiter 

made of high-Z material, the central radiation Is considerably higher, in some 

cases rising 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-naterial influx, while raising the plasma density. The rise 

in plasms density usually implies a lowering of temperature not only on the 

periphery but everywhere, partly because the power input tends to drop as a 

result of decreased effective ion charge. 
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To recapitulate, there appear to be three basic types of discharge 1) a 

narrow (peaked) low-density high-temperature discharge with the periphery 

cooled primarily by oxygen 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 

considerable central radiation from heavier imparities. The third type may be 

converted to the first during a given discharge by adding a small puff of 

oxygen or neon 11 ft], or to the second by adding a rather large puff of 

hydrogen [19]. These three types of discharge Jo not necessarily differ very 

much in total radiation, but they do differ in radial distribution and 

spectral origin. 

IV. Radiation During neutral Beam Injection 

Many features of the radiation behavior observed in ohraic heating 

discharges also occur at least qualitatively with auxiliary heating. Figure 2 

shows the correlation between peripheral temperature and the intensity of 

tungsten 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 bands" [20,21]; the temperature is of the ions measured from 

Doppler broadening of CIII lines within 2-3 cm from the limiter radius. The 

electron temperature behaves quite similarly. The data in Pig. 2 imply that 

the counter-beam tends to broaden the temperature (hence also ohmic heating 

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 
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properties, and also that the release of tungsten (or any limiter material) 

depends sensitively on the plasma edge temperature (presumably through 

formation of electron potential sheaths at the limiter) • Because cf. the large 

radiation efficiency of tungsten ions, the tungsten limiters were replaced by 

interchangeable (In radial location) stainless steel and graphite limiters. 

Iron and chromium tons have a radiation pattern similar to tungsten, i.e. 

highest at highest electron density up to at least 2 kev temperature, but the 

radiation efficiency (per ion) is considerably lower. Carbon of course 

radiates strongly only near the periphery. 

Figure 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 limltera respectively at 

comparable plasma density. The beam power was doubled in the case of the 

carbon lintiter, 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 

limiters, but the relative changes and radial distributions are fairly 

similar. Experiments of this Hind imply that the limlter is the principal, 

but not the sole source of metallic impurities in the plasma. 

A representative case with steel limiter showing the differences between 

co- and counter injection at comparable power levels is described in Fig. 4 

and 5. In this experiment, approximately 400 kW was Injected between 400 and 

500 msec into a plasma with ohrnlc heating power also about 400 KW (toroidal 

field 32 kG, current about 400 kA, line-average density 2.6 x 10 cm"" , steel 

limiters at r « 40 cm). Figure 4 shows the radial profiles of electron 

temperature and density deduced from Thomson scattering measurements '22] at 

thy end of the beam-injection., compared to the profiles at the same time 

without the beams. The data are averaged over several discharges, and 
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symmetrized over top and bottom halves with considerable variations in both 

respects. The results are probably quite reliable at r < 25 cm, but at larger 

radii ti:ey may be taken only as a rough indication of the trends- The 

electron densities apparently were not appreciably 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 is 

significantly different, with substantially lower temperatures near the center 

and indications of higher temperatures and flatter slope near the periphery. 

Although the peripheral measurements are very uncertain, the indicated values 

are entirely consistent with the ion temperature measurements made -inder 

similar conditions with both steel and graphite limiters and also 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 

density, ohmlc power input, and pololdal field distributions- The poloidal 

field distribution in turn presumably affects the radial transport rate and 

hence influences further the temperature distribution is well as the particle 

flux to the limiter. 

The changes of brightness distribution of two iron ion resonance lines is 

shown in Fig. 5. The distribution without the beam injection was not 

measured, but it wag probably very similar to the "before NB" curves, except 

perhaps slightly wider for the FeXXIII line. The scan is mechanically limited 

to r i 17 cm, so the outer edge of the FeXV could not be reached. We 

therefore show only the chord brightness for both ions, i.-s., the number of 

photons emitted per cm column along the line of sight. Since the radial 

position of each type of ion Is limited to a range over which the electron 

density does not change very much and since the excitation rate is nearly 
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independent of electron temperature for the lines under consideration, the 

chord brightness is also proportional to the number of the cot responding ions 

along the line of sight. 

The results clearly indicate a substantial difference in the iron 

concentrations between the co- and counter-injection cases, being roughly 

double in the latter case. The changes are quite similar in the near-central 

FeXXIII and the FeXV ions, the latter peaking in intensity in the neighborhood 

of r ~ 25 cm, i.e., the change (as well as the initial concentrations, which 

may be estimated from the absolute brightness values) appears to be 

homogeneous. [A slight relative ir Tease of the FeXXIII concentration would be 

expected from the T (r) change in the counter-injection casJ because somewhat 

less of the total iron ions would be in the higher, FeXXIV, XXV states]. 

The soft x-ray signals from these discharged were very similar to the 

FeXXIIt light <ln tlme-behavlor 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 fl^t distribution or perhaps a 

small central peak in the co-inj&otion case. Measurements of this type have 

been interpreted to indicate relative accummulation of heavy 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 

iron, with a homoge- <sOus concentration, behaves roughly as n e
2(r), whereas 

emission from oxygen, carbon (and hydrogen, including charge-exchanged 

neutrals) ha re a centrally hallow radiation profile. Thus a factor of 2-3 

Increase in the heavy impurit; concentration may well produce an impressive 

central radiation peak wlrhout relative accumulation. 
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The increase of central radiation in high power neutral beam (co- or 
counter-) heating plasma may be further aggravated by the charge-exchange 
recombination [26] with beam injected neutral atoms, which tends to suppress 
the ionization balance to lower, more strongly radiating states. 

The cause and effect relationship between increased (centr.il) radiation 
levels and modification of the radial temperature profile in counter-injection 
(vs. co-injection) cases is not clearly established. However, in low-density 
discharges with iteel limiters the radiation consulates a substantial fraction 
of the power input into the electrons, thereby tending to lower the central 
conductivity and ohmic power input, thus farther flattening the temperature 
profile and presumably causing higher influx of the limiter material by 
raising the edge temperature. 

As illustrated in Fig. 6 differences in total radiated power between co-
and counter-injection persist over a wide range of injected beam power, even 
when carbon liniiters are used. The solid dots are based on spectroscopic line 
intensity measurements, the triangles on bolometrlc measurements, and the open 
circles on sof. x-ray measurements. The latter, because they do not include 
the longer-wavelength radiation (e.g., oxygen resonance lines) near the 
periphery, have been normalized to bolometric measurements at beam power of 
0.5 Mw. The rather realisable agreement between the different measurements 
indicates that line radiation is the dominant part of the total, and that the 
spectral character (i.e. relationship of longer-wavelength to shorter-
wavelength radiation) of the emission does 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. 

http://centr.il
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Generally, bolometer measurements on PIT account for between 30 and 60% 

of the total input power (Pb plus PQH'* Calculated thermal charge-exchange 

losses normally equal 25 to 50% of these measurements. Beam charge-exchange 

and orbit losses are not viewed b« the bolometer. Radiation losses after a 

correction for charge-exchange account for between 30 and 50* of the input 

power to the electrons. If no correction is ..-ade for charge-exchange, from 40 

to 80% of the electron input power is accounted for. 

In order to minimize central radiation, practically all the experiments 

with auxiliary heating have been performed with graphite limiters and vacuum 

vessel wall conditioned by low-current discharge cleaning and titanium 

gettering (see [11, [27), [28]). Under these conditions, the central radiated 

power it genenlly a small fraction (10-20%) of the local power input. In 

some cases, however. It can still be a significant traction of the total power 

input. Figure 7 shows some typical examples of radiated pow«:r deduced from 

boloraetric measurements, and power input calculated from discharge parameters: 

the ohmic heating power density from a magnetic diffusion equation [7S\ using 

experimental electron temperature profile, loop voltage and toroidal current, 

and the beam power deposition from a Monte-Carlo stmg.'Lat.ion [301 of the beam, 

absorption and thermalizatlon. 

In Figure 1, the injection was by 2 co- and 2 counter-bearaa, for a total 

beam-power of 2.1 MW. The ohmic heating power, initially about 0.5 MW 

decreased to about 0.3 WW because of increased electron temperature (and 

conductivity). The increase in radiation during the beam injection is to a 

large extent due to increased plasma density, rather than any dramatic change 

in impurity concentrations (central electron density increases from 2.3 to 4.5 
11 -3 

x 10 c* during neutral bean injection). Thus, during the injection as 
before, the power is largely depositee! in the plasma interior where radiation 
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losses are small but not entirely negligible, the outward energy flows by 

thermal conduction and particle transport, near the periphery the energy 

transport is augmented by a substantial amount of radiation, which helps to 

depress the edge temperature. In the insert the total input and radiated 

power before and during injection is shown. 

Data in Fig. 6 represents a relatively high level of total radiation, 

especially during counter-beam injection. However, in PLT, a wide range of 

total radiation losses have been observed. In Fig. 8 are shown measurements 

for relatively low level of total rad*ation. Long term titanium getter^ng, 

vacuum vessel wall conditioning, and the use of carbon limlters 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. 

AP ., did not exceed 0.7 MM. 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-Z 

impurities with increasing density. In this case, total radiation losses were 

rather independent of density. Such low radiation losses make possible a 

substantial increase in central electron temperature, from 1.2 to 2.5 kev for 

P K - 2.B MW at n » 3 x 10 1 3 cm - 3, b e 

V. Radiation Losses During ICKF 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 

ion In the plasma, e.g., H or He r in deuterium, and creates a high-energy 

ions which then heat the bulk of the plasma by collisional thermallzation, as 

in neutral beam injection. The ICRF heating has several potential advantages 
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over neutral beams, such as greater flexibility in choosing the location of 

applied power input, less bulky equipment near the Cokamak, and the absence of 

significant introduction of neutral atoms In the hot center of the plasma, but 

to 3ate the available power has been much less, *nd the available 25 MHz 

frequency is not optimal for PLT experiments-

Figure 10 shows the radiated power and power input in & D plasma with 5% 

H* minority at 360 WJ rf power. The radiated power is measured 

bolometrlcalty, the pcwer input Is calculated from a ray-tracing code and a 

Fokker-Plsnck model for the minority-ion heating (32}- The qualitative 

similarity to neutral beam results. Pig. ~>, is evident. In particular, the 

central radiated power remains quite small compared to power input, although 

the total (mostly peripheral radiation, especially during the rf heating) is 

significant and undoubtedly contributes to the lowering of the edge 

temperature (the vacuum vessel wall was conditioned in the same way as for NB 

injection). Analogous data for a rather low-power heating of H mine-ity 

ions, together with radial ion temperature profiles, are shown iii Fig. 11. 

This experiment was characterized by an unusually large, almost 5 eV/kw, ion 

heating efficiency (roughly double the usual H minority heating results). 

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 some increase in T. . Thus the increase of radiated, 

power is to a large extent ascribable to the density increase, rather than 

change in plasma composition. The ion temperature radial profile 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 discharge. Tie radial locations of the ions, determined 

by thiir ionization potentials and the electron temperature radial profile 
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were obtained from line emisstisity radial distribution measurement. Prom the 

carbon line measurements It Is evident that the absolute change in the 

perpiheral temperature was small. The near-c*ntral temperatures deduced from 

neutron emission and from the charge-exchanged D* energy distribution are in 

good agreement with the Doppler Ion temperatura, {the actual agreement is 

probably better th»n the figure shows, because the charge-exchange temperature 

neasureraent was performed at a different time, when the plasma conditions had 

changed in a direction where lower 1, would be expected). 

The variation of total radiation with ICRF power is shown in Pig. 12. As 

in the neutral-beam data (Fig. 6) the soft x-ray measurements have been 

normalized to bolometry at one point. In these measurements the central 

electron density increased from 2-3 x .0 cm " before to 4-5 x 10 cm 

during the; ICRF heating, and the central electron temperature increased 

slightly, from about 1.4 keV to 1.5 keV. Total accountable radiation losses 

were not greater than 50% of total input power for any rf power presented in 

Pig. 12. Detailed comparisons of cha.iges of temperature profile, and 

particularly the edge temperature would be desirable, espesially when higher 

power input levels become available. 

VT. 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 .stated power increases with power input slightly le«» 

rapidly tha - linearly. 
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2. The power input occurs mostly In the interior of the plasma, whereas 

the radiated power arises to a large extent near the periphery. With 

a few exceptions noted below the radiatecl energy from the interior, 

i.e., energy that is lost immediately, constitutes a small fraction 

(leas than 20%), of the total local pover input. Thus the bulk of the 

input energy resides in the plasma for about one confinement time, 

causing a rise in the interior temperature '.even if the total radiated 

power is equal to the total power input), and it is tran"ported from 

the interior tc the periphery as particle kinetic energy. 

3. The principal exception to this dascription occurred in the low-

density discharges with tungsten limiters, where radiation losses were 

overwhelmingly important everywhere, sometimes even causing the hollow 

electron temperature profiles- An additional exception is the low-

density discharge with steel limiters, where radiated power may be a 

considerable fraction of t1 e power input into electrons. 

4. The central radiated power fand to a lesser extent the total radiated 

power) is inversely .-zorralated with the electron density and 

peripheral plasma temperature. High-density plasmas tend to have low 

central radiation levels because the rapid (hydrogen) gaa inflow and 

recycling, required to produce and maintain high-density discharges, 

also depress the peripheral temperatures, and hence impurity content. 

5. In neutral bean heating counter-injection produces significantly 

higher radiation losses than either co-Injection or simultaneous co-

and counter-injection at the same power level, probably because 

counter-injection tends to produce higher peripheral temperature 

(flatter radial profile). 
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6. ICRF heating produces radiation losses higher or comparable to co- \ 

pluB counter-injected neutral beam at the same (< 1 Mw) power level. 

Although the radiation is higher than In the neutral beam case, 

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 terras radiation effects with auxiliary heating are 

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

favorable tby reducing peripheral teraprature) 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 

Fig. 1. Locations of the major diagnostics around PLT In relation to neu­

tral beam injection and ICRF wave antenna. 

Pig. 2. Intensity of tungsten radiation versus ion edge temperature for 

different neutral beam injection conditions (co-beam ~ 500 kW, Ctr-

beam - 350 )cW, P Q H - 600 kW>. 

Fig. 3. Sample of the radiation of the FeXXIII ion before, during, and 

after neutral beam injection with steel Ceo + ctr -injection) and 

carbon (2co + 2ctr-injection) liraiters (note different ordinate 

scales)• 

Pig. 4. Radial profiles of electron temperature and density before and 

during neutral beam co- and counter injection (steel limiter). 

Fig. 5. Brightness distribution of FeXXIIC and FeXV resonance lines before 

and during neutral beam co- and counter-injections. 

Pig. 6. Total radiation losses in the PLT versus neutral beam injected 

power during co-, ctr -, and co + ctr-injection [n = l*.5 - ?'- x 

10 1 3 cm" 3]. 

Fig. 7. Radial profile of measured radiation losses and calculated input 

power before and during neutral beam injections for P b = 2.1 MW 

(2co + 2 ctr). 

Pig. 8. Total radiation losses in the PLT versus neutral beam injected 

power during co-» ctr-, and co + ctr-injection. 

Fig. 9 Central plasma radiation versus electron density for 4 (2.7 MM) and 

2 (1.4 MM) neutral beam injection, and for ohalc heating (OH) only 

discharges. 
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Fig. 10. Radial profile of measured radiation losses and calculated input 

power before and during ICRF heating experiment with hydrogen as 

minority heated. 

Fig. 11. (a) Radial profile of radiation losses and input power during and 

before ICRF heating with He as minority. 

<b) Corresponding measured ion temperature profile. 

Fig. 12. Total impurity radiation losses during ICRF heating experiments 

Versus input power. 



23 

CO-Injector 

1/2 M Monochromator 
with Fast Spatial and 
Spectral Sconning [ ] ( r ) f v(r ) ] 

Bolometer (Scanning) 

Bolometer Array 

IM Monochromator 
(Doppler Tj) 

Fast Ions ( Tn,TjJ 

Counter 
Injector 

Neutron 
Spectrometer 

Surface 
Analyses Station 

X-Ray Crysto^ 
Spectrometer 

Gas Inlet 

1/2 M Monochromator 

Counter 
Injector 

CO-Injector 

Fig . 1. (PPPL-806814) 



:;j*r! 

1 24 

m 

? 2 

< 

I -</> 
2 
3 

T—o-

CTR Injection' 

/ 
/ o 

/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

/ 

/ 
/ 

9 ' " * — CO + CTR Inject 

/ 
ion 

/ 
I 

A 
f CO-lnjec»ion 

/ / 
/ ^ 

/ 

I*—No Injection 

„ I — 
60 80 

_L 
80 100 120 

ION EOGE TEMPERTURE Tj {eV} 
140 

Fig . 2 . (PPPL-783498) 



6 

m 
ce 
i— 
CO 

o 
cr 
O or o 2 

.<*> 

Steel Limiter 
NB 0.7 MW 

NB End 

NBEnd + 
100 msec 

3 o 
i— 
GO 
o: 
»— 
CO 

2 Q 
Q 
CC 
O 
CJ> 

X 
X 

F i g . 3 . (PPPL-786196) 



r 
26 

"0 10 20 30 
RADIUS (cm) 

(bJ 
7 -

6 -

5$-
• o 

- ~Z 4 o 
x 

3 -

2 -

• No Beam 

* Co Only 

o Ctr Only 

nJr) 

o 
X 

I 

_L X 

o -
• 9 

40 0 10 20 30 
RADIUS (cm) 

40 

Fag. 4. (PPPL-806826) 



27 

O 
x 
o 
o> 
en 
I 

CM e 
o 
-~. 
to z 
O 
f— o 
3 : a. 

(a) 

.~~R 

1 FeSm XI33A 

b 
v > 

_L 
0 10 20 

CHORD DISTANCE (cm) 

I 2 

in 
I 

o 

fcO 
•z 
O I ' 
a. 

0 

(b) 

Before NB 
- - - - Co Only 
—°— Clr Only 

FeXE X285 A 

0 - - 0 ' 

-x "-

0 10 20 
CHORD DISTANCE (cm) 

Fig. 5. <PPPL-306?35) 



1.5 

I 1.0 

K 0 . 5 

PLT 
CHANGE OF RADIATION LOSSES vsNB POWER 

AP r a d=Prad^ + OH)-P r a d (OH) 
C-Limiter a=40cm j * ,,'*' 

/ ' ' CO+CTR £»'' 
s ' " S*f « 

CTR-lnjection ,• +*>' 2C0+CTR 

/ ^£" "V D •—Line radiation 
' -'•**> \ o - S o f t X-ray 

CO-Injection A—Bolometer 

so 

2C0+2CTR 

/A 
if 

0.5 1.0 1.5 2.0 
NEUTRAL BEAM POWER (MW) 

2.5 

Fig . 6 . (PPPL-806809) 



3 -

r •• 

PLT C-Limiter 
i i • • 

o=40cm 

\ NB,P=2.IMW 3 r 
\ D W S 

2 
— • 

\ /NB+OH 

TO
T.

 P
O

W
ER

 ( 

Before 
NB 

, During 
NB 

\ o 
OH \ 

(Before NB) \ 

\ \ Power Deposition 

" ~ ~ ^ ^ ^ \ \ 
(To Electrons and Ions) 

During NB ^ s . 
Power Radiated 

Before NB^. J T ^ S r ^ *" •* " - - f c ^ 

10 20 
RADIUS (cm) 

30 40 

Fig . 7. (PPPL-796398) 



# 61X0047 
V . f 1 1 1 I • 

0.6 PLT 

C-Limiter, 0°—H* 
• 

% • • -

0.5 N«»(3 .5 -4 )x l0 l 3 c i rT 5 • • -

0.4 -
APrad = Prad(0H + N B ) - P r a d ( 0 H ) 

A 

X 

• 
• 

-

0.3 -
O 

Oo -

0.2 -
A ° 

A 

a 
a 
O 

Bolometer 

1 Co 
2 Co 

Array Data 
A I Ctr 
A 1 Ctr + I Co 

-

0.1 

n 

a 

1 1 

• 2 Co + 2C1r 

I 

x 2 Ctr + 1 Co 

1 
0.5 1.0 1.5 2.0 

NEUTRAL BEAM POWER (MW) 

2.5 3.0 

Fig. 8. 



400 

° e 3 0 0 

200 

0 ° ^ H + 

400-^550mse 

2bms(!.4 + 
525ms 

00 

0 

350 msec (OH 

MW) -

* • • • — » -

F i g . 9 . (PPPL-B0636SI 



32 

1 1 1 

DEPOSITED AND RADIATED POWERS DURING ICRF 

PLT C-Limiter a = 40 cm 

ICRF Prf «360kW 

BT=l7kG I 
Or 

.OH + ICRF °= 0 . 6 _ i 

f=25MHz H/D«5% 

P..'ore 
ICRF 

t 
o 0.2 - D u rj ng [CRF 

0 

OH 
(Before ICRF) 

During ICRF 

Power Deposition 
Power Radiated 

I Before ICRF ^ v ^ \ . 

°0 "* 10 20 30 40 20 
RADIUS r(cm) 

Pig . 10. (PPPL-809072) 



33 

#81X0091 

(E 

1.3 I 1 1 
- ICRF, P f t r =s|70kW 

IP »440V 

il° 
5 0.8 
£0.6 
£0.4 

A 
[CRF 

: 1 -
1.0 

OH(Wilhoul\ 
- ^ I C R F J ^ 

o 0.2 
I -

0 

~~ 
OH(Wilhoul\ 

- ^ I C R F J ^ 

o 0.2 
I -

0 
- Power Deposit >0fl 
- Po»er Rodioted 

\ 

0.5 \ -

\ \ ICRF 
During ICRF \ \ r f - ^ " + 0 H 

- Before ICRF ^. N X 

2.0 

- 1.5 

1.0 

0.5 

PLT 

f--25MHi He/0»I5% 
B T=25k6 

T i U Z ^ 

o Oopplef Tj 
* Chorge Exchange 

Neutrons 

During ICRF 
T e IO)»l.5keV -

\ ne(0)a<J.5*l0'Jcm 

* o-

10 20 30 
RflOIUS (cm) 

40 

Before ICRF \ 
n p '0J*2«/0'cm" 5 

\ CE 
\ iL c* 

_U 
10 20 30 40 

RADIUS (cm) 

Fig. 11. 



=» 5 

4 -

3 -

2 

I 

0, 

1 1 1 
CHANGE OF RADIATION 

1 1 1 
LOSSES 4 " 

- vs ICRF POWER 

- APrad = P r a d t ' I C R F + 0 H ^ 

s 

^-?" -
s / / ® Soft X-ray 

* Bolometer 

/ . i i i 

0 100 200 300 400 500 600 700 
ICRF POWER P r f (KW) 

F i g . 12. (PPPL-803639) 


