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Abstract
Intensities of radiation from impurity ions have been studied in the HANBIT plasma for plasma spectro-

scopic diagnosis using a collisional-radiative model (CR-model). Absolute sensitivity of a vacuum ultravi-
olet (VUV) spectrometer is obtained using the CR-model for hydrogen. The hydrogen line intensities are
measured by using the VUV spectrometer and an absolutely calibrated ultraviolet and visible spectrometer.
Therefore, we can study the absolute intensities of the radiation spectra in the wavelength range from vacuum
ultraviolet to visible in the HANBIT plasma. We obtain the neutral hydrogen and carbon ion densities in the
HANBIT plasma. Moreover, we measure the electron temperature using the intensity ratio method for plasma
diagnostics.
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1．Introduction
In these days, a collisional-radiative model (CR-

model) is an important model for the plasma spec-
troscopy. The CR-models for hydrogen, carbon and
oxygen have been developed [1-7]. The CR-model for
hydrogen is normally used for neutral density measure-
ments in many fusion plasma devices [7-8]. However,
the comparison between the calculated results using the
CR-model for impurity ions and the experimental re-
sults must be carried out in many types of plasmas
to construct the model for plasma diagnostics [5-13].
Then, we have studied impurity ion spectral intensities
in the HANBIT plasma at Korea Basic Science Insti-
tute, Korea, in order to compare the spectroscopic re-
sults with the calculated results using the CR-model for
plasma diagnostics. HANBIT is a suitable plasma de-
vice for lower charged ions of CR-model calculations.
We carry out the absolute calibration experiments of a
vacuum ultraviolet (VUV) spectrometer using the CR-
model for hydrogen. The absolute hydrogen line inten-
sities are measured by using the VUV spectrometer and
a 5-channel ultraviolet and visible (UV/V) spectrome-
ter. We study neutral hydrogen and carbon ion intensi-
ties for plasma diagnostics using the CR-models in the
HANBIT plasma.
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2．CR-model calculation
In the CR-model of neutral hydrogen, the population

density of an excited level of principle quantum number
i is given by

dn(i)
dt
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
∑

j�i

C jinen( j) +
∑

j>i

A jin( j)

⎫⎪⎪⎪⎬⎪⎪⎪⎭

−
⎧⎪⎪⎪⎨⎪⎪⎪⎩
∑

j�i

Ci jnen(i) +
∑

j<i

Ai jn(i) + S (i)n(i)ne

⎫⎪⎪⎪⎬⎪⎪⎪⎭

+ {α1(i)ne + β1(i)} nen1 + γ1(i)nenH2 , (1)

where ne and n1 are the electron density and the proton
densities, respectively, A ji is the spontaneous transition
probability from level j to level i, Ci j is the excitation
or deexcitation rate coefficient by electron impacts from
level i to level j, S (i) and α1(i) are the ionization rate
coefficient by electron impacts and the three-body re-
combination rate coefficient, respectively, and β (i) and
γ (i) are the radiative recombination rate and the disso-
ciative excitation coefficients from molecular hydrogen.
[1-9].

In the CR-model calculation for impurity ions, the
population density nz(i) is shown in eq. (2).
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dnz(i)
dt
=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
∑

j�i

C jinenz( j) +
∑

j>i

A jinz( j)

⎫⎪⎪⎪⎬⎪⎪⎪⎭

−
⎧⎪⎪⎪⎨⎪⎪⎪⎩
∑

j�i

Ci jnenz(i) +
∑

j<i

Ai jnz(i)

⎫⎪⎪⎪⎬⎪⎪⎪⎭

−
⎧⎪⎪⎨⎪⎪⎩
∑

l

αz(i, l) +
∑

k

S z(i, k)

⎫⎪⎪⎬⎪⎪⎭ nz(i)ne

+
∑

l

αz+1(i, l)nz+1(l)ne +
∑

k

S z−1(k, i)nz−1(k)ne

+
∑

l

αz+1
CX(l, i)nz+1(l)ne (2)

Here, nz(i) is the population density of level i of an ion
z, ne is electron density, S z(i, k) is ionization rate coeffi-
cient from level i of ion z to level k of ion z + 1, αz(i, l)
is electron impact recombination rate coefficient from
level i of ion z to level l of ion z − 1, and αz+1

CX(l, i)
is charge exchange recombination rate coefficient. The
effective emission rate coefficients εe f f

i j is shown as

ε
e f f
i j ≡

nz(i)Ai j∑
i

nz(i)ne
. (3)

Then, the line intensity Ii j from plasma with electron
temperature Te and electron density ne can be given in
terms of εe f f

i j as

Ii j = ε
e f f
i j (Te, ne)

∑

i

nz(i)ne. (4)

Transition probabilities, excitation data, ionization, and
recombination rate coefficients in the calculations are

Fig. 1 Intensity ratios of hydrogen Balmer and Lyman se-
ries lines, H�/H�, (a), H� /H�, (b), L�/L�, (c), and
L�/L�, (d), calculated using the CR-model.

Fig. 2 Calculated radiation intensities of carbon ions,
CII (a) and CIII (b) when ne = 3× 1012 cm–3 and
Te = 40 eV.

obtained from refs. [4,9]. We compare the line inten-
sity Ii j and the measured spectral intensity in order to
obtain the plasma parameters, such as neutral hydrogen
or carbon ion densities and the electron temperature.

Figure 1 shows the intensity ratios of hydro-
gen Balmer and Lyman series lines, Hβ (4d2D→
2p2P0, 4861Å)/Hα (3d2D→ 2p2P0, 6563 Å), (a), Hγ
(5d2D→ 2p2P0, 4340 Å)/Hα, (b), Lγ (4p2P0 →1s2S,
972 Å)/Lβ (3p2P0 →1s2S, 1025 Å), (c), and Lδ
(5p2P0 →1s2S, 949 Å)/Lβ, (d), obtained by CR-model
calculation. Figure 2 shows calculated radiation intensi-
ties of carbon ions, C II (a) and C III (b) in ne = 3×1012

cm−3 and Te = 40 eV.

3．Experimental apparatus
HANBIT device consists of a simple mirror at the

center with a baseball coil based minimum-B mirror
and a short axisymmetric mirror on each end of the
central cell. Detailed machine descriptions are given
in refs. [14,15]. The HANBIT device is normally op-
erated with ion cyclotron resonance heating (ICRH) for
plasma production and heating. In these experiments,
ICRH power was 60 kW. The typical electron tempera-
ture and electron density measured by Langmuir probe
are 40 eV and 2 × 1012 cm−3, respectively. Figure 3
shows the radial profiles of ne and Te.

A 5-channel UV/V spectrometer consists of collec-
tion lenses, a 5-channel 10-m long quarts optical fiber,
and a focal length of 1.33 m Czerny-Turner spectrom-
eter [16]. The detector consists of a 1024 × 256
pixel array (pixel size 26 µm) with a micro-channel
plate (MCP) gated intensifier. The reciprocal linear
dispersion is 0.0085 nm/pixel and the time resolution
is 31 ms/frame. Five optical chords are installed on
the HANBIT central cell for the multi-chord spec-
troscopy. Total observing range is about 24 cm in
the upper half of the plasma. The UV/V spectrom-
eter is absolutely calibrated by a standard irradiance
lamp. Then, we can obtain the absolute intensities of
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Fig. 3 The radial profiles of ne and Te .

line spectra in the UV/V wavelength range from the
HANBIT plasma. A Seya-Namioka type VUV spec-
trometer is used with an MCP, a phosphor plate and a
photoionization detector. The VUV spectrometer ob-
serves the center chord of the plasma. Its reciprocal lin-
ear dispersion is 0.058 nm/pixel and the time resolution
is 35 ms/frame.

4．Spectroscopy in HANBIT
First we measure hydrogen Balmer series line emis-

sions (Hα,Hβ and Hγ) using the 5-channel UV/V
spectrograph and Lyman series line emissions (Lα (2p
2P0 → 1s2S, 1215 Å), Lβ, Lγ and Lδ) using the
VUV spectrometer, simultaneously. Figure 4 shows the
typical VUV spectrum. By comparing the CR-model
calculation results of intensity ratios of Hβ/Hα and
Hγ/Hα, we can calculate intensity ratios of Lγ/Lβ and

Fig. 4 Typical VUV spectrum in the HANBIT plasma.

Fig. 5 The absolute sensitivity of the VUV spectrometer.

Lδ/Lβ. Moreover, the absolute intensities of Hα, Hβ

and Hγ show the population densities n(3), n(4), and
n(5) of neutral hydrogen atoms. From the CR-model
calculation, we obtain the relative population densities,
n(i)/n(1). Then, we can calculate the population densi-
ties of n(1) and n(2). The absolute emissions of Lα, Lβ,
Lγ and Lδ are calculated. We compare the measured in-
tensities of the VUV spectrometer of Lyman lines with
the calculated intensities, in order to obtain the absolute
sensitivity of the VUV spectrometer. Figure 5 shows
the absolute sensitivity of the VUV spectrometer. It is
almost constant with the wavelength range from 1000 to
1250 Å. However, in the wavelength range from 900 to
1000 Å, the sensitivity is changed extremely. The rea-
son of this sensitivity change is not clear. In any case,

Fig. 6 Radial profile of neutral hydrogen density is ob-
tained using the CR-model calculation.
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Fig. 7 The UV/V spectra of CII (4267 Å) and CIII (4650 Å)
are shown in (a) and (b), respectively.

we can observe the absolute spectral intensities in UV/V
and VUV spectral range in the HANBIT plasma.

By using the CR-model calculation, radial profile
of neutral hydrogen density is shown in Fig. 6. Fig-
ures 7 (a) and (b) show the UV/V spectra of C II
(2s24f2F→2s23d2D, 4267 Å) and C III (3p 3P0 → 3s2S,
4647.4 − 4651.5Å), respectively. Figure 8 shows the
radial density profiles of carbon ions of C+ and C2+.
In the HANBIT plasma, the neutral hydrogen density
at the center of the plasma is about 1.2 × 109 cm−3. C+

and C2+ ion densities are about 2×107 cm−3 and 5×108

cm−3, respectively. We compare the C II and C III line
intensities in the UV/V spectral range with those in the
VUV spectral range. Intensities of C II (4267 Å) and C
II (2s2p2 2P→ 2s22p 2P, 904Å) are about 1.0 µW cm−2

and about 35 µW cm−2, respectively. Intensities of C III
(4650 Å) and C III (2s2p 1P→ 2s2 1S, 977Å) are about

Fig. 8 Radial density profiles of carbon ions C+ and C2+

are shown in squares and circles, respectively.

3.2 µW cm−2 and about 457 µW cm−2, respectively.
These are almost comparable to the CR-model calcu-
lation results within 30 % of error. This shows that our
calibration method for VUV spectrometer is useful.

Next, we adopt the intensity ratio method with the
CR-model to the plasma diagnostics in order to mea-
sure the electron temperature. Intensity ratio method for
electron temperature measurement was used with inten-
sity ratio between C II (2p3 4S→ 2s2p2 4P, 1010Å) and
C II (904 Å) [9]. The intensity ratio is about 7, then the
electron temperature is about 40 eV in the error of 30
%. It is compared with the results of the electron tem-
perature measured by the Langmuir probe.

5．Conclusion
We carry out the absolute calibration experiments

of the VUV spectrometer using the CR-model for hy-
drogen. The absolute hydrogen line intensities are
observed by using the VUV spectrometer and the 5-
channel UV/V spectrometer. Then, we prepared the
spectroscopic system with the wavelength range from
VUV to visible in HANBIT. The neutral hydrogen and
carbon ion intensities are absolutely observed in order
to obtain the plasma particle densities and electron tem-
peratures using the CR-model. We successfully obtain
the electron temperature using intensity ratio method
with CR-model.

Acknowledgements
The authors would like to thank members of

HANBIT group of the Korea Basic Science Insti-
tute. This work was supported by JSPS-KOSEF Core-

43



Study of Radiated Spectral Intensities in the HANBIT Plasma for Plasma Diagnostics

University Program on Energy Science and Engineer-
ing. This work is performed with the support and un-
der the auspices of the NIFS Collaborative Research
Program. This research was partially supported by the
Ministry of Education, Science, Sports and Culture,
Grant-in-Aid for Scientific Research on Priority Areas,
16082203, 2004.

References
[1] T. Fujimoto, Nucl. Fusion 28, 1255(1988).
[2] S. Sasaki et al., Fusion Eng. Des. 34-35, 747

(1997).
[3] K. Sawada et al., J. Appl. Phys. 73, 8122 (1993).
[4] T. Fujimoto et al., J. Appl. Phys. 73, 2315 (1993).
[5] T. Kato et al., Fusion Eng. Des. 34-35, 789

(1997).
[6] T. Kato et al., Atomic Data Nucl. Data Tables

449, 133 (1990).
[7] M. Goto et al., Phys. Plasmas 9, 4316 (2002).

[8] M. Yoshikawa et al., Trans. Fusion Technol. 35,
273 (1999).

[9] M. Yoshikawa et al., J. Plasma Fusion Res. SE-
RIES 6, 685 (2005).

[10] M. Yoshikawa et al., J. Plasma Fusion Res. SE-
RIES 3, 402 (2000).

[11] M. Yoshikawa et al., Trans. Fusion Technol. 39
289 (2001).

[12] M. Yoshikawa et al., Surf. Rev. Lett. 9, 555
(2002).

[13] M. Yoshikawa et al., Nucl. Instrum. Methods
Phys. Res. A 467-468, 1533 (2001).

[14] S.M. Hwang, et al., Trans. Fusion Technol. 35,
99 (1999).

[15] M. Kwon, et al., Trans. Fusion Technol. 39, 10
(2001).

[16] H-K. Na, et al., Trans. Fusion Technol. 39, 237
(2001).

44


