- - P—

, e 757X
19545% er’PPLgZ\Q"ﬁ R e
5“0 UC20-F REPRODUCEL

4Rl BEST 4 FROM
PUAVAILASLE copy

[}

10N TEMPERATURE BY CHARGE EXCHANGE NEUTRAL ANALY. S FROM VERTICAL
SIGHTLINES ON THE TOKAMAK FUSION TEST RZACTOR

By

C.L. Fiore, 5.S. Medley, G.W. Hammett, R. Kaita, and S.D. Scott

DECEMBER 1987

PLASMA
PHYSICS
LABORATORY

. PRINCETON UNIVERSITY
PRINCETON, NEW JERSEY

ONDER CONTRACT ~-76=CH0~3073 .
ﬁm UTIBK OF THS $ECU6ET 18 UNLIRITED




PPPL--2490

DE88 009351

Ion Temperature by Charge Exchange Meutral Analysis from Vertical
Sightlines on the Tokamak Fusion Test Reactor

C.L. Fiore
Plasma Fusion Center, M.L.T.
Cambridge, MA 12139, USA

S.S. Medley, G.W. Hammett, R. Kaita, and S.D. Scott
Plasma Physics [.aboratory, Princeton University
P:inceton, NJ 08544, USA

Abstract

The Fokker-Planck code FPPRF is used to calculate the expected deuterium charge
exchange flux 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. Introduction

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 jon 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 characteriatic 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 jon temperature is discussed.

The fast neutral flux obtained from a vertical charge exchange analyzer sightline is
derived both from the background thermel plasma and from neutral beam ions which have
pitch angle scattered through the appropriate angle. The first geal of this study is to
determine whether the deuterium flux from the thermal plasma is sufficiently Irrg- 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 cha:ge exchange neutral
energy spectra above the neutral beam injection energy to obtain the centrai 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 speciral 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 TFTR energetic ion mode shot was selected to provide baseline code input parame-
ters for the Fokker-Planck 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
where n.(r) = 7.5x10' x(1—r%/a?)*m~3, T, (r) = 6 x(1—r?/a?) keV, T} = 20x(1—r?/a?)
keV, Z.ss = 3.5, Aimparity = 20, Zimpurity = 10, Tptasma = 0.85 MA, Vigop = 0.1 V, and
Bioroidat = 5 T with 10.5 MW neutral beam power &t an energy of 100 keV. The neutral
deasity profile was calculated with the FRANTIC code(5] and is a cylindrically symmetric
function of minor radius with a central value of g = 1.5 x 102m™* and an edge value of
1o = 5 x 10**m™3, A total neutral beam power of 22 MW was used in the simulations.
These baseline parameters are summarized in Table L
3. The Neutral Energy Spectra from 20-80 keV

The charge exchange nevtral flux calculated for the eight vertical sightlines 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

-1

L= [ 5 i S 201 | 0

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
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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 energy 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 termperatures 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 jon temperature
was increased to 30 keV for the all counter-injected case, and temperature (again fit from
20-£) keV) as a function of vertical sightline is compared to the same 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,
T.s¢, determined from the slope of the spectrum in that region [as in Eq. (1}] is related
to the central jon temperature [6] by

T+ (§) T
L+ (£)5 £ 7,088 x 1011 2 B2l B y1s”

T.ff= (2)
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In this equation T; and 7T, are the jon and electron temperatures, Z, and A4, are the charge
and mass of the neutral beam ions, and E. is the critical energy above which the effects
of the electron drag on the beam ions are more important than the ion energy diffusion.

E_ is defined as

E.= A,,,([%)W’M.ST. (3)
where

(2] _ g~ ni 2E Ins

a4 > ne A InA. @

The remaining term in the denominator accounts for the effects of the toroidal electric
field, where T, is the slowing-down time of the fast ions, v, is the beam ion velocity, and
|E*| = |El(1 — Z3/Z.y;) 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.

T; determined from T.;y 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 T;
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
tne 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 jon 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 T; 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
ia very little difference in the three cases. The value determined from the central sightline
agrees very well with the input va.ue, but the noncentral values are all higher than would
be expected.



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 celculation, and the contribution to the neutral particle flux iz 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 Hux at all three energies increnses with radial shell
number and peaks 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 sightline 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 jon 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 jon temperature, and which arises from the plasma center. The spectra
celculated 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 Ia. Plasma Parameters Used in the Simulations
TFTR High Ion Energy Mode Baseline Shot Based on #26608

Telr) = Tea X (1 —72/a%)? keV, T.p =6 keV
Ti(r) = Tio % (1 —72/a®) keV, T = 20 keV
Te = Nteo X (1 — 12 /a?)4, n.p = 7.5 x 10°m™3
Pyeam = 10.5 MW (22 MW used in simulations)
Ep.,m = 100 keV

Zegy =35

Aimp =20

Zimp = 10

no(r/a = 0) = 1.5 x 10m™3, ny(r/a=1) = 5.5 x 10*m~3, FRANTIC profile
Byoroidet = 5.1 T

Lyeame = 0.35 MA

Vieop =0.1 V



Table Ib. Neutral Beam Injection Tangency Radii used in Simulations

Beam

225 m
20
1.75

2A
2B
2C
3A
3B
ac
4A
4B
4aC
5A
5C

Baseline:
Radius
-1.73m
-1.99
-2.23
2.53
231
2.07
2.84
2,63
2.41
2.23
1.75

Power

MW

N RN N NN N D NN N

Al couanter:

Power
S MW

8
8

10

Radius Power
-1.7%m 8 MW
-2.0 8
-2.25 8



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 injection for a baseline
energetic ion made discharge. T; = 20 keV, T, = 6 keV, n, = 7.5 x 10'%(1 —~ r?/a?)*m~3,
Zeyp = 3.5, Ipigama = 0.85 MA, Pyeam = 22 MW, Bioroidat = 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 Ry =2.45 m. Simuiations 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 dusing deuterium neutral beam
injection for a baseline energetic ion mode discharge. T; = 20 keV, T, = 6 keV, n, =
7.5%10'%(1—1?/a?)*m™3, Z,;; = 3.5, Liasme = 0.85 MA, Picam = 22 MW, Bioroidai = 5.5
T,Vi=0.11V.
Figure 4. Fokker-Planzk calculation of the deuterium chsrge 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, ne = 7.5 x 10°%(1 — r2/a?)*m~3, Z,s; = 3.5, Lpiesma = 0.85 MA, Pirgrm = 22
MW, Bioroicai =55 T, Vi = 0.11 V.
Figure 5. T; derived from the slope of the calculated charge exchange spectrum in the
energy range 2080 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,
e = 7.5 x 10°(1 — 12/a®)’m™3, Zeys = 3.5, Lyigsme = 0.85 MA, Pram = 22 MW,
Bioroidat =55 T, Vi =0.11V.
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. T; = 20 keV, T. = 6 keV, n, = 7.5 x 10'%(1 — r?/e®)*m~3, Z.;; = 3.5,
Lyiagmo = 0.85 MA, Pieam = 22 MW, Beoroidat =5.5 T, Vi = 0.11 V.

Figure 7. T; derived from the slope of the calculated charge exchange spectrum in the
energy range 2080 keV for all co- and all counter deuterium neutral beam injection. All
other parameters are those of the baseline energetic ion mode discharge. T; = 20 keV,
T, =6 keV, n, = 7.5 x 10"%(1 — r?/a?Y*'m~3, Z,3; = 3.5, piguma = 0.85 MA, Pypam = 24
MW, Bioroidat =5.5 T, Vi =011 V.

Figure 8. T 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 jon
temperatures of 20 keV and 30 keV. All other parameters are those of the baseline energetic
ion mode discharge. T, = 6keV, n, = 7.5x10%(1~r?/a®)*m=3, Z, 4y = 3.5, Ltaeme = 0.85
MA, Pricam =24 MW, Byorpidat =55 T, Vi =0.11 V.

Figure9. T; calculated from 7T, ¢4 (the inverse of the slope of the deuterium cherge exchange
spectrum above the highest neutral beam injection energy) as a function of vertical sightline
for input ion temveratures of 18 keV, 20 keV, and 30 keV. The error bars reflect 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 mcde baseline discharge.

Figure 10. T; calculated from T,y as a function of vertical sightline for all 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 shells (solid data points).
All parameters are from the TFTR. energetic ion mode baseline discharge. T; = 20 keV,
T, =6 keV, n, = 7.5 x 10'%(1 ~ r?/a?)*m~3, Z, ;s = 3.5, Lptagma = 0.85 MA, Pream = 22
MW, Biorsidai =55 T, 1 =0.11V.
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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 beawmn injection for a baseline energetic ion mode discharge. T; =
20 keV, T, = 6 keV, n, = 7.5 x 10°%(1 — r2/a?)*m~3, Z,s5 = 3.5, Ljigsma = 0.85 MA,
Pieom = 22 MW, Bioroidzai = 5.5 T, Vi = 0.11 V. T; calculated for the vertical view

compares favorably with that obtained in the tangential case.
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