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Abstract

Effective emission rate coefficients C2ff()), line inten-
sity ratios, C&4f (A1) / C&5f (Aa), and S¥71 /CHF (1), with
Seff the ionization rate coefficient, are obtained by the
collisional radiative modet for an ionizing plasma using
new excitation and ionization rate coefficients. In the
plasma with electron density n, > 10% ecm—3, C&ff())
for various lines are enlarged, since the normalized popu-
iation densities for the metastable states, n(2!38) mp.,
becomes large, and the excitation rate coefficients from
2135, Caiag_.;, are large compared to that from the
ground state Cpig ;. In high n. plasma (ne > 10*2
cm™3), with frequent electron impacts on the excited he-
Hums, n(i}/nge become constant to ne, which results in
the decrease of C¢ff()\). Hot electrons and resonance
scattering, which are often important for the experimen-
tal applications, are included in this model. A small
amount, of hot electrons (several percents) can enhance
the line emission and ionization raies for low electron
temperature plasma with T, (T, < 10 eV). The reso-
nance scattering reduces the emission of the resonance
lines (1*§ - n' P) and enlarges n' P and 2'S populations
when the columnn density of helium gas ng. x L exceeds
2 x 102 [em™2].

Key words: helium atom, plasma diagnostics, line in-
tensity ratio, collisional radiative model, hot electrons,
resonance scattering

1. INTRODUCTION

Helium atom is an attractive atomic species for elec-
tron temperature {T) and dewsity (n.) measurements,
since it has various advantages as a probe particle, ie.,
well-known atomic data, strong visible lines, and an in-
trinsic species in the fusion burning plasma. So far, T,
measurement technigue using He 1 line intensity ratios
has been developed and improved [1-7]. Recently, n,
and 7T, measurements based on the collisional radiative
{C.R.) model for helium atom i8] have been applied to
the TEXTOR tokamak [9], the PSI-1 linear device [10],
and the NAGDIS- linear device [11-13]. Helium is also
important for the fusion plasma from the viewpoints of

fuel dilution and energy balances [14]. The C.R. model,
which involves excited heliums and various plasma par-
ticles such as electrons, ions, atoms, molecules, is indis-
pensable for the investigations of the fusion plasmas with
high n, (> 10'2 em~%). A numerical code of the C.R.
model for helium atom is developed by Fujimoto {8], and
various improvements were made [12]. In this work, the
C.R. model was revised using recommended excitation
and ionization rate coefficients {15-19].

Hot electron or superthermal electrons sometimes ex-
ist in the RF and DC glow discharge as well as the fusion
edge, and play an important role on the plasma confine-
ment and the sheath formations {20,21]. Hot electrons
are also important for the spectroscopic diagnostics, since
they have & large contribution on the excitation processes
(12). In the typical helium glow discharge plasma, with
pressure above 10~ Torr, the resonance scattering or im-
prisonment of resonance lines apparently reduces tran-
sition probabilities A;;, which reduces the emission of
resonance lines (1§ - n!P) and enlarges n'P and 2!S
populations [22]. The reduction of A;; is included in this
model using an optical escape factor A(A) [23,24]. 1t has
been reported that the increase of 501.6 nm line emis-
sion (21§ - 3'P) is consistent with the C.R. model in
NAGDIS-I [12].

The ratio of the effective rate coefficient for ionization
to that for emission, §¢/1/CEEf()), is often used for the
density determination of the probe atomic beams in the
plasma, and the measurement of impurity flux released
from the wall. So far, the n, measurement using Li beam,
and the 7, measurement using Al, Ti, C, and He beams
using 577 /Ceff(\) have been developed [7,26].

I1. COLLISIONAL RADIATIVE MODEL AND
NORMALIZED POPULATION DENSITIES

The population densities n{z) are derived from the nu-
merical code by Fujimoto [8] revised by the recommended
rate coefficients for jonization and excitations from the
ground state 115 and the two metastable states 235
[15-19]. The excited states with principal quantum num-
ber n < 20 are included in this work as shown in Fig. 1.
Energy levels F(i) for the excited states with n < 7 are



summarized in Table I [25]. Excited states with n = 8
- 20 are grouped by the same principal quantum num-
bers as shown in Fig. 1 and Table IE In the C.R. model
for the ionizing plasma, rate equations for the population
density n{i) are expressed as,

dr;(z) ( ZC&;R k) + Z Ak,n(k))
k>3
- (nez Cuenli}+ A,kn(z)) —neSin(d) =0, (1)

k<

where A;; is the transition probability for i — j transi-
tion [s71]. The wavelengths A and A;; for the lines pre-
sented in this article are summarized in Table 1T [25].
The C;; and S; are the excitation/de-excitation rate co-
efficients, and the ionization rate coefficient for electron
impact, respectively. The population densities n(¢) are
obtained by solving the rate equations for all excited
states with putting n(f}/dt = 0. The normalized popula-
tion density is defined as n(Z) /ng., with ng,. the density
of helium atom (nge = 3, n(k)).

Figure 2.1 (a) and (b) show the 7, and n. dependences
of n{i)/nge for 215 and 28, and the sum of n(i)/ng,.
for singlet and triplet, 3" n(s)/nm. (s:singlet, E(s) >
E(2'S)) and Y, n(t)/nm. (triplet, E(f) > E(225)).
Population balance involving 2!S is shown as percent-
age contributions of electron in/out flows in Fig. 2.2. For
low ne (ne < 10° cm—3), population balance can be de-
scribed with neglecting radiative electron in flows (< 5
%), described as,

n({1:5) — Aps 11"31@(21.5')

TiHe He

@)
which gwes the rela.tlon of n(2'S)/ny. proportional to
1. For mp > 108 cm™2 (middle n. region), excitations

{0 the singlet states, and ionization becomes dominant
processes as follows:
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which gives constant n{2!S)/ng.. As n. exceeds 10'%
em—3, n(2'8)/ny. increases with n. due to the de
excitations from the singlet excited states down to 2'S.
In very high n. plasma (n. > 10'® em™2), the popula-
tion balances are determined by the collisional processes
between 215 and all singlet states:

Z Cszt S n(S)

s:ginglet
n{(2'S
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£ NHe
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Figure 2.3 shows the percentage contributions of the
electron in/out flows to/from 23S. In the Jow n. plasma
{n, < 10° an™2), the population balance involving 235
can be approximated as,

n(n®P 1§
( E A,nsp_,gas SlH ) e E nGCllS_.nap ’nfl )
n € P

He

n(238)

He

= Agss s (5)
Since the radiative de-excitation can be replaced by the
115 - n3P excitations, n(23S)/n g, is proportional to n,.
For ne > 10° em™3, excitation to the triplets and ioniza-
tion become the dominant out-flows as follows:

n{r*P n(1ts
(z Apap_23s ( ) = ZneC1IS—m3P ( ))
p NHe poy nH

e

= ( Z Cosg— +523S) n(233) (6)

t:triplet THe

which gives constant 72(2*S)/ng. independent to n. (=
5x 1073 at T, = 20 eV). For high n, plasma (n. > 102
cm~%), the radiative electron in-flows to 2°S becomes
small, and the population balance is described as,

i) n(1*S)

n(
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where n(238)/npe is smaller compared to that in the
middle 7, region (= 3 x 107% at T, = 20 V).

Figures 2.4 and 2.5 show T, and n. dependences of
n{é)/ng, for several singlet (2'P, 3'5, 3'P, 4'D) and
triplet (2°P, 338, 3%P) excited states. The T, depen-
dences of n(¢)/ng. are similar to those for Cy1g_,;. The
T, dependences of n(i}/ng, for the triplet have a pesk
around T, = 20 eV and gradually decrease with T, for
T. > 20 eV, while those for the singlet monotonously in-
crease with T, for T, < 1000 V. Figure 2.6 shows the
population balance involving 41D, for example. The ra-
diatlve electron in-flows, which is often called as "cas-

7 Y. _,_,411)‘1’3(5)/7133, is larger than 10 % of the
total eléctron in-flows for ne < 10 em™3. As n, exceeds
103 cm~3, the population balance is determined by the
collisional procaises between 41D and the singlet states
withn > 3.

ITI. EFFECTIVE EMISSION RATE
COEFFICIENTS

The effective emission rate coefficient in the C.R.
model Cf (X)) [em?/s] is defined as,
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Photon production rate per unit volume is given as
nCeLI (M nge [em3s71]. The C& () for various lines,
13§ -n'P, 2°P-n'S 2'8§-n'P, 2'P - n'D, 22P - n35,
225 - 0P, and 2*°P - nD are shown as T, and n, de-
pendences in Figs. 3.1- 3.7.

The Cf7(58.4nm; 11S — 21P), for the resonance line,
is almost constant for a wide n, range (n, < 10" cm—%)
hecause of large value of Anp_1:5. It is slightly en-
larged by the excitation from 2! for n, = 107 - 104
em—3. As n, exceed 10 em3, where the rate for colli-
sional de-excitations becomes large compared to those for
radiations, C¢//(58.4nm) gradually decreases because
n{i) /ng. becomes almost constant. The C&£F(A) for the
other lines with small ¥;A;; have small critical densi-
ties (n, — 10! - 10'* cm~*). The 2'S metastable state
slightly influences on the n = 3 or n! D lines, e.g. 58.4 nmn
(21§ -31P), 728.1nm (2' P - 315), 667.8 nm (2 P - 3* D),
and 492.2 nm (2! P - 4' D). For the triplet lines, 2°S has a
big influences on 7, dependence of CE7 (V) since Casg_y
is much larger than Cyag ., (from the ground state).

CHI(Ni—§) =

(8

IV. LINE INTENSITY RATIOS

The line intensity ratios, CEF(\:)/CELf(X2), for the
use of n, and T, measurements are shown in Figs. 4.1 -
4.6. Figure 4.1 shows T, and n, dependences of the line
intensity ratios for singlet - triplet line pairs, 504.8 nm
(21P - 4'S) / 471.3 nm (23P - 435), 501.6 nm (2?5 -
31P) / 471.3 nm, and 492.2 nm (2! P - 41 D) / 471.3 nm,
whose wavelengths are around 500 nm. Since CELf())
for the singlet and iriplet lines have different 7, depen-
dences each other, the line intensity ratios have strong
T, dependences, which are suitable for T, measurement.
As n, exceeds 10 em™3, these line intensity ratios are
slightly decreased by the increase of C¢ff(471.3nm} due
to the enhanced excitation from 23S. The 504.8 nm /
471.3 nm line intensity ratio has an advantage of rela-
tively weak n, dependence compared to the other ones
in high n, plasma (r, > 10! cm~3). Figure 4.2 shows
the T, dependences of these line intensity ratios for T, =
5 - 50 eV for the experimental applications. Figure 4.3
shows T, and n. dependences of the singlet - singlet in-
tensity ratios of 501.6 nm / 504.8 nm, 501.6 nm / 492.2
nm, and 492.2 nm / 504.8 nm. The strong n. depen-
dences for n, > 1011 cm® and weak T, dependence due
to the similar T, dependence of C&{f()) is suitable for n,
measurement. Figure 4.4 shows n, dependences of these
line intensity ratios for n, = 10° - 101 em~3,

Figure 4.5 shows T, and n. dependences of the line
intensity ratios of 728.1 nm (21 P - 318) / 706.5 nm (2°P
- 325), 667.8 nm (21 P - 3'D) / 706.5 nm, and 667.8 nm /
728.1 nm, whose wavelengths are around 700 nm. Since
Ceff(706.5 nm) is enlarged due to the large n(235)/nye,
the line intensity ratios of 728.1 nin / 706.5 nm and 667.8

nm / 706.5 nm are slightly reduced for n, = 10° - 10%*
ecm~3. The 728.1 nm / 706.5 nm line intensity ratio is
suitable for the 7, measurement in high n. plasma due
to the small n, dependence. The 7, dependences of the
728.8 nm / 706.5 nm and 667.8 nm / 706.5 nm for T,
= 5- 50 €V and the n, dependence of the 667.8 nm /
728.1 nm line intensity ratio for n, = 10° - 10 ¢m™3
are shown in Fig. 4.6.

Strnultaneous 7, and n, measurements are available
by using singlet - singlet and singlet -triplet line pairs.
Firstly, n. is obtained from the singlet - singlet intensity
ratio with assuming T. Secondly, T, is obtained from
the singlet - triplet line pairs with using n. obtained from
the singlet - singlet ratios. It is recommend to use the
492.2 nm / 504.8 nm intensity ratio for n., measurement
and 504.8 nm / 471.3 nmn for T, measurement. Detailed
data of the iniensity ratios are shown in Appendix A as
contour plots and n, and T, dependences.

V. RATIO OF EFFECTIVE RATE COEFFICIENT
FOR TONIZATION TO THAT OF LINE
EMISSION

The quantity of S¢7f /Ce/f(\), with S¢f7 the effective
ionization rate coefficient, is often used for the density
determination of the atomic beam in a plasma [7]. The
effective ionizatrion rate coefficient $¢// is defined as,

geff — E,; S; n(i) _ D S n(z) (9)

Ek n{k) Nie

Since $; (from the excited state) are larger than Siig
(from the ground state), $¢f7 is greater than S11g. The
T, and n, dependences of §¢/f are shown in Fig. 5.1. In
the plasma with 7 > 20 eV, 5/ has small n. depen-
dence. For low T, plasmas (T, < 20 eV), however, n,
dependence is strong due to small value of Sy14, while S;
from the excited states including 2'S and 23§ are large
as shown in Fig. B4. S¢/f is enlarged due to the ioniza-
tion from 238 for n, = 10° - 103 cm™3. As n, exceeds
10'2 em™3, 8¢ increases with n, due to the ionizations
from various excited states.

In this technique, the density of the hellum atomic
beam 7y, is obtained from the line intensity Ip.(z}),
which is expressed by,

Trelz) — ﬂecgﬁlf(}\)nﬂeﬂ, (10)

where z and 7 are the position along the beam and the
sensitivity of the optical detector, respectively. For the
monochromatic helium atomic beam with velocity of vge,
beam attenuation due to the ionization is described as,

dn He dnHe

dt  dz
Helium atoms injected into the plasma are lonized and
removed away from the beamn with trapped by the mag-
netic field, usually perpendicular to the beam. By using

egs. {10} and (11), ng.(z) is given by,

VHe = _neSEfane- (11)
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Figures 5.2 - 57 show T, and n, dependences of
Seff jCetf()) for various visible lines. ‘The line of 501.6
nm (215 - 3! P) is attractive because of its small 7, and
T, dependences for n, < 10 cm=3 and 7. > 5€V.

VI. EFFECT OF HOT ELECTRON IN A PLASMA

For the investigation of hot electrons in a plasma, we
consider two temperature plasma with electron temper-
ature of T,. and T, for cold and hot components. The
electron velocity distribution function f(v,) is expressed
as a superposition of two Maxwellians, f.(v.) and f,(z.)
with electron temperature of T, and Top: '

flve) = (1 — @) folve) + afulve), (13)

where o is the abundance of the hot component given
by & = e /e, With nep, the density of the hot electron
component. Then, C;; is expressed as,

Gij = / C}'ij'l}ef(’Ue)éhT?Jgd’Ue
0
= (1 — Q)Cij(Tec) + aCij(Teh)a (14)

where C;;(Te.) and C;;(Ter) are Gy at Ty, and Ty, re-
spectively. In the similar way, the ionization rate coeffi-
cient §; can be obtained as S; = (1—a)8;{(Tee ) +aS; (Ten)-
Examples of C¢ff()\) for 54.8 nm and 667.8 nm,
CeI (M) [ CEF(Og) for 504.8 nm / 471.3 nimn and 492.2
nm / 471.3 nm, and S¢f7 in the presence of hot electrons
with T, = 20 eV and 40 eV at & = 10 % are shown in
Figs. 6.1 - 6.3. Since Cng_,; and Siig (from the ground
state) are very small for T, < 3 eV, C&7()) and S¢/1 at
a = 10 % are rather similar to 8.1 x C&£f(A) and 0.1 x
§¢f at. T, = T,p, respectively. The hot electrons are very
important for the T, measurement in a low T, plasma
(Tee < 10 €V), since the experimental result seems like a
monochromatic temperature plasma with T, = T.;,.

VII. EFFECT OF RESONANCE SCATTERING
BY THE HELIUM GAS

In the typical helium discharge plasma, with pressure
above 10—* Torr, helium gas has large optical depths 7())
for the resonance lines (115 - n!'P). Figure 7.1 shows
7(A) for 58.4 nm (1'S - 2! P), 53.7 nm (1S - 3'P}, and
52.2 nm (115 - 41P) in the helium gas with 300 K (room
temperature). This figure suggests we must consider the
resonance scattering when the column density ny, x L
exceeds 10°% cm—2, since 7(58.4 nm) exceeds umity. I
corresponds to the helium gas pressure of 2.8 x 10-° Torr
in the vacuum vessel with radius of L = 10 em. The

effects of resonance scattering are included in this model
using an optical escape factor A()\), which is obtained by
the following formulae for large T(}) [22-24,28]:

(15)

1
AR = TG

The optical escape factor A(\) has a value of A(}) <
1, and A(A} = 1 corresponds 7(A) =0. The resonance
scattering is included in the model using A(A) x A;; in-
stead of A;;. The A()) for 58.4 nm, 53.7 nm and 52.2
nm included in this model are shown in Fig. 7.1. Pho-
ton absorptions by the metastable states 23§ and the
other excited states are neglected because the population
densities and the absorption coefficients are small.

Figure 7.2 shows the modifications of n{{)/ng, for 215,
235, 2'P, 3'P, and 4'P by the resonance scattering at
ne = 10'2 em™2 and T, = 20 eV. The n{nlP)/ng, are
enhanced by the reduction of A(X; 11§ — n'P), resulting
in the increase of CE£f(X;2'S — n'P) and n(2'$)/ny..
The Cgff()\) for the resonance lines, 53.7 nm and 52.2
nm, decrease with ng. x I because of the reduction of
A{}) asshown in Fig. 7.3. The CZf()) for the 21 P-nlD
and 2' P - n'S lines are enlarged by the excitations from
the n(2'S)/nge and n{n'P)/ny.. Line intensity ratios
are shown in Fig. 7.4 as a function of ng, x L. The
Cef7(501.6 nm) is very sensitive to the resonance scat-
tering for nge X L > 2 x 10'® em~2. Figure 7.5 shows the
increase of 5%ff because of the enlargement of n(3)/np.
for 2'S and the other excited states.

VIII. DISCUSSION
A. Accuracy of data

The accuracy of CZF(N), CeLI (M) / CLT(As), 547,
and 7 /Ceff(\) primarily depends on the reliability of
atomic data. The transition probability A;; has a good
accuracy within 5 %. The accuracy of Cj; and §; from
the ground state can be estimated within 10 - 20 % for T,
< 50 eV by including the analytical fitting error [15-18].
For T, > 50 eV, C;; has a better accuracy because of
less uncertainty of excitation cross sections ¢;; for high
electron impact energy, especially for the allowed excita-
tions. So, we can estimate the accuracy of C¢ff()) and
Seff within 10 - 20 % for low n, plasma (n, < 10% em—3),
where excitation and ionization from the ground state are
the dominant process to determine those quantities.

As n, exceeds 10" em™3, the reliability of atomic data
for the atomic processes involving the excited states be-
comes important. Shevelko has compared his model cal-
culations to various theoretical and experimental data of
04 from the excited states including 2'S and 235 [19].
The accuracy for the excitation data involving metastable
and excited states will be within 20 - 50 %, and C&£f())
will have accuracy of the same values. The number of




excited states included in the calculation (n < 20} is suf-
ficient for the investigation of the lines with n < 4.

B. Comparison of line intensity ratios to the other
works

The line intensity ratios presented by Schweer [9], and
Behrendt {10!, including the excited states with principal
quantum number n < 4, are compared to this work (in-
cluding n < 20). Figure 8.1(a) compares the 667.8 nm /
728.1 nm intensity ratios to Schweer’s. The line intensity
ratios obtained including and removing n > 4 excifed
states in this work have small discrepancy each other,
within + 10 % at n. = 10*! em—3. Discrepancy between
this work and Schweer’s at ne = 10'' cm 2 is as large
as factor of two, which may come from the difference in
Ci1g_,; (from the ground state) and n(2*5)/ng.. Fig-
ure 8.1{b) compares the 561.6 nm / 504.8 nm intensity
ratio to Behrendt’s work. The contribution of n > 4
excived states is smail for n, < 10*® em™—2, but rapidly
increases for n, > 10*® em™3. Behrendt’s result is in
good agreement $0 this work within 5 - 10 % for n, =
10! - 10® em 2 {10]. Figure 8.1{c) compares the 728.1
nm / 706.5 nm insensity ratio to Schweer’s at n, = 101
cm—2. The discrepancy may come from the difference in
the T, dependence of Crig ;.

These results show the accuracy of line intensity ratio
is very important for the T, and n, measurements. Only
several tens percent difference in the line intensity ratio
results in several factor and one order of deviations in
7. and 7, determination, respectively. The accuracy of
atomic data especially for Cj; from the excited states
including 22§ is important as well as the contribution
of excited states with n > 4.

C. Recombination of helium ions

This work comsiders pure ionizing plasma and neglect
recommbination of the helium ions. In the low 7, or high
n. plasma, however, the recombination of helium lons is
not negligible on the population balance. By including
recombinations, the population density n{¢) is expressed
as n(i) = n{idion + 7{i)rec, the sum of pure ionizing
and recombining components 72(2)ion 80d n{i)re- Figure
8.2 shows n{i)ec/n(i) for 4'D and 43S in the plasma
with nge+ /nge = 0.1, where ny.+ is the density of Het
ions. The ratio of ng.+/np. = 0.1 is an example in the
NAGDIS-I helium discharge plasma with T, = 8 - 20 eV
and n, — 10 - 4 x 10" ain 3. Forlow T, (< 5eV) or
very high n,, (> 10'7 em™*), recombination cannot. be ne-
glected. Figure 8.3 shows the influence of recombination
on the several line intensity ratios at n, = 10'* em™3,
which shows the recombination can be neglected for T,
>3-5eV.

D. Relaxation time of the population densities

The population densities of the metastable states, 2'S
and 235, have large relaxation times, since Asisg_,11g
{to the ground state) are very small, e.g. Apsg 115 =1.7
x 10~* s~ [27]. Then, the relaxation times of the 23S
metastable states can be estimated as = 1/n.So135 in
the middle or high density plasma, where n,Sisg >
Asisg_1g- Here, the ionization is considered fo have
a largest contribution on the populaiion balance because
of the large values of Sy1.0g (e.8. Soag 22 1077 cm3 /s at T,
— 20 eV). As suggested by the n. dependence of C&Z7 (1)),
the contributions of 2'S on the singlet populations are
smrall. The relaxation times for the singlets can be esti-
mated as = 1/4;; (= several tens of nanoseconds), while
those for the triplets depend on the relaxation time of

n(2°8) /e

IX. EXPERIMENTAL APPLICATIONS OF Tg
AND Nz MEASUREMENTS

A. Limitations for the experimental applications

T, and n, measurement technique using Ife I line inten-
sity ratios neglects several factors which can deteriorate
the accuracy of measuremenis such as,

a) hot electrons in a plasma,

b} recombinations of helium ions,

c¢) atomie or molecular processes modifying population
balance of helium atoms not include in the model,

d) resonance scatiering by ambient helium gas,

e) movement of helium atoms in the plasma.

Here, the limitations of this technique due to these factors
are discussed.

(a) Since the rate coefficient Cj; is obtained for
Maxwellian velocity distribution function, it is inherently
impossible to discriminate hot electron component from
the thermalized one. This methed is rather sensitive to
hot electrons especially for T, < 10 €V, compared to sian-
dard 7, measurement methods such as Langmuir probe
and Thomson scattering. However, it can be a good indi-
cation of existence of hot electrons if we can measure T,
of cold or thermalized component by the other method
[12]. It also may be useful for the investigation of hot
electrons in the R.F. heated plasma where hot electrons
are often produced.

(b) Population balances for the recombining plasma is
quite different from those for the ionizing plasma. Fim-
pirically, the contribution of recombination can be ne-
glected for T, > 1/3 x E; (E; = 24.6 eV} for volume
recombination. For the beam probe application, where a
small amount of helium atom is injected into the plasma,
the recombination can be neglected since the helium ions
are quickly removed away with trapped by the magnetic



fields [9,10]. Surface recombination should be also con-
sidered for the wall facing regions in relation to the move-
ment of recombined helium atoms.

{c) Complicated atomic processes such as charge trans-
fer from/to various atoms and molecules or ion impact
excitation and ionization can modify the population bal-
ances [29]. Proton impact must be included for high tem-
perature hydrogen plasma (> several hundreds eV) and
for the fast helium atomic beam experiment [18].

(d) The resonance scattering influences the popula-
tions balances as a column density of the helium gas
nge X L exceeds 2 x 10" ¢cm—2, which corresponds par-
tial pressure of helium gas of 10~° Torr for £ = 10 cm.
For the cylindrical plasma, L corresponds to the radius
of vacuum vessel. Reducing partial pressure of helium
gas or using helium beam probe technique will solve this
problem, although we should note various atomie pro-
cesses involving atoms and ions in the target plasma.

{e)} Movement of helium atom must be considered for
low n, plesma with large relaxation time 7y.qp or fast
beam application with high helium velocity vx., where
UHe X Trelez 18 comparable or larger than the spatial
length we concerned. For the plasma with low n, or small
vacuum vessel, where v, X Trege 1 comparable to the
dimensions of the vacuum vessel, population balances in-
volving 2®$ metastable states will be modified. The spa-
tial resolution of this method concerns with vy, X Treles,
which is important for the fast beam application. Line
intensity ratio data with the parameter of n(2**S)/ns.
are necessary to obtain high spatial resolution. So far, the
time dependent population behavior has been considered
for the fast He beam probe spectroscopy in TEXTOR [9].

B. Experimental error of 7, and n. measurements

Here, the experimental error of T, and n. measure-
ment with assuming the limitations discussed above are
solved. For example, errors in the 7, measurement using
the 492.2 nm / 471.3 nm line intensity ratio, Fig. 4.2(c),
is considered for a target plasma with 7, = 20 eV and n,
= 10" cm 3. The theoretical error due to the reliability
of C¢ff () is estimated within 20 %, giving the resultant
T, error of + 4 eV. Adding 10 % of the experimental
error on the reliability of atomic data results in + 7 eV
error. The uncertainty of n. as much as a factor of two,
for example 5 x 10! - 2 x 102 em—3, gives a deviation
in the 492.2 nm / 4713 nm line intensity ratio of & 25
%. Then, the resultant T, error can be estimated as +
8 eV. The error in 7, measurements is considered with
the 492.2 nm / 504.8 nm line intensity ratio. The reli-
ability of C&Ff(A)/CS (Az) is within 20 - 50 % for n,
> 10'°° em~3. Then, the resultant n, error reaches up
to a factor of 1.5 - 2 by adding the experimental error
of &= 10 %. The uncertainty of T, gives small variation
of the 492.2 nm / 5(4.8 nm intensity ratio as shown in
Fig. 4.4(c). For example, + 5 eV uncertaimy of T, corre-

sponds a variation of the line intensity ratio smaller than
+ 10 %.

The experimental errors of T, and 7, measurements
depend on the plasma parameters and employed line
pairs. Cross check using several line pairs will improve
the reliability of the measurements. Empirically, T, and
ne errors in this technique are considered within 50 %
and a factor of two for the plasma with T, = 5 - 50 eV
and n, < 10 ecm~3, respectively.

C. Conclusion

Helium 1 line intensity ratios have been obtained with
the revised C.R. model, and summmnarized as a database
for the 7, and n, measurements. Although this technique
has several limitations for experimental applications, de-
pending on atormic and molecular species in the plasma,
energy distributions of the plasma electrons and the other
various particles, pressure of helium gas, and the dimen-
sions and configurations of the device, it is still attractive
for the investigations or indications of hot electrons, reso-
nance scattering, and change in 7} and n.. The reliability
of the line intensity ratios will be improved by including
various experimental conditions in the C.R. model.

X. APPENDIX

The line intensity ratios for the experimental use are
summarized as contour plots and n. and 7, dependences
in Figs. A1-A9. Rate coefficients for excitation and ion-
ization Cj; and S; from the ground state and the two
metastable states 235 included in this work are shown
in Figs. B1 - B4 [15-18].
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Tables

TABLE 1. Energy level E(i) of helimm atom with principal gqnantum number » < 7 {25].

Term E(3) [eV] Ferm E(i) [eV] Term E(i) [eV] Term E(3) jeV]
1's 0
2lg 20.616 2tp 21.218
3lg 22,020 3ip 23.087 3D 23.074
415 23.673 4ap 23.745 4D 23.736 4iF 23.737
518 24.011 5P 24.045 5D 24,043 5tF 24.043
65 24.191 glp 24211 (292} 24.209 6lF 24.209
7lg 24.908 p 24,310 D 24.309 F 24.309
P35 19.819 piad 20.964
338 22.718 33p 23.007 3D 23.073
435 23.594 4*F 23.708 42D 23.736 43F 23.737
58 23.972 5°p 24,028 53D 24.042 5 F 24.043
8*g 24.160 6°P 24.200 &D 24.209 g*F 24.200
e 24.284 =P 24304 7D 24.309 T2 F 24.300

TABLE II. Energy level E(i) of helium atom with principal quanturn number n = 8 - 20 employed in this work.

n E(@) [eV] | n E(7) [eV] n E(i) [ev] | n E(1) [eV]
8 24374 12 24.492 16 24.533 20 24.552
9 24.418 13 24.508 17 24539
10 24.450 14 24.517 18 24,524
11 24.474 15 24 526 19 24.549

TABLE II1. Wavelength A [pm| and transition probability A.; {1/s] of helium atom for { — j transition helium atom [25]).

Transition ‘Wavelength Transition probabihity Transition Wavelength Transition probability
i—F A [ntn] A [10® 1/d] i— g A [ A,; [10® 1/5]

9Ip 5 11§ 584 17.99

3p - 118 53.7 5.66

4r - 1's 529 2.46

5ip — 1lg 51.6 1.28

AP = 918 2058.1 0.01976 PP 5 2°F 10330 0.1022

3lp - 218 501.6 0.1338 3¥p — 225 388.9 0.09478

4P — 2'§ 396.5 0.0717 43P — 238 3188 0.0505

stp o 9lg 361.4 0.0376 5P . 238 204.5 0.0203

35 — olp 7281 0.181 3B5 = TP 706.5 0.278

45 — 2P 504.8 0.0855 435 — 2*P 471.3 0.106

5lg — 2'p 443.8 0.0313 538 — 2*p 412.1 0.0430

3’p — 2P 667.8 0.638 3D = TP 587.6 0.706

4a'p — 2'p 492.2 0.202 £p - 2P 4472 0.251

51D — 2tp 438.8 0.0007 55D — #p 402.6 0.117




Figure Captions
Fig. 1 Energy level E(i) of helium atom.

Fig. 2.1 Normalized population densities, n{i)/np., for
2'S and 238, and the sums of n(i)/np. for singlet (s)
and triplet (t) are shown as (a) T, dependence at n, =
102 ¢m—3, and (b) n. dependence at T, = 20 eV.

Fig. 2.2 Percentage contributions of (a) in-flows and (b)
out-flows of electrons involving 215 at T, = 20 V.

Fig. 2.3 Percentage contributions of {a) in-flows and (b)
out-flows of electrons involving 235 at T, = 20 eV.

Fig. 2.4 Normalized population densities, n(i)/nge, for
21P, 31P, 315, and 41D are shown in (a) 7, dependence
at ne = 102 em™2, and (b) n, dependence at T, — 20
eV,

Fig. 2.5 Normalized population densities, n(i)/n e, for
2P, 3P, and 3?5 are shown in (a) T, dependence at n.
= 10" cm~?, and (b) n. dependence at T, = 20 €V.

Fig. 2.6 Percentage contributions of {(a) in-flows and (b)
out flows of electrons involving 4'D at T, = 20 eV.

Fig. 3.1 Effective emission rate coefficients C&2f () for

the resonance lines (115 - n! P) are shown in (a) 7, de-

pendence at n, = 10 cm™3, and (b) n. dependence at
e = 20eV.

Fig. 3.2 Effective emission rate coefficients C&// (}) for
the singlet S lines (2'P - n'S) are shown in (2) T, de-
pendence at n, = 102 ecm™~3, and (b) n, dependence at
Te =20 eV,

Fig. 3.3 Effective emission rate coefficients Cgf (1) for
the singlet P (2§ - n'P) lines are shown in (a) 7. de-
pendence at n, = 10°2 cm™3, and (b) n, dependence at
T, = 20 eV.

Fig. 3.4 Effective emission rate coefficients C;7 ()} for
the singlet D (21 P - n!D) lines are shown in (a) T, de-
pendence at n, — 10'% cm 2, and (b) n. dependence at
T. = 20 eV.

Fig. 3.5 Effective emission rate coefficients C25f () for

the triplet S lines (2P - n38) are shown in (a) T, de-

pendence at n, = 10 cm~3, and (b) n. dependence at
. = 20 eV.

Fig. 3.6 Effective emission rate coefficients Cgff (A} for
the triplet P lines (2*S - n®P) are shown in (a) T; de-
pendence at n, = 10'* cm~3, and (b) n. dependence at
T. =20eV.

Fig. 3.7 Effective emission rate coefficients CZ{f () for
the triplet D lines (22 P - n3D) are shown in (a} 7. de-
pendence at n, = 102 cm~3, and (b) n, dependence at
T. =20 eV.

Fig. 4.1 Line intensity ratios for singlet - triplet line pairs
with A\ = 500 nm for 7, measurement are shown in (a) T
dependence at n, — 10'2 cm 3, and (b) n. dependence
at 7, = 20 eV.

Fig. 4.2 The T, dependence of the singlet - triplet line
intensity ratios with A &~ 500 nm, (a) 504.8 mmn / 471.3
nm, (b) 501.6 nm / 471.3 nm, {c) 492.2 nm / 471.3 nm.

Fig. 4.3 Line intensity ratios for singlet - singlet line
pairs with A &~ 500 nm for n, measurement are shown
in (a) T, dependence at n, = 10'* cm 3, and (b) =
dependence at T, = 20 eV.

Fig. 4.4 The n, dependence of singlet - singlet, line in-
tensity ratios with A ~ 500 nm, (a) 501.6 nm / 504.8 nm,
{(b) 501.6 nm / 492.2 nm, (c) 492.2 nm / 504.8 nm.

Fig. 4.5 Line intensity ratios for the line pairs with A
2 700 num are shown in (a) T, dependence at n, = 10"
em 3, and (b) ne dependence at T = 20 eV.

Fig. 4.6 Line intensity ratios with A =~ 700 nm for ex-
perimental applications; (a) T, dependence of 728.1 nim /
706.5 nm at n, = 102 em—3, {b) T, dependence of 667.8
nm / 706.5 nm as n, — 10*% cm—3, (c) n, dependence of
667.8 nm / 728.1 nm at T, = 20 eV.

Fig. 5.1 Effective ionization rate coefficient /7 are
shown in (a) T, dependence at n, = 10" cm ®, and
(b) n, dependence at T, = 20 eV.

Fig. 5.2 Sef7 /Ceff () for singlet S lines are shown in (a)
T, dependence at n, = 10*2 cm ™3, and (b} n, dependence
at T, = 20 eV.

Fig. 5.3 5¢ff /Ce4 () for singlet P lines are shown in (a)
T, dependence at n, — 10*? cm—*, and (b) n. dependence
at T, = 20 eV.

Fig. 5.4 §eff/Cef()) for singlet D lines are shown in
(a) T, dependence at n, = 10" ¢cm*, and (b) n. depen-
dence at T, = 20 V.

Fig. 5.5 §¢/7/Ceff () for triplet S lines are shown in (a)
T, dependence at n, — 102 cm~3, and (b) n. dependence
at T, = 20 V.

Fig. 5.6 S¢77 /CeLf()) for triplet P lines are shown in (a)
T, dependence at n, = 10'2 cm~3, and (b) n, dependence
at T, = 20 V.

Fig. 5.7 §°/7 /Ce5f () for triples D lines are shown in (a)
T, dependence at n, = 10'2 ¢cm~3, and {b) n. dependence
at T, = 20 eV.

Fig. 6.1 Effective emission rate coefficient Cgf (3) for
(a) 54.8 nm and {b) 667.8 nm in the presence of hot
electrons with Ty, — 20 eV and 40 eV, o = 10 % at n,
= 10*2 em™2.

Fig. 6.2 Line intensity ratios in the presence of hot elec-
trons, (2) 504.8 nm / 471.3 nm, (b) 492.2 nm / 471.3 nm,
{¢) 728.1 nm / 706.5 nm, (d) 667.8 nm / 706.5 nm.

Fig. 6.3 Effective ionization rate coefficient Seff in the
presence of hot electrons.

Fig. 7.1 Optical depth T(\)} and optical escape factor
A()) for 58.2 nm {11S - 2'P), 53.7 nm (1S - 3'P), and
52.2 nm (1! - 41P) lines.



Fig. 7.2 Normalized population densities n(i)/ng. as a
function of helium column density nge x L at n, — 10°2
cm~2 and T, = 20 eV.

Fig. 7.3 Effective emission rate coefficients C&/7(}) as
functicns of helium column density ny, x L at n, — 102
ecm~3 and T, = 20 eV; (a) 115- nlP, (b) 2'P- 1S, (c)
215 - n'P, (d) 2'P - n'D.

Fig. 7.4 Line intensity ratios CZf(\)/Ce7();) as
functions of helium columm density ng, x L. (a) Sin-
glet - triplet pairs with A = 500 nm. (b) Singlet - triplet
pairs with A =2 500 nm. (¢} Line intensity ratios with )
22 700 nm.

Fig. 7.5 Effective ionization rate coefficient 5% as 3
function of helium column density nge x L.

Fig. 8.1 Line intensity ratios in this work are compared
to the results by Schweer and Behrendt; (2) 667.8 nm /
728.2 nm, (b) 501.6 nm / 504.8 nm, (c) 728.1 nm / 706.5
nm.

Fig. 8.2 Contribution of the recombining component. on
the population density, n(i}... / n(i) at ion / atom den-
sity ratio nf /ny. = 0.1; (a) n(4'D)ec/n(41D), (b)
n(438)ee /0(42S).

Fig. 8.3 Modification of the line intensity ratios for sin-
glet - triplet pair, 492.2 nm / 471.3 nm, 501.6 nm / 471.3
nm, 504.8 nm / 471.3 nm due to the recombining com-
ponents of the excited state at ion / atom density ratio

nk,./nege = 0.1 and n, = 102¢m 3,

Appendix

Fig. A1 The 504.8 nmm / 471.3 nm line intensity ratio
is shown as (a) contour plot, (b) T, dependence at n, —=
102 em—3, and (c) n, dependence at 7, = 20 eV.

Fig. A2 The 501.6 nm / 471.3 om line intensity ratio
is shown as (a) contour plot, (b) T, dependence at n, =
102 cm 2, and (c) n, dependence at T, = 20 eV.

Fig. A3 The 492.2 nm / 471.3 nm line intensity ratio
is shown as (a) contour plot, (b) T, dependence at n, =
10'2 em 3, and (c) n. dependence at T, = 20 eV.

Fig. A4 The 501.6 nm / 504.8 nm line intensity ratio
is shown as (a) contour plot, (b) T, dependence at 7, =
10* ¢m~3, and (c) n. dependence at 7T, = 20 eV.

Fig. A5 The 501.6 nm / 492.2 nm line intensity ratio
is shown as (a) contour plot, (b) T, dependence at n, =
10'2 cm~3, and (c) n. dependence at T, = 20 V.

Fig. A6 The 492.2 nm / 504.8 nm line intensity ratjo
is shown as (a) contour plot, (b) T, dependence at n, —
102 em~3, and (¢) n, dependence at T, = 20 V.

Fig. A7 The 728.1 nm / 706.5 nm line intensity ratio
is shown as (a) contour plot, (b} T, dependence at n, =
102 em—3, and (c) n,. dependence at 7, — 20 &V.

Fig. A8 The 667.8 nm / 706.5 mm line intensity ratio
is shown as (a) contour plot, (b} T, dependence at n, —
10** cm 3, and (c) n, dependence at 7, = 20 eV.

Fig. A9 The 728.1 nm / 667.8 nm line intensity ratio
is shown as (a} contour plot, (b) 7, dependence at rz, =
10'2 cm™3, and (c) », dependence at T, = 20 eV.

Fig. B1 Excitation rate coefficients from the ground
state 1'S; (a) 1S - n!S, (b) 'S - n'P, (c) 1'$ - nD,
(d) 1'S - n38, (e) 11§ - 7P, () 1'S - n3D.

Fig. B2 Excitation rate coefficients from the metastable
state 215; (a) 2°5- nlS, (b) 218 - n'P, (¢) 21§ - n!D,
(d) 2'S - n38, (e) 2'5 - n3P, (f) 2'S- n3D.

Fig. B3 Excitation rate coefficients from the metastable
state 235; (a) 225-n'S, (b) 235- n' P, (c) 235- n'D, (d)
235- 038, (e) 228 - n®P, (f) 225 - n®D.

Fig. B4 lonization rate coefficients from the ground state
11§ and the metastable states 215 and 238.
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