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Simultaneous measurement of electron and ion temperatures
with helium-like argon spectrum

Motoshi GOTO and Shigeru MORITA
National Institute for Fusion Science, Toki 509-5292, Japan

The helium-like argon spectrum is measured for the plasma in the Large Helical Device (LHD). The electron
temperature Te derived from the intensity ratio of the resonance line (1s2 1S0 – 1s2p 1P1) to a dielectronic satellite
line (1s22p 2P1/2 – 1s2p2 2D3/2) is consistent with the central Te measured with the Thomson scattering method
when the electron density ne has a peaked profile. The ion temperature Ti is simultaneously determined from the
Doppler broadening width of the resonance line and the establishment of thermal equipartition between electrons
and ions, i.e., Ti = Te, due to the increase of ne is experimentally confirmed.
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1 Introduction

The x-ray spectroscopy has played an important role to
measure the central ion temperature Ti in the fusion exper-
iments. In LHD (the Large Helical Device), the temporal
development of Ti is measured for every discharge from
the Doppler broadening of the helium-like resonance line
of argon, i.e., Ar XVII 1s2 1S0 – 1s2p 1P1 [1].

Besides the ion temperature measurement, the helium-
like spectrum has found various uses for the plasma diag-
nostics in the core region. The helium-like spectrum here
means a group of several emission lines corresponding to
the transitions from n = 2 levels, where n is the principal
quantum number, to the ground state of helium-like ion and
numerous satellite lines of lithium-like ion which appear in
the same wavelength range as the former.

The measurement of the electron temperature Te with
the intensity ratio of the dielectronic satellite line to the res-
onance line is an example of the applications of the helium-
like spectrum [2, 3]. This method utilizes the different Te-
dependence of the rate coefficients for the electron impact
excitation and dielectronic capture processes. The relia-
bility of the derived parameter naturally depends on the
accuracy of the atomic data.

Many efforts have been made to improve the theoret-
ical calculation method for the required atomic data. In
TEXTOR the measured spectra were compared with syn-
thetic ones based on the newly calculated data and a com-
prehensive consistency between them was obtained [5].
Similar comparison was also made in NSTX [3], where
it was demonstrated that the temporal behaviour of the de-
rived electron temperature was consistent with the result of
the Thomson scattering measurement.

In this paper, the temporal behaviors of Ti and Te are
simultaneously derived from the helium-like argon spectra
taken for LHD and their consistency with the change of the
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background plasma condition is examined.

2 Experimental setup

The measurement is made for a discharge with the mag-
netic configuration of Rax = 3.8 m and Bax = 2.539 T,
where Rax and Bax are the major radius of the magnetic
axis and the magnetic field strength on the magnetic axis,
respectively. The temporal development of the discharge
is shown in Fig. 1. The plasma is started up with the elec-
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Fig. 1 Several parameters for the discharge analyzed here
(#69260): (a) the ECH and NBI powers, PECH and PNBI,
respectively, and the stored energy Wp, (b) the line-
averaged electron density ne, and (c) the central Te by
Thomson scattering method. Te and ne profiles at the tim-
ings (1)–(4) are shown in Fig. 6.

tron cyclotron heating (ECH), and is sustained with three
neutral beams (NBI). The argon gas-puff is provided at
t = 0.3 s with the 10 ms pulse width. Eight hydrogen pel-
lets are sequentially injected with a 40 ms interval from
t = 0.7 s.
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Fig. 2 Example of the measured spectrum made up of the data
from two identical LHD discharges #69258 and #69260.
The data are summed over from t = 1.5 s to t = 1.7 s. The
line notation follows Ref. [4].

The line-averaged electron density ne is derived from
the radial profile data measured with the Thomson scatter-
ing method but the interferometer data in the initial low
density phase are used to calibrate the absolute value. It is
clearly seen that ne stepwise increases synchronizing with
each pellet injection. The central electron temperature Te

is immediately lowered after the pellet injection is started.
The helium-like argon spectrum is measured with a

Johann-type crystal spectrometer which is basically the
same as that described in detail in Ref. [1] but the radius
of curvature of the quartz crystal (2020) has been changed
from 3000 mm to 1500 mm. This modification aims at ob-
serving a wider wavelength range in a single measurement.
The lattice spacing of the crystal is 4.2554 Å. The Bragg
angle and the wavelength dispersion at λ = 3.9492 Å,
which is the wavelength of the helium-like argon res-
onance line (1s2 1S0 – 1s2p 1P1), are 68.1320 degree and
874.049 mm/Å, respectively.

A charge coupled device (CCD) is used as the detec-
tor. The detection area consists of 1024 pixels (in the di-
rection of wavelength dispersion) times 256 pixels and the
pixel size is 26 × 26 µm2. The spectra is obtained every
4 ms.

Figure 2 shows an example of the measured spectra
for the discharge in Fig. 1. Here, the data are summed over
the time period from t = 1.5 s and t = 1.7 s. The notation
of lines follows Gabriel’s definition [4]. The w, x, y, and z
lines correspond to the transitions 1s2 – 1s2l of helium-like
ion and other lines indicated in Fig. 2 to the representative
transitions of doubly excited lithium-like ion, i.e., 1s22l′ –
1s2l2l′. The two groups of lines designated as n = 3 and
n > 3 correspond to the transitions 1s2nl′ – 1s2lnl′ with
n ≥ 3.

It should be noted here that the detector size is insuffi-
cient to get the entire spectrum in Fig. 2 with a single dis-
charge. The spectrum in Fig. 2 is made up of the data from
successive two discharges which are almost identical. In

the first measurement the wavelength range involving the
w to y lines is observed and for the subsequent discharge
the detector position is shifted so that the wavelength range
involving the y to z lines is covered. The amplitude of the
data taken in the second measurement is normalized to that
of the first measurement at the y line which is involved in
the both measurements. Here, the signal count is summed
every eight channels and is represented by a single point in
Fig. 2.

3 Model calculation

Here, we focus on the line intensity ratio of the k and w
lines which is known to have a strong Te-dependence [3].
Figure 3 shows a part of the energy level diagram of ar-
gon ion relevant to those lines. The upper level of the w
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Fig. 3 Schematic energy level diagram relevant to the w and k
lines of helium-like and lithium-like ions.

line 1s2p1P1, which is also denoted by w here, is consid-
ered to be in corona equilibrium, namely, its population
is determined so that the excitation from the ground state
1s21S0 and the radiative deexcitation to the ground state
are balanced. Under corona equilibrium the populations of
the ground state and the w level, ng and nw, respectively,
should satisfy the equation

Cwngne = Awnw, (1)

where Cw is the excitation rate coefficient due to electron
impact from the ground state to the w level, Aw is the spon-
taneous radiative transition probability from the w level to
the ground state, and ne is the electron density. The right-
hand-side of Eq. (1) is nothing but the intensity or the pho-
ton emission rate of the w line.

The upper level of the k line, which is also denoted
by k here, is the doubly excited state of lithium-like ion
1s2p22D3/2. The k level is mainly populated through the
dielectronic capture by the ground state helium-like ion
which is indicated with an arrow labeled as rd in Fig. 3.
The dominant population outflow processes are the au-
toionization and radiative decay to the singly excited level
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Fig. 4 Te-dependence of the rate coefficients Cw and rd (a) and
intensity ratios between helium-like lines k/w, x/w, y/w,
and z/w (b).

1s22p2P1/2. The latter process is called the stabilizing tran-
sition. The k level population, nk, is determined so that
these processes are balanced as

ngnerd = nk(Ar + Aa), (2)

where rd is the rate coefficient of the dielectronic capture,
and Ar and Aa are the probability for the stabilizing transi-
tion and the autoionization, respectively.

Since the dielectronic capture is the reverse process
of the autoionization, rd and Aa should satisfy the detailed
balance equation under thermodynamic equilibrium as[

ngnerd = nkAa

]
E
, (3)

where [· · · ]E indicates the condition of thermodynamic
equilibrium. The rate coefficient rd is expressed as

rd =

[
nk

ngne

]
E

Aa = ZkAa, (4)

where

Zk =
gk

2gg

(
h2

2πmkTe

)3/2

exp
(
−
χgk

kTe

)
(5)

is the Saha-Boltzmann coefficient. Here, gg and gk are the
statistical weights of the helium-like ground state and the
level k, respectively, χgk is the energy level difference be-
tween these levels, and h, m, and k are the Planck constant,
electron mass, and Boltzmann constant, respectively. Sub-
stituting Eq. (4) into Eq. (2) one obtains

nk =
Aa

Ar + Aa
Zkneng. (6)

The intensity of the k line is obtained as nkAr.
The intensity ratio of the k to w lines Ik/Iw is now

expressed as

Ik

Iw
=

ArAaZk

Cw(Ar + Aa)
. (7)

The Te-dependence of Cw and rd are shown in Fig. 4 (a)
and Ik/Iw is shown in Fig. 4 (b). The values Cw, Ar, and
Aa are taken from Ref. [5]. The strong Te-dependence of
Ik/Iw stems from the different Te-dependence of Cw and
rd. Intensities of other helium-like ion lines, x, y, and z,
can be obtained from a relation similar to Eq. (1). Figure
4 also shows the intensity ratios of x, y, and z lines to the
w line. The advantage of use of the k/w ratio in compari-
son with other line ratios for the Te measurement is clearly
observed.

4 Results and discussion

The intensities of the w and k lines are derived from the
measured spectra: each line profile is fitted with a Gaussian
function and its intensity is obtained as the integral of the
function.

The temporal development of the k to w line ratio is
shown in Fig. 5. The electron temperature is readily de-
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Fig. 5 Measured intensity ratio of the k and w lines for the dis-
charge in Fig. 1 (a) and Te derived from the k/w ratio,
central Te by Thomson scattering, and Ti from Doppler
broadening of the w line (b).

termined from the calculation result in Fig. 4. The result
is shown in Fig. 5. In Fig. 5 the central electron tempera-
ture measured with the Thomson scattering method is also
shown. Before pellet injection (t < 0.7 s) the discrepancy
between two results is large. After starting the pellet injec-
tion the both values immediately coincide with each other.

The disagreement between the two measurements in
the early time period can be understood from the fact that
the present result is based on a line-integral measurement.
Figure 6 shows the radial profiles of Te and ne measured at
the timings indicated in Figs. 1. In the initial low density
phase the Te has a peaked profile while ne profile is hollow.
Roughly speaking, the line intensity is proportional to the
product of ni and ne, here ni stands for the helium-like ion
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Fig. 6 Radial profiles of Te and ne measured with the Thomson
scattering method at different four stages ((1)–(4)) of the
discharge in Fig. 1.

density. Although the density profile of helium-like ion
is probably peaked at the center, the line intensities could
have a broad profile due to the relatively high ne in the edge
region. Therefore, the contribution of the edge emission
in the observed line intensity might be so large that the
apparent Te is lowered.

After starting the pellet injection the Te profile be-
comes rather flat and ne is peaked at the center. Such char-
acteristics, i.e., peaked ne and flat Te profiles, are sustained
until the end of discharge although the highest values are
dynamically changed. Since Te profile is flat in this time
period, the value derived with the present method can be
regarded as that at the plasma center. As seen in Figure
5, the present result shows a good consistency with the
Thomson’s data, and the reliability of the present method
is demonstrated.

We next consider the line profile for the Ti measure-
ment. The ion temperature can be, in principle, derived
from the Doppler broadening profile of an appropriate
emission line. However, since the measured line profile is
generally a convolution of the instrumental profile and the
Doppler profile, deconvolution of the measured line profile
into two profile components is necessary to determine Ti.

The instrumental profile, which is here approximated
with a Gaussian function and represented by its width winst,
is evaluated as follows. When the density is so high that
equilibrium between the electron and ion temperatures,
namely, Ti = Te, can be assumed, the Doppler (Gaussian)
width wD is estimated from the measured Te. Since the
measured line width wobs has a relationship with winst and

wD as

w2
obs = w2

D + w2
inst, (8)

winst is derived. Here, winst for the w line at t = 1.7 s is
determined and thereby Ti in the entire discharge time is
derived. The relation among wobs, winst, and wD at t = 1.7 s
is shown in Fig. 7 and the eventually derived Ti is shown
in Fig. 5.
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Fig. 7 Measured profile of the w line and instrumental width
evaluated at t = 1.7 s.

Here, we focus our interest on Te and Ti derived with
argon spectra. Since they are derived from emission lines
of the same ion, they should reflect the plasma condition at
the same location though the detailed location is unclear.
It is observed in Fig. 5 that electrons and ions have yet to
reach thermal equipartition before pellet injection. Once
ne is increased, Ti shows the same temporal development
with Te until the end of discharge.

From all these results shown here, one may say that
the Te measurement technique with helium-like ion spec-
trum has arrived at the level for a practical use as well as
the Ti measurement although an attention should be paid
to the location where the dominant radiation takes place.
This problem can be solved if a higher Z ion is adopted so
that the emission is certainly localized at the plasma center.
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