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Comparison of He I line intensity ratio method and electrostatic probe
for electron density and temperature measurements in NAGDIS-II
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The electron density and temperature obtained from the line intensity ratio method of He I

��=667.8, 706.5, and 728.1 nm� are compared to the probe method in a divertor simulator. When
a collisional radiative model that does not include the effect of the radiation transport was used for
the analysis, ne obtained from the spectroscopic method was significantly higher than that from the
electrostatic probe method. The discrepancy between the two methods increases with the gas
pressure; in other words, it increases with the optical thickness. In the case that the effect of the
radiation trapping is taken into consideration using optical escape factor, the discrepancy becomes
moderate. And then, the parameters obtained from the line intensity ratio method agree with the
probe method within a factor of 2 in the case that the radiation trapping was introduced with
R=0.05 m, which corresponds to the column radius of the spatial profile of the excited population
density. In recombining plasmas, however, it was shown that the line intensity ratios might not be
appropriate because the recombining component broke the monotonic increase/decrease
dependences of the line intensity ratios on ne and Te. A measurement of another He I line intensity
of 447.1 nm �2 3P←4 3D� is proposed for solving the problem. © 2006 American Institute of
Physics.

�DOI: 10.1063/1.2164461�
I. INTRODUCTION

Electron temperature, Te, and density, ne, are important
parameters for understanding the divertor physics of experi-
mental fusion devices. Electrostatic probe method and laser
Thomson scattering �LTS� method1 have been used for the
measurement of these parameters. However, former method
could suffer damages due to high heat and particle fluxes,
and latter method requires good accessibility to the divertor
region. Further, in detached plasmas where the heat and par-
ticle fluxes are reduced accompanied with the plasma recom-
bination, the current-voltage characteristics of the single
probe become anomalous.2 As for the LTS method, the sepa-
ration of the Thomson scattering signal from the stray light
may be hard since the width of the Doppler broadening be-
comes narrow owing to low electron temperature. Passive
spectroscopies in combination with an appropriate model for
the excited population distribution could be alternative meth-
ods. Since helium particles are produced by fusion reaction,
and the density becomes 5%–10% of the total particle den-
sity in divertor region,3 helium line intensity ratios can be
applicable and convenient for the measurement in the di-
vertor region.

With regards to He I, a collisional radiative �CR� model
4,5
has been provided, and some line intensity ratios have
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been applied for the measurements. One candidate for the
combinations of the line intensities is �=728.1 nm �2 1P
←3 1S�, �=667.8 nm �2 1P←3 1D�, and �=706.5 nm
�2 3P←3 3S�, which have been first proposed in Ref. 6. So
far, ne and Te measurements based on the CR model using
the line intensity ratios have been applied in TEXTOR �To-
kamak Experiment for Technology Oriented Research, Ju-
lich, Germany�,6 JET �Joint European Torus, Abingdon,
UK�,7,8 JT-60U �Japan Atomic Energy Research Institute
Tokamak-60 Upgrade, Naka, Japan�,9 RFX �Reversed Field
experiment, Padova, Italy�,10 TJ-II stellarator �Madrid,
Spain�,11,12 and LHD �Large Helical Device, Toki, Japan�.5

Although the spectroscopic method deduced consistent value
with other measurement method in some literatures, it has
been recently reported from the results in linear divertor
simulators that the effects of radiation trapping on the popu-
lation distribution of helium atoms are considerable.13,14 In
Ref. 13, the effects of the radiation trapping are observed as
the enhancement of the intensity ratio of 501.6 nm �2 1S
←3 1P� /492.2 nm �2 1P←4 1D� in NAGDIS-I �Nagoya, Ja-
pan�. In Ref. 14, the enhancement of the population densities
in n 1P and n 1D states �n is the principal quantum number�,
which are relevant to the line intensity of 728.1 and

667.8 nm, are explained by the effect of the radiation trap-
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ping in MAP-II �Tokyo, Japan�. Because the radiation trap-
ping may pose problems for the evaluation of ne and Te, it is
necessary to investigate the validity of the method and the
limitation for the practical application with the inclusion of
the effect of the radiation trapping.

In the present article, the electron density and tempera-
ture evaluated from the line intensities 728.1, 706.5, and
667.8 nm are compared with those from the electrostatic
probe in a divertor simulator NAGDIS-II �NAGoya DIvertor
Simulator�. By investigating the dependences of ne and Te on
the radial position, discharge current and gas pressure, the
effects of the radiation trapping of the resonance lines
�1 1S←n 1P� on the evaluation of ne and Te are discussed. A
filter spectrometer using interference filters and photomulti-
plier tubes �PMTs�, which has a great time resolution
��10−6 �s�, was used in this study as shown in Sec. II A;
thus, the effect of the temporal evolution of the emission is
discussed additionally.

The experimental setup and analysis method are shown
in Sec. II. The results and discussion about the temporal
evolution of the emission and radial emission profile are
given in Sec. III A and III B, respectively. The discharge
current and gas pressure dependences of ne and Te are given
in Sec III C. In Sec. III D several problems for the practical
application to recombining plasmas related to plasma detach-
ment are presented. Finally, the paper is concluded in Sec.
IV.

II. EXPERIMENTAL SETUP AND
ANALYSIS METHOD

A. Experimental setup

The experiments were performed in the divertor simula-
tor NAGDIS-II. The detail description of NAGDIS-II can be
found, for example, in Refs. 15 and 16. Figure 1�a� shows
the schematic view of the cross section of the NAGDIS-II.
Helium plasmas were generated in the source region, and

FIG. 1. �Color online� �a� Schematic of the experimental setup in the
NAGDIS-II and �b� schematic view of the spectroscope.
additional helium gas was injected into the downstream re-
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gion. The distance between the plasma source and the mea-
surement region was �2 m. The strength of the magnetic
field, which was formed by 21 solenoidal coils, was �0.1 T
at the measurement region. An object lens with a focal length
of 50 mm collimates the line of sight of an optical fiber. The
spatial resolution of was �5 mm. The spatial profile of the
emission was measured by moving the optical system in the
perpendicular direction to the plasma column using a mov-
able stage.

The light from the plasma was transmitted to a spectro-
scope, which is shown in Fig. 1�b�, through the optical fiber,
and then, split into three part using two beam splitters and a
mirror. In order to measure the He I line intensities, interfer-
ence filters with the center wavelengths of the transmission
bands of 667.8, 706.5, and 728 nm, and the full width at
half-maximum �FWHM� of �1.5 nm were equipped in front
of the three PMTs. The optical chains beam splitters plus
interference filters plus PMTs were relatively calibrated by
comparing the intensities to those of another spectroscope,
which was calibrated with a standard light source.

Regarding the electrostatic probe measurement, a modi-
fied triple probe technique17 with four probe tips was used.
Two of the four electrodes were used for floating double
probe system, while the averaged potential of the two other
floating electrodes were used for the floating potential mea-
surement to compensate potential gradient. The floating elec-
trode for the double probe was constantly biased 100 V to
each other. The configuration of the four electrode was
aligned so that the electrodes were not located on the same
magnetic field line with each other. The position of the probe
was measured with a position sensor.

One of the advantages of these measurement systems is
time resolution that is high enough to be applicable to mea-
sure the fluctuations. Although, in the present study, the de-
tail analysis of the fluctuations of ne and Te is beyond the
scope, the time evolution of the emission intensities are
taken into account when the average and error values of ne

and Te are derived.
The effect of the high energy electrons is quite important

under some conditions13 both on spectroscopic and probe
methods. However, in NAGDIS-II, the effects of the high
temperature electrons or energetic beam electron components
are negligible at least under the condition in the present pa-
per. This may be because the neutral pressure at the plasma
source region in NAGDIS-II is considerably high
��1 Torr� and the electron density is sufficiently high to
mitigate the energetic electrons. Figure 2 shows a typical
probe characteristics in NAGDIS-II. The naturalized loga-
rithm of the probe current is presented as a function of the
probe voltage. The helium neutral pressure was �3 mTorr,
and the discharge current and the voltage was 30 A, and
65 V, respectively. The probe current was nicely fitted using
single temperature with Maxwell distribution function as the
solid line in Fig. 2. No evident indication of the high-energy
electrons can be seen. Even if the high energy components
existed, the ratio of the high energy components are much
less than 1%. Therefore, in the present paper, the effects of
the high-energy electron component are not important, so

that they are neglected for the analysis.
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B. Spectroscopic method

In order to determine ne and Te from the spectroscopic
method, the measured intensity ratios, 667.8/728.1 and
728.1/706.5 nm, are compared to those obtained from the
CR model.5 Then, ne and Te are evaluated such that the sum
of the differences between the intensity ratios from the ex-
periment and those from the calculation �i.e., the value f of
Eq. �41� in Ref. 5� becomes minimum.

In this article, the formulation II in Ref. 5, in which two
metastable states are also treated with quasi-steady-state ap-
proximation, was used. This approximation was reasonable
in our experimental regime. Given that the radius of the
plasma column is 0.05 m and the gas temperature is 300 K,
the characteristic time for the transport of helium atom be-
come �50 �s. On the other hand, the lifetime of the meta-
stable states, which can be evaluated using the CR rate co-
efficients as explained in Sec. III B, are shorter than 1 �s in
the experimental regimes. Because the lifetime of the meta-
stable states are much shorter than the characteristic time for
the transport, the effect of the transport is negligible in our
experimental regimes. Therefore, the formulation II is appro-
priate in this study, and the densities of the metastable states
are determined by balancing the production rate, which is
functions of ground state atomic density, and electron density
and temperature, with the destruction rate, determined by
electron collision processes.

Figure 3 shows the electron temperature dependence of
the ion density ratio to neutral density, ni /n0, at ionization
equilibrium calculated using the CR model for ne=1011 and
1013 cm−3. The neutral particle pressure was assumed to be
5 mTorr. The ionizing plasmas exist below �or right-hand
side of� the line, whereas the region above �or left-hand side
of� the line corresponds to recombining plasmas. Because the
electron temperature was above 4 eV at the plasma center
under the experimental conditions in this study, only the
ionizing components were used for the analysis. The effect
of the recombining components are separately discussed in

FIG. 2. Typical single probe characteristics in NAGDIS-II. Dots are the
naturalized logarithm of the probe current, solid line is the fitting result with
single electron temperature �4.8 eV�.
Sec. III D.
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C. Radiation trapping

It has been pointed out that the optical depths for the
resonance lines �1 1S←n 1P� become thick in typical helium
discharge plasmas.13,14 In these cases, the singlet P popula-
tions are enhanced due to the absorption of the resonance
lines. The effect of the photon transport on the population of
the excited states can be taken into consideration by intro-
ducing an optical escape factor g0, such that the spontaneous
emission coefficient A decreases to g0A. The value of g0 is
estimated by following formula18:

g0 �
1.92 − 1.3/�1 + ��0R�6/5�

��0R + 0.62��� ln�1.357 + �0R��1/2 , �1�

where R is the radius of the spatial distribution of the excited
atom, and �0 is the absorption coefficient at the center of the
spectrum having a Gaussian profile, written as

�0 =
e2

4Mc�0��D
��

n�p�fp,q. �2�

Here, M is the mass of the atom; c, velocity of light; �0,
dielectric constant in vacuum; ��D, width of the absorption
line; n�p�, density of the lower state; and fp,q, oscillator
strength for the transition p�lower state�→q�upper state�. In
the derivation process of the escaping factor presented in Eq.
�1�, it is assumed that the spatial distribution of the excited
helium atoms is parabolic one, in which the population den-
sity becomes zero at r�R. It is noted that the value is ap-
propriate only at the center of the plasma column, thus it
may not be appropriate when applied to the peripheral re-
gion. It is difficult to determine the optimum R at the mo-
ment, so that we used R of 0.05 m, which corresponds to the
plasma radius where the electron density reduced to �1% of
the central density.

Figure 4 shows the gas pressure dependence of the ab-
sorption coefficients �0 for the helium resonance lines 1 1S
←2 1P, 1 1S←3 1P, and 1 1S←4 1P. Because the effect of
the radiation trapping begins to appear from �0R�0.1–1,18

the effect is expected to be significant even if the gas pres-

FIG. 3. Electron temperature dependence of the ion density ratio to the
neutral density, ni /n0, at ionization equilibrium calculated using the CR
model for ne=1011 and 1013 cm−3. Helium neutral pressure of 5 mTorr is
assumed.
sure is lower than 1 mTorr in NAGDIS-II. This result also
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indicates that, the effect of the radiation trapping is not neg-
ligible even in experimental fusion devices if the partial pres-
sure of the helium atom is not sufficiently low.

D. Abel inversion

In order to obtain the local emission profile from the
line-integrated emission, Abel inversion method was used.
For the sake of reducing the numerical disturbance due to the
experimental error, the line-integrated emission profile, I�y�,
was first fitted to the function

I�y� = ��
n=0

N

any2n exp�− 	y2�	 , �3�

where y is the minimum distance between the line of sight
and column center, and an and 	 are coefficients. In Eq. �3�,
N=3 is used in terms of minimizing the fitting error. Then,
the local emission profile ��r� was deduced as follows19:

��r� = −
1

�



r

R I��y�
�y2 − r2�1/2dy , �4�

where R corresponds to the radius of the emission profile.

III. RESULTS AND DISCUSSION

A. Effect of temporal evolution

Figures 5�a� and 5�b� show the temporal evolutions of ne

and Te, respectively, obtained from the spectroscopic
method. The time resolution is generally limited by the re-
sponse of the PMTs or electric circuit or sampling frequence
of the analog-to-digital converter �ADC�. In Fig. 5, the time
resolution was limited by the ADC sampling frequency of
100 kHz, since it was much slower than the response of the
PMTs and electric circuit �
1 MHz�. The emission was
measured at y=0 �line-integrated emission through the
plasma center�. The effect of the radiation trapping was in-
troduced using R=0.05 m for the analysis. We can observe
the fluctuations of ne and Te in Figs. 5�a� and 5�b�, respec-
tively. Although the fluctuations are also observed using the

˜ ˜

FIG. 4. Gas pressure dependences of the absorption coefficients at the center
of the helium spectrum, 1 1S←2 1P, 1 1S←3 1P, and 1 1S←3 1P. Gas tem-
perature of 300 K is assumed.
triple probe method, the fluctuation levels, ne /ne or Te /Te,
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deduced from the spectroscopic method are somewhat larger
than those from the probe method. We speculate that this
may be attributed to the line-integral effect of the emission.
Because the fluctuation level at the peripheral region is
greater than that at the central region in NAGDIS-II,20 line-
integrated emission intensity may provide greater fluctuation
level on the measurement.

Averaged values of ne and Te were obtained by two ways
in the present study. In the first way, ne and Te are evaluated
for �5000 data points, and then, averaged value are deduced
from them. In the second way, the line intensities are aver-
aged at first, and then, ne and Te are obtained from the aver-
aged line intensities. In the case of the results in Fig. 5, the
averaged values of ne and Te obtained from the first method
were 8.9�1012 cm−3 and 7.0 eV, respectively. In addition,

the standard deviation of ne and Te, i.e., ñe and T̃e, were
estimated to be 4.1�1012 cm−3 and 2.1 eV, respectively. In
the latter method, the deduced ne and Te were 7.9
�1012 cm−3 and 6.9 eV, respectively. Although the differ-
ences between the two ways were negligible under this con-
dition, significant deviation appears in some cases. In the
present article, we call the former way as “temporal evolu-
tion analysis,” and the latter way as “emission averaging
analysis.”

B. Radial profile

Figure 6 shows a typical emission profile of the line
intensity of 706.5 nm. Open circles and dotted line show the
measured line intensity and fitting result using Eq. �3�, re-
spectively. Solid line represents the local emission intensity
reconstructed using the Abel inversion method. The emission
profile has a peak at the center, and the emission intensity
becomes half of the central intensity at �8 mm. For other
line intensities, i.e., the intensities of 667.8 and 728.1 nm,
the spatial profile has similar dependences with that for

FIG. 5. Temporal evolution of �a� electron density and �b� temperature
obtained from spectroscopic method. The effect of the radiation trapping
was taken into account with R=0.05 m.
706.5 nm.
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Dots in Figs. 7�a� and 7�b� show the radial profiles of
electron density and temperature, respectively, obtained from
the probe method. The discharge voltage and current were
68 V and 30 A, respectively, and the helium neutral pressure
was 1.5 mTorr at the measurement region. The electron
density and temperature at the plasma center were about
2�1012 cm−3 and 7 eV, respectively. Both of the density
and temperature decreased as increasing the distance from
the center of the plasma column, r, and the density was ap-
proximately half at r�15 mm.

FIG. 6. The spatial profile of the line intensity of 706.5 nm. Open circles
and dotted line show the measured line intensity and fitting result, respec-
tively. Solid line shows the local emission intensity reconstructed using the
Abel inversion method.

FIG. 7. �Color online� Radial profiles of �a� electron density and �b� tem-
perature. Dots are the results obtained from electrostatic probe, and solid

and dotted lines �i�–�iii� are the results obtained from spectroscopic method.

Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AI
Solid lines of case �i� in Figs. 7�a� and 7�b� show the
spatial profile of ne and Te obtained from the local emission
intensity reconstructed using the Abel inversion method.
Both of the density and temperature obtained from the spec-
troscopic method were higher than those from the probe
method. Moreover, the temperature increased with r unnatu-
rally. Solid lines of cases �ii� and �iii� in Fig. 7 are the results
including the effect of the radiation trapping for the reso-
nance lines with R=0.05 and 0.15 m �radius of vacuum
chamber�, respectively, assuming the gas temperature of
300 K. The differences between the probe and spectroscopic
method become moderate when the radiation trapping is
taken into account. The results of case �iii� well agree to the
probe method at the central position. However, there is an
assumption with regard to the spatial profile of n�p� in the
derivation process of Eq. �1�, so that it is difficult to conclude
that the size of the vacuum chamber �0.15 m� is appropriate
for R at the moment. Although it is difficult to discuss the
sensitivity quantitatively at present, one can say that the
model is useful for mitigating the influence of the radiation
trapping on ne and Te measurements. If the spatial distribu-
tions of the excited atomic density were determined by mea-
suring the emission from the excited atoms, or by using the-
oretical or numerical modeling, the detailed investigation of
the escaping factor is possible. These quantitative investiga-
tions including the spatial profiles of n�p� are remained as
our future work.

On the other hand, regarding the increasing tendency of
the temperature with r on the spectroscopic method, the ten-
dency was not compensated even if the radiation trapping
was introduced. The transport effect of metastable states of
helium atom �2 1S and 2 3S� was one of the candidates to
cause this discrepancy. However, they could not explain the
observed tendency, as investigated later. Using the formula-
tion II where the transport effect was neglected, the densities
of 2 1S state and 2 3S state at r=0 mm are evaluated to be
n2 1S �0 mm�=1.8�109 cm−3, and n2 3S �0 mm�=5.7
�1010 cm−3, respectively, whereas those at r=25 mm are
evaluated to be n2 1S �25 mm�=5.1�106 cm−3, and
n2 3S �25 mm�=2.0�108 cm−3, respectively. These results
show that the densities of the metastable states of helium
atom at the peripheral region was several hundreds times
lower than those at the central region if the transport effect
was not taken into account. The destruction rate of the meta-
stable states can be evaluated as nek2 s−1 for 2 1S state and
nek3 s−1 for 2 3S state, where k2 and k3 are the CR coupling
coefficients defined in Ref. 5. Thus, if the metastable state
densities at peripheral region are determined by the transport
from the central region to the peripheral region, the densities
can be roughly estimated as

n21S�r� � n21S�0�exp�− nek2�� , �5�

n23S�r� � n23S�0�exp�− nek3�� , �6�

where � is the characteristic time of the transport. Assuming
the gas temperature of 300 K, � is obtained as �22 �s for
the characteristic length of 25 mm. Using the plasma param-

eters at r=0 mm, nek1 and nek3 are evaluated to be 5.1
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�106 and 1.8�106 s−1, respectively. Based on these evalu-
ations, we can easily estimate that values of Eqs. �5� and �6�
are sufficiently smaller than measured n21S �25 mm� and

n2 3S �25 mm�, respectively. Thus, the increasing tendency of

the temperature with r on the spectroscopic method cannot
be explained by the transport of the metastable states of he-
lium atom.

Although the reason to cause this tendency was not clear
at the moment, we speculate that one of the reasons is also
the effect of the radiation transport. Because the optical es-
cape factor in Eq. �1� is local value at the center of the
cylinder, Eq. �1� may not be appropriate at the peripheral
region of the plasma column. Radiation from the central re-
gion may enhance the population of the singlet system at the
peripheral region, and result in the overestimation of the
temperature owing to the enhancement of the line intensity
ratio of the singlet to the triplet. In future studies, it is nec-
essary to introduce the geometrical effect by using direct
simulation of photon transport based on Monte-Carlo method
as shown in Ref. 21.

Comparing the results from line-integrated emission
to the results from the local emission, the line-integrated
emission reflects the values around the central region
�r�0–5 mm�. This is caused by the fact that the emission
from the central region is greater than that from the periph-
eral region as shown in Fig. 6. Therefore, the results deduced
from the line-integrated emission provide the parameters at
central region unless the emission profile does not change

FIG. 8. Discharge current dependences of �a� electron density and �b� tem-
perature. Solid lines and dotted lines �i�–�ii� are the results obtained from the
probe and spectroscopic method, respectively.
significantly.
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C. Discharge current and gas pressure dependences

In this section, the dependences of ne and Te on the
discharge current and gas pressure are discussed using the
line-integrated emission. Figure 8 shows the discharge cur-
rent dependences of �a� the electron density, and �b� tempera-
ture obtained from the probe �solid lines� and spectroscopic
methods �open circles and triangles�. In Fig. 8, ne and Te are
evaluated with temporal evolution analysis. Cases �i� and �ii�
correspond to the results without radiation trapping, and with
radiation trapping using R=0.05 m, respectively. Although
the electron density in case �i� was about two to five times
higher than that from the probe method, the discrepancy be-
came moderate in the case that the effect of the radiation
trapping was taken into consideration as shown in case �ii�.
Similarly, the electron temperature in case �i� was consider-
ably higher than the probe method; the overestimation be-
came moderate in case �ii�.

Figure 9 shows the gas pressure dependences of �a� the
electron density, and �b� temperature obtained from the probe
�solid lines� and spectroscopic methods �open circles and tri-
angles�. Cases �i� and �ii� correspond to the results without
radiation trapping, and with radiation trapping using
R=0.05 m, respectively, with temporal evolution analysis.
The discrepancy between the probe method and spectro-
scopic one increases with the gas pressure in case �i�. The
electron density of case �i� was 4 times greater than that from
probe method at �1.5 mTorr; at �7 mTorr, the value of
case �i� became 25 times greater than that from the probe
method. The increase of the discrepancy between the case �i�

FIG. 9. Gas pressure dependences of �a� the electron density and �b� tem-
perature. Solid lines are the results obtained from the probe method. The
cases �i� open traiangles, �ii� circles and �iii� dotted lines are the results
obtained from the spectroscopic method. The cases �i� and �ii� present the
results obtained with temporal evolution analysis, and the case �iii� presents
the results obtained with emission averaging analysis.
and the probe method can be attributed to the increase of the
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effect of the radiation trapping, since �0 in Eq. �2� is propor-
tional to the neutral density n�p�. Therefore, in the case that
the radiation trapping was introduced �case �ii��, the discrep-
ancy of ne and the increase tendency of the discrepancy be-
came moderate.

As for the electron temperature shown in Fig. 9�b�, the
spectroscopic method gives lower value than the probe
method �center�, in the case that the radiation trapping is
taken into consideration. This might be attributed to the
modification of the plasma spatial profile. As can be seen in
Fig. 9�a�, the electron density at the peripheral region in-
creases with the gas pressure. We believe that the modifica-
tion of the spatial profile of the electron density may cause
the enhancement of the photon emission from the peripheral
region where Te is lower than the plasma center. We should
note that, under high-pressure condition, Te at the peripheral
region is sufficiently lower than 2 eV, so that the plasma at
the peripheral region may be in the recombining regime. On
the other hand, the central region is remained to be ionizing
phase. Therefore, the line-integrated emission contains
mainly two emission components, namely, the emission from
the central ionizing plasma and from peripheral recombining
plasma. Since the separation of the two emission components
from the line-integrated emission is impossible, it is difficult
to discuss the effect of the recombining component at the
moment. Further, the method itself has some problems when
recombining components are included. The effects of the re-
combining components are separately discussed in Sec.
III D. Although it seems to be true that the width of the
density profile becomes greater as increasing the gas pres-
sure, it is under investigation whether the peripheral density
can be higher than the central density as shown in Fig. 9�a�.
It is necessary to examine the reproducibility of the experi-
mental results, and the validity of the triple probe method in
plasmas with bursty fluctuations.20

The error bars were represented at �1.5 and 7 mTorr in
cases �ii� of Figs. 9�a� and 9�b�. The fluctuation components
ne /ne increased with the gas pressure, and ñe /ne exceeded
100% in high pressure region �3 mTorr�. We speculate that
the increase of ñe /ne is caused by the increase of the emis-
sion from the peripheral region where fluctuation level is
greater than the central region in NAGDIS-II.20 In Figs. 9�a�
and 9�b�, case �iii� �dotted line� shows ne and Te obtained
with emission averaging analysis. When the pressure was
over 3 mTorr where ñe /ne is sufficiently large, the deviation
between cases �ii� �temporal evolution analysis� and �iii�
�emission averaging analysis� appeared. Although T̃e /Te in-
creased with the gas pressure similarly, the increasing rate
was moderate and the discrepancy between the case �ii� and
�iii� did not appear under the experimental condition. When
using a normal spectroscope that does not have the capability
to trace the temporal evolution of the three line intensities
simultaneously, the obtained value should correspond to case
�iii�. Although quantitative analysis of the fluctuation effect
is difficult as far as the line-integrated emission is used, it
can be said that one should take care when analyzing tem-

poral evolution of the emission under the condition where
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the fluctuation level is high. The comparative studies of the
fluctuation of Te and ne using the spectroscopic method and
the probe method are our future work.

D. Practical application to recombining plasmas

Figure 10�a� is ne dependence of the line intensity ratio
of 667.8/728.1 nm at Te=0.1, 0.4, 1, and 10 eV. In these
calculations, recombining components are included and the
effect of the radiation trapping is not taken into account.
Additionally, the gas pressure of 5 mTorr is assumed. At
Te=1 and 10 eV, the ratio monotonically increases with ne,
indicating that the ratio is appropriate for the evaluation of
ne. However, at Te=0.4 eV, the ratio is almost constant;
moreover, at Te=0.1 eV, the ratio monotonically decreases
as increasing the density. This indicates that the ratio
667.8/728.1 nm changes significantly not only with ne but
also with Te in low-temperature recombining plasmas; fur-
ther, it is difficult to determine ne from the ratio 667.8/728.1
if Te�0.4 eV. Figure 10�b� is the Te dependence of the ratio
728.1/706.5 nm for ne=1011, 1012, and 1013 cm−3. Although
the ratio 728.1/706.5 nm monotonically increases with Te

when Te�2 eV, it decreases with Te in the range 0.3-1 eV.
This indicates that the number of the combinations of ne and
Te for minimizing the sum of the differences between the
calculation and the experiment can be more than two in some
cases.

Therefore, when the recombining components are in-
cluded for the analysis in low temperature plasmas �Te

�5 eV�, one should take care not to choose wrong combi-

FIG. 10. Calculated line intensity ratios. �a� ne dependence of the ratio
728.1/706.5 nm and �b� Te dependence of the ratio 667.8/728.1 nm. The
effect of the radiation trapping is not taken into account. The recombining
components are included in the calculation.
nation of ne and Te even if the plasma was not in recombin-
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ing regime. For that purpose, it is important to distinguish
whether the plasma is in the ionizing or recombining re-
gimes. This problem may be solved by measuring another
line intensity. Figure 11 shows the line intensity ratio of
447.1�2 3P←4 3D� /728.1 nm as a function of Te. In the cal-
culation, helium gas pressure was assumed to be 5 mTorr,
and the radiation trapping was not taken into consideration.
We can see that the ratio is significantly enhanced in recom-
bining phase �Te�2 eV�. Although, in high density plasmas
�1013 cm−3�, the intensity ratio decreases as decreasing the
temperature when Te�0.4, the line intensity is very sensitive
to the variation of Te. Therefore, the line intensity ratio of
447.1/728.1 nm could be the indicator whether the plasma is
in recombining or ionizing regime. This may help to solve
the problem in recombining plasmas when determining the
electron temperature using the line intensity ratios of
667.8/728.1 and 728.1/706.5 nm.

IV. CONCLUSION

The electron density and temperature obtained from the
line intensity ratio method of He I ��=667.8, 706.5, and
728.1 nm� are compared to the probe method in divertor
simulator NAGDIS-II. The analysis using the CR model that
does not include the effect of the radiation transport deduced
higher ne than that from electrostatic probe method. The dis-
crepancy between the two method increases with the gas
pressure. The electron density from the spectroscopic method
was 4 times greater than that from probe method at
�1.5 mTorr; at �7 mTorr, the spectroscopic method de-
duced 25 times greater electron density than the probe
method. This result indicates that the optical thickness in-
creases with the gas pressure. In the case that the effect of
the radiation trapping is taken into consideration using opti-
cal escape factor, the discrepancy becomes moderate. The
electron density obtained from line intensity ratio method
agree with the probe method within a factor of 2 in the case
that the averaged emission intensities were used, and the
radiation trapping was introduced with R=0.05 m, which
corresponds to the column radius of the spatial profile of the
excited population density.

For Te measurement, although Te was slightly overesti-

FIG. 11. Electron temperature dependences of the line intensity ratio
447.1/728.1 nm for ne=1.0�1011, 1.0�1012 and 1.0�1013 cm−3.
mated, the effect of the radiation trapping was not so signifi-
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cant in the case that the line integrated emission intensities
were used. However, the spectroscopic method presented the
increase dependence of Te on radial position r. That was
opposite dependence from that of electrostatic probe method.
One of the reasons to cause this discrepancy is considered to
be the radiation trapping. The radiation from the central re-
gion may enhance the population of the singlet system at the
peripheral region, and results in the overestimation of the
temperature at the peripheral region.

In recombining plasmas, the line intensity ratios might
not be appropriate because the recombining component
broke the monotonic increase/decrease dependence of the
line intensity ratios on the ne and Te. The ratio
667.8/728.1 nm changes significantly not only with ne but
also with Te. Further, in some cases, the number of the com-
binations of ne and Te for minimizing the sum of the differ-
ences between the calculation and the experiment can be
more than two. We propose that measuring another He I line
intensity of 447.1 nm �2 3P←4 3D� for solving the problem,
because the line intensity ratio of 447.1/728.1 nm is very
sensitive to Te in low temperature region ��2 eV�.
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