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I. INTRODUCTION

Study of edge plasma and especially divertor plasma is one of the urgent and crucial
issues in the nuclear fusion research. An active spectroscopic method, which utilizes atomic
beams injected into plasma, is a promising technique for the space and time- resolved
electron density, n., and temperature, 7,, measurements in the fusion edge plasmas [1-3].
As a probe atom, helium has various advantages such as well-known atomic data, strong
visible lines, and an intrinsic species in the fusion burning plasma. The T, measurement
using He I line intensity ratio, 492.2 nm / 471.3 nm, was proposed by Cunningham [4], and
has been applied for plasma diagnostics with various discussions and improvements [5-11].
Recently n, measurement using 667.8 nm / 728.1 nm and 301.4 nm / 504.8 nm line intensity
ratios 1s proposed and applied in TEXTOR tokamak [10], and PSI-1 linear device [11].

In the present work, 7, and n, measurements using He I line intensity ratios are improved
to extend to high density fusion edge plasmas which sometimes contain hot electrons. The
line intensity ratios are obtained from "effective emission rate coefficients™, C4//(A)’s, based
on the collisional radiative (C.R.) model including the excited states with principal quan-
tumn number up to 20 [12]. New recommended cross section data represented in analytic
expressions are employed for the calculation of the C¢f(X) [13,14].

The 7. and n, measurements are demonstrated in the helium discharge of the NAGDIS-1
linear device [15,16]. In the low density plasma (n. ~ 10! cm™%), T, measurement and the
investigation of hot electron are performed. The hot electrons, which are often produced
in the RF (radio frequency) heated plasmas [17], would modify the plasma edge properties
such as sheath potential [18]. An effect of resonance scattering on 501.6 nm (3! P - 215),
which is attractive both for 7, and n. measurements, is discussed using the optical escape
factor [19,20], and compared to the experimental result. The simultaneous n, and 7, (T.1)
measurements are demonstrated in the high density plasma {n. = 10" - 10*® em™3), which
corresponds to the n, of fusion edge plasma.

An "effective jonization rate coefficient”, %7, in the C.R. model is presented for the




application of beam probe spectroscopy. The C7f(A)’s and 5%/ of helium atom are impor-
tant quantities for the investigation of the "helium ash” in the divertor plasma in the fusion
device. So far, the C%57(A\}’s and 57F of carbon atom, which is also an important impurity

specie, have been discussed and summarized elsewhere [21].

II. PRINCIPLE OF THE METHOD
A. Effective emission rate coefficients in the C.R. model

The effective ernission rate coefficient C¢//() is obtained by the numerical code devel-
oped by Fujimoto [12], with substituting new excitation rate coefficient data for the excited
states with principal quantum number up to 7 [14]. Energy level diagram of He atom consid-
ered in this work is shown in Fig. 1. We calculate the line intensities of 504.8 nm (415 - 2! P),
501.6 nm (3'P - 215), 492.2 nm (4D - 2'P), and 471.3 nm (435 - 28 P), whose wavelengths
are close each other. In the finite density plasmas, tonization and excitation/de-excitation
from the excited states cannot be neglected. In the C.R. model, the rate equation of the

population density n{:) under the ionizing plasma condition is expressed as,

dr;gi) — (nezcﬁn(j)-i-ZAﬁn(j)) — (neZC'Un(i) +ZA”n(i)) — n.Sn(i) =0, (1)

i i>i 7% i<t
where A;,, C;; and S; are the transition probability, the excitation/de-excitation rate coeffi-
cient from (z) to (j), and the ionization rate coefficient from (¢). Here, plasma and working
gas are assumed to be optically thin. The n(:) is obtained from the set of simultaneous
equations. The C¢S7(A) [cm®/s] for the line with wavelength A (i — j transition) is defined
as,

n(i)A, _ n(i)A;

ne ¥pnlk) T n.ng.

Celiiny =

(2)

where ng,. is the density of helium atoms.
Figure 2 (a) shows 7. dependence of C/f()) at the low density limit (n. = 1 ecm™2).

In such a low density plasma, C/f()) is close to the value in the corona model. The
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Cef/(501.6 nm) increases toward higher 7. up to 200 eV because 1S - 31 P excitation bears
the characteristics of an allowed transition. Since the excitations for the 504.8 nm and 492.2
nm lines are optically forbidden transitions, the C2Zf{A)s for these lines decrease toward
higher T.. For the triplet line, C¢//(471.3 nm), rapidly decreases toward higher 7, because

of its spin change forbidden nature.

m

Figure 2 (b) shows the n. dependences of CZf7(A)'s at 1. = 20 eV. The C</(AYs are
slightly larger than the emission rate coefficients in the corona model within a factor of
10 % even in the low n. plasma, since the cascade contribution is neglected in the corona
model. The n. dependences of C27f(1)’s for singlet and triplet lines show different features.
For the singlet lines, C2/f(A)’s for 504.8 nm, 501.6 nm and 492.2 nm have almost constant
values in n, < 10'°, 10*® and 10" cm 3. respectively. In the higher n, plasmas. C¢//(1)’s
decrease as n. increases because n{:)’s are saturated to n., which comes from frequent
electron collisions on the excited states. For the triplet line, the C//{471.3 nm} slightly
increases in an intermediate n, plasma, 10* < n, < 10! cm 2, because of the increase of
23S metastable state population. In the higher 7. plasma, the frequent eleciron collisions
makes n(z) saturated to n, resulting in the decrease of C£(471.3 nm).

The accuracy of CS1f(A) depends on the atomic data. The A;, has a good accuracy less
than a factor of 5 4. The accuracy of C}; is estimated to be within a factor of 20 ¥% for 7.
< 50 eV with including the analytical fitting error [13,14]. For 7, > 30 eV. (,, has higher

accuracy because of less uncertainty of o,, for high electron impact energy especially for the

allowed excitation.

B. Electiron temperature and density measurements using line intensity ratios

The line intensity ratio R*//(A; / A;) is obtained as, R*//(\/Ay) = C=f(A)/CeLA (),
by assuming the constant sensitivity of the optical detection system for A; and A,. Figure
3 shows the R*//(A;/);)’s for several singlet-triplet line pairs at the low density limit (n.

= 1 em™®). The singlet-triplet line pairs are suitable for 7. measurement because of strong




T. dependence of R*ff(A1/Xs), coming from the different 7. dependences of Cern(A)’s. In
such low density plasmas, R*/7(A;1/};) is close to the value in the corona model. The
Cunningham’s result of 492.2 nm / 471.3 nm in the corona model is compared to the present
work in Fig. 3 [4], which has a discrepancy about a factor of two. His result is based on
the experimental cross section data, where an error in its absolute-intensity calibration has
been pointed out |5].

Figure 4 (a) shows 7. dependence R°ff(A/A2)’s for singlet-triplet line pair of at n. =
10"%¢m™3 corresponding to the n. in the fusion edge plasmas. In such a high n. plasma,
R<7f(A1/Xs)’s in the high n. plasma have a large difference to those in the low n. plasma.
The n. dependences of R/7(};/);)’s for these line pairs are shown in Fig. 4 (b). The line
intensity ratios in the corona model are compared to R*/7{A;/A2)’s in this figure, which
coincide to R¥F(A1/X2)’s within a factor of 10 % in the low n, region, n. < 10* cm™2. In
the intermediate n. plasma, 10* < n, < 10! cm™3, the R*//(A;/A;)’s for these line pairs are
small compared to those in the low n. plasma because of the increase of Cc57(471.3 nm) as
shown in Fig. 2 (b). In the high n. plasma with n, > 10 - 10'? ecm™2, R¥/(A;/X;)’s have
strong n. dependences. The R°*//(501.6 nm / 471.3 nm) has a strong n. dependence in n. =
1011 cm~3, because of the different n. dependences of C¢Z/(501.6 nm) and CZ/f(471.3 nm),
2 (b). The R*//(504.8 nm / 471.3 nm) is attractive for T, measurement in the fusion edge
plasmas with n, 2 10 - 10'* cm ™2 because of its strong 7, dependence and relatively weak
n. dependences.

For the purpose of n, measurement, strong n. and weak 7, dependences of BT (A /A
are desired. Figure 5 shows R*/f();/);)’s for the singlet-singlet line pairs, which are suitable
for n. measurement. By using the strong n. dependence of R%f(A;/Xz), n. measurement is
available for n. > 10'! cm™3. However, we should note only 10 % of the experimental error
of the line intensity ratio results in the error of n, as much as a factor of two. The result
of Behrendt for R/ (501.6 nm / 504.8 nm) is compared to the present work in Fig. 5 (b)
[11], which shows a discrepancy within 50 %. This may come from the different atomic data

and the less number of excited states included in the model {principal quantum number <
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5). The weak 7. dependences of R*f/{A;/);)’s for these singlet line pairs. Fig. 5. suggest
that the ambiguity of 7, does not result in the serious error in the reproduced n.. On the
contrary, the strong n. dependences of R®//(A;/A;)’s for the singlet-triplet line pairs, Fig.
4(b}, means we must know n,, for the T, measurement. Therefore, n, and 7, are alternatively
determined by iterations from the singlet-singlet and singlet-triplet line pairs by using the
initial value of n, determined from the singlet-singlet one.

The reliability of B//(A;/A;) depends both on the accuracy of C,,’s and the C.R. model.
In the plasmas with . < 10" cn™ for singlet lines and n, < 10 cm 2 for triplet lines, C,’s
are important since the accuracy of CZf()) is dominantly determined by Cy;’s. However
in the higher n, plasma, the reliability of the C.R. model is important. It may depend on
the atomic processes and the number of atomic levels included in the model. The number
of the excited states (principal quantum number < 20) is considered to be sufficient. The
resonance scattering, which enlarges the population densities of n'P excited states, should

be considered in the plasma with high base pressure of He gas.

C. Effects of hot electrons on the line intensity ratio

Sometimes an electron velocity distribution function, f(v.), is not represented by a
Maxwellian, but has a hot (tail} component. Such is the often case for the RF heated
plasmas. We approximate f(v.) of the hot component to be a Maxwellian with high 7..
Then, f(v.) is expressed as a superposition of two Maxwellian distribution functions for

cold and hot components, i.e. f.(v.) with electron temperature of T,., and f;(v.) with T.:

flve) = (1 — a)felve) + afi(ve), (3)

where ¢ is the abundance of the hot component, defined as o = n.,/n., with n., the electron

density of the hot component. Then, C,, is expressed as,

C, = /Ooo 7,0 f(ve Jimvldu,, = (1 — 0)Ci{(T..) + aCy(T.y), (4)




with o,, the excitation/de-excitation cross section. The C,;(7..) and Cy(Ter) are the ), at
Te. and Tep, respectively.

The R//(492.2 nm / 471.3 nm) in the presence of hot electrons with T, = 20 eV and
40 €V at n. = 10*cm™2 is shown in Fig. 6 (a). This figure shows that the presence of hot
electrons gives rise to a substantial modification of the line intensity ratio. The RII(AL/20)
at low T,., where (1 — «)C;,(T..) < aC,;(T.s), is rather close to the value in the mono
electron temperature plasma with T.;. The n, dependence of R*//(492.2 nm / 471.3 nm)
in the presence of hot electrons with T, = 40 eV and a = 10 % is shown in Fig. 6(b). The
line intensity ratio in the corona model is also shown for comparison, which is very close to

the value of R/#(492.2 nm / 471.3 nm) at n. = 1 cm ™.

II1. EXPERIMENTAL RESULT

NAGDIS-Tis a linear plasma device with a PIG type discharge using a LaBg hot cathode,
operated at the axial magnetic field of < 0.15 T [15]. The vacuurn vessel has a column length
of 250 cm and a radius of 13.8 cm. The plasma has T, and n, profiles in a trapezoid shape
with a diameter of ~10 ecm in FWHM. The optical detection system consists of a lens, an
optical fiber, a monochromator, and a photomultiplier. The sensitivity of the optical system
is almost constant over the wavelengths of 504.8 nm, 301.6 nm, 492.2 nm and 471.3 nm.
These line emissions are observed through a chord passing the plasma center. A numerical
simulation is performed to compare the observed line intensity ratios as chord averaged
values and the intensity ratios in the plasma center. Because of the large plasma colurmm
and the low n. in the edge region, the observed line intensity ratio can be approximated as
that in the plasma center. The plasma parameters Te., Zes, and o at the plasma center,
are measured by the Langmuir probe. The T, measurement and the investigation of the hot
electron are performed in the low density plasma {n. 2= 10* cm™?), where the n, dependences
of Re/7(\/X;)’s are weak. The simultaneous n, and T, (7.;) measurements are performed

in the high density plasmas (r, = 10" - 10¥ cm™).
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A. Electron temperature measurement and investigation of hot electrons

The electron temperature and the abundance of hot electrons are varied by the filling
gas pressure in the "low n,- experiment”. The ion gauge shows the pressure in the vacuum
vessel without the discharge is several 107* Torr. Since the pressure gauge does not represent
a real value during the discharge because of the plasma pumping effect, the flow rate of the
filling He gas is used as an indication of the pressure. The discharge voltage 1} is regulated
to maintain a fixed discharge current at 7; = 10 A. The V; in the low gas pressure is & 180
V and that for high pressure is &~ 100 V as shown in Fig. 7 (a). This figure also shows n,
measured by the Langmuir probe, n (L.P.). The value of n, &~ 1 x 10" em=2 is considered
as the upper limit where the corona model is valid {except for the triplet lines).

The electron temperatures obtained by the Langmuir probe and by the He I line intensity
ratio (He I method) are compared in Fig. 7 (b). Observed line intensities and those ratios,
492.2 nm / 471.3 nm and 501.6 nm / 492.2 nm, are shown in Fig. 8. In this condition,
the numerical simulation suggests that the observed line intensity ratios are slightly smaller
than those in the plasma center by 2-3 ¥, which are small compared to the experimental
error (= £ 5 %). Then, the experimental error of T, in the He I method is within 3 €V. In
the low pressure condition {< 10 ccm), the Langmuir probe result shows that the plasma
has a mono- electron temperature with 7,. > 10 - 20 eV, though f(v.) somewhat deviates
from the Maxwellian. Here, 7, (L.P.} from the Langmuir probe is in good agreement with
T.(He I) from the He I method. In the high pressure condition (> [5 ccm), hot component
1s separated {rom the cold component: T.4(L.P.) % 20 - 40 eV, o 2 10 + 3 ¥, T..{LP) <10
eV. Then, T, (He I), which neglects the effect of hot electrons, is larger than 7., (L.P.) as
suggested by Fig. 6. In both pressure ranges, numerically obtained £*//(492.2 nm / 471.3
nm) is consistent with the experimentally obtained line intensity ratio by using I..(L.P.),
Ten(L.P.) and @ = 10 + 3 % as shown in Fig. 8 (b). The determination of 7., from the line
intensity ratio is available if o and T.. are known. The T.; derived from the line intensity

ratio, T, (He I), using T,.(L.P.) and @ = 10 £ 3 ¥, is consistent with 7.,(L.P.). Here. the




large deviation of T.,(He I) comes from the ambiguity of «. Although the quantitative
measurements of T, and o are difficult, the He T method can show the evidence of the
existence of hot electrons if we know T.,. It is often the case of RF experiments where the
hot electrons are produced but the change of 7., is small.

The line of 501.6 nm (3' P - 21.5) has attractive features both for 7, and n. measurements
as discussed before. In the present experiment, however, the effect of resonance scattering
enlarges the 501.6 nm line intensity as shown in Fig. 8 (a), and disables T and n. mea-
surements. Here, the effect of resonance scattering is investigated using the "optical escape
factor” [9,19,20] from the viewpoint of experimental applications. The optical escape factor
A for the line center of 53.7 nm resonance line (3'P - 1'5) is obtained from the optical
depth 7 [20]. The values of A and 7 for the He gas with temperature of 300 K are shown
as functions of a column density ng, X L cm™? in Fig. 9. Here, A = 1 means the He gas is
optically opaque for 53.7 nm photons. In our experiment, ng, x L = 10' cm™ corresponds
the He gas pressure of 2 x 107* Torr, where L is the radius of the vacuum vessel (L = 13.8
cm). The value of A = 0.07 at n. x L = 10 cm™ means we cannot neglect this effect under
the present condition. We employ a simple model including three states, i.e. the ground
state (1), the 215 metastable state (2}, and the 3' P excited state (3). As suggested by Fig.
2(b), the corona model approximation is still valid for the singlet lines, 501.6 nm and 492.2

nm, at n, & 1 x 10!! cm™>, The rate equation for n(3) using A is approximated as,

dn(3)
dt

= neC'lgn(l) - AA31R(3) - .43272,(3) = 0. (5)

Then, the emission rate coefficient for A = 501.6 nm can be derived as,

Az

——— 6
Az + Adxy (6)

Cr2(501.6nm) = Cy3

Equation (6) explains the small value of A enlarges the 501.6 nm line intensity. Numerical
result of 501.6 nm / 492.2 nm line intensity ratio is in a good agreement with the experimental
one as shown in Fig. 8 (c). Here, ng, x L is assumed to be proportional to the gas flow

rate. The ambiguity of ny. gives a large error bar on £<//(501.6 nm / 492.2 nm). Further
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discussions including the finite population density of the 2! § metastable state and the effects
of collisions with neutral He atoms are necessary for the detailed quantitative investigation.
The small values of A makes the population densities of n'P large, and this may give
influence on n'S and n*D excited states. It is concluded, from the practical use, the effect
of resonance scattering on the line of 561.6 nm can be avoided for He gas pressure below
107% Torr for L = 13.8 cm. A beam probe technique solves this problem by reducing the

He gas density ny. and the column radius I.

B. Simultaneous electron density and temperature measurement

The electron density is varied by the discharge current I, while the flow rate of e gas
is fixed at 30 ccm in the "high n. experiment”. In this condition, 7T.. is almost constant
at & 5 eV, although T, and o vary by I;. A fast scanning Langmuir probe technique is
employed for n, and 7. measurements to avoid the thermal damage to the probe tip [16].
Unfortunately, T.s, and o cannot be measured by the probe due to the very noisy signal.
The experimental result of line intensity ratios of 504.8 nm / 471.3 nm, 492.2 nm / 471.3 nm
and 492.2 nm / 504.8 nm are shown in Fig. 10 (a). The former two are for 7, measurement
and the latter one is for n, measurement. Measured n, and T, are shown in Figs. 10 (b)
and (c), respectively. In the present condition, the numerical simulation suggests that the
observed line intensity ratios are smaller than those in the plasma center by within 10 %
in this plasma, which is mainly due to the large spatial variation of n,. The experimental
error in the observed line intensity ratios is estimated as within 4+ 10 %. Only 10 % of the
experimental error on the 492.2 nm / 504.8 nm line intensity ratio results in the error in the
electron density, n.(He I}, as much as a factor of two. Here, n.(He I) is obtained with the
aid of T..(L.P.), T.»(He I} and assuming & = 10 = 3 %. The n, obtained by the Langmuir
probe, n(L.P.}. also has a large experimental error within a factor of two. Although, both
n.(He 1) and n.(L.P.) have large experimental errors, they are consistent each other within

the error bars, and have the similar 1, dependence. The T.{(He I) from the 504.8 nm /
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471.3 nm and 492.2 nm / 471.3 nm line intensity ratios are large compared to Te. (L.P.}
because of the neglection of hot electrons. The & 10 % of the experimental error in the line
intensity ratios results in the error of reproduced 7, within 5 eV. Since T is small at & 5
eV, R¥7(x1/Xy) is rather close to the value at mono temperature of T, as suggested by Fig.
6. It is remarkable that 7, and T., obtained by the different line intensity ratios are close
each other, although they have quite different 7, and n. dependences. Here, the accuracy of
ne is important since R7f(A;/X2)s for singlet-triplet line pairs have strong n. dependence.
The T,;(He I) is obtained using T..(L.P.) and assuming o = 10 & 3 %, which is the Langmuir
probe result at the gas low rate of 30 ccm and the discharge current I, =10 A in the low n,
experiment. In the low /; region (< 13 A), 1., has a value of 30 - 50 eV, while Ty decreases
down to 10 - 30 eV where I, > 15A. Here the n, and 7, (T.x) measurements using the He I
line intensity ratios are demonstrated as the powerful tool for the diagnostics of fusion edge

plasmas.

IV. APPLICATION AND DISCUSSION

An ”effective ionization rate coefficient” §%/7 in the C.R. model is a useful quantity for

various applications. The quantity of S¢// is defined as,

ety _ Zunli)S, _ Lin®)S:
Ek Tl(k) e -

(7)

The 7. and n. dependences of §¢ff are shown in Fig 11. Since S,’s (from the excited states)
are much larger than S; (from the ground state), 57 f increases in the high n, plasmas,
where n(i) of the excited states are large. The S/ in the n, range of n. = 16% - 10" cm ™3,
is large compared to the value at n, = 1 cm ®, which comes from the n. dependence of
the metastable population densities. As n, exceeds 10 ecm™, §¢// increases due to the
jonization from the higher excited states. In the beam probe application, the spatial range
of the measurement is determined by the beam penetration depth £,, which is defined as

L, =vy.[(n.S ¢f7) with vy, the velocity of helium beam. The £, of the 300 K thermal helium
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beam is estimated as 24 cm in the plasma with 7, = 20 eV and n, = 1 x 10" cm=%. Then,
the thermal He beam penetrates the scrape-off layer in the small or medium size tokamak.
The S/ has rather strong T, dependence compared to the n, dependence, which is an
advantage for an another type of 7, measurement utilizing the strong T, dependence of S&//
{21.

The recombination of He ions in the low T, and/or high 7, plasmas influences on the
population balances of the excited states. The population density n(z) is expressed as a
sum of a pure ionizing component n{i),,,. and a pure recombining component 2(7},.com.,
ie. (1) = n{i)ion. + n(F)recom.. Figure 12 shows an example of 7{%)recom. / (i} for the 41D
excited state obtained by the C.R. model including the recombination at 7, - [ ng. = 0.1
The value of ng+/ng, = 0.1 is the maximum value, which is experimentally estimated in
the NAGDIS-T helium discharge. Since T. &~ 8 - 20 eV in this plasma, it corresponds to
the ionizing plasma. For the beam probe application, the influence of recombination can be
neglected since the small amount of helium atom is injected perpendicularly to the magnetic
field.

The existence of the metastable states, 2'S and 2°5, enlarges the relaxation times of
the population densities. As suggested by the n. dependence of C%//(A)'s, the contributions
of the 2'S on the singlet ines are relatively small compared to those of the 23S state for
the triplet lines. Then the relaxation times for the singlet lines are considered as & 1/4, |
with the order of several tens nanoseconds. Triplet lines are, however, strongly influenced
by the 2°S metastable state. Since A;; for 2°5 - 11§ transition is very small (1.7 x 104
571) [22], collisional processes determine the relaxation time. The ionization is the dominant
process for the population balance on the 23§ state because of large S, from 25, The large
relaxation time of 2°5 metastable state (= 100 ps) in the present low n. experiment can
influence the population balance of the triplet state, since the transit time of 300 K He atomns
across the vessel radius (L = 13.8 ¢m) is the similar value (= 100 gs}. Further discussion
including the movement of He gas in the vessel and the atomic processes on the material

surface is necessary for the detailed investigation.
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APPENDIX A: FURTHER RESULTS DERIVED FROM THE COLLISIONAL

RADIATIVE MODEL

The excitation rate coefficient C; and the effective emission rate coefficient CZZ7 (1) are
summarized. The C}; to the excited states with principal quantum number up to 5 is shown
in Fig. Al. The Cj; is numerically calculated using the cross section presented by Kato et
al. [14]. The C%7()) is shown as a function of T, in Fig. A2.

Line radiation power rate coefficient P77 [eVem®/s] is an important quantity for the

investigation of power balance in the divertor plasmas. The P:ﬁ is obtained as,
Pﬂff _ Ei(n(z) Zj<i AZjEij)

rod ?

NellHe

(A1)

where E,, is the energy of the line. The line radiation power per unit volume is given by
n. P ng, [eVem™>/s|. Figure A3 depicts the T, and n. dependences of P71t should be
noted here that this quantity is obtained for the ionizing plasma condition. Details in the
line radiation power rate coefficient is described and discussed in the reference for carbon
atom [21].

Two metastable states, 215 and 23S, influence on the jonization and line emission pro-
cesses of helium atom. Normalized population densities, n{i)/ng. = n{i)/En(k), for the
metastable statcs obtained by the C.R. model are shown in Fig. A4. The n. dependences

of these metastable states are consistent with the results of C¢/7(3)s, 57 and Pt

rad *
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APPENDIX B: APPLICATIONS

The ratio of S¢// / CF()) is a useful quantity for the determination of beam density
in the beam probe spectroscopy technique [2,3], and for the atomic impurity measurement
such as carbon [21]. The ratio of S/ / C#/7()) is shown as a function of 7, in Fig. Bl.

Line intensity ratios for n. and 7. measurements are summarized for the experimental
use. The figures are drawn in the n, range of 10" - 10" cm™3 and T, range of 5 - 50 eV,
Here we present the line intensity ratios of 492.2 nm / 504.8 nm, 504.8 nm / 471.3 nm, and
4922 nm / 471.3 nm. The former one is for n. measurement and the latter two are for 7.
measurement. The n, dependence of R*//(492.2 pm / 504.8 nm) are shown in Fig. B2 (a),
which has a small 7, dependence. The n. dependences of £%#(504.8 nm / 471.3 nm) and
R7/(492.2 nm [ 471.3 nm) are shown in Fig. B2 (b) and (c). respectively. Since these line
intensity ratios have strong n. and T, dependences, we must know n. for T, measurement
in the high density plasma with n. > 10" ¢cm™. The T, dependences of R*//{504.8 nm /
471.3 nm) and Rf(492.2 nm / 471.3 nm) are summarized for T, measurement in Fig. B3

and B4, respectively.
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Figure captions
FIG. 1. Energy level diagram of helium atom included in C.R. model.

FIG. 2. Effective emission rate coefficients obtained by the C.R. model, C&Z7(A). (a) T. depen-
dence of C&f(A) at the low density limit (n, = lem™*). (b) n, dependence of CZJ/(A) at Te = 20

eV.

FIG. 3. Line intensity ratios, R/f(A/A;), for T. measurement at low density limit (n. =
lem™3), which are close to the values in the corona model. The result by Cunningham is shown

for comparison.

FIG. 4. Line intensity ratios, B*/f(X;/)2) for singlet-triplet line pairs, suitable for T, measure-
ment in the fusion edge plasmas. (a) T. dependence of R/f(X;/Xs) at n, = 10 cm™2. (b) n,

dependence of R (A1/A2) at T, = 20 eV.

FiG. 5. Line intensity ratios, R*/7{ ) /X2) for singlet-singlet line pairs, suitable for ne measure-
ment in the fusion edge plasmas. (a) T. dependence of R7 (X / Ap) at n, = 10%cm ™. (b) ne

dependence of R¥FF(X; / Ag) at T. = 20 eV. The result by Behrendt is shown for comparison.

FIG. 6. Line intensity ratio B//(492.2 nm / 471.3 nm}) in the presence of hot electrons. (a)
ReFT(Aq/2g) at Ty = 20 €V and 40 eV, n, = 10 em™3. (b) R/ (A1/A2) for Ty, = 40 eV in the

high n. plasmas. The result in the corona model is shown for comparison.

FIG. 7. T. measurement and investigation of hot electrons in the low n. experiment. (a) Dis-
charge voltage V; and electron density n. (b) Electron temperatures obtained by the Langmuir
probe, T..(L.P.) and T,4(L.P.), and by the 492.2 nm / 471.3 nm line intensity ratio, T.(He 1) and

T.;(He I). The effect of hot electrons is neglected in T, (He I), while it is included in Tep {He I).



F1G. 8. (a) Experimental result of the line intensities in the low n. experiment. (b) Line intensity
ratio of 492.2 nm / 471.3 nm. The numerical result {Calc.} well reproduces the experimental
result by including the effect of hot electrons. (c) Line intensity ratio of 501.6 nm / 492.2 nm.
The numerical result using the optical escape factor A(n. x L) {Calc.) is consistent with the

experimental one.

FIG. 9. Optical depth of the 53.7 nm photon 7 and optical escape factor A for He gas temperature

of 300 K.

FIG. 10. 7, and n, measurements in the high n. experiment. (a) Experimentally observed line
intensity ratios. (b) Electron densities obtained from the 492.2 nm / 504.8 nm line intensity ratio,
ne(HeI), and by the Langmuir probe, n.(L.P.). (c) Electron temperatures obtained from the 504.8
nm / 471.3 nm and 492.2 nm / 471.3 nm line intensity ratios, T.(He I), and 7,.{He 1), and by the

Langmuir probe, T (L.P.)

FIG. 11. Effective ionization rate coefficient 5¢/7 obtained by the C.R.- model.

FIG. 12. Contribution of the recombining component on the population density of 41 D, {i}recom.
[ n(i). The ratio of ion to atoms n};, / ngy. is 0.1, which is the maximum value iz the NAGDIS-I

helium discharge.




FIG. Al. Excitation rate coefficient from the ground state (,. (a) 1'S —n'S, (b)

11S — 0P, (¢) 11§ — n'D. (d) 1'S — 035, (e) 1'S — n3P. () 'S —n? D,

FIG. A2. Effective emission rate coefficient C¢/f(}) for (a) 504.8 nm, (b} 501.6 nm, (c)

492.2 nm, and (d) 471.3 nm.

FIG. A3. {a) T.- and (b) n.- dependences of the line radiation power rate coefficient

Pfg defined for the ionizing plasma condition.

FIG. A4d. (a) T;.- and (b) n.- dependences of the normalized population densities n(7)/ng.

for the 218 and 225 metastable states.

FIG. Bl. Ratio of effective rate coefficients for ionization to emission, S%// /Ce/F(X), for

(a) 504.8 nm, (b) 501.6 nm, (¢) 492.2 nm, and (d) 471.3 nm.
FIG. B2. The n, dependence of R*/(A;/);) summarized for experimental use. (a)
Re17(492.2 nm / 504.8 nm) for n. measurement. (b} R*/(504.8 nm / 471.3 nm) for T,

measurement. (¢} R*/7(492.2 nm / 471.3 nm) for T. measurement.

FIG. B3. The T, dependence of R*(504.8 nm / 471.3 nm) for T, measurement {(a) n.

= 10" - 10" em™. (b) n, = 10" - 10® cm™>. (c) n, = 10" - 10™ cm ™.

FIG. B4. The T, dependence of R//(492.2 nm / 471.3 nm) for T. measurement (a) n.

= 10" - 102 cmm 3, (b) n, = 102 - 10%® ecm™. (¢) n, = 10" - 10™ cm ™.
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