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Line emissions from helium (He) plasmas have been used for measurement of electron density and

temperature in various situations. We performed measurements of He line intensities in

recombining plasmas in a divertor simulator, followed by discussion of some potential difficulties

of using the line intensity ratio (LIR) method in a divertor environment under detached conditions.

When using four line emissions (501.6, 667.8, 706.5, and 728.1 nm), the discrepancy of the results

compared to results from the laser Thomson scattering (LTS) method increased along with

increasing gas pressure. However, the LIR method agreed well with LTS when a recombination

sensitive line emission (447.1 nm) was added. The influence of the transport of metastable atoms is

also discussed. Additionally, anomalous characteristics of the LIR method were revealed in

hydrogen helium mixture plasmas when the temperature was in the range of 1–4 eV. These

anomalies were likely attributable to the dissociative recombination of HeHþ. Published by AIP
Publishing. https://doi.org/10.1063/1.5029414

I. INTRODUCTION

Optical emission spectroscopy is an important method

for plasma diagnostics, and emissions from helium (He)

atoms have been used in a variety of situations. The line

intensity ratio (LIR) method, which uses line emission inten-

sities with a collisional radiative (CR) model calculation, has

been applied to various fusion devices.1–6 He atoms have an

advantage in fusion devices, because they can be produced

via the deuterium-tritium (D-T) nuclear fusion reaction, and

the concentration can be �10% in the divertor region.7

The applicability of the LIR method has been investi-

gated in linear devices simulating the edge plasma environ-

ment. One issue that must be taken into consideration with

this is the radiation transport.8 The population densities in

n1P (where n is the principal quantum number), which are

optically connected to the ground state, are strongly dis-

turbed by photo-excitation processes.9 This effect can be

compensated for by using the optical escape factor (OEF) for

the central region of the plasma column.10,11 It has been

shown that the line emission at 501.6 nm (21S-31P) can be

used to assess the influence of photo-excitation even at the

periphery of the plasma column,12 where the conventional

OEF method cannot be applied.13

Plasma detachment is one of the most promising meth-

ods for reducing the heat load on the divertor plate in fusion

devices,14,15 and it is expected to be adopted in ITER and

future fusion devices.16 The LIR method is potentially useful

for recombining detached plasmas; however, several issues

with it remain which need to be dealt with. First, there is a

possibility that two solutions will appear when a recombin-

ing component is included at low temperatures.10 Second,

line intensities may exhibit anomalous characteristics in

plasmas, including other gas species such as Ar and H2.17

However, the feasibility of the LIR method has yet to be

investigated in recombining detached plasmas.

In this study, we conducted He spectroscopy for recom-

bining plasmas using the divertor simulator NAGDIS-II

(Nagoya divertor simulator-II) to assess the feasibility of the

LIR method under detached conditions. The experimental

setup and the model used for comparison with the experi-

ments are shown in Sec. II. In Sec. III, pure He plasma cases

are presented. Comparisons are made with other diagnostics

and we discuss various effects that can influence the LIR

method. The applicability of the LIR method in helium

hydrogen (H2) mixture plasmas is investigated in Sec. IV,

and our conclusions are presented in Sec. V.

II. METHODS

A schematic of the experimental setup is shown in Fig.

1. Using the NAGDIS-II device, He plasmas were produced

in a steady state by a direct current (DC) arc discharge using

a LaB6 cathode. A cylindrical plasma was formed with the

help of the magnetic field, whose strength was �0.1 T. The

inner diameter of the vacuum vessel was 88 mm. In addition

to the gas injection in the plasmas source region, additional

He or H2 gas was injected from a gas injection tube down-

stream of the device. The neutral pressure in the device was

measured by a capacitance manometer installed in the down-

stream region of the device.

Two different spectrometers were used for the observa-

tion. Initially, we used a Czerny-Turner spectrometer with a

focal length of 500 mm and a 1200 grooves/mm grating.

However, for convenience, we switched to using a Czerny-

Turner compact spectrometer AvaSpec-ULS3648 (Avantes)

with a focal length of 75 mm and 900 grooves/mm grating,

which enabled us to observe the wavelength range of

200–1100 nm at once. Although the wavelength resolution

was not so ideal (0.6–0.7 nm/pixel), it was sufficient to mea-

sure the necessary line intensities. We confirmed from thea)Electronic mail: kajita.shin@nagoya-u.jp
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width of the spectrum that overlap with different spectra did

not occur on any spectra used for the LIR method even in

He-H2 mixture plasmas. Relative calibration was conducted

for both spectrometers using a standard calibration lamp.

The first spectrometer was used for the first part of the exper-

iment described in Sec. III, and the second spectrometer was

used for all of the other experiments.

Comparisons were made at two different positions as

shown in Fig. 1. A downstream position, which was 15 cm

distant from the laser Thomson scattering (LTS) measure-

ment,18 was mainly chosen for the measurement. A second

harmonic of Nd:YAG (neodymium-doped yttrium aluminum

garnet) laser with a laser pulse width of �5 ns was used for

the light source, and a spectrometer using a volume phase

holographic transmission grating and a charge coupled

device with a GEN III image intensifier were used for the

detector, as described in detail in Ref. 19. LTS or double

probe measurements were used for comparison with the LIR

at the downstream position. An upstream position, which

was 70 cm away from the downstream position, was used to

assess behavior in the middle temperature range (1–4 eV) in

He-H2 mixture plasmas. A single probe measurement was

used for the upstream comparison. We chose to use LTS for

reference because it was the most reliable measurement

method for recombining plasmas, even though the measure-

ment position was 15 cm downstream. One advantage of

LTS is that it enabled us to deduce two temperature compo-

nents by using two Gaussian functions for fitting the spec-

trum.20 We should note that the plasma parameters could

differ slightly between the positions for spectroscopy and

LTS, especially in recombining plasmas: Te could be lower

at the LTS position, while the variation of ne in the axial

direction depends on certain conditions. With detached plas-

mas, it was previously understood that electrostatic probe

measurements including single and double probes could not

work properly.21 Recently, however, the accuracy of double

probes in recombining plasmas has been improved with spe-

cial treatments to the electric circuits and analysis proce-

dures. It has been shown that double probe can deduce

consistent ne and Te with LTS in recombining plasmas using

NAGDIS-II, although single probes always overestimated Te

when Te was less than 1 eV.22 The error rate of the double

probe in NAGDIS-II detached plasmas was roughly 620%

even after averaging the current voltage characteristics.22

Considering the fact that the probe current has a large

(�30%–40%) fluctuation with detached plasmas in

NAGDIS-II,23 the ambiguity in the density could have been

a couple of times higher. The measurement error (fitting

error) with LTS was smaller than with the double probe

when we use averaged spectra; considering the fluctuation in

the plasmas, the error is likely comparable to that of the dou-

ble probe.

A CR model developed by Goto5 was used to model the

population distribution of He atoms. The optical escape fac-

tor (OEF) was used to take into account radiation trapping.

Because reabsorption occurs for the optical transitions con-

nected to the ground state, effective enhancement by photo-

excitation is a necessary consideration for n1P states. The

OEFs for all of the transitions from n1P to the ground state

were therefore taken into consideration. In cylindrical geom-

etry with Doppler broadening, OEF is defined as

g0 �
1:92� 1:3= 1þ ðj0ROEFÞ6=5

h i

ðj0ROEF þ 0:62Þ p lnð1:357þ j0ROEFÞ½ �1=2
; (1)

where ROEF is the radius of the spatial distribution of the

excited atom (OEF radius), and j0 is the absorption coeffi-

cient at the center of the spectrum having a Gaussian pro-

file.24 In Eq. (1), it was assumed that the upper state has a

parabolic profile, while the ground state density has a uni-

form profile. As previously discussed, an introduction of the

line emission at 501.6 nm (21S-31P) was successfully used to

compensate for the radiation trapping in ionizing plasmas in

addition to line intensities at 667.8 (21P-31D), 706.5 (23P-

33S), and 728.1 nm (21P-31S).12 Furthermore, we also

included the line emission at 447.1 nm (23P-43D) to increase

sensitivity to the recombining component.10 We used four

line emissions (501.6, 667.8, 706.5, and 728.1 nm) or five

line emissions (with an additional 447.1 nm line emission);

we will discuss the difference in Sec. III A. We refer them as

four line LIR and five line LIR methods in this paper.

There are two formulations in the CR model.5 Two

metastable states (21S and 23S) are treated as free parameters

in the formulation I, while no special treatment is applied to

the metastable states in formulation II. In other words, in for-

mulation II, the lifetime of the metastable states is assumed

to be shorter than the transport timescale. We primarily used

formulation II; the influence of the metastable state will be

separately discussed. An error function was necessary to

measure ne and Te for the comparison between the CR model

and experiments. We deduced the upper state density, n(p),

from the line emission I(p, q). Since four or five lines were

used for the LIR method and only a relative calibration was

conducted, we first normalized the density to the total den-

sity as

qðpÞ ¼ nðpÞP
i nðiÞ ; (2)

FIG. 1. A schematic of the experimental setup in NAGDIS-II.
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where the summation of n(i) represents the sum of the upper

states of the line emission used for the analysis. We define

the error function for the optimization as

f ¼
X

p

q exp � qcal

q exp

� �2

; (3)

where qexp and qcal correspond to the values from the experi-

ment and the CR model calculation, respectively. The defini-

tion of the error function was almost the same as the one

used in Ref. 25, in which absolute population densities

obtained from emission intensities were used for optimiza-

tion. Since only relative intensities were used for Eq. (3), it

does not require absolute calibration nor an assumption of

the line integrated length. In this study, there are two cases

for which the parameters had to be optimized. In the first

case, three parameters (ne, Te, and ROEF) were optimized. In

the second case, ROEF was fixed at a constant value, while ne

and Te were free parameters to focus on some specific

effects.

III. PURE He RECOMBINING PLASMAS

A. Comparison

Figures 2(a)–2(c) show the gas pressure, P, dependences

of the electron density, ne, temperature, Te, and ROEF, respec-

tively, from the LTS and four line and five line LIR methods.

The discharge current, Id, was 60 A in this series of experi-

ments. The plasma corresponded to an ionizing plasma with

Te of higher than 1 eV when the He gas pressure was less

than 7–8 mTorr, but they became recombining plasmas

when P was higher. The density increased with increasing P
up to �10 mTorr and then decreased when the pressure

became higher.

In comparing the LTS and LIR methods, a notable dif-

ference was seen in Te. The four line LIR method signifi-

cantly overestimated Te, and the discrepancy increased with

increasing P. However, the discrepancy in Te disappeared in

five line LIR. Five line LIR also deduced almost consistent

ne as well except in the case of 15.8 mTorr. The optimized

ROEF was not stable for four line LIR; it became higher than

50 mm when P was between 10 and 20 mTorr. The large

scattering in the four line LIR case suggested that the inverse

problem to simultaneously obtain ne, Te, and ROEF was not

solved properly. ROEF gradually decreased with P and was in

the range of 20–50 mm for five line LIR. Although it is

unknown why ROEF decreased, the value was consistent with

a previous study, where the influence of radiation trapping

was compensated for with ROEF ¼ 24 mm.10 The value of

ROEF should be close to the radius of the plasma column but

could be slightly higher. Previous experiments and ray trac-

ing simulations have shown that some line emissions, espe-

cially for resonance lines, have broader profiles due to

radiation transport.13 Nishijima and Hollmann have dis-

cussed the importance of the temperature of He atoms to

determine the OEF.11 In this study, we assumed that the gas

temperature was 300 K. The value of j0 is the inverse of the

spectrum width, which is the square root of the temperature.

Thus, if the actual gas temperature was 1000 K, then the

actual ROEF should be
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1000=300

p
� 1:8 times greater.

The results in Fig. 2 suggested that the four line LIR

method had difficulty when applied to recombining plasmas,

although it could be successfully used for ionizing plasmas.

The error could also be compensated for by the additional

introduction of a recombination sensitive line emission.

However, a significant discrepancy in ne appeared at 15.8

mTorr even using this five LIR method. Potential mecha-

nisms behind the discrepancy will be discussed in

Subsection III B.

B. Two temperature solutions

We focus here on the mechanism causing the discrep-

ancy at �15.8 mTorr in Fig. 2. Figure 3 shows the map of f
defined by Eq. (3) as functions of ne and Te assuming that

ROEF ¼ 30 mm. The experimental condition (Id ¼ 60.5 A and

FIG. 2. Gas pressure dependences of (a) ne, (b) Te, and (c) ROEF from the

LIR methods. In (a) and (b), the results from the LTS are also shown for

comparison. Four (501.6, 667.8, 706.5, and 728.1 nm) and five (plus

447.1 nm) line emissions were used for the LIR measurement. Closed trian-

gles correspond to the LTS method, open markers correspond to four line

LIR, and closed squares correspond to five line LIR.
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P¼ 14.7 mTorr) was almost the same as the case where a

discrepancy was identified in Fig. 2. Line integrated intensity

was used in Fig. 2; here, we eliminated the line integration

effect by using the Abel inversion method and focused on

the emission from the center. It is seen that there were two

error minima around 0.7 eV and 4� 1018 m�3 (high tempera-

ture component) and 0.2 eV and 1.2� 1019 m�3 (low temper-

ature component). These two error minima could be a

consequence of the inverse problem formulation, indicating

that given line intensity ratios can be reproduced with a rea-

sonable accuracy by two different combinations of (ne and

Te) and that additional constraints are necessary to choose

between them. From another perspective, recent research

identified that on the time averaged LTS spectrum two tem-

perature components exist near the recombination front,20

i.e., where significant density reduction occurred. It is likely

that the strong plasma fluctuation around the recombination

front26 produced the two components temporally. Although

the two error minima were not evidence of the existence of

two temporally resolved components, superposition of two

solutions could also yield line intensity ratios similar to the

one observed experimentally.

It was necessary to measure the emissions with a high

time resolution and separate the two components. Moreover,

it was necessary to introduce a time resolved CR model to

check whether quasi steady state approximation can be

applied to the fluctuating plasmas. Here, for simplicity, we

deduce ne and Te from the two error minima and compare

them with the LTS. Figures 4(a) and 4(b) show comparisons

of ne and Te, respectively, for the low and high Te compo-

nents measured from the LTS and LIR. It is seen that the two

temperatures were consistent between the two measurement

methods, while the density was approximately twice as high

in the LIR method. This can be partly attributed to the differ-

ence in the measurement position: the LIR measured plasma

15 cm upstream from the LTS position, and the recombina-

tion might have decreased the density considerably from the

region measured by the LIR.

C. Discussion

Although the agreement between the LTS and LIR in

Fig. 4 is fairly reasonable, it is necessary to discuss the effect

of transport of metastable state atoms (21S and 23S), which

may cause an error for the LIR method. Recently, measure-

ments of 23S metastable state density and temperature were

conducted in NAGDIS-II.19,27 It was shown that the effect of

transport of metastable atoms, which is usually negligible in

ionizing plasmas in NAGDIS-II, can be significant in recom-

bining plasmas. The metastable atoms were produced in the

cold peripheral recombining region, and the metastable den-

sities in the plasma center and peripheral region were

increased and decreased, respectively, by the transport. It

was shown that the metastable density could be increased by

one or two orders of magnitudes from that obtained in the

0D approximation around the center.

The variation of the error function f is investigated using

formulation I of the CR model. Using the densities of 21S

and 23S states obtained from formulation II, i.e., nII(2
1S) and

nII(2
3S), we assumed the densities in formulation I as

nIð21SÞ ¼ C1nIIð21SÞ; (4)

nIð23SÞ ¼ C3nIIð23SÞ; (5)

where C1 and C3 are variables.

Figure 5 shows that ne and Te obtained from the LIR

method changed C1 and C3 from unity to 100. Here, the low-

est error position was chosen for the optimum ne and Te for

simplicity rather than dealing with two error minima. The

measured ne and Te by LTS were also plotted as two closed

FIG. 3. An error map of f as functions of ne and Te assuming that ROEF

¼ 30 mm.

FIG. 4. Comparisons of (a) ne and (b) Te for low and high Te components mea-

sured by the LTS and LIR. The measurement position of the LIR was 15 cm

upstream from the position of the LTS. ROEF was assumed to be 30 mm.
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circles. It was demonstrated that the minimum error point

was altered in between the two error minima originally iden-

tified. It was also shown that the transport of metastable

states could influence the LIR, and that the LIR method

should retain some ambiguity if we could not obtain the

actual metastable densities.

It might be possible to deduce the metastable atomic

densities from the LIR method as was previously demon-

strated by Sawada et al.25 from 16 measured line emissions.

However, it might not be practical to apply this to fusion

devices, especially when high temporal resolution is

required. It is of interest to specify the necessary conditions

where we have to take into account the influence of metasta-

bles and develop a simpler way to solve this issue in future.

IV. He-H2 MIXTURE PLASMAS

A. Anomalous emission increases

H2 gas was introduced downstream of the He plasma in

NAGDIS-II. We assumed that the background partial He gas

pressure was not changed by the additional H2 injection from

4.4 mTorr. Figure 6(a) shows the measured He line intensi-

ties as a function of partial H2 gas pressure, PH2, in a loga-

rithmic scale. The measurement was conducted at the

upstream measurement position shown in Fig. 1, where the

single probe measurement could be done. Some line intensi-

ties, i.e., at 706.5 and 728.1 nm, increased when PH2 < 2

mTorr and decreased above the pressure. On the other hand,

some other intensities, i.e., at 402.6 and 447.1 nm, decreased

when PH2 was less than 2 mTorr and increased gradually

above that pressure. The intensities normalized to those at

PH2 ¼ 0 mTorr are shown in Fig. 6(b). The increases below

PH2 of 2 mTorr were significant on the emissions from 31S

and 33S states, followed by those from 33P, 33D, 31P, and

31D states. The lines exhibiting significant increases above 5

mTorr were from n¼ 4 and 5 states, suggesting that those

are from recombination processes.

Figure 7(a) shows PH2 dependences of ne and Te, which

were deduced from the single probe measurement at the

same location up to 5 mTorr. The temperature decreased

gradually with increasing PH2. We could not rely on the sin-

gle probe measurement when PH2 was higher than 5 mTorr

because of the anomalous characteristics of electrostatic

probe in electron-ion recombination (EIR) plasmas;21 here,

we focus on the emission properties below 5 mTorr. In Fig.

7(b), corresponding line emissions calculated from the CR

model are shown. No molecular effects were taken into

consideration in this calculation. All of the calculated line

intensities decreased with increasing PH2; the increase

around PH2 ¼ 2 mTorr could not be explained solely by

variations in the temperature and density. Although the

results are not shown, proper density and temperature could

not be obtained from the LIR method under the condition

shown in Fig. 7. For example, ROEF became larger than the

chamber radius when ROEF, ne, and Te were free parame-

ters. The density was judged to be anomalously low (lower

than the minimum value of 5� 1017 m�3) when we

assumed that ROEF ¼ 30 mm. Because the LIR methods

included some lines which increased significantly, e.g., the

emissions at 706.5 nm (23P-33S) and 728.1 nm (21P-31S), it

was expected that they would disturb the quality of the

LIR.

FIG. 5. ne and Te obtained from the LIR method as changing C1 and C3

from unity to 100. The gray scale image below corresponds to the error map

in case where C1 ¼ C3 ¼ 1 was assumed. Closed makers correspond to ne

and Te obtained from the LTS. ROEF was assumed to be 30 mm.

FIG. 6. (a) Measured He line intensities as a function of PH2 in a logarithmic

scale and (b) the normalized intensities to those at PH2 ¼ 0 mTorr.
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B. A comparison in EIR plasmas

Setting aside the mechanism to increase the line emis-

sions in He-H2 mixture plasmas, here we show lower tem-

perature cases (Te < 1 eV) where EIR dominates the

recombination processes. We changed the measurement

position to be downstream and made comparisons between

the LIR and the double probe. Figures 8(a) and 8(b) show

the PH2 dependence of ne and Te, respectively, deduced from

the double probe and five line LIR method. The intensity at

the column center, which was obtained with the Abel inver-

sion, was used for the LIR method. Since two error minima

were identified similar to pure He EIR plasmas, we treated

the solutions as two components and the values were plotted

in Fig. 8. No effects of metastable states were taken into

account. The temperature decreased gradually and was less

than 1 eV when PH2 was higher than 3 mTorr. A slight unnat-

ural increase in Te was identified above 6 mTorr in the dou-

ble probe. This was similar to the one observed in the LTS,

which was caused by an existence of two temperature com-

ponents.20 The electron density decreased significantly from

1.5� 1019 m�3 to 0.2� 1019 m�3 in the pressure range of

4–7 mTorr. Because the measurement position was shifted

70 cm downstream from Fig. 7, the temperature became less

than 1 eV when the pressure was higher than 3 mTorr, due to

cooling along the magnetic field line, and the measured posi-

tion corresponded to the EIR dominant plasma.

When comparing the density between the double probe

and the LIR, the double probe was more or less consistent

with the low Te component when PH2 was in the range of

3–6 mTorr, while it was closer to the high Te component

when the pressure was higher than 6 mTorr. An increase in

Te from the double probe indicated that the high temperature

component became dominant when PH2 > 6 mTorr. The

double probe should reflect the time averaged parameters,

while the LIR does not necessarily deduce those. The LIR

would be more sensitive to highly probable parameters or

plasmas that have strong emissions. The difference in the

time averaging behavior might have caused the discrepancy

between the probe and the LIR method. Moreover, as was

discussed in Sec. III C, the transport of metastable state

atoms might have caused some discrepancy. In conclusion, it

is likely that the LIR method is more promising for EIR plas-

mas, though there are various difficulties in plasmas where

molecular assisted recombination (MAR)28 is dominant

recombination processes, as discussed next.

C. Discussion

Finally, let us discuss the potential mechanism to

enhance and disturb the line emission intensity in He-H2

mixture plasmas especially in Fig. 6 around PH2 � 2 mTorr.

It has been confirmed that MAR works mainly for sig-

nificant flux reduction when injecting H2 gas in He plasmas

in NAGDIS-II.28 There are two channels for the MAR pro-

cesses. One of them is an ion conversion process followed

by a dissociative recombination as follows:

H2 þ Aþ ! ðAHÞþ þ H; (6)

ðAHÞþ þ e! Aþ H� or A� þ H; (7)

FIG. 8. PH2 dependences of (a) ne and (b) Te deduced from the double probe

and the five line LIR method. ROEF was assumed to be 30 mm.

FIG. 7. (a) PH2 dependences of ne and Te, respectively, deduced from the

electrostatic probe (single probe) measured at the same location up to 5

mTorr, and (b) corresponding line emissions calculated from the CR model.
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where A corresponds to He or H in He-H2 mixture plasmas.

At this moment, the excited He atoms produced via the above

processes are the promising candidates to increase specific

emissions when introducing H2 gas in He plasmas. Product

state distributions after the dissociative recombination of

HeHþ have been investigated both experimentally and numer-

ically.29,30 Although the energy used was in the range of

11–15 eV, which was higher than the major energy range in

this study, it was shown that excited He atoms in 23S and 23P

were produced via dissociative recombination.30 It was also

shown that the product states included higher excited states

when the energy was 13 and 15 eV; this was probably not the

case in this study. When the energy was 0 eV or less than

1 eV, excited state hydrogen atoms to n¼ 2 or 3 were the

dominant excited products. Although direct excitation via the

dissociative recombination cannot occur, one possibility is the

redistribution from the product of the dissociative recombina-

tion. If 23S was the major product, it would be reasonable that

enhancement in the 33S state was higher than in the other

states shown in Fig. 6. We should note that the evidence was

not solid enough to conclude that these processes are really

the major ones to enhance excitation at this point. It would be

of interest to measure the emission from the 23P state or to

use absorption spectroscopy for 23S density measurements to

investigate the processes further. If the mechanism described

above works as hypothesized, much higher enhancement

would be observed in those states.

V. CONCLUSION

Spectroscopic analysis of detached recombining plasmas

using He line emissions was performed in the divertor simu-

lator NAGDIS-II. Through comparison with the laser

Thomson scattering (LTS) measurement, it was shown that

the line intensity ratio (LIR) method using 501.6, 667.8,

706.5, and 728.1 nm was not enough to evaluate the optical

escape factors, ne, and Te. Measurement error decreased con-

siderably when the line emission at 447.1 nm, which was

more sensitive to the recombining component, was included.

However, a significant discrepancy was still identified when

the pressure was �15 mTorr where a significant density drop

occurred. It was found that the LIR could have two possible

combinations of ne and Te in those cases. It was likely that

the two temperature components, which were identified in

the LTS, were responsible for the two solutions in ne and Te

and caused the discrepancy. Indeed, ne and Te from the two

error minima were almost consistent with those from the

LTS. We also discussed the possibility that the transport of

metastable state atoms could influence ne and Te measure-

ments. In He-H2 mixture plasmas, He line emission from

31S, 33S, and 33P increased anomalously when the tempera-

ture was in the range of 1–4 eV. It is likely that dissociative

recombination of HeHþ was the major channel for increasing

the He line emission in the temperature range of 1–4 eV.

When the temperature was lower than 1 eV, the EIR compo-

nents dominated, and the LIR deduced ne and Te values that

were almost consistent with those from the double probe

measurement.

There are several issues which need to be investigated

further regarding the applicability of LIR method in detached

plasmas. It is of importance to conduct high time resolution

spectroscopy, to add several other line emissions to evaluate

the metastable state densities, and to identify mechanisms to

increase some specific lines in He-H2 mixture plasmas using

absorption spectroscopy and line emission measurements.
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