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DERIVATION OF THE RADIAL PROFILE OF ION 

TEMPERATURE FROM THE "MEASURED" ENERGY 

SPECTRA OF CHARGE-EXCHANGED NEUTRALS 

By Kazuo NAKAMURA*, Naoji HIRAKI*, Kazuo Tm** 

and Satoshi lTOH*** 

In the TRIAM-1 tokamak the energy spectra of charge-exchanged neu-
trals are observed by scanning the neutral energy analyzer vertically. The 
"measured" ion temperature obtained from only energy spectrum observed 
in the peripheral region is much higher than that predicted by the neoclas-
sical transport theory because of reflection (backscattering) of neutrals at 
the wall. The "actual" ion temperature profile is derived from all observed 
energy spectra by using the numerical code in which a wall-reflection ef-
fect of neutrals and an impermeability of plasma are taken into account. 
In this numerical analysis, the reflection coefficient is adjusted so that the 
above calculated ion temperature profile should be best fit for the ion tern-
peratures measured by the Doppler broadening of the visible lines Hell 4686 
A and Ha at the relevant radial positions. 

Key words: High-field tokamak TRIAM-1, neutral energy analyzer, ion 
temperature profile, impermeability of charge-exchanged 
neutrals, backscattering by the wall, Doppler broadening, 
neoclassical transport theory 

1. Introduction 

In the TRIAM-1 tokamak we investigate the confinement of the high-

density plasma1l and the turbulent heating2l,3): the major radius R=25. 4cm, 

the minor radius of the molybdenum limiter aL=4 cm and the maximum 

toroidal field BT=40kG. In these experiments the measurement of ion tern-

perature is important and is made by a neutral energy analyzer4l. 

The energy spectra of neutral flux emitted from a tokamak plasma have 
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Fig. 1 The schematic view of the neutral energy analyzer (NEA) 
in the TRIAM-1 tokamak. The variable slit, ion source, 
stripping cell, energy analyzer and ceratrons are equipped 
on the same base. The base can be moved vertically from 
z=-4.5cm to z=+4.5cm to measure the radial profile of 
ion temperature. 
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been measured at the several vertical positions by scanning the neutral energy 

analyzer4). The radial profile of ion temperature obtained from each spec-

trum may not give the "actual" profile, since the energy spectrum of neutral 

flux emitted from the plasma center is distorted by the attenuation due to 
charge-exchange and ionization5-7J and the one from the plasma edge is dis-

torted due to reflection (backscattering) at the wans-io). That is, the 

"measured" central ion temperature may be lower than the "actual" one and 
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Fig. 2 The energy spectra of the neutral flux measured at the 
vertical position z=~2cm (below the torus midplane) before 
（●） and after（△） the current pulse for turbulent heating. 
In the ordinate F is defined as follows: 

F三 1v--— 
YJEV!5ぷ'

where N is the neutral flux, Y/ the conversion factor of the 
stripping cell, E the neutral particle energy, V the voltage 
applied between the parallel plates of the energy analyzer, 
rJ10 the charge-exchange cross-section of H+ with H in the 
plasma andこtherelative sensitivity of each ceratron de-
tector. 
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the "measured" peripheral ion temperature may be higher than the "actual" 
one. 
In this paper we propose the numerical method to derive the "actual" 
radial profile of ion temperature from the "measured" energy spectra of 
neutral flux, taking into account the effect of impermeability and reflection 
(backscattering). 

2. The "measured" ion temperature and the "predicted" one 

Figure 1 shows the schematic view of the neutral energy analyzer in the 
TRIAM-1 tokamak. The variable slit, ion source, stripping cell, energy 
analyzer and ceratrons are equipped on the same base. The base can be 
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Fig. 3 The profile of ion temperature obtained directly from the 
intermediate slope of each "measured" energy spectrum of 
the neutral flux shown in Fig. 2. The broken line (---) 
indicates the ion temperature profile "predicted" by the 
steady-state ion thermal transport with the neoclassical 
transport coefficients15l. 
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moved vertically from z = -4. 5 cm to z = + 4. 5 cm in order to measure the 
radial profile of ion temperature. Throughout this experiment, however, 
the energy spectra of charge-exchanged neutrals are measured at 9 vertical 
positions叫 i.e.z=O, 土1, 土2, 士3and士4cm.
Figure 2 shows the energy spectra of neutral flux measured at the ver・ 
tical position z= -2cm (below the torus midplane) before and after the cur・ 
rent pulse for turbulent heating. The fitting curves have been obtained by 
the nonlinear optimization method11>,12> so that the following objective func・ 
tion D should be minimized with respect to six parameters (Ai,ふ，ふ，
Ti, T2 and T3) on two constraining conditions, 

D＝::S[A1e-E戸 l＋ふe―E/T2＋ふe―E/T3-F(Ej)］凡
j 

A1~A2~A3~0, 

0 ;;S; T1;;S; T2;;S; T3, 

(1) 

(2) 

(3) 

where the simplex method13J is used as the minimizing code. The tern-
perature T3 represents the temperature of superthermal ions. The spectrum 
excluding the superthermal part (A,e-E戸 1＋ふe~E/Tz) measured at the 
height z has the information concerning the thermal ions in the region z:£;r 
:£;aL. The temperatures T1 and T2 approximately represent the ion temp・ 
eratures near the region Y:::::'.aL and r二 z, respectively, if the effect of im-
permeability and reflection (backscattering) can be ignored. 
Figure 3 shows the radial profile of the "measured" ion temperature T2 
obtained from each spectrum by the above mentioned numerical method. 
The broken line in Fig. 3 shows the ion temperature profile "predicted" from 
the steady-state ion thermal transport equation with the neoclassical transport 
coefficients15J by using the experimentally obtained profiles of electron tem-
perature and electron density14J. In the peripheral region, the "measured" 
ion temperature is considerably higher than the "predicted" one. The 
enhancement of the ion temperature in the outer plasma region can be ex-

plained that the neutral energy analyzer detects the neutrals emitted from 
the central hot region via reflection at the wall as well as the ones emitted 
from the outer plasma region without reflection at the wall. 

3. "Actual" ion temperature profile 

3. 1 Numerical procedure by nonlinear optimization 

In this section, we calculate the "actual" profile of ion temperature from 
the "measured" energy spectra of neutral flux, taking into account the effect 
of impermeability and reflection (backscattering). 

The ion temperature profile is assumed to be a peaky or uniform profile 
(x=r/aL), 

T1(r) = T;(O) {(l-t1) (1ーゲ）％＋tふ (4) 
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Fig. 4 The schematic view of the integral path calculating the 
neutral particle flux coming directly from the plasma (a) 
and after reflection (backscattering) at the wall (b). The 
inner radius of the vacuum chamber c is 5. 5 cm. 
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where T1(0), t1 and t2 are the unknown parameters which are determined in 
the iteration process. From this profile and the experimentally obtained 
profiles of electron temperature T0(r) and electron density n0(r), the neutral 
density profile n。(r)is calculated by the Diichs code15>. ・ In this code the 
mono-energetic cold neutrals with v。=3e V are assumed to enter the plasma 
from the wall. 
If n。(r),n。(r),n1(r), T0(r) and T;(r) are given, the neutral particle 
flux coming directly from the plasma to NEA arranged as shown in Fig. 4(a) 
is estimated by the following relation, 

F1(Z, E) = Kf国（r）n心）
r1 T;(r)3/2 

e-E/T戸

1 巧xexp{- — f ;2 N.2Vdl1}dl 
V; JP 

where N.2'V=n.(r)<av>げ n;(r)<6v>cx,

(5) 

(6) 

and K is the constant peculiar to the neutral energy analyzer. The rates 
of the ionization <av>1 and the charge-exchange <av>cx have been obtained 
by the relations (30) and (31) in Ref. 15. The ion density profile ni(r) is 
assumed to be equal to n0(r). 
We estimate the neutral particle flux coming after reflection (backscat-
tering) at the wall to NEA as follows (Fig. 4(b)), 

叫冗冑）＝KJJ吟悶炉e-E/Ti(T) 

xexp｛ー；l戸叫
X-
1 冗/2-[a[cos 尋 (a+8）応（E)
4 冗／2 幻2-[a[ cosa 

xexp{—士f：立V叫塁crods:' (7) 

where a=tan-1(~ C+rcos。),
[3=sin-1(z/c), 

2b= 
(c+rcos(}）'＋（rsin()）2 
(c+rcos(}）2'  

(8) 

(9) 

(10) 

c is the minor radius of the liner (=5.5cm), RN(E) and RE(E) are the par-
tide and energy reflection coefficients, respectively15i,17). The particle re-
flection coefficient is assumed to be proportional to 1/cosa with respect to 
the incident angle a and the reflected particles are assumed to present the 
cosine distribution13i with respect to the reflection angle {3 as shown in Fig. 
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Fig. 5 Dependence of the unknown parameters representing the 
ion temperature (T1(0), t1 and t2 in eq. (4)) on the reduc-
ing factor eR of reflection coefficient R1,(E): (a) before 
and (b) after the current pulse for turbulent heating. The 
dotted lines T1 (20) and T1 (30), and solid lines T1 (27. 5) and 
T1(37. 5) indicate the calculated ion temperatures at r=20 
and 30 mm, and r=27. 5 and 37. 5 mm, respectively. The 
square of dotted line indicates the ion temperature at r=20 
~30 mm obtained by the Doppler broadening of Hell 4686 
A. The square of solid line indicates the ion temperature 
at r=27. 5~37. 5 mm obtained by the Doppler broadening of 
Ha, The eR value reasonable in TRIAM-1 is about 1/70 
by comparison of the calculated ion temperatures with the 
measured ones. 

4(b). The integral with respect to r and 8 is over the (r, 8) plane satisfy-

ing 

2lal +11:s;冗／2. (11) 

We determine the unknown parameters T1(0), t1 and t2 so that the fol-

lowing objective function (b is minimized with respect to those parameters, 

(b(T1(0), t1, ち）＝~~[F1(zi, EJ) + F2(z11 EJ) ;_ F(zi, EJ) ]2, (12) 
1 j 
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，
 

where F(z;, Ej) is the neutral particle flux measured at the vertical position 

z;. The simplex method13> is used also here. 

3.2 Calculated results and discussions 

The nonlinear optimization calculation mentioned in the previous subsec-

tion has been proceeded for various values of reducing factor eR of RN(E). 

Figures 5(a) and 5(b) show the dependence of the unknown parameters rep-

resenting the ion temperature (T;(O), t1 and t2 in eq. (4)) on the reducing 

factor eR, where T;(O), t1 andちareobtained after convergence of the non-

linear optimization calculation. If the eR is determined beforehand, we can 
obtain the "actual" ion temperature expressed by T; (0), t1 and t2 from Fig. 5. 

It is difficult, however, to determine eR for the vacuum wall of TRIAM-1 
experimentally. By introducing the Doppler ion temperatures19l at r= 
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Fig. 6 

(a) (b) 

The "actual" radial profile of ion temperature calculated 
from the spectra shown in Fig. 2 by using the numerical 
code in which the effect of impermeability in plasma and 
reflection (backscattering) at the wall (eu=l/70) are taken 
into account: (a) before and (b) after the current pulse for 
turbulent heating. The profiles of electron density n0(r) 
and electron temperature T0(r) are the experimentally ob-
tained ones. The neutral particle density profile n。(r)is 
the calculated one by the Diichs code15l from the profiles 
nc(r), Teけ） andTi (r) self-consistently. The broken line 
(---) shows the ion temperature profile calculated by the 
steady-state ion thermal transport equation with the neo-
classical transport coefficients15l. The square of solid line 
and dotted line indicate the same ion temperatures as the 
ones in Fig. 5. The triangles（△） indicate the "measured" 
profile of ion temperature shown in Fig. 3. 
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10 K. NAKAMURA et al. 

2. 5 cm (Hell 4686 A) and r:::::'.3. 25 cm (Hふ we determine 紐 sothat the 
calculated ion temperatures should be best fit for the Doppler temperatures 
at two radial positions. The good agreement between the calculated ion tem-
peratures and the Doppler ones has been obtained at eR:::::'.l/70 for both cases 
before (Fig. 5(a)) and after (Fig. 5(b)) the current pulse for turbulent heat-
ing. 
Figures 6(a) and 6(b) show the radial profiles of ion temperature derived 
by the above numerical method for eR:::::'.1/70. For both Figs. 6(a) and 6(b), 
the "actual" ion temperature (dotted line) is slightly higher than the "meas-
ured" ion temperature (triangle) at the center in this relatively low density 
plasma. Onthe other hand, the“actual'’ion temperature at the plasma 
edge is lower than half of the "measured" one. The above results are due 
to impermeability by charge-exchange and ionization, and reflection (back-
scattering) at the wall. 
In Fig. 6(a) is also shown the ion temperature profile "predicted" from 
the steady-state ion thermal transport equation with the neoclassical trans-
port coefficients1') (Fig. 3) and agrees well with the one derived by the 
above mentioned numerical method. 
The result that the eu value for the best fit is very small to be about 
1/70 may suggest that the absorption effect by the wall is much larger than 
the reflection effect. 
The value t1 after the current pulse for turbulent heating is larger than 
that before it, though the value t2 does not vary. This means the slight 
broadening of the ion temperature profile, i.e. the peripheral region is heated 
more than the central region. 

4. Conclusion 

In the TRIAM-1 tokamak the energy spectra of charge-exchanged neu・ 
trals were "measured" at the several vertical positions by scanning the neu・ 
tral energy analyzer. The radial profile of ion temperature directly obtained 
from each spectrum is different from the ion temperature profile "predicted" 
by the steady-state ion thermal transport equation with the neoclassical trans・ 
port coefficients. The "actual" radial profile of ion temperature is derived 
from all observed energy spectra by using the numerical code in which a 
wall-reflection effect of neutrals and an impermeability of plasma are taken 
into account. In this numerical analysis, the reflection coefficient is reduced 
to be 1/70 of the one of Behrisch15l so that the above calculated ion tem・ 
perature ・ profile should be best fit for the ion temperatures measured by the 
Doppler broadening of Hell 4686 A and H. at the relevant radial positions. 
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