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A b s t r a c t 

Fokker-Planck simulations of the Tokamak Fusion Test Reactor (TFTR) energetic 

ion mode discharges were performed to evaluate the utility of deriving the central ion 

temperature, Ti, from deuterium neutral beam charge exchange spectra above the neutral 

beam injection energy. The T, values obtained from fitting the calculated spectra obtained 

from sightlines nearly tangent to the neutral beam injection radius reproduce the central 

ion temperature within ±10% over the full range of TFTR energetic ion mode parameters. 

The code simulations demonstrate that the ion temperature obtained from the high energy 

tangential deuterium charge exchange spectrum is insensitive to variations in the plasma 

density, Z e / / , plasma current, loop voltage, and injected neutral beam power and energy. 

Use of this methoJ to reduce charge exchange data from TFTR energetic ion mode plasmas 

is demonstrated. 
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1. In t roduc t ion 

Recent experiments using high power (< 18 MW) deuterium neutral beam injection 

into low density Tokamak Fusion Test Reactor (TFTR) deuterium plasmas have produced 

an energetic ion mode of operation [1]. The centi al ion temperatures for these plasmas 

measured by Doppler broadening of the FeXXV K a line are in excess of 22 keV [2]. Charge 

exchange ion temperature measurements[3] of the bulk plasma are difficult to obtain from 

residual hydrogen in the deuterium plasma because of the low hydrogen concentration, 

which is typically H/(H + D) ~ 1.5%. The deuterium charge exchange neutral energy 

spectra are dominated by the deuterium neutral beam slowing-down spectra rather than 

a XY -rmal Maxwellian energy distribution, so that a method o£ obtaining the central ion 

temperature from the fast deuterium neutral spectra is desired. 

In this work the feasibility of obtaining the central ion temperature of the T F T R 

plasma from the deuterium charge exchange neutral energy spectrum fitted above the 

neutral beam injection energy is explored. The solution to the Fokker-Planck equation in 

cylindrical geometry for beam ions near hut above the neutral beam injection energy is of 

the form[4] f(E) ~ e x p ( - E / T e / / ) , where 

T T i + (g)"r« 
l + ( £ ) 1 - « ± r . 9 . 5 8 x l 0 " | j l £ l ( £ ) i - ' ' " 

In this equation T{ and Te are the ion and electron temperatures, Zb and Af, are the charge 

and mass of the neutral beam ions, and Ec is the critical energy above which the effects 

of the electron drag on the beam ions are more important than the ion energy diffusion. 

Ec is defined as 

Ec = AbM)V*U.8Te (2) 
Ai 

where 

I £ i = V ^ ^ (3) 
The remaining term in the denominator accounts for the effects of the toroidal electric 

field, where r„ is the slowing-down time of ti.e fast ions, v\, is the beam ion velocity, and 

\E"\ = \E\{l.—.„.Zi,/Zeff) where \E\ is the magnitude of the electric field in Volts/cm. 

The>tqrm?contayiiiig the "electric field is small (0 ~ 10~ 2 compared to unity) and will be 



neglected in the calculation of Tj from Ttjj. Thus the slope of the ion energy distribution 

function above the neutral beam injection energy is determined by a balance between the 

energy diffusion of the ions and the electron drag, resulting in an effective temperature 

which is a weighted average of the ion and electron temperatures. 

In principle, the electron temperature measured from other diagnostics [5,6] can be 

used in conjunction with the measured logarithmic slope of the deuterium charge exchange 

flux plotted as a function of energy above the neutral beam injection energy to obtain 

the ion temperature of the plasma. Figure 1 shows a Fokker-Planck calculation of a 

chord-integrated deuterium charge exchange spectrum obtained from a tangential analyzer 

sightline at the neutral beam injection radius for a typical T F T R energetic ion mode 

discharge. The highest energy component of the injected beam was 100 keV and the 

energy range from which Tcff will be fit is 120-160 keV. 

The ion temperature determined in this manner will represent the central ion tem

perature if the neutral beam deposition is near the plasma center (thus assuring that the 

neutral beam slowing down spectra results from collisions ;?ith plasma ions from the center 

of the plasma) and if the measured charge exchange neutral flux arises from the plasma 

center. The limits of plasma operating conditions for which these constraints are met so 

that the T; calculated from Ttff corresponds to the central value to within ±10% error 

must be evaluated. 

The analysis above applies in the limit of v^/v — ±1 and for E near the neutral beam 

injection energy, E t , . a m . In TFTR the neutral beam power is injected from 12 neutral beam 

sources, each aimed at a slightly different tangency radius. Also, the charge exchange flux 

reaching the analyzer from a given sightline is integrated over a number of uy /v values 

relative to the tangency radii of the neutral beam injectors. Errors in the ion temperature 

derived from the slope of the deuterium charge exchange spectrum above the neutral beam 

injection energy could arise from deviation of the viewing sightline from the neutral beam 

injection tangency radius. An optimum charge exchange sightline selected to minimize 

this source of error must be determined. 

Even though the derivation of Eq. (1) was done in the limit of v\\/v = ± 1 , the pitch 

angle scattering operator should be insensitive to energy at the high ion energies considered 
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in this study. Therefore, deviation of the charge exchange analyzer sightline from the mean 

neutral beam injection tangency should not have a strong effect on the measured value of 

Tcjf. However, the intensity of the charge exchange flux arising from a particular sightline 

will be a strong function of the proximity to the injection radius. 

Variation in the neutral beam injection energy, differences in co- and counter-moving 

energetic ion orbits, noncentral origin of charge exchange signal, or excessive attenuation 

of the charge exchange signal could result in errors in the determination of the central 

ion temperature from Teff. In this work these sources of error will be examined using 

the Fokker-Planck code F P P R F [7] to calculate the expected charge exchange spectra for 

TFTR operating parameters characteristic of the energetic ion mode in order to ascer

tain the range of discharge conditions suitable for ion temperature measurement from the 

slowing-down spectra of the neutral beams. 

2. P l a s m a P a r a m e t e r s used in the Code Simulation 

A typical TFTR energetic ion mode shot was selected to provide baseline code input 

parameters for the Fokker-Planck calculations of the charge exchange neutral energy spec

tra. These plasmas have a major radius of 2 45 m and minor radius of 0.8 m. The chosen 

parameters where ne(r) = 7.5 x 10 1 S x (1 - r * / « a ) 4 n r s , Te{r) = 6 x (1 - r2/a2) keV, 

Tt = 20 x (1 -r2/a2) keV, Zeff = 3.5, Aimp»rity = 20, Z<mp«ritv = 10, I p l a a m a * 0.85 MA, 

Vioop — 0.1 V, and Btoroidat = 5 T with 10.5 MW neutral beam power at an energy of 

100 JteV. The neutral density profile was calculated with the FRANTIC code(8] and is a 

cylindrically symmetric function of minor radius with a central value of n 0 — 2-5 x 1 0 1 2 m " 3 

and an edge value of n0 = 5 x 10 1 4 m~ 3 . Variations from these baseline parameters were 

made to determine the sensitivity of the ion temperature derivation to changes in plasma 

discharge parameters. Table I lists the plasma parameters which were explored in this 

study. For mos*. of the code simulations, the neutral beam power was distributed equally 

among 12 injection tangency radii varying from 1.73 m, to 2.25 m, and was assumed to be 

"ully balanced between the co and counter directions with 24 MW unless otherwise noted. 

The effects of co versus counter neutral beam injection as well as variations in the energy 

and power of the neutral beams were also investigated. 

The viewing geometry for the TFTR horizontal charge exchange analysis is shown in 
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Fig. 2. The positive 'Hewing radius is defined such that neutrals with v^/v > 0 (represen

tative of co-moving ions, ions travelling in the direction of the plasma current) are detected 

while the negative sightline sees counter-moving particles. 

3 . Calcula t ion of T; From TCJJ 

Tgff is determined from measurement of the charge exchange flux at energies above 

the neutral beam injection energy and is given by 

1 d r , 1 dn J 
i^r•dErl7EdB)l ( 4 ) 

The value of Ti calculated from the slope of the distribution function above the neutral 

beam injection is dependent upon the electron temperature and the average charge to mass 

ratio of the plasma. From Eq. (1), neglecting toroidal electric field effects, 

TiKT.„ + (T.//-T.)(E/E€)"2. (5) 

The second term in Eq. (5) varies as a function of plasma radius due to the dependence 

on the electron temperature. Figure 3 shows the depeadence of (E/Ee)3^2 with radius for 

E=140 keV (the midpoint of the energy range from which Ttjj will be calculated) for Tc0 

values from 4 to 10 keV with a radial profile represented by Tt0(l — r2/a2)2. The value 

of (E/Ec)3^2 used in the code simulations corresponds to Teo = 6 keV and is ~1.5-2.0 

at r / o < 0.4 and increases rapidly at larger radii. The calculation of Tj from Tcff is 

thus insensitive to the point from which T e is taken near the center of the plasma, but 

changes too rapidly with position at larger radii to be used to extract T,- without a full 

Fokker-Planck code analysis. This point is further illustrated in Fig. 4, which shows the 

ion temperature, electron temperature, and Ttjj radial profiles expected from a typical 

TFTR high ion temperature shot. Tcff lies halfway between Tj and T e near the plasma 

center but rapidly approaches Tc at r / a > 0.5. This imposes the restriction that the data 

must arise from the plasma center in order to utilize a simple interpretation of the high 

energy slope of the charge exchange neutral spectra. 

The difference between T, and Tefj decreases with increasing electron temperature, 

and Ti = Tcjf when Ti = Tt. Fig. 5 shows Tcff/Ti as a function of Te/Ti for several 

values of Tc. The T F T R high ion temperature operating regime lies approximately between 
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Tc=5 keV and Tc = 10 keV, and between % ~ 5 keV and Ti = 30 keV. Note that T e / / /T i 

approaches unity as Te becomes large. 

4. Sensitivity to Geometrical Effects 

Derivation of the central ion temperature from the slope of the charge exchange neu

tral energy spectrum above the neutral beam injection energy can be affected by several 

geometrical factors. First, the formula used to determine Ti from Tejj was obtained in the 

limit of v^(v = ± 1 , so that the charge exchange analyzer sightline chosen for this analysis 

should be tangent at the neutral beam injection radius. In TFTR the 12 neutral beams 

are injected at different tangency radii, ranging from 1.75 m to 2.25 m, and are injected 

from both the co and counter directions. Secondly, as noted above, it is important that 

the data obtained from the charge exchange neutral analyzer arise from the center of the 

plasma in order to simplify the interpretation of the data. Finite ion orbit effects and 

the radial distribution of the background neutral density could cause the charge exchange 

signal to originate from the outer part of the plasma. 

4.1 Choice of Sightline 

Selection of an optimal viewing tangency for the horiaontal charge exchange analyzer 

is dependent on several criteria. The chosen view should yield data which reproduce the 

central ion temperature for the widest possible variation of TFTR plasma parameters. 

This criterion is met by selection of a viewing tangency as near as possible to the average 

neutral beam injection angle, which is 1.99 m for the balanced injection cases considered 

here. Also, the available neutral flux should be maximized in the range where T e / / is 

measured, in order to give the highest possible signal-to-noise ratio. This can also be 

achieved by selecting a view which is tangent to the neutral beam injection. Finally the 

neutral particle flux obtained from the chosen sightline should originate from the central 

plasma region (r/a < 0.4). 

The Fokker-Planck code was used to calculate the charge exchange spectra over a range 

of analyzer tangency radii from +2.5 m to -2.5 m for the typical TFTR shot described in 

Sec. 2. At each tangency radius indicated by the plotted points in Fig. 6, a spectrum 

similar to that shown in Fig. 1 was generated by the Fokker-Planck code, and Tcfi was 

derived from the slope of the spectrum above the injection entxgy. Tc// obtained from 
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th> co-ie calculations is shown as a function of sightline in Fig. 6. The ion temperature, 

Ti, was calculated from Eq. (5) using T e / / with T e and Ec taken from r/a = 0.1 and is 

included in that figure. The lower error bar on the ion temperature used T e and Ec from 

r/a = 0, and the upper from r/a = 0.2. The calculated ion temperature is within ± 10% 

of the input ion temperature (indicated by the dashed lines in Fig. 6) for most choices of 

viewing radius, with the exception of the sightlines near +2.0 m. As will be discussed in 

Sec. 4.2, the use of T e and Ec from a slightly larger value of r/a ~0.34 is required to yield 

a calculated Ti value within 10% of the input value for the +2.0 m sightline. 

The expected flux of neutrals at the charge exchange analyzer is shown in Fig. 7 as a 

function of viewing radius. This calculation was done for the same plasma parameters as 

the previous figure, but with 12 MW neutral beam power. Three cases are presented: the 

calculated flux for co-injected neutral beams only; counter-injected neutral beams only; 

and for fully balanced injection. The high energy flux at the analyzer is maximized near 

the average neutral beam injection radius for the balanced case at a viewing radius of 

±2.0 m. The neutral particle flux from positive (co-viewing) radii is dominated by the 

co-injected neutral beam, and the flux from the negative views is predominately from the 

counter-injected beam. 

4.2 Source of N e u t r a l Par t ic le F lux 

It is important in this analysis that the high energy nevtral flux, measured by the 

charge exchange analyzer originates ra the central region of the plasma in order to provide 

a measure of the central ion temperature and to insure that the uncertainty arising from 

the choice of Te used in the calculation of T; from T</f is small. The Fokker-Planck code 

was used to calculate the neutral particle flux originating from nested shells in the plasma 

minor cross section along with the attenuation of the flux exiting the plasma in order to 

determine the spatial origin of the expected charge exchange signal. This shell-by-shell 

flux calculation, which was made using the baseline TFTR discharge parameters, is shown 

in Fig. 8 for the ±2.0 m viewing sightline at an energy of 128 keV and 1(J0 keV. The 

flux is peaked just outside of center for the -2.0 m view and arises from a mean radius of 

< r/a > = 0.29 at 128 keV, and < r/a > = 0.2 at 160 keV. The origin of the flux seen 

from the +2.0 m view is somewhat outside the plasma center, with a mean value from 
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< r/a > = 0.43 at 128 keV and < r/a > = 026 at 160 keV. 

The asymmet'-y in the positive versus negative charge exchange sightlines is related 

to differences between the co and counter beam ion trajectories, and is reduced for higher 

plasma currents. The percentage differeno. between Tcff obtained from the -2.0 m sightline 

and that obtained from the +2.0 m view as a function of the plasma current is shown in 

Fig. 9. Tc/f determined from the calculated ion energy spectrum from the -2.0 m sightline 

does not change with increasing plasma current, while that obtained from the +2.0 m 

sightline increases with increasing current. This results in a 12% difference between the 

T*ff values obtained from the two sigbtlines at 0.85 MA which decreases to 1.5% at 2 MA. 

The mean radii for the origin of the charge exchange flux at 128 keV and at 160 keV 

for the ±2.0 m sightlines are plotted as a function of plasma current in Pig. 10. This plot 

suggests that T e used to calculate l j from TK;j should be taken from 0.1 < r/a < 0.29 for 

the -2.0 m sightljne. The value of r/a from which the Tt should be determined for analyzing 

the charge exchange flux obtained from the +2.0 m sightline should be r/a = 0.4 for the 

lowest value of plasma, current and from decreasing rja values to r/a = 0.25 with increasing 

plasma current. 

4.3 Neutral Density Profile Effects 

The neutral density profile used for the charge exchange source in these calculations 

is poloidafly symmetric with no = 5 x 1 0 1 4 m - 3 at the edge and no = 1.5 x 1 0 a 2 m - 3 at 

the center. The arrangement of limiters in TFTR could alter the assumption of poloidal 

symmetry in this calculation. A toroidal limiter is located at the inboard wall of the 

vacuum vessel, and a movable limiter is situated at one toroidal location at the outer 

plasma edge[9]. When the plasma is in contact with only the toroidal limiter, the neutral 

density should peak at the inside plasma edge and should be only a weak function of 

radius in the outer part of the pJasma[10]. This will not affect the localization of the 

charge exchange neutral signal for the -2.0 m viewpoint which already originates primarily 

from the center of the plasma. The +2.0 m viewpoint will become more centrally localized 

if the neutral density profile is peaked toward the inboard periphery of the plasma, since 

the contribution to the signal from the outer part of plasma is reduced relative to that 

from the plasma center. This is evident from comparing the symmetric neutral density 
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results of Fig. 6 with Fig. 11, which shows T e / / and 75 as a function of viewing sightline 

calculated with a rising neutral density profile toward the inner periphery of the plasma 

and a flat profile outboard of the plasma core, R > RQ. 

As the plasma density is increased, cold neutrals from the plasma edge penetrate less 

into the plasma, giving rise to a steep gradient in the neutral species profile. In thermal 

charge exchange experiments this edge-enhanced neutral density profile gives extra weight 

to charge exchange neutrals arising from the lower temperature plasma edgefllj. Use of 

the neutral beam slowing-down spectra diminishes this effect because the source of the 

high energy ions is localized to the region where the neutral beam ions are deposited. The 

neutral beam deposition does occur at slightly larger values of r/a at the highest densities 

considered here. The mean value of r/a shifts outward by 18% for the -2.0 m sightline and 

30% for the +2,0 m sightline for the highest density case (hc = 1.5 x 1 0 2 O m - 3 . ) 

The neutral particle flux from both the +2.0 m and -2.0 m sightlines has been shown 

to originate predominately in the central region of the plasma. The slight asymmetry 

found in the origin of the charge exchange flux between the +2.0 m and -2.0 m sightlinea 

is most severe for the assumptions made in the baseline calculation. The asymmetry is 

reduced as the plasma current is increased, and if the contribution from neutral particles 

at the outer plasma edge is reduced. 

5. Sensi t ivi ty to Plasma Parameters 

This method of calculating the central ion temperature from the measured effective 

temperature can only be used on a routine basis if it is insensitive to variations in the TFTR 

plasma discharge conditions other than the ion and electron temperatures. The charge 

exchange spectra were calculated for viewing tangency radii of ±2-0 m using the baseline 

TFTR discharge parameters and changing only the value of the central ion temperature, 

which was varied from 4 keV to 30 keV. The calculated value of T\ determined from the 

slope of the spectrum above the neutral beam injection energy is shown in Fig. 12a, using 

a Tc value taken from r/a — 0.1 for the -2.0 m sightline and from r/a = 0.34 for the 

+2.0 m sightline. The Ti determined from Teff is within 10% of the input value for the 

entire range of input ion temperature. 

This series of code simulations was repeated for variations in a single plasma param-
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eter, the other plasma parameters remaining fixed at the baseline values, in order to *.es'u 

for errors induced by changes in the plasma operating conditions. 

5.1 E lec t ron Dens i ty a n d Z-cff 

Changes in the electron density alter the neutral beam deposition in the plasma and 

the attenuation of the neutral particle flux as it exits the clasma, possibly causing a shift 

in the point of origin of the charge exchange flux. The simulations were done wHh central 

electron densities varying from 5 x 10 1 B m~ 3 up to 1,5 X l 0 2 0 m ~ s with a peaked density 

profile typical of TPTR energetic ion mode plasmas, (1 - r3/a2)*. The velues of calculated 

ion temperature were slightly lower for the highest density cases than for the baseline case, 

but remained within ±10% of the input value using T e taken from r/a = 0.1 for the -2.0 m 

sightline, while the values obtained for the +2.0 m sightline obtained using Tt taken from 

r / a = 0.34 were about 20% lower than the input 7} (Fig. 12b). The calculation was also 

done for a broader density profile, 7.5 x 10 1 8 (1 — r 2 / a z ) m " " 3 , with little change observed 

in the calculated T; (Fig. 12c). 

The value of Ze[f affects the rate of pitch angle scattering of Ihe high energy ions, a? 

well as the hydrogenic ion fraction of the plasma. A series of calculations were done with 

the baseline plasma parameters in which Zeff was varied from 2.5 to 4.5. The calculated 

2\ values generally fall within 10% of the input ion temperature using T e from the values 

of r/a noted previously for the full range of ion temperatures sampled (Fig. 13d) And over 

all Ztff values in this range. 

5,2 P l a s m a C u r r e n t 

The plasma current used for the TFTR baseline case, 0.85 MA, is near the minimum 

used in neutral-beam-heating experiments. As noted in Sec. 5, increasing the plasma 

current affects the origin of the charge exchange flux for the positive viewing radii, causing 

it to be more centrally vt righted for higher currents. The plasma curr'.rt waa varied from 

the baseline case up to 2 MA. The ion temperature calculated as a function of viewing 

sightline is shown in Fig. 13 for 1.9 MA plasma current. This demonstrates that the 

temperature derived from positive and negative sightlines is much more symmetric than 

in the baseline case (Fig. 6). The value of T» calculated from the negative views was 

unaffected by changing jjlasma current and remained within 10% of the input value for the 
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full range of input ion ten-.peratu^es using the previous Tc value, arising from r/a = 0.1. 

The values of 2; calculated from the positive viewpoint were within 10% of the input value 

(Fig. 14) if T e was taker from the smi'"er value of r / a = 0.2 than had been used at lower 

plasma current. 

5.3 Electr ic Field Effects 

The derivation of the ctatzal ion temperature from the slope of the charge exchange 

spectra above the maximum neutral beam injection energy is done assuming that the 

parallel electric field can be neglected. For typical TFTR operating parameters this leads 

to a possible error in Ti of 1%. However, the effects of ihe electric field iire fully included 

in the Fokker-Planck code calculations of the neutral energy spec-ra. The loop voltage for 

the energetic ion mode used as Lhe ' aseiine case is 0.11 V. Increasing the loop voltage by 

a factor of 10 to 1.1 V decreases the ion temperature determined from the -2.0 m sightline 

by 8.5% and increases the ion temperature from the +2.0 m sightline by 10%. The derived 

ion temperature for the '. vo cases is shown as a function of viewing sightline in Fig. 15. 

Neglect of the electric field even for large changes in the loop voltage of TFTR imposes 

less than 10% error in the ion temperature calculated from the high energy deuterium 

spectrum. 

6. Sensi t ivi ty to Neutral Beam Parameters 

The high eaergy deuterium neutral particle flux detected by '.he charge exchange 

analyzers derives almost entirely from neutral beam ions. It is expected that changes in 

the neutral ''earn parameters will affect the relative change exchange flux. 

The charge exchange spectra from TFTR baseline discharges were calculated with the 

Fokker-Planck code for neutral beam injection powers ranging from 12 MW up to 27 MW. 

Tb-» Ti values calculated from T e / / fell within 10% of the input ion temperatures over the 

full range of neutral beam powers (Fig. lSb) using Te values taken from r/a = 0.1 for the 

-2.0 m data and from r/a = 0.34 for the +2.0 m sightline. 

Small variations in the neutral beam injection energy could affect the value of the slope 

of the neutral beam slowing-down spectrum in the region where the T e / / fit is determined. 

Charge exchange spectra '.vere calculated for typical variations of ±10% in the neutral 

beam injection energy for several different cases. In one case, four of the beams were 
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injected with 95 keV, four with 100 keV, and four with 105 keV. Another variation was 

tested using all of the counter-injected beams at 90 keV and all of the co-injected beams 

at 100 keV. A third calculation was done with eight of the beams at 90 keV and four at 

100 keV. The most extreme deviation of the calculated i;- from the input value was found 

(Fig. 16c) when four of the beams were injected with 90 keV, four with 100 keV, and four 

with 110 keV. Even in this case the calculated Ti value fell within 10% of the input value. 

The high energy neutral particle flux accepted by a charge exchange analyzer with 

a positive sightline is primarily from co-injected neutral beams and that detected from a 

negative sightline is primarily from the counter-injected neutral beams. The ion temper

ature derived from the high energy charge exchange spectrum for all co (from the +2.0 

m sightline) or all counter neutral beam injection (for the '2.0 m sightline) as a function 

of input ion temperature is shown in Fig. 16d. The calculated ion temperature is within 

10% of the input value for the full range of ion temperatures. The calculated ion tem

perature is also within 10% of the input value for the cases of a co-viewing sightline with 

all counter-injection and for a counter-viewing sightline of all co-injection. However, the 

absolute value of the charge exchange flux is greatly reduced iu those cases. 

The ion temperature calculated from Teff is insensitive to the total neutral beam 

injection power and to ±10% variations in the mean neutral beam energy. It is also not 

sensitive to whether the neutral beams are injected in the co or counter directions. 

The solution to the Fokker-PIanck equation which yields Eq, (1) was solved as a linear 

problem by assuming that the slowing-down beam ions suffer energy diffusion through col

lisions only with a Maxwellian thermal population. At low plasma current (Ip < 1.1 MA), 

high beam power (Pb = 1 0 - 2 0 MW) operation in TFTR, the calculated ratio of beam ion 

density to thermal deuteron density at the plasma center can reach 1:3 during balanced 

injection, and even 1:1 during unidirectional co-injection. Under these conditions a non

linear solution to the Fokker-PIanck equation may be required, which incorporates energy 

diffusion of i^eam ions through collisions with other beam ions. The nonlinear effects are 

beyond the scope of this analysis, and will be addressed in a later work. 

7. Appl ica t ion to T F T R 

In the course of the TFTR operating period from January to July of 1987, charge 
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exchange measurements were made during deuterium neutral beam heating of deuterium 

plasmas to explore the application of this technique for obtaining central ion temperature 

measurements from fast ion spectra as described in this paper. A mass- and energy-

re. olving B\\B charge exchange analyzer [12,13] was used which was remotely scannable, 

enabling the sightline to cover a range of tangency radii from Rtan = 0,36-2.14 m in the 

horizontal midplane. This analyser 16 designated as EH 4 in Fig. 17, which shows the 

arrangement of the horizontal (EH) and vertical (EV) charge exchange analyzer arrays on 

TFTR relative to the neutral beam injectors. Of the three horizontal analyzers, only EH 

4 was equipped with a shield to suppress neutron- and gamma-induced noise signals in the 

microchannel plate detector [14]. Consisting of lead(~10 cm thick) nested inside borated 

polyethylene (~30 cm thick), the shield provided a 140 times reduction in the noise level 

relative to the unshielded analyzers. 

Charge exchange results will be presented for two neutral-beam-heating cases which 

are distinguished primarily by the presence of high (|tT^| = 6.8 x 10 s m/s, Case I) and 

low ( l ^ l = 1.5 x 10 s m/s , Case II) plasma toroidal rotation velocity. The tangency 

radius of the analyzer sightline was Rtan — +2.0 m for both cases. Some parameters 

characterizing the discharges are listed in Table II. Tlie charge exchange data will be 

compared with measurements from the horizontal X-ray crystal diagnostic [i5j which used 

the Doppler broadening of the NiXXVII Ka impurity line emission to obtain central plasma 

ion temperatures. 

7.1 Case I: High Toroidal Rotat ion 

Since the existence of a high plasma toroidal rotation velocity presents the most severe 

condition for application of this technique, this case will be discussed in detail. Co-injection 

only was used in this discharge with neutral beam sources 3A, 3B, 3C, 4B, and 4C (see 

Pig. 17), delivering a total injected deuterium neutral beam power of Pi, — 10 MW. 

The full energy ranged from 90 keV to 105 keV with a mean value of < Eini >= 95 

keV. The beams were injected from 4.0-6.0 seconds into t» toroidally limited, low density 

(« e = 0.6 x 1 0 1 9 m - 3 ) deuterium plasma. Following beam turn-on, the central toroidal 

rotation velocity rose rapidly to | t^| ~ 1 x 10 a m/s, but fell ab.-uptly to \v^\ = 6.S x 10 s m/s 

at t=4.4 s and remained constant at this value for the duration of the beam pulse. 
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The measured deuterium spectra in the energy range of 50-200 keV is shown in Fig. 

18 as a function of time during the 2 s ntutral-beam-heating pulse. The charge exchange 

data were acquired with a time resolution of 30 ms. A correction for the residual neutron-

and gamma-induced noise signal was also applied during the analysis. Noise correction is 

facilitated by using "masked" detectors which respond only to the neutron and gamma 

radiation to monitor the noise level as a function of time during the discharge. Using 

the relative neutron/gamma sensitivity of the individual charge exchange signal channels 

to the masked detectors determined by prior calibration, a time-dependent correction for 

noise on the raw charge exchange signal is obtained. 

A time-slice from this spectrum at t = 5.5 s shown in Pig. 19 illustrates two important 

features of the charge exchange spectra which are generally observed in the application 

of this technique. First, at energies modestly above the indicated mean injection energy 

the semi-logarithmic spectrum exhibits a linear behavior which extends to a maximum 

energy imposed by signal-to-noise considerations. In this example, a linear least-squares 

fit to the data (open circles) in the energy range of 124-187 keV yields a measured value of 

Teff = 16.2 keV. Secondly, the amplitude of the charge exchange spectrum extends almost 

four e-foldings above the neutron ncise level. Such strong signal levels are a significant 

experimental advantage of this technique. In fact with increasing injected bear l power the 

signal and the neutron noise levels both increase, which tends to preserve the favorable 

signal-to-noise ratio. 

The results of the analysis of the charge exchange data obtained by application of 

the procedures developed from the Fokker-Planck simulations and the toroidal rotation 

analysis (Appendix A) are shown in Fig. 20. The lower three curves provide reference 

waveforms for the total injected beam power, Pi, (MW), the line-integral electron density 

measured in the horizontal midplane with the 1-mm interferometer, r» t / (x l f l I 9 m~ 2 ) , and 

the time evolution of the central electron temperature, Te(keV), obtained by ^normalizing 

the Michelson interferometer waveform to the Thomson scattering data at t=5.5 s. A 

parabolic-squared TC{T) profile was assumed, and the Ee, T« values required in Eq. (5) 

were evaluated at r / a = 0.34 as prescribed by the Fokker Planck simulation results for 

the +2.0 m analyzer sightline. The upper dashed curve shows the results of the analysis 
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without correction for toroidal rotation effects. Application of the toroidal correction 

following the procedure given in Appendix A yields central ion temperatures from the 

charge exchange method shown by the solid data points. The toroidal rotation velocity 

in this example, \VJ,\ = 6.8 x 10 s m/s, is close t ° the maximum observed during neutral-

beam-heating experiments on TFTR to date [16]. Thus, for unbalanced neutral-beam-

heating experiments on TFTH., toroidal rotation corrections to the central ion temperature 

obtained by this charge exchange method are substantial, with corrections in the range of 

50% at the highest rotation speeds. Nevertheless, it is evident that reasonable agreement 

is found between the charge exchange results, which include the correction for toroidal 

rotation, and the central ion temperatures obtained from the horizontal X-ray crystal 

Doppler-broadening diagnostic (open data points). Preliminary analysis of an extended 

database consisting of approximately 70 shots covering a wide range of beam power [Pf, ~ 

2-18 MW) and toroidal rotation speed (u* ~ 1 — 8 x 10 s m/s) , which is in progress, 

continues to support this agreement. 

7.2 Case II: Low Toroidal Rotat ion 

The combined effects of balanced neutral beam injection and a higher electron density, 

both before and during the neutral beam pulse, lead to a relatively low toroidal rotation 

velocity for the discharge in this case with |t?^| < 1.5 x l05m/a throughout the 1.5 s 

heating pulse. The charge exchange data were analyzed in the same manner as discussed 

in Case I, but without inclusion of toroidal rotation corrections. As shown in Fig. 21, the 

derived central ion temperature from charge exchange (solid data points) is in agreement 

with the X-ray crystal Doppler-broadening measurement (open data points). Application 

of the procedure given in Appendix A yields a toroidal rotation correction to the charge 

exchange ion temperature of 7% for this case. The bars on the charge exchange data points 

in this plot show the variation in the derived ion temperature which results from imposing 

a ±0.1 change in the value of r/a = 0.34 used to determine the magnitude of Te and Ee 

in Eq. (5). 

The above examples illustrate that the charge exchange method advanced in this 

paper yields central ion temperature measurements which appear to be reliable, based 

on the agreement to within ±10% with data from the X-ray crystal Doppler-broadening 
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diagnostic. Although substantial corrections to the charge exchange data are required for 

discharges having high toroidal rotation velocity, a simple but adequate procedure has 

bien developed to correct for this effect. 

8. Conclusions 

This study has demonstrated that the central ion temperature can be extracted from 

the deuterium charge exchange spectrum obtained during deuterium neutral beam injection 

in TFTR energetic ion mode discharges. It has been shown that data obtained from 

sightlines at the mean tangency radius of the neutral beam, injectors originate near the 

plasma center for typical TFTR operating parameters. The central ion temperature is well 

reproduced despite wide variations in input plasma parameters. The calculated Tj values 

fall within 1095 of the input values for central plasma density variations from 5 x 1 0 1 9 m ~ s 

to 1.5 x 10 2 0 m 3 , density profiles of (1 -r2/a2)a where a varies from 1 to 4, 2.5 < ZtfJ < 

4.5, and plasma currents ranging from 0.85 MA to 2 MA. The calculated T,- values were 

insensitive to neutral beam power changes from 12 MW to 27 MW or to ±10% changes 

of the neutral beam injection energy about a mean value. Application of this technique 

to high energy charge exchange data from TFTR energetic ion mode plasmas yields ton 

temperature values which are in agreement with those obtained using other diagnostic 

methods. 

Appendix A: Toroidal Rotat ion Effects 

In TFTR the introduction of unbalanced neutral beam injection can induce large 

plasma toroidal rotation velocities. Rotation speeds of up to 8 x 10 5 m/s have been 

observed. The velocity of an ion in the rotating plasma is different from the velocity of the 

same ion detected by the charge exchange analyzer, both in magnitude and direction. This 

affects assumptions made about the relative importance of the electron collis mal effects 

in the determination of the distribution function. In addition, the siope of the measured 

ion energy distribution function is modified from its plasma frame value by the rotation. 

Toroidal rotation effects have not been included in the Fokker-Planck code used in this 

study. The purpose of this appendix is to estimate the importance of the toroidal rotation 

effects in interpreting charge exchange data, and to provide a method of correcting for 

them. 
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A . l Basis for Rotation Correction 

An energetic neutral hydrogen atom having a velocity Vi exiting a plasma which rotates 

toroidally with velocity v$ has a velocity v!at with respect to the charge exchange analyzer 

given by 

vi*b-Vi+v<t. {A\) 

The measured energy of this neutral, E/ab = ^rn^vtat]2 where m,- is the ion mass, is 

different from its energy Ei in the plasma frame, 

Ei = Etab - 2cos{8)^EiaiE<t, + E+. {A2) 

Here E^, is defined |mi |u$ l 2 and 9 is the angle between the charge exchange analyzer sight-

line and the direction of the plasma rotation. This energy in the plasma frame determines 

the effective temperature in the plasma frame, 

Vf< =;+1;..' w 
The distribution function in the laboratory frame is related to the distribution function 

in the plasma frame by 

f{EM) = f{Ei)j^ = (1 - ™>{f>)sj§^yE'/T'">. eqno(AA) 

If the distribution function in the lab frame is approximated by /(£[„(,) = Ae~s<-**/Ti°* 

where A is an energy dependent constant, then in the manner of Scott[17] minimization 

of the error integral 

with respect to T\ai will yield an expression for T j a 4 in terms of T e'*/. The limits of 

integration in this case are the energies from which the slope of the measured distribution 

function "vill be fit to obtain Tj„k- The result is 

TUJ, = &• -== (A6) 

V 'it 
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where a and b are determined by the integration limits, E^ = a T e ' „ and Ez = ^'effi ^ d 

F ( a u - l 2 ( ^ - a 2 5 ) - 1 0 ( & 1 5 - a 1 - 5 ) ( a + 6) 
* l « . » ; - 5 ( 6 3 _ 0 s j _ 3.75(62 _ a2^a + 6 ) • ^ 

Figure 22 shows Ffo, fe) foT ranges of a,b appropriate for neutral-beam-heated TFTR dis

charges. 

Another effect stemming from the toroidal plasma rotation, results from the fact that 

the angle of the velocity of the tons detected by the charge exchange analyzer is fixed, so 

that the angle between the ion velocity and the neutral beam velocity is different in the 

plasma and laboratory frames. The angle between the velocity of the escaping neutrals 

which are detected by the charge exchange analyzer and the direction of neutral beam 

injection is derived from Vb • "i and is given by 

cos(eib] - _ ^ ) v ^ - ^ ( < M 3 ^ i {M) 

yjEu, - 2coa(8)(E4,Eiak)i + E+ 

where ?76 is the neutral beam velocity, 0|j, is the angle between the neutral beam injection 

angle and the charge exchange analyzer sightline, and co$(fl&$) s= Rtan/Ra 's the angle 

between the neutral beam injection and the plasma major radius. 

A.2 M a g n i t u d e of t h e R o t a t i o n Correc t ion 

Consider the case described in Table I, used as the baseline data set for these calcu

lations, where Teff = 9.7 keV was found for the +2.0 m sightline. From the shell-by-shell 

study of the neutral particle source it was determined that Ec should be chosen from 

T e ( r / a = 0.34), •which in this case yields Ec =87.5 keV. If a spatially constant toroidal 

rotation is applied at a velocity |w^| = 8 X 105 m/s , the effective energy of rotation will 

be E^ =6,7 keV. The angle between the major radius and the charge exchange sightline is 

coa(6) — 0.72. Thus 140 keV ions in the laboratory frame will have a relative energy in the 

plasma frame of Ei =102.6 keV. This results in T'c.. s=11.43 keV. For fitting this example, 

values of a and b are typically 10 and 15 respectively, which gives ^(0,6) — 0.28. Appli

cation of Eq. (A6) yields T ( a j = 13.41 keV. Use of this value to calculate Ti from Eq. (5) 

would result in T, =29 keV, whuh is 45% higher than the 20 keV input ion temperature. 
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A rotation speed of \v$\ = 5 x 10 s m/s, which is more typical of unbalanced neutral-

beam-injected T F T R discharges, leads in a similar fashion to a 33% overestimate of the 

ion temperature. 

Code simulation of the rotating case was done by injecting the co-going neutral beams 

at a reduced energy determined by E = Et — 2yfE\>E$ + E$, which v/as 55 keV for |v$[ = 

8 x 10 s m / s and £ 6 — 100 keV. Tt/j determined from the resulting distribution function 

using energy fit limits similarly reduced from those used in the nonrotating plasma was 

9.9 keV rather than 11.43 keV as was estimated above. Several similar calculations using 

different values for |v$| resulted in a maximum deviation in T'cff from Trjf of 4%. This 

probably results from deposition of beam ions at larger major radii in the reduced energy 

simulations. This simulation represents one extreme in the analysis of the rotation problem 

because the plasma rotation in TFTR varies as a function of radius. As such, direct 

substitution of T'cj. for Trfj results in a lower limit for the toroidal rotation correction 

which must be applied to any charge exchange data obtained from a rotating plasma. 

For an average neutral beam injection tangency radius of 2.0 m and a charge exchange 

analyzer sightline of 2.0 m, it can be seen from Eq. (A8) that the ions which are detected 

in the analyzer from a plasma rotating with \v$\ = 8 x 10 5 m/s deviate 10° from the neutral 

beam tangency radius, which is an effective sightline of 1.95 ra. This small deviation does 

not significantly affect the determination of Tj from Teff for this sightline. 
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Table I. Plasma Parameters Used in the Simulations 

TFTR High Ion Energy Mode Baseline Shot Based on #26608 

T.(r) = T e 0 x (1 - r 2 / * 2 ) 2 keV, Te0 = 6keV 

Ti(r) = Ti0 x (1 - r 2 / a 2 ) * keV, Ti0 = 20 keV 

n* = n e 0 x (1 - r 2 / a 2 ) 4 , n e o = 7-5 x 1 0 1 9 m - a 

F j M r a = 10.5 MW (24 MW, balanced injection used in simulations) 

Eh-!am = 100 keV 

Zeff = 3-5 

A i m p = 20 

^imj> = 1 0 

no(r/u = 0) = 1.5 x 1 0 1 2 m - s , no{r/a = 1) = 5.5 x 1 0 1 4 m - 3 , FRANTIC profile 

Btoroidal = 5.1 T 

I P i . .m. = 0-85 MA 

VlBOV = 0.1 V 

Variation of Parameters Used in the Simulations 

T e{r) = T e 0 x (1 - r 2 / a 2 ) 2 keV, Tt0 = 6keV 

Ti(r) = Tic x (1 - r 2 / a 3 ) 2 keV, 4 < T i 0 < 30 keV 

nc = n e 0 x (1 - r2/a?)a, 5 x 10 l f l < n e 0 < 1.5 x 1 0 2 o

m - 3 , a = 1, a = 4 

12MW< Pbcam < 27 MW, balanced, all co, all counter 

90keV< £ » e i m < 110 keV, equal and mixed energies 

2.5 < Zcff < 4.5 

Aimj, = 20 

Zimp = 10 

n0(r/a = 0) = 1.5 x 1 0 1 2 m - 3 , na(r/a = 1) = 5.5 x 1 0 1 4 m - 3 , FRANTIC profile 

Btoroidai = 5.1 T 

0.85MA< Ipta,n,a < 2 MA 

0.1V< l ^ < 1.1 V 
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Table II. Plasma Parameters for the Experimental Results 

Parameter Case I Casell 

(#31457) (#30655) 

/ P (MA) 0.9 1.1 

Bt(1) 4.8 4.8 

R(m) 2.45 2.45 

a(m) 0.8 0.8 

P»(MW) 10.0 13.2 

P„ (MW) 10.0 7.0 

Pctr(MV?) 0.0 6.2 

Cofrac* 1.0 0.06 

| ^ | ( m / « ) " 6.8 x 10 s 15 x 10 s 

n e , target(m~ 3 ) 0.6 x 10 1 8 1.1 x 10 1 9 

n e ,beam(m~ 3 ) 1.6 x 10 l» 2.8 x 10 1 B 

*Cofrac=(F c o — Petr)/(Pco 4 Pctr) where Pco,Pct. is the co- and counter-injected beam 

power respectively. 

"Representative value during the neutral-beam-heating pulse. 
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Figure Cap t ions 

Figure 1. Fokker-Planck calculation of the deuterium charge exchange neutral spectrum 

from the -2.0 m viewing sightline during deuterium neutral be,«n injection foT a baseline 

energetic ion mode discharge. % - 20 keV, T e = 6 keV, n e = 7.5 x 10 1 9 ( l - r 7 / a 2 ) 4 m ^ 3 , 

ZlfJ = 3.5, Iplal7na = 0.85 MA, Pbtam = 24 MW, BtOToiiai = 5.5 T, V, = 0.11 V. 

Figure 2. Orientation of sightline tangency radii for cV,. rge exchange neutral code sim

ulation on TFTR. Positive sightlines view co-goiDg neutrals while negative sightlines see 

counter-moving neutrals. The plasma major radius is RQ =2.45 m, and simulations were 

done for -2-5 < Rtan < +2.5 m. 

Figure 3. The critical energy for determination of the relative contribution of the ion and 

electron temperatures to Tc/f as a function of radius. Te = Te0(l — r2/a2), T e 0 = 4, 5, 6, 

S, and 10 keV, E0 - 140 keV, [Z\/Ai = 1/2, Ab = 2. 

Figure 4. Ti{r), Tc(r), Tcff(r) for the baseline high ion energy mode discharge, showing 

the difference between Ttff and Ti as a function of plasma radius. 

Figure 5- T e///T< as a function TJTi for % =1,5,9,13, and 17 keV, Tt < T, < 30 keV. 

The hatched area shows the typical operating regime for neutral-beam-heated discharges 

in TFTR. 

Figure 6. Tefj and Tj calculated from T^fj using Tc at r/a = 0.1 as a function of charge 

exchange analyzer viewing sightline. The lower error bar is from Tt for r/a = 0. ?nd the 

upper error bar is with Te from r / c = 0.2. 

Figure 7. Natural logarithm of the calculated neutral particle efHux from the plasma as a 

function of viewing sightline at 128 keV for all co, all counter, and balanced neutral beam 

injection. Pt, — 12 MW, 7j = 12 keV, and all other j_.ii.ixr> ters are from the baseline 

TFTP. energetic ion mode discharge. 

Figure 8. Calculated neutral particle efflux from the plasma for the ± 2.0 m sightlines as 

a function of position of origin for 128 keV neutrals and 160 keV neutrals. All parameters 

are from the TFTR energetic ion mode baseline discharge. The mean origin of flux for the 

->-2.0 m sightline is 2.72 ra (r/a = 0.43) at 128 keV, and 2.58 m (r/a -- 0.26) at 160 keV. 

The mean origin of flux for the -2.0 m sightline is 2.46 m (r/a = 0.29) at 128 keV, and 

2.44 m (r/a = 0.2) at 160 keV. 
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Figure 9. Percentage asymmetry between Te/j calculated for ±2.0 m sightlires as a func

tion of plasma current. All other parameters are from the TFTR energetic ion morl« 

baseline discharge. 

Figure 10. Mean origin of the calculated neutral particle flux from the plasma for sightlines 

at ±2.0 m at neutral energies of 128 keV and 160 keV as a function of plasma current, 

Fig"ire 11, T e / / and the ion temperature derived from Teff as a function of viewing 

sightline calculated with an asymmetric neutral density source, having a maximum of 

•5 x l 0 1 4 m - 3 at the inner plasma edge, decreasing to a mmim«'n of 2 x 10 1 2 ro~ 3 at the 

plasma center, and extending to the outer plasma edge. All other parameters are from the 

TFTR energetic ion mode baseline discharge. 

Figure 12. Ti calculated from Ttjf as a function of the central ion temperature uzed in 

the Fokker-Planck calculation. T; from the -2.0 m sightline are calculated with Ec and Te 

from r/a = 0.1 and the +2.0 m sightline from r/a — 0.34. Plasma parameter scenarios 

correspond to a) the T F T R energetic ion mode baseline case, b) high electron density 

( n e 0 = 1-5 x 10 2 0 m~ 3 ) , c) broad electron density profile, n e = 7 . 5 X 10 1 8 (1 - r 2 / a 2 ) m - 3 , 

and d) Z t / / = 4.5. All unmentioned parameters for each case are from the T F T R energetic 

ion mode baseline discharge. 

Figui e 13. Ti calculated from Tefj as a function of viewing sightline for a plasma current of 

1.9 MA. The values derived from the positive and negative sightlines are nearly symmetric. 

All other parameters ere from the TFTR energetic ion mode baseline discharge. 

Figure 14. TJ derived from Tc/j as a function of the input value of Ti used in the Fokker-

Planck calculation for a plasma current of 2 MA. All other parameters are from the TFTR 

high ion energy mode baseline discharge. 

Figure 13. Ti calculated from Teff as a function of viewing sightline for an artificially 

high loop voltage (1.1 V) case compared to the TFTR energetic ion mode baseline case 

with loop voltage 0.11 V. T; obtained from the -2.0 m sightline is decreased 8,5% and Tj 

obtained from the +2.0 m sightlWe is increased 10% over the baseline discharge. Ail other 

parameters are from the TFTR energet/j ion mode baseline discharge. 

Figure 16. Ti derived from Tcjf as a function of the input value of Ti uued in the Fokker-

Planck calculation for different neutral beam injection parameters. These are a) the TFTR 
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energetic ion mode baseline case, b) 12 MW balanced injected beam power, c) mixed 

neutral beam, energies, four at 90 keV, Four at 100 keV, and four at 110 keV, and d) 

12 MW all co injected beams viewed from the +2.0 m sightline and 12 MW all counter 

injected beams viewed from the -2.0 m sightline. All other parameters are from the TFTR 

energetic inn mode baseline discharge. 

Figure 17. Plan-view schematic of the TFTR showing the arrangement of the charge 

exchange analyzer arrays and the neutral beam injectors. 

Figure 18. Measured deuterium spectra in the energy range of 50-200 keV during co-

injection of deuterium neutral beams from 4.0-6.0 s into a deuterium plasma. 

Figure 19. Deuterium charge exchange spectrum at t=5.5 s and the simultaneously mea

sured neutron- and gamma-induced noise level. A linear least-squares fit to the data (open 

circles) in the energy range of E=124-187 keV yields T e / / =16.2 keV". 

Figure 20. Comparison of the central ion temperature from charge exchange corrected for 

toroidal rotation effects (circles) with horizontal X-ray crystal Doppler broadening data 

(squares). The central rotation velocity in the case was 6.8 x 19 s m/s. The upper dashed 

curve corresponds to the charge exchange data without correction for toroidal rotation. 

The lower curves show the total injected beam power, the line-integral electron density 

from the l-mm interferometer, and the central electron temperature from the Michelson 

interferometer renormalized to the Thomson scattering measurement at t=5.5 s. 

Figure 21. Comparison of the central ion temperature measured by charge exchange 

(solid circles) and X-ray crystal Doppler broadening (open circles) for a discharge with 

low toroidal rotation velocity (\v^\ < 1.5 X 10 s m/s). The toroidal rotation correction to 

the charge exchange data is small (^7%) and has not been applied to the data as shown. 

Figure 22. F(a,b) to be used in analysis of the effects of toroidal rotation on the high ion 

energy spectra obtained from TFTR discharges during unbalanced neutral beam injection. 

F is calculated for 6 < a < 11 and for 6 < b < 20. 
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