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Abstract 

The Fokker-Pl&nck code FPPRF is used to calculate the expected deuterium charge 
exchange nux along vertical sightlines from TFTR neutral-beam-injected discharges. The 
feasibility of obtaining central ion temperature measurements by fitting the spectra ob­
tained from these sightlines at two energy regions-above the highest neutral beam injection 
energy {> 100 keV) and from 20-80 keV-ia investigated. It is demonstrated that the cen­
tral ion temperature can be obtained from the central vertical sightline by fitting the high 
energy data. The deuterium neutral particle flux energy distribution below the neutral 
beam injection energy is insensitive to the code input ion temperature, however. 
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1. I n t r o d u c t i o n 

Typical energetic ion mode operation on the Tokamak Fusion Test Reactor (TFTR) 

utilizes deuterium neutral beams injected into a low density deuterium plasma [1]. Mea­

surement of the central ion temperature in these plasmas by charge exchange neutral energy 

analysis is difficult because the deuterium charge exchange flux is dominated by beam ions 

[2], which impart the characteristic shape of the neutral beam slowing-down spectrum to 

the measured neutral energy distribution. In addition, the hydrogen concentration of the 

plasma is very low, typically H/{H + D) ~ 1.5%, so that there is insufficient neutral hy­

drogen flux to obtain a spectrum from the thermal background plasma. The purpose of 

this work is to investigate the nature of the deuterium charge exchange spectra obtained 

from vertically viewing sightlines by using the Fokker-Planck code FPPRF [3] to calculate 

the expected charge exchange flux from neutral-beam-injected plasmas. The feasibility of 

using data from these sightlines to determine the central ion temperature is discussed. 

The fast neutral flux obtained from a vertical charge exchange analyzer sightline is 

derived both from the background thermal plasma and from neutral beam ions which have 

pitch angle scattered through the appropriate angle. The first goal of this study is to 

determine whether the deuterium flux from the thermal plasma is sufficiently Irrgc com­

pared to the flux arising from the neutral beam ions to be used to obtain the plasma ion 

temperature. Secondly, application of the technique of fitting the ch&rge exchange neutral 

energy spectra above the neutral beam injection energy to obtain the central ion tempera­

ture, which was demonstrated successfully for data obtained from tangential sightlines [4], 

is explored for vertical sightlines. A neutral energy spectrum determined from the central 

vertical chord from a 20 keV ion temperature plasma using the baseline TFTR parameters 

described in Sec. 2 is shown in Fig. 1. The spectral regions from which the temperature is 

obtained are the mid-range region, 20-80 keV, and the high energy region, 120-160 keV. 

The highest neutral beam injection energy is 100 keV. 

2. Experimental Conditions used in Simulations 

The vertically viewing charge exchange neutral analyzer (CENA) array on TFTR 

consists of eight separate analyzers, two of which have mass resolving capability. These 

are positioned in the basement diagnostic area underneath TFTR. The sightlines (Fig. 2) 
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correspond to major radial positions of 1.94 m, 2.08 m, 2.22 m, 2.44 m, 2.7 m, 2.97 m, 3.1 

m, and 3.23 m. The analyzers positioned at 2.44 m and 2.97 m are mass resolving, 

A T F T R energetic ion mode shot was selected to provide baseline code input parame­

ters for the Fokker-PIanck calculations of the charge exchange neutral energy spectra. The 

plasma has a major radius of 2.45 m and minor radius of 0.8 m. The chosen parameters 

wheren c{r) = 7 . 5 x l 0 1 B x ( l - 7 - 2 / a 2 ) 4 m - s , Tc{r) = 6 x ( l - r 2 / a 2 ) keV, T< = 2 0 x ( l - r 2 / a 2 ) 

keV, ZtJf = 3.5, AimpMrity = 20, Zimpuntr = 10, I p l a t m a = 0.85 MA, V,OOJ, = 0.1 V, and 

B toroidal = 5 T with 10.5 MW neutral beam power at an energy of 100 keV. The neutral 

density profile was calculated with the FRANTIC code[5] and is a cylindrically symmetric 

function of minor radius with a central value of no = 1.5 X 1 0 l a m ~ s and an edge value of 

«o = 5 x 10 J 4 m~*. A total neutral beam power of 22 MW was used in the simulations. 

These baseline parameters are summarized in Table L 

3. T h e Neutral Energy Spectra from 20-80 keV 

The charge exchange neutral flux calculated for the eight vertical sight lines from a 20 

keV ion temperature plasma are shown in Figs. 3a and 3b. The characteristic features of 

the neutral beam slowing-down spectra at 100, 50, and 33 keV corresponding to the full, 

one-half, and one-third energy components of the neutral beam are apparent. 

A comparison of two calculated neutral energy spectra from the central vertical sight-

line at 2.44 m using 15 and 30 keV input ion temperatures is shown in Fig. 4. It can be 

seen that the slopes of the spectra in the range of 20-80 keV are extremely similar. The 

spectra were fit in the energy range of 20-80 keV to obtain a temperature 

T,iPPt = 'aHdre'lf <•) dEl y</EdE 'J J 

for each sightline. The results, calculated for input ion temperatures of 15, 20, and 30 

keV, are plotted as a function of vertical sightline position in Fig. 5. As is apparent from 

that figure, the temperature determined from the 20-80 keV region of the neutral energy 

spectrum is completely insensitive to the input ion temperature. 

The particle fraction at each neutral beam energy was varied to test the importance of 

the neutral beam energy distribution for determining the charge exchange neutral energy 

distribution. The results are pictured for the 2.44 m sightline in Fig. 6. These cases are for 



neutral beam current fractions (full, one-half, one-third) of 20:40:40:, 20:50:30, 30:40:30, 

and 70:15:15. The slope of the spectra in the 20-80 keV range in these cases is determined 

primarily by the percentage of current in the full energy component of the neutral beam. 

The slope of the spectra lying above the highest neutral beam injection eneTgy is unaffected 

by these ratios, however. 

Vertical sightline charge exchange spectra were calculated for the cases of all co- and 

all counter-injection for an input ion temperature of 20 keV with 24 MW neutral beam 

injection. The temperature calculated from the 20-80 keV energy range as a function 

of analyzer sightline is shown in Fig. 7. For all sightlines the temperatures determined 

during co-injection are lower for those with counter-injection, but the difference is very 

pronounced for the innermost sightlines at 1.94 m and 2,08 m. The input ion temperature 

was increased to 30 keV for the all counter-injected case, and temperature (again fit from 

20-fcD keV) as a function of vertical sightline is compared to the Bame calculation for the 

20 keV ion temperature in Fig. 8. Again, there is no sensitivity to input ion temperature. 

The lack of dependence on the input ion temperature in the intermediate energy range 

indicates that fitting the passive deuterium charge exchange spectrum below the highest 

neutral beam injection ene-gy will not yield a measure of the central ion temperature. 

Referring again to Fig. 4, note that the slopes of the spectra above the 100 keV neutral 

beam injection energy are very different for the two cases having input ion temperatures 

of 15 keV and 30 keV. This suggests that the technique developed earlier for tangential 

sightlines [4] to derive the ion temperature from the charge exchange spectrum above the 

neutral beam injection energy can also be applied to the vertical sightlines. 

4. The Neutral Energy Spectra above 100 keV 

Earlier work for tangential charge exchange analyzer sightlines on TFTR [4] demon­

strated that the central ion temperature could be determined from the slope of the charge 

exchange spectra occurring above the neutral beam injection energy. The temperature, 

Ttfj, determined from the slope of the spectrum in that region [as in Eq. (1)] is related 

to the central ion temperature [6] by 

T . fl + (g) 1 J r . 
" ' l + (£r±r-.9.58xl0»fjl£l(J^' 
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In this equation Ti and T e are the ion and electron temperatures, Zt, and Ai, are the charge 

and mass of the neutral beam ions, and Ee 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 = Ab([3)2'3U.8Tt (3) 

where 

Ai ^ ne At ln\e' ( ' 

The remaining term in the denominator accounts for the effects of the toroidal electric 

field, where r, is the slowing-down time of the fast ions, vy is the beam ion velocity, and 

\E*\ = |£ | (1 - Zb/Ztff) where \E\ is the magnitude of the electric field in Volts/cm. It 

was determined in [4] that the electric field term in this equation could be neglected. 

Ti determined from T c / / as a function of analyzer sightline is shown in Fig. 9 for 

three values of input ion temperature, 15 keV, 20 keV, and 30 keV. The values of Tj 

determined for the central sightline at 2.44 m are within 10% of the input value for the 

three cases shown. However, the error increases rapidly for the noncentral sightlines due to 

the steepness of the electron temperature gradient outside of the plasma center. The error 

bars included on the calculated ion temperature are taken from the limits of the electron 

temperature variation over the width of the radial shell used by the Fokker-Planck code to 

determine the ion temperature. Even including the uncertainty in the electron temperature 

in the calculation, the ion temperature determined from noncentral sightlines is higher than 

the input value. Multiple vertical sightlines are required in actual operation to ensure that 

a central ion temperature can be obtained when different modes of plasma operation cause 

the plasma center to be shifted away from the vacuum chamber center. 

This calculation was repeated for all co- and all counter-injection cases and the result­

ing Ti determined from the slope above the neutral beam injection energy is compared to 

that determined in the baseline case in Fig. 10 for a 20 keV input ion temperature. There 

is very little difference in the three cases. The value determined from the central sightline 

agrees very well with the input va*ae, but the noncentral values are all higher than would 

be expected. 
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A shell by shell calculation of the charge exchange flux was done in order to deter­

mine the spatial origin for the data. The plasma is divided into ten radial shells for the 

Fokker-Planck calculation, and the contribution to the neutral particle flux ia determined 

individually for each shell. Figure 11 shows the contribution to the flux from the full (100 

keV), one-half (50 keV) and, one-third (33 keV) energy components of the neutral beam 

for the central (2.44 m) sightline. The flux at all three energies increases with radial shell 

number and peakB in the sixth and seventh shells. Also shown in Fig. 11 is the charge 

exchange flux calculated at 140 keV as a function of radial shell number- In this case 

the origin of the flux is peaked for the central four radial shells. This implies that the 

ion temperature derived from the central vertical sightline above the highest neutral beam 

injection energy will represent the central ion temperature. However, the charge exchange 

spectrum below the neutral beam injection energy is derived from r/a >0.5 (corresponding 

to the fifth and more outboard radial shells). 

Figure 12 shows a comparison of the charge exchange spectrum obtained from the 

central vertical sightline and from a tangential sigbtline for the same plasma conditions. 

The calculated flux above the neutral beam injection energy from the vertical sightline is 

lower than that in the tangential sightline by one e-folding. This indicates that acquiring 

sufficient signal in the vertical CENA array to measure the central ion temperature from 

the slope of the distribution function is more difficult than in the tangential case, but is 

possible. 

5. Conclusions 

A central ion temperature measurement -.an be obtained from the charge exchange 

data collected from the vertical CENA array on TFTR by fitting the central sightline data 

at energies higher than the neutral beam injection energy. The Fokker-Planck calculation 

of the neutral particle flux at high energy gives an energy spectrum which is consistent 

with the input ion temperature, and which arises from the plasma center. The spectra 

calculated for noncentral sightlines result in an inconsistently high value compared to the 

input ion temperature for those sightlines, however. 

Fitting the calculated vertical sightline neutral energy spectra at energies below the 

neutral beam injection energy leads to ion temperature values which are not sensitive to 
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the input ion temperature for the calculations. The spectrum in this energy region (20-80 

keV) is primarily sensitive to the distribution of neutral beam particles between the full, 

one-half, and, one-third energy components. An ion temperature cannot be derived from 

the vertical sightline deuterium data below the neutral beam injection energy. 
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Table la. Plasma Parameters Used in the Simulations 

TFTR High Ion Energy Mode Baseline Shot Based on #26608 

T«(r) = Tt0 x (1 - r2/a2)2 keV, T i 0 = 6 keV 

Ti{r) = Ti0 x (1 - r2/a2)2 keV, 2} 0 - 20 keV 

nt = nt0x(l- r2/a2)*, n e 0 = 7.5 x lO^m" 3 

Aean» = 10.5 MW (22 MW used in simulations) 

J5»««m = 100keV 

Ztff = 3.5 

Aimp = 20 

Zim, = 10 

n<,(r/a = 0) = 1.5 x 1 0 1 2 m - s , no(r/o = 1) = 5.5 x lO^m" 3 , FRANTIC profile 

Btoroiiml = 5-1 T 

/,;«»» = 0.85 MA 
VJ„,=0.1V 
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Table lb. Neutral Beam Injection Tangency Radii used in Simulations 

Baseline: 
Beam Radiua Power 

2A -1.73 m 2MW 
2B 1.99 2 
2C -2.23 2 
3A 2.53 2 
3B 2.31 2 
3C 2.07 2 
4A 2.84 2 
4B 2.63 2 
4C 2.41 2 
5A 2.23 2 
5C 1.75 2 

All co: All counter: 
Radiua Power Radius Power 
2.25 m 8MW -1.75 m 8 MW 
2.0 8 -2.0 8 
1.75 8 -2.25 8 
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Figure Captions 

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

from the 2.44 m vertical sightline during deuterium neutral beam mjection for a baseline 

energetic ion mode discharge. T f = 20 keV, Tt = 6 keV, ne = 7.5 x 10 1 8 (1 - r 2 / a 2 ) 4 m - 3 , 

ZtJf = 3.5, Ipjaimo = 0.85 MA, P^,,™ = 22 MW, BtOToid*i = 5.5 T, V( = 0.11 V. The ion 

temperature will be derived from the slope of the distribution function in the mid-range, 

20-80 keV and above the highest neutral beam injection energy, 120-160 keV. 

Figure 2. Orientation of the vertical CENA sightlines on TFTR. The plasma major radius 

is RD =2.45 m. Simulations were done for each of the CENA sightlines at major radial 

positions of 1.94 m, 2.08 m, 2.22 m, 2.44 m, 2.70 m, 2.97 m, 3.10 m, and 3.23 m. 

Figure 3. Fokker-Planck calculation of the deuterium charge exchange neutral spectrum 

from the vertical sightlines a) at 1.94 m, 2.08 m, 2.22 m, and 2.44 m and from the vertical 

sightlines b) at 2.70 m, 2.97 m, 3.10 m, and 3.23 m during deuterium neutral beam 

injection for a baseline energetic ion mode discharge. l j = 20 keV, Te — 6 keV, n e = 

7 . 5 x l 0 1 9 ( l - r 2 / a 2 ) 4 m - s , ZtJ/ = 3.5, J p , 0 i n , . = 0.85 MA, Pbtam = 22 MW, 5 t o r o « n , = 5.5 

T, Vt = 0.11 V. 

Figure 4. Fokker-Planck calculation of the deuterium charge exchange neutral spectrum 

from the 2.44 m (central) vertical sightline for input ion temperatures of 15 keV and 30 

keV during deuterium neutral beam injection for a baseline energetic ion mode discharge. 

T« = 6 keV, n, = 7.5 x 10 1 B(1 - r 2 / a 3 ) * m - s , Z,f, = 3.5, 7 , i . l m , = 0.85 MA, P b t m = 22 

MW, Bu^u.1 = 5.5 T, V, = 0.11 V. 

Figure 5. 1J derived firom the slope of the calculated charge exchange spectrum in the 

energy range 20-80 keV for input ion temperatures of 15 keV, 20 keV, and 30 keV during 

deuterium neutral beam injection. As the data clearly indicate, the 20-80 keV range of 

the charge exchange spectrum is insensitive to the bulk plasma ion temperature. All 

other parameters are those of the baseline energetic ion mode discharge. T. = 6 keV, 

n« = 7.5 x 10"(1 - r 2 / a a ) 4 m - 9 , Ztff = 3.5, / , , . , „ . = 0.85 MA, A«™ = 22 MW, 

Btor**, = 5.5 T, 15=0.11 V. 

Figure 6. Fokker-Planck calculation of the deuterium charge exchange neutral spectrum 

from the 2.44 m (central) vertical sightline for different neutral beam current fractions dur-
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ing deuterium neutral beam injection for a baseline energetic ion mode discharge. The spec-

tra are for energy distributions of (full: one-half: one-third) 70:15:15, 30:40:30, 20:50:30, 

and 20:40:40. Ti = 20 keV, T e = 6 keV, ne = 7.5 x 10 1 9 (1 - r2/a2)*nr3, Zcf/ = 3.5, 

^ j . .m. = 0.85 MA, Pbeam = 22 MW, Bt0Toidat = 5.5 T, V, = 0.11 V. 

Figure 7. Ti derived from the slope of the calculated charge exchange spectrum in the 

energy range 20-80 keV for all co- and all counter deuterium neutral beam injection. All 

other parameters are those of the baseline energetic ion mode discharge. Ti = 20 keV, 

T e = 6 keV, n e = 7.5 x 10 1 0 (1 - r^l^fmT3, Ztf} = 3.5, I p l a t m a = 0.85 MA, Pbtam = 24 

MW, B t o r e i d a t = 5.5 T, Vi = 0.11 V. 

Figure 8. Ti derived from the slope of the calculated charge exchange spectrum in the 

energy range 20-80 keV for all counter deuterium neutral beam injection for input ion 

temperatures of 20 keV and 30 keV. All other parameters are those of the baseline energetic 

ion mode discharge. T. = 6keV,n . = 7 . 5 x l 0 l » ( l - r 2 / o 2 ) 4 m - 3 , Ztf} = 3 . 5 , 7 P / . J m . = 0.85 

MA, ft„m = 24 MW, B«aPOI-dai = 5.5 T, V, =0.11 V. 

Figure 9. T± calculated from Ttjj (the inverse of the slope of the deuterium charge exchange 

spectrum above the highest neutral beam injection energy) as a function of vertical sightline 

for input ion temperatures of 15 keV, 20 keV, and 30 keV. The error bars rrflect the 

variation in the electron temperature over the width of the Fokker-Planck shell used to 

calculate the neutral purticle spectra. All other parameters are from the TFTR energetic 

ion mode baseline discharge. 

Figure 10. Tj calculated from Ttff as a function of vertical sightline for ail co-injection, all 

counter-injection, and for the baseline case for an input ion temperatures of 20 keV. All 

other parameters are from the TFTR energetic ion mode baseline discharge. 

Figure 11. Calculated neutral particle efflux from the plasma for the 2.44 m vertical 

sightline as a function of Fokker-Planck shell for the full (100 keV), one-half (50 keV), 

and one-third (33 keV) neutral beam energy components (open data points). The flux is 

peaked in shells 5-7. The flux at 140 keV is peaked in the center 4 sheik (solid data points). 

All parameters are from the TFTR energetic ion mode baseline discharge. Ti = 20 keV, 

T e = 6 keV, n e = 7.5 x 10 1 9 (1 - r 2 / a 2 ) 4 m - 3 , Ztlt = 3.5, / p i „ m . = 0.85 MA, fte.w = 22 

MW, BtorM.1 = 5.5 T, / , = 0.11 V. 

12 



Figure 12. Fokker-Planck calculation of the deuterium charge exchange neutral spectrum 

from the 2.0 m tangential sightline compared to that from the 2.44 m vertical sightline 

during deuterium neutral beam injection for a baseline energetic ion mode discharge. Tj = 

20 keV, Tt = 6 keV, nt = 7.5 x 1 0 l e ( l - r 2 / a 2 ) ' : m - 3 , Zeff = 3.5, 7 p , 0 . m o = 0.85 MA, 

Pbtim. = 22 MW, Steroidal = 5-5 T, V, = 0.11 V. Ti calculated for the vertical view 

compares favorably with that obtained in the tangential case. 
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