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ABSTRACT 

The horizontally scanning, multiangle charge-exchange analyzer on the 

Poloidal Divertor Experiment (PDX) was used to study the beam ion slowing-down 

process with high-power perpendicular injection. Measurements were made over 

a wide range in toroidal field (8 kG < B(T) < 22 kG), plasma current (200 kA < 

I(p) < 500 kA), and beam power (1 HW < P B < 7 HW|. In MHD-cjuiescent plasmas, 

good agreement is found between the measured slowing-down spectra and 

theoretical predictions as a function of both angle and energy. Classes of 

prompt orbit losses are observed with both co- and counter-injection which 

have been understood and applied to plasma diagnostics. The effects of MHD 

activity on fast ion thermalisation will be the subject of a companion paper. 
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I. INTRODUCTION 

Auxiliary heating of tokamaks with neutral beams has proved to be 

successful in achieving high plasma temperatures and values of 3 T In many 

experiments during the last decade. Tangential injection into low density, 

highly collisionless plasmas was used to obtain the highest temperatures in 

tokamaks to date, and recently, injection perpendicular to the magnetic axis 

has been studied in experiments to maximize beta at higher plasma densities. 

One facility particularly suited for such studies is the Poloidai 

Divertor Experiment (PDX) at the Princeton Plasma Physios Laboratory, which is 

equipped with four near-perpendicular neutral heating beams oriented for 

co-injection (Fig. 1). The beams were designed and constructed at the Oak 

Ridge National Laboratory (ORNL), and are capable of injecting 7.2 MW of 

deuterium beams or 5.5 MW of hydrogen beams using four 50-keV ion sources. 

Typical pulse durations are from 150 to 350 msec. 

On PDX, we have the unique capability of obtaining slowing-dawn spectra 

during neutral beam heating experiments through the use of a horizontally 

scanning neutral particle analyzer with fast time response. Its position 

relative to the heating beams is shown in Fig. 1, and the five closely spaced 

sightlines emanating from the analyzer correspond to its five viewing angles 

when it is in its most perpendicular position. 

Fast neutrals from charge exchange along these sightlines are energy-

analyzed by electrostatic deflection plates. The 127-degree curved 

cylindrical plates are connected to two high voltage operational amplifiers, 

which in turn are typically driven by a 10 Hz triangular waveform generator. 

Thus, a complete energy spectrum is obtained every 50 msec by ramping the 

•;late voltage. The particle detectors themselves are multianode microchannel 

plates operated in current mode, and because of their fast time response, the 
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thickness of the analyzer's stripping cell, and the close location of the 

analyzer to the plasma, the analyzer's ability to study transient phenomena is 

limited primarily by the 10-|isec response of the signal amplifiers. 

The fast time resolution was more important in the study of high f̂ q 

discharges in PDX, where it was necessary to measure the 10- to 20-kHz 

internal structure of "fishbone" hursts. Since • .e focus of the present work 

is on MHD-quiescent discharges, the effects of these phenomena on the beam ion 

thermalization process will not be discussed here. Instead, the emphasis will 

be on the extensive measurements of slowing-down spectra obtained during the 

systematic variation of the toroidal field, plasma current, *.nd neutral beam 

power during deuterium injection into hydrogen limiter plasmas. Results from 

H-mode divertor and scoop limiter plasmas will also be presented. 

Bounce-averaged Fokfcer-Planck calculations gave reasonable agreement 

with the data from the high toroidal field and plasma current discharges, as 

did Monte-Carlo beam orbit calculations, which also predicted the correct 

magnitude as well as the shepe of the slowing-down spectra. However, 

recycling at the "standard" and scoop limiter positions served as toroidally 

local neutral sources which had to be modelled to simulate the data obtained 

during these discharges. 

II. EXPERIMENTAL SLOWING-DOWN SPECTRA 

A. Toroidal field, plasma current, and beam power scans 

Slowing-down spectra were obtained during deuterium injection into 

deuterium and hydrogen plasmas at high toroidal fields and plasma currents. 

The results shown in Fig. 2 are for a 22-kG toroidal field and a deuterium 

plasma current of 380 kA. The five curves correspond to the flux measured 

along the sightlines illustrated in Fig. 1. The analyzer is oriented for 
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detecting counter-moving ions, so for co-injection on PDX, only the trapped 

ions that charge exchange on the inside "leg" of banana orbits can be 

observed. The most perpendicular sightline views these ions directly, that 

is, even along collisionless trajectories. The flux measured at this angle is 

depicted by the uppermost curve in Fig. 2. 

Deuterium injection in hydrogen limiter plasmas was studied under a 

variety of toroidal fields, plasma currents, and neutral beam powers. The 

present discussion will be restricted to data from 12-kG and 15-kG discharges, 

since plasmas at lower toroidal fields, and hence higher walueg of fafli were 

no longer MHD quiescent. The plasma conditions corresponding to the many 

slowing-down spectra comprising Figs. 3 and 4 are listed in Tables I and II. 

In the absence of significant MHD activity, the magnitude of the measured fast 

neutral flux appears to scale linearly with beam power. As T rises with 

injection, the relative signal in the off-angle channels increases as 

expected. At higher beam powers and lower toroidal fields, "fishbone" 

oscillations6 are observed on the slowing-down spectra. The energy "peaks" 

measured hy the FIDE analyzer are a spurious effect of the sweeping detection 

voltage, coupled with repetitive MHD bursts. The average flux of beam ions 

with energies between the injection energy and half the injection energy, 

measured along the most perpendicular analyzer sightline, is plotted as a 

function of the absorbed beam power in Figs. 5a and 5b. Aside from a few 

cases where the fishbone instability has a clear effect on the beam ion 

distribution (the 400 kA, 12 kG cases), there is a linear dependence of the 

flux with beam power. \ 

The Princeton transport analysis code TRAH8P, 8 " 1 1 which will be 

described in more detail in Sec. IIIB, was used to simulate the slowing-down 

spectra shown in Figs. 3 and 4. An estimate of the particle confinement time 
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was obtained in each case by adjusting its value (or equivalently, the neutral 

density profile) in TRA;:SP until the absolute magnitude of the experimental 

and calculated particle fluxes agreed. The results are plotted in Figs. 5c 

and 5d. although there is considerable scatter, the general trend appears to 

indicate an improvement in confinement time with increasi J plasma current. 

As was the case with the 12 XG slowing-down spectra shown in Pig. 4, a 

significant exception occurs at the highest current and beam powers due to the 

onset of the fishbone instability. Such effects will be discussed in a 

companion publication,1^ and the 400-kA, 12-kG plasma confinement times are 

not plotted in Fig. 5d, due to the problematic validity of this kind of 

analysis for them. 

B. High confinement regime 

Recent results from the ftSDEX group 3 concerning a high confinement 

(H-mode) regime in divertor plasmas prompted systematic and detailed 

investigations of such discharges in PDX. Figure 6 shows the time variation 

of the charge-exchange efflux at 35 keV along the most perpendicular sightline 

of the analyzer. at the transition to the H-ntode, the signal drops by a 

factor of 1.3 to 2.0 at essentially all energies and angles which correspond 

to the beam thennalization signal. This is consistent with a significant 

improvement in the particle confinement time, since at the same time that this 

result indicates a fall in the neutral density (n-^), a substantial dn/dt 

begins. In this regime, there are also periodic spikes in the charge-exchange 

signal, which are correlated with bursts in the hydrogen Lyman-alpha 

emission. These are quite different from the fishbone spikes observed during 

high fi^q experiments.6 Typically, the spikes are about 1-msec long, and 

constitute a factor of two enhancement in the charge-exchange signal. They 



6 

are observed about equally, In relative magnitude, at all angles and energies 

corresponding to the beam thermalization signal. Thus, the simplest 

explanation is that the neutral density doubles during this time, perhaps due 

to the recycling of plasma particles lost due to an instability. This topic 

will be treated in more detail in a subsequent publication. 

III. COMPARISONS WITH MODEL CALCULATIONS 

A. Bounce-averaged Fokker-Planek calculations 

Under conditions of high toroidal fields and plasraa currents flow p̂ fl), 

the relatively small banana orbits allow us to use a bounce-averaged Fokker-

Planck calculation to simulate the data. The finite banana width was taken 

into account for beam ion deposition and detection by computing the mapping of 

the orbit between the injection or detection point and the known banana tip. 

In the Fokker-planck calculation, fast ions are assumed to be located at the 

minor radius of their Banana tips. 

One neutral heating beam parameter to which the slowing-down spectra 

are sensitive is the percentage of each species component. There i3 typically 

a full, one-half, and one-third energy species, the latter two corresponding 

to the dissociation of H 2
+ (Dj*) a n d H 3 + ( D3*' accelerated by the team 

system. These manifest themselves as discontinuities in the slowing-down 

spectra at each energy (Pig. 2), and their magnitudes are proportional to the 

fraction of the beam in each component. 

Recently, the beam species fractions have been determined directly by 

looking at the particle yields from the Rutherford backscattering of the beam 

off the titanium carbide PDJC inner wall armor, in the absence of a plasma. 

The same particle analyzer was used in this measurement, and since this i i an 

in situ technique, it has the advantage of determining the beam fractions 
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actually entering the tokamak, instead of test stand values, which may be 

different. Analysis of these data is still underway, but preliminary results 

(Fig. 7) show that the particle fractions at the full, one-half, and one-third 

energies varied from 0.33, 0.37, and 0.30 to 0.55, 0.30, and 0.15 as the 

analyzer scanned across the inner wall armor. An average species nix of 

0.45:0.30:0.25 was used in the simulation codes, and it gives good agreement 

with the slowing-down spectra. The predicted differences in the flux between 

adjoining channels, however, are somewhat less than what they were 

experimentally (Fig. 2). Agreement with the data did improve with the better 

treatment of finite banana width effects in the Monte-Carlo simulation 

calculations, which are discussed in the next section. 

B. Monte-Carlo simulation calculations 

Slowing-down spectra were also calculated using a Monte-Carlo 

simulation algorithm in TRANSP. This treatment allowed U3 to improve the 

modelling finite-banana width effects, thus obtaining more accurate values for 

the fast neutral flux detected by the FIDE analyzer for lower current 

plasmas. The beam ion slowing-down process is governed by small angle binary 

collisions as described by a Fokker-Planck operator of the form discussed in 

Ref. 6. 

To perforin the simulation, we first require a spatially two-dimensional 

beam distribution function, and Fig. 3 shows the spatial Bones used in 

TRANSP. Energy is used as one velocity space dimension, since it gives good 

resolution from thermal energies to above the beam injection energy, typically 

50 KeV. The pitch-angle dimension is parametrized by Vj/v, which is a 

convenient variable because the FIDE analyzer is sensitive to particles with 
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V v = Rtan/Rview' ( 1> 

where R t a n is the analyzer tangency radius {Fig, 1), and " v i e w
 i a t n e spatial 

location along a given sightline which is being viewed. Since R t a n is 

generally incremented in roughly even steps in the experimental measurements, 

even spacing in v(/v is appropriate to give a matching angular resolution in 

the calculation. 

The beam distribution function is accumulated by first tracking 

particles along trajectories determined by the known ion source geometry. 

Deposition is calculated using a Monte-Carlo simulation for exponential 
a 

attenuation, and the beam ion orbits are followed in discrete time steps. At 

each interval, the particle's position in the beam distribution coordinate 

system is determined, and the value of the distribution in the appropriate bin 

is incremented. A constant census of 1000 Monte-Carlo particles are followed 

in the time dependent calculation, and a time span of 50 msec is typically 

averaged for calculating the fast neutral flux. 

The technique used to obtain the fast neutral flux along a given 

analyzer sightline is shown schematically in Fig. 9. Tracking along the chord 

is done in small, even increments and the length of sightline within each 

spatial and pitch-angle zone is evaluated by intercalation. The total 

simulated flux is accumulated by adding up the signal from each sightline 

element. The result of this process can then be compared with the actual 

measurement along the given analyzer sightline. 

Predictions for the "zero banana width limit," where the toroidal field 

and plasma current were set to be effectively infinite in the TRASSP and 

bounce-averaged Fokker-Plank codes, are shown in Fig. 10. The two codes do 

not entirely agree for sightlines closest to the tangency radius of the 
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heating beams (i.e., the most perpendicular gightlinesr which have the highest 

flux levels in Pig. 10), because they do not treat beam divergence in the sane 

way. 1 5 However, both codes predict the sane spread in the flux between the 

most perpendicular and most parallel analyzer sightlines in this high toroidal 

field, high plasma current limit. Figure 11 shows the experimental and TRANSP 

slowing-down spectra for conditions similar to those in Fig. 2 and again, the 

computed results follow the trend of the data. However, there is now a 

tendency to overestimate the spread between adjoining channels, a problem that 

will be dealt with below. 

Figure 12 shows a slowing-down spectrum obtained with two deuterium 

beams in a deuterium divertor plasma. Since we did not have to model any 

unusual effects like the loss mechanism present during fishbones, we could 

perform a straightforward comparison between the absolute magnitudes as well 

as the shapes of the experimental and calculated slowing-down spectra. The 

agreement with the interchannel spread and the absolute magnitude in Fig. 12 

suggests that we do have a fairly good understanding of the beam ion 

thermalization process from the evidence provided by charge-exchange 

measurements. 

Slowing-down spectra were also obtained during scoop 'limiter discharges 

(Fig. 13). With both the bounce-averaged Fokker-Planck calculations and the 

Monte-Carlo approach, it was difficult to reproduce spread in the measured 

neutral flux between adjacent sightlines. Increased pitch-angle scattering 

due to a high Z-- would result in more flux along more parallel sightlines, 

and this was simulated in both types of calculations. However, the 

concomitant beam ion los3 below the injection energy was not seen 

experimentally in these limiter discharges, and since there was no evidence 

from other measurements to suggest a high Zeff/ this was not considered a 

likely explanation. 



The analyzer was fairly close (39 degrees in toroidal angle) to the 

scoop limiters, which -act., as an additional nonaxisymmetric neutral source not 

present in divertor discharges. Therefore, the resulting enhancement of the 

central neutral density would mean that the limiter-enhanced flux along each 

sightline came proportionately more from the center than the edge of the 

plasma. There would thus be leas variation from channel to channel thar. 

expected if the charge-exchange flux were dominated by neutrals generated from 

the walls of the vacuum vessel as assumed in the model originally in our 

calculations. 

Figure 13 compares the calculated spectra using the TRANSP Monte-Carlo 

model with results from scoop limiter plasmas. The good agreement in the most 

perpendicular channel in absolute magnitude is consistent with a long 

(180 msec) particle confinement time. Even with the limiter as a source of 

neutrals close to the analyzer, the absolute magnitude of the flux is much 

lower than in the divertor case (Pig. 12). However, the TRANSP code only 

includes a toroidally averaged wall source of neutrals, and the difference in 

the flux between adjoining sightlines is not predicted very well. 

A three-dimensional Monte-Carlo beam neutrals coda, NBDEN, e was used 

to generate a more realistic neutral density distribution. The scoop limiter 

was simulated by a point source at Use outer wall in the horizontal midplane 

of the vacuum vessel. The results were then used as input for the oounce-

averaged FoJcker-Planck program cited earlier. The TRANSP calculation was 

also repeated with only a toroidally averaged volume source of neutrals to 

simulate roughly the contribution of the acoop limiter. The spectra generated 

by the two codes are comparable (Fig. 14). This suggests that the scoop may 

indeed cause a local enhancement in the central neutral density as seen by the 

neutral particle analyzer 38° away from it. The spectrum calculated with this 
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improved model is compared «ith the data in Fig. 15, and there is better 

agreement with the relative flux between adjacent channels. 

A similar analysis was performed to simulate alowing-down spectra 

obtained during H-mode divertor plasmas. Instead of a point source, plasma 

fuelling with ga3 from the upper dome was duplicated by a toroidal line source 

located above the plasma center at the outer wall in NBDEN. This had the 

effect of increasing the central neutral density, and as in the scoop limiter 

case, caused the bounce-averaged Pokker-Planck program bo predict a smaller 

variation from analyzer sightline to sightline than when a wall neutral source 

alone was used. The results from a TRANSP calculation with H-mode plasma 

parameters, but only a toroically averaged volume neutral source, are compared 

with the data in Fig. 16. 

III. OTHER RESULTS AND CONCLUSIONS 

A. Counter-injection and potential measurements 

Counter-injection with four deuterium beams into a hydrogen limiter 

plasma was also studied. The injection angles are unchanged but now, the 

deposition of the beam neutrals occurs on the inside "leg" of the banana 

orbits. Particles detected by the analyzer must thus charge exchange on the 

outside leg of the banana orbit, along & more parallel sightline. In Pig. 17, 

the uppermost curve now corresponds to the flux along the most parallel 

analyzer sightline, and the Monte-Carlo calculations correctly predict this 

change in viewing geometry from the new orbit topology. 

Although the toroidal field was fairly low (3.4 kG), there is no 

evidence in the slowing-down spectra of the MHD activity seen during co-

injection under similar plasma conditions. Also, the peaking at the full, 

half, and third energies corresponds to "prompt" losses of beam ions as they 
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pass in front of the analyzer on their first toroidal transit, and charge-

exchange in the region of high neutral density near the edge. Such peaks are 

not as conspicuous during co-injection, but are still present. 

To confirm this interpretation, single co-injecting neutral beams were 

injected into successive discharges. A3 expected, the East beamline (when ci-

injecting) had the most conspicuous peaks (Pig. 18). Tha relative heights of 

the full energy peaks were then plotted (Fig. 19) to determine the exponential 

decrease in their size as a function of toroidal distance from the analyzer. 

From Fig. 18, the height of the peak (Af^) drops by 1/e after a toroidal 

distance (AA> of 1.5 radians. If T A is the time needed to travel A., 

where 

RQ is the major radius, 5 0 is the gyrofrequency, and B A and Bg are the 

toroidal and poloidal magnetic fields, respectively. For 45 keV ions in PDX, 

ti = 4.9 x 10 sec. This time is also related to the edge neutral density 

(np) and the charge-exchange cross section (ov) by 

x, =* . (4) 
* n Qov 

Using the value of ov from Ref. 18, we ob ta in n 0 = 1.7 x 10 ran. This 

prompt loss peak has a width i n excess of the d e t e c t o r ' s bandwidth of AE/E s 

3%, This nay be due t o d i s p e r s i o n in slowing-down r a t e s . The beam s lowing-

down t ime , T , i s 
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6.32 X 1 0 8 A. T 3 / 2 

b e ,,.,, 
T = * — (5) 

Z. i n (V e 
b e 

where A. and 21 are the atomic weight and number, respectively, of the neutral 
1 9 beam species, and InA i s obtained from Hinton and Kaaelfcine. But 

T4> _ Av _ AE 
T V - - H t 6 ) 

S 

where E = 45 keV (the injection energy), and flE is the energy (2 keV) the bean 

ions transfer to the bulk plasma in the time t., as estimated from the spread 

of the prompt peak in Fig. 17. This means that t = 2.2 x 1Q sec. 

Solving for n./T ' , 

n g 6.32 x 10 8 s 

T 3 / 2 jj in II 2.2 x 10~4sec e b e 
5.4 x 10 1 1 cm"'* eV - 3 / 2. (7) 

12 —3 This is consistent with an electron density of n e = 8 x 10 cm , and 

T = 6 eV. 

B. Potential measurements 

By carefully examining beam ion orbi ts during counter-injeetion, i t is 

possible to deduce information about the current profile and plasma 

potent ia ls . The calculated f i r s t hal f -orbi ts for counter-injected ions are 

shown in Fig. 20. He expect both passing and banana orbits to be confined, 

and par t ic les captured in the outer region of the plasma are lost on large 

bananas. For plasma currents in the 350 kA range, there is a small class of 
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loss orbits between the confined banana and passing orbits. These originate 

from the center of the tokamak, and their presence or absence is a fairly 

sensitive measurement of q(0). For a counter-injection scoop plasma, q(0) > 

1.4 for these orbits to be seen. 

Consistent with this picture, narrow peaks are indeed seen near the 

injection energy in two distinct angular ranges during counter injection in 

moderate current C350 JcA) scoop limiter plasmas. Figure 21?. shows the normal 

edge loss peak, while Fig. 21c shows the new central loss peak at a much more 

tangential angle. Between these two rangss, the slowing-down spectrum is 

normal (Fig. 21b). The amplitude of the loss peak is plotted as a function of 

analyzer aiming major radius in Fig. 22. Because the orbits move outward in 

major radius as they turn from counter to co, the v./v at which they are 

detected is lower than that with which they were injected. Therefore, the 

tangency radius for the banana loss orbits in the outer region is somewhat 

greater than the neutral beam injector tangency radius of 35-em. However, we 

also observe the second strong peak at a much more parallel angle. If u-

conservation is assumed, these particles had to be originally ionized deep in 

the plasma if they were counter-injected at a 35 cm tangency radius. The 

calculations used to determine the trajectories shown in Fig. 20 predict a 

tangency radius for detecting these central loss orbits which is very close to 

the measured value. 

The prompt peaks in Figs. 21a and 21c are also shifted in energy 

relative to each other. For the scoop plasma studied, the central loss orbits 

were shifted by about 600 eV relative to the edge loss orbits. Reconstructing 

the orbits for these particular angles, the birth radii appear to be 8 and 13 

cm for the "central" and "normal edge1 loss orbits. The energy shift suggests 

a space potential difference of about 600 eV between 3 and 18 cm, giving a 
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rotation speed of 5 to 10 x 10 cm/sec using v. = cE_/B , consistent with 

other measurements. Additional measurements as a function of radial 

position were made using a horizontally scanning collimated diagnostic neutral 

beam, injected tangentially. In this case, one looks at the energy of the 

peak of the slowing-down spectrum on each side of the injected orbits, inboard 

and outboard of the magnetic axis. Ener™.' shifts of the peak of the spectrum 

were then interpreted as a potential difference transversed due to the orbit 

shift Ar = 2qVj/Qc^. Rotation speeds in the range of 3 x 10 cm/sec were 

deduced near the edge of the plasma, again consistent with other 

measurements. 

C. CONCLUSIONS 

Slowing-down spectra were measured over a wide range or toroidal 

fields, p]asma currents, end beam powers. Modelling of toroidally local 

neutral sources was required to provide good agreenent between the 

experimental data and theoretical calculations, particularly in limiter 

discharges. In HMD-Quiescent plasmas, the charge-exchange flux scaled 

linearly with beam power. The slowing-down spectra were classical in these 

plasmas, and absolute determinations of the charge-exchange flux provided a 

measure of the neutral density. We thus had a means of estimating the 

particle confinement time, which appeared to improve with plasma current. 

Finite banana width corrections also had to be included to simulate a 

number of effects. The peaking of the charge-exchinge flux along parallel 

sightlines far from the near-perpendicular injection angle of the neutral 

beams suggested the existence of central loss orbits with large effective 

banana widths. The "prompt" charge-exchange loss peak near the beam injection 

energies also seemed to indicate radial excursions of beam ions into the 
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region of high neutral density beyond the plasma periphery^ Estimates of edge 

parameters were also deduced from this effect, and they were consistent with 

results from other diagnostics! 
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Table I 

15 Kilogauss Toroidal Field Data 

igure Number I CkA) Pabs <»"» Te(0) (ev) H e (x10 1 3 era"3) 

3a. 250 1.4 700 4.2 

3b. 250 2.4 1150 3.7 

3c. 250 3.8 1200 3.9 

3d. 300 1.0 650 4.2 

3e. 300 2.3 1050 3.6 

3f. 300 3.3 1250 3.9 

3g. 300 4.5 1250 3.3 

3h. 350 1.4 700 4.2 

3i. 350 2.5 1100 4.5 

3j. 350 3.5 1430 4.6 

3k. 350 4.5 1300 5.5 

31. 400 1.6 850 4.7 

3m. 400 4.1 1320 7.5 

3n. 400 5.2 1320 7.5 



20 

TABLE I I 

12 Kilogauss Toroidal F i e l d Data 

i g u r e Number l_(JcA) J? Pabs <M W> T g C0) (eV) n e ( x 1 0 1 3 cm" 3 ) 

4a . 250 1 . 3 740 3 . 5 

4 b . 2S0 2 . 4 350 3 . 7 

4 0 . 250 4 . 1 750 3 . 7 

4 d . 250 5 . 0 950 3 . 4 

4 e . 300 1 . 0 700 3 . 7 

4 f . 300 2 . 7 900 3 . 4 

4 g . 300 3 . 5 900 3 . 7 

4h . 300 5 . 2 875 3 . 8 

4 i . 350 1 .5 750 3 . 4 

4 j . 350 2 . 5 750 3 . 3 

4k. 350 3 . 6 1100 3 . 7 

4 1 . 350 5 . 0 1050 4 . 2 

4m. 400 1 .5 828 3 . 7 

4n . 400 2 . 3 930 3 . 9 

4 o . 400 3 . 5 1130 4 . 2 

4 p . 400 4 . 7 1220 4 . 8 
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FIGURE CAPTIONS 

FIG. 1 Layout of PDX, showing the relative positions of the four 

near-perpendicular neutral beam injectors, the horizontally 

scanning neutral particle analyzer, and the limiters used for 

circular plasmas• 

Slowing-down spectrum for one deuterium beam in a 22-kG, 

380-kA deuterium (limiter) plasma. The dashed curves were 

obtained from a bounce-averaged Fokker-Planck calculation. \ 

Slowing-down spectra for deuterium injection in a 1 5-kG 

hydrogen limiter plasma. The plasma conditions associated 

with each spectrum are listed in Table I, and the absolute 

units for the ordinate are described in Ref. 22. For these 

HHD-quiescent plasmas, the magnitude of the spectra varies 

linearly with increasing beam power. 

FIG. 4a)-4p) Slowing-down spectra for deuterium injection in a 12-kG 

hydrogen Hmiter plasma. The plasma conditions associated 

with each spectrum are listed in Table II. At the highest 

beam powers for the 400 kA plasmas, the strong onset'of the 

fishbone instability keeps the spectra from scaling with the 

number of beams. 

FIG. 2 

FIG, 3a)-3n) 
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FIG. 5a) - 5b) Average fast ion flux between the injection energy and half 

the injection energy, aa a function of absorbed beam power, 

for the data displayed in Figs. 3 and 4, respectively. 

FIG. So) - 5d) Particle confinement time, as a function of absorbed beam 

power, for the data displayed in Figs. 3 and 4, respectively. 

FIG. 6 Measured fast neutral flux as a function of time during an 

H-mode disc.iarge. Note the rapid drop in the signal when the 

transition occurs. 

FIG. 7 Measured percentage of neutral particles versus horizontal 

transverse distance across the Northwest neutral heating beam 

(Fig. 1). 

FIG. 8 Beam distribution spatial aones used in the transport 

analysis and beam simulation code TRANSP. 

FIG. 9 Schematic of sightline tracking algorithm in TRANSP. 

FIG. 10 Comparison between the predictions of the bounce-averaged 

Fokker-Planck code (dashed curves) and the TRANSP simulation 

program (solid curves), with both the toroidal field ana 

plasma current set arbitrarily high in each case. 

FIG. 11 Slowing-down spectrum for one deuterium beam in a deuterium 

plasma, as in Fig. 2, compared with results (dashed curves) 

from the TRANSP simulation calculation. 
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siowing-down spectrum for two deuterium beams in a 10-kG, 

280-XA hydrogen (divertor) plasma. The TRANSP Monte-Carlo 

results (dashed curves) agree both in shape and absolute 

magnitude with the experimental data. 

siowing-down spectrum for deuterium beams in a 17.7-kG, 

350-kA deuteriu-n scoop limiter plasma. The dashed curves are 

from the TRANSP Monte-Carlo model using a toroidally averaged 

wall neutrals source and only the agreement in absolute 

magnitude with the most perpendicular channel is good. 

Results from a bounce-averaged Fokker-Planck calculation 

(solid curves) with the scoop simulated by a toroidally local 

point neutrals source, and a TRANSP spectrum (dashed curves) 

assuming a toroidally averaged volume source of neutrals. 

Siowing-down spectrum for deuterium beams in a 17.7-kG, 

350-kA deuterium scoop limiter plasma. The dashed curves are 

from a TRANSP calculation using a toroidally averaged volume 

source of neutrals, and the agreement with the flux measured 

along successive sightlines is improved. 

Siowing-down spectrum for two deuterium beams in a 17-kG, 

350-kA H-mode deuterium (divertor) plasma. The THANSP 

results are shown as dashed curves on the plot. 
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FIG. 17 Slowing-down spectrun for four deuterium counter beams in an 

8.4-kG, 295-kA hydrogen (limiter) plasma. Trits dashed curves 

are from a THANSP calculation, in which radial excursions of 

beam ions into the region of high neutral density beyond the 

plasma minor radius, where charge-exchange losses are likely 

to occur, are allowed. 

FIG. 18 Slowing-down spectrum for the East deuterium beam (Fig. 1) in 

a 12-k.G, 300-kA hydrogen (limited plasma. rrhis beam Is 

closest toroidally to the neutral particle analyzer, and thus 

has the largest "prompt" peaks at the full, half, and third 

energies. 

FIG. 19 Height of the full energy peak from successive one beam 

slowing-down spectra as a function of toroidal distance from 

the neutral particle analyzer. 

FIG. 20 Calculated first "half-orbits" for low current counter-

injection. 

FIG. 21a) Charge-exchange flux during deuterium counter-injection in a 

350-kA deuterium scoop limitfer discharge. At a tangency 

radius of 7.0 cm, the analyzer viewed co-moving particles on 

the outer leg of outer region loss oroits (Fig. 20). Since 

the deflection voltage of the analyzer is swept as a function 

of time, the "normal" edge loss peak is seen when the 

corresponding detection energy panses through the neutral 

beam injection energy. 
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At a more tangential angle, the charge-exchange signal rises 

at the time the voltage sweep reaches the neutral beam 

injection energy, and shows the decrease below this energy 

characteristic o£ a "normal" slowing-down spectrum. 

At a still more tangential angle, a sharp rise in the charge-

exchange signal is seen again at the injection energy, which 

corresponds to the "new" central loss peak describpd in the 

text. 

amplitude of the prompt charge-exchange loss peak near the 

injection energy as a function of analyzer aiming radius. 

The existence of a second peak at an angle much more parallel 

than the injection angle is consistent with the central losg 

orbits in Fig. 20. 
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