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Abstract 

The horizontally-scanning charge exchange analyzer on the Princeton Large 

Torus (PLT) was used to measure fast co-moving ions during counter-injection 

of neutral beams. The large flux of charge exchange neutrals observed under 

these circumstances exhibited a sharp cutoff as the analyzer was moved toward 

more parallel radii of tangency. At a fixed angle and beam energy, the cutoff 

showed a strong dependence on the plasma current. Monte-Carlo calculations 

using a Fokker-Planck formalism and full toroidal geometry give substantive 

agreement with the experimental data, indicating that neoclassical effects on 

neutral beam injected ions were directly obse. "ed. 
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1. Introduction 

The study of charge exchange spectra from suprathermal ions is an 

important means of understanding plasma dynamics in the large magnetic 

confinement devices now in operation. Ion temperatures are routinely obtained 

from the distribution of charge exchange neutrals detected by a radially 

scanning neutral particle analyzer, and a horizontally-scanning analyzer has 

been used to study the momentum and energy transfer to the plasma from beam 

ions, by measuring the charge exchange spectra from the thermalizing ions. 

More recently, there has been interest in a direct means of determining 

if trapped particles (in banana orbits) behave neoclassically in tokamak 

plasmas. The Fast Ion Diagnostic Experiment (FIDE, the name given to the 

horizontally-scanning analyzer) is well suited for making the appropriate 

measurements. The neutral beams on PLT are oriented to inject tangentially. 

When beam ions are first reflected by the gradient in the toroidal field as 

they slow down and scatter in angle, the geometry of the resulting barely-

trapped particle orbits are such that the fast neutrals can be viewed over a 

limited range of the horizontal detector scan. Furthermore, due to finite 

banana-width orbit topology, this range of view for barely-trapped orbits is 

reduced as the plasma current decreases. Experimentally, substantial co-going 

neutral flux is observed during counter-injection in the range of angles 

corresponding to barely-trapped particles. In addition, the angular range over 

which the enhanced flux is observed narrows as the plasma current is reduced. 

In a preliminary analysis of the data, the distribution of allowed co-

going particles that are barely-trapped in banana orbits was calculated. These 

•rbits depend on the poloidal field, and 3ince this in turn is a function of 

the plasma current, the dependence of the measured flux on the plasma current 
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is determined for supratherraal ions in tokamak plasmas. The calculated cutoff 

angle, and its dependence on the plasma current, is in good agreement with the 

experimental measurements. 

For a more complete study of the data, a Monte-Carlo computer program was 

used to simulate the evolution of the beam particle distribution. Each 

particle was followed as it was launched as a neutral into the plasma at 40 

keV. Its orbital motion and slowing down were determined by integrating the 

guiding center orbit equations for axisymmetrlc systems and by including the 

effects of a Fokker-Planck collision operator.[1] When the particle slowed 

down to 30 keV, or if it was lost by charge exchange or collision with a 

limiter, the same orbit-following calculation was performed for a new 

particle. The expected charge exchange distribution, generated when the 

process was repeated for a large number of particles, is in general agreement 

with the experimental data. We thus conclude that the unexpected experimental 

result of observing comparable co-going and counter-going charge exchange 

fluxes at some angles during counter-injection of neutral beams in PiT, is 

consistent with finite banana-width neoclassical theory for suprathermal ions 

in tokamak plasmas. 

2. Experimental Observations 

40 keV neutral hydrogen beams were injected into an ohmically-heated PLT 

deuterium plasma. A counter-beam was turned on for about 70 milliseconds, 

followed after a 30 millisecond interval by two simultaneous co-beams of the 

same duration. The Past Ion Diagnostic Experiment (FIDE) horizontally-scanning 

neutral particle detector was aimed to look at sightlines with radi i of 

tangency from 72 cm to 137 cm, at roughly ten cm intervals. The tangency 



4 

radius is simply the minimum distance between a particular detector sightline 

and the center of the plasma, as illustrated by the lines normal to each 

sightline in Pig. 1. The direction of the plasma current and the relative 

positions of the neutral beam injectors, which determine whether they are 

injecting in the co- or counter-direction, are also shown. Although the power 

in each direction was about 250 kW, the changing plasma density made 

comparison between the detected flux from co- and counter-beams uncertain to 

about a factor of two. However, it was still possible to make the interesting 

observation that the fluxes of direct and reflected ions at 30 keV were about 

the same in magnitude (Fig. 2). "Direct" in this context indicates co-

traveling ions injected in the co-direction, while "reflected" ions are those 

which are injected in the counter-disection, but observed in the co-direction. 

Furthermore, there was a sharp cutoff in the reflected flux between tangency 

radii of 108 cm and 118 cm (Fig. 3), the full angular dependence of the 

measured flux being shown in Figs. 4a and 4b. The cutoff in the flux is 

evident only when the detector is locking at co-going ions (Fig. 4a), but not 

when the plasma current is reversed, and counter-moving ions during co-

injection (Fig. 4b) are observed. 

The plasma current was then varied with only counter-injection. As is 

evident in Fig. 5, the sightline along which fa-+. ions can no longer be seen 

becomes progressively more perpendicular as the plasma current is decreased. 

How complete this cutoff actually is can be seen in Table I, which records the 

relative magnitude of the fluxes. When the toroidal field was increased from 

20 kilogauBS to 32 kilogauss, however, there was no effect on the position 

where this cutoff in signal occurred. 

All of these phenomena can be explained qualitatively in terms of 

counter-injected fast ions undergoinct pitch-angle scattering into barely-
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trapped banana orbits. Although their birth points may occur at fairly small 

minor radii, their maximum spatial excursions may be quite large, limited only 

by the dimensions of the tokamak vacuum vessel. Since the co-branch of the 

resulting "World's Fattest Banana" (WFB) 12] orbit travels in the high neutral 

density region near the plasma periphery, a substantial charge exchange efflux 

is generated in the co-direction. These considerations are included in the 

calculations used to model the experimental results. 

3. Reflected Flux Calculations as 

a Function of the Plasma Current 

To see if the plasma current dependence of the cutoff in the fast ion 

flux could be predicted, calculations were performed to determine the allowed 

distribution of reflected ions as a function of detector sightline. The width 

of the trapped-particle banana orbits is proportional to the poloidal field 

gyroradius, which in turn depends on the plasma current. The orbits whose 

banana tips nearly touch each other have the maximum widths, and it is the 

particles in these WFB omits which are the reflected ions with the largest 

minor radii. Since the FIDE sightlines are in tl midplane of the plasma, the 

cosine of the pitch-angle of the ion as it crosses the midplane determines 

whether or not the particle, once it leaves the plasma through charge 

exchange, will be directed toward the detector. 

The values of vii/v on the plasma midplane for the co-branch of all WFB 

orbits in PLT are plotted as a function of major radius in Fig. 6. From the 

toroidal geometry of the plasma, the sightlines of the detector in this 

representation are determined by 
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R t *J| 
—=— = — u - (1) 

where R^ is the radius of tangency of the sightline, and R is the major radius 

at which an ion with a particular Vi ,/v crosses that sightline. Thus only 

those ions having the appropriate Vi i/'v at a given major radius can enter the 

detector. This inverse dependence on the major radius is depicted in the 

curvature of the four sightlines also shown in Fig. 6, and their intersection 

with the curve for the trapped-particle orbits determine at which analyzer 

tangency radii the reflected ions should be seen. The results are seen to 

agree uell with experiment. 

4. Fokker-Planck Beam-Orbit Calculations 

A more difficult problem is to calculate the magnitude of the detected 

flux of reflected ions, and for Uiis an orbit-following Monte-Carlo computer 

program was used.[3] Electron temperature and density profiles from TV 

Thomson scattering measurements were used as input, and the neutral density 

profile was calculated using a Monte-Carlo code. [4] This program used the 

wall of the vacuum vessel as a source of neutrals*, and it allowed for 

recombination within the plasma. The resulting profile (as a function of minor 

radius r) is depicted in Fig. 7. 

The orbit-following program uses Monte-Carlo techniques to simulate beam 

deposition witrln the plasma. Fast ion orbits are ther calculated as each 

beam particle is allowed to slow down, its velocity changing due to the 

binary, small-angle collisions assumed in the Fokker-Planck theory.[5] Ion 

and electron drag, energy diffusion, and pitch-angle scattering are effects 

which are included in the code. The calculation continues until the particle 
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slows down to 27 keV, or is lost as a result of a collision with a limiter or 

charge exchange transport out of the plasma. Excursions of orbits into the 

region between the plasma perimeter and the vacuum vessel are allowed, and the 

limiters were modeled as localized on the torus as th»y actually are on PLT. 

When the particle's energy is between 29.5 keV ann 30.5 keV, it makes a 

contribution to f(R,Vii/v) each time it crosses the plasma midplane. Since 

the detector views only a narrow region about the horizontal midplane, the 

contribution from each crossing is inversely proportional to the magnitude of 

v , where v is the vertical guiding center drift motion. The fast ion 

distribution calculated in this manner from many orbits is then weighted 

according to the neutral density profile that increases strongly from the 

center of the plasma to its edge. 

a plot of the weighted distribution function obtained after 10,0 00 

particles were followed is shown in Fig. 8a for co-iniected particles, and in 

Fig. 8b for counter-injected particles. The curved lines correspond to the 

sightlines of the FIDE detector. A seconi computer code was used to integrate 

along these sightlines to determine the flux expected at each angle. Each 

integration step was weighted by the density of particles having the required 

vi i/v at a given major radius to enter the detector along a specific 

sightline, and the effect of attenuation of the emerging neutrals as they 

travel through the plasma was also included. 

The data which have beon discussed up to this point were taken in 1979, 

when PLT had a toroidal field ripple of about 2.74 on axis, due to reduced 

current in one TF coil. Data were also taken in 1978, when there was no 

ripple, and they do not differ in any significant way from the subsequent 

year's measurements. The identical analysis was performed for these data, and 

they are essentially the same as those associated with the 1979 data. 



A comparison between the 1978 ar.d 1979 experimental and calculated 

results is made in Tables II.A and II.B respectively. In all cases, there is 

a sharp drop in the reflected ion flux as the detector tangency radius 

increases. As the sightlines become more nearly perpendicular, the flux also 

decreases, but much less precipitously. The calculations indicate that there 

are many more direct ions than reflected ions during co-injection (Fig. Ba), 

while during counter injection, the reflected flux can be quite substantial 

(Fig. 8b). 

5. Large Angle Scattering Effects 

Beam ions in passing orbits can become banana-trapped through large 

angle scattering (LAS) in a single encounter. While this process is 

infrequent, it is not treated properly in a Fokker-Planck calculation which is 

based on small angle scattering. Its effect was simulated in the Mon'_c-carlo 

orbit calculation in the following way. 

The point at which a particular ion is scattered is determined by 

evaluating the mean free path (MFP) integral 

/ ^MFP**' = t n r ( 2 ) 

where r is a random number greater than zero hut less than or equal to one. 

The integrand has the form 

A"l™ = "e 2««W (3) 
14 1 2 = n e Z e f f x 1.6 x 10" (TiTteTj-) v 

where arsg i s simply the Coulomb cross section for 90-degree scattering. The 
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plasma impurity factor Z f f and the electron density n g used in our 

calculations were determined from TV Thomson scattering laser scans. 

When large angle scattering occurs, the parallel velocity of the ion is 

modified, and the geometry governing the new parallel ion velocity (VII 1) is 

shown in Fig. 9-

By definition, 

= — (v1sin(ABlcos^'Ssinficosa 

+ v" sin(ae)sinij)'Bsin3sina 
+ v'cos(A8)Bcos0] 

= v' (sinlABJsinBcos^1 - a) + cos(A6)cosg) (4) 

* v 

A6 is calculated from the Rutherford scattering formula, based on an impact 

parameter, b, randomly chosen over the disk within the 90-degree scattering 

radius. Then by using a random number generator to provide $', ^' is 

obtained, and this new pitch-angle variable is subsequently used in the ion 

orbit calculation. 

The results for calculations with and without LAS, using the beam and 

plasma parameters associated with the 1978 data, are listed in Table III. 

From them, it appeart that LAS does not contribute significantly to the 

reflected ion flux. 
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6. Results and Conclusions 

Precise comparison of the experimental and calculated results is made 

somewhat problematical by a number of effects. First, the density rose during 

the course of the discharges while the 1979 data were being taken. The direct 

fast ion signal is observed to vary as the inverse square of the line average 

plasma density, so that the observed doubling of the density between the 

counter and subsequent co-injection pulses leads to a best guess for the 

actual ratio of reflected to direct ions of about 25% of the value which seems 

apparent from the raw data. This correction has been made in the values 

listed in Table II.B. 

A second important consideration is that the charge-exchange production 

rate depends on the neutral density profile used. Its exact shape beyond the 

plasma periphery, where the density is calculated to rise by approximately an 

order of magnitude, is not well known. Since the radial extent of the WFB 

orbits allows ions to pass through this region, uncertainties in the neutral 

profile there can strongly affect the magnitude of the calculated fast ion 

flux. 

Finally, the precise q-profile is important for determining the angle at 

which reflected ions are no longer detected. We have used a q-profile of the 

form 

*(r> - i -^ r r i ^ 1 , 6 ) 

P o 

which results from assuming that 
2 C i M t - 1 ) 

J = (1 - (r/a)Z) . (7) 
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B. and B are the toroidal and poloidal magnetic fields respectively, and q_-„ t p rac 
is the ratio of q at the edge of the plasma [q(a)l to q on its axis [q(0)]. 

For the varying current cases, the assumed q(0) is shovm in Fig. 6 while for 

the 1979 and 1978 Monte-Carlo analyses, we set q(0) equal to unity. 

In light of these uncertainties, caution must be exercised when examining 

the precise details of the comparison between observation and theory. 

However, the relatively large size of the reflected flux in both observation 

and theory, and the substantive agreement between the calculations and the 

data, clearly indicate that neoclassical effects on fast ions, consistent with 

finite banana-width theory, are being directly observed on PLT with the FIDE 

technique. 
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Figure Captions 

Relative positions of the neutral beam injectors and the detector of the 

Fast Ion Diagnostic Experiment on PLT. 

Plux of fast ions along four detector sightlin^s. The first signal shows 

the flux of reflected counter-injected ions, and the second shows the 

same for direct co-injected ions. 

Fast ion flux along four detector sightlines, with the sharp cutoff in 

the flux of reflected counter-injected ions evident between 108 cm and 

118 cm. 

Angular distributions of the measured fast ion fluxes for (a) co-moving 

ions during counter-injection, and (b) counter-moving ions during co-

injection. The range of tangency radii around 12D cm in each graph 

indicates regions in which the data were consistent with zero. 

Measured fast ion flux as a function of plasma current. The sightline 

along which no flux is seen becomes successively more perpendicular as 

the plasma current is decreased. The tangency radii of the four 

channels and the magnitudes of the fluxes seen in each of them are 

listed in Table I. 

Vi i/v as a function of major radius for the co-branch of all WFB orbits 

in PLT. The sightlinee are labeled according to the corresponding 

channels in Fig. 5. 

Calculated neutral density as a function of minor radius. 

Plot of weighted distribution function n f(V|,/v,R), obtained from 

Monte-Carlo calculations, for (a) co-injected beam ions, and (b) 

counter-injected beam ions. The uppermost sightline in Fig. 8b is the 

one along which reflected fast ions are no longer detected. 
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9. Coordinate system showing change in parallel ion velocity when an ion 

undergoes large angle scattering. 
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TABLE I 

Reflected Fast Ion Flux Dependence on the Plasma Current 

Charge Exchange Flux Level 

(Arbitrary Units) 

Plasma 

Current (kA) Channel 1 

( Rtan " 8 7 ™> 

Channel 2 

( Rtan = 9 7 c m> 

Channel 3 

(R t a n = 107 cm) 

Channel 4 

tan 

290 

150 

100 

5 ± 1 

2 2 + 2 

13 + 3 

8 + 2 

10 ± 1 

3 + 1 

9 ± •> 

< 1 

< 1 

< 1 

< 1 

' 1 
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TABLE II-A 

COMPARISON OF ThS 1978 FAST ION DIAGNOSTIC 

DATA WITH CALCULATED RESULTS 

Reflected Counter — Reflected Counter — sightline Views 

R Direct Co Direct Co Trapped-Particle 

(cm) (Experimental) (Calculated) (WFB) Orbits 

Without LAS With LAS 

97 0.33+0.07 0.04+0.01 0.04+0.01 Yes 

107 0.7 + 0.1 0.13 + 0.03 0.16 + 0.03 Yes 

117 0.26 ± 0.05 0.11 ± 0.02 0.14 + 0.02 Yas 

127 < 0.01 < 0.01 < 0.01 No 
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Table II. B 

RATIO OF RELFECTED JiONS TO DIRECT IONS FOR THE 1979 DATA 

Rtan 
(cm) 

93 

102 

108 

118 

127 

Experimental 

Counter-Inj. Co-Inj. 

0.38 ± 0.03 0.017 + 0.003 

0.28 + 0-06 0.013 ± 0.003 

0.33 + 0.07 0.011 + 0.002 

< 0.01 < 0.01 

< 0.01 < 0.01 

Calculated 

Counter-Inj. Co-Inj. 

0.12 0 .016 

0.08 0.015 

0.14 < 0 . 01 

0 .11 < 0 . 01 

< 0.01 < 0 . 01 
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Fig . 9 . (PPPL-806B72) 


