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Abstract. Volume recombination of C4+ and e− into C3+ is observed for the ﬁrst time in detached
plasmas with MARFE. It is found that the recombination ﬂux of C4+ to C3+ is comparable to the
ionization ﬂux of C3+ to C4+ , and that the recombination zone is above an X point and beneath the
ionization zone. This result suggests that this volume recombination predominantly produces C3+
ions, which contribute 60-80 % to the total radiation power in the divertor plasma.

1 Introduction
In high-density divertor plasmas, an X-point MARFE is often formed, which is characterized by
an appearance of the toroidally-symmetric, intense-radiation band around a magnetic null point
( an X-point ). It has been found that the electron temperature and density are, respectively,
lower than 1 eV and higher than 1 × 1020 m−3 , and that the volume recombination ﬂux of
hydrogen ion is comparable to the ionization ﬂux of neutral hydrogen. The radiation power of
hydrogen contributes 20-40 % at most to the total radiation power from the divertor plasma.
The rest of the radiation power ( more than 80-60 % ) is ascribed to impurities, in particular,
C3+ in carbon based devices [1, 2]. It has been considered that the source of C3+ is ionization
of C2+ because the recombination of impurities has NOT been observed. This paper points out
that the predominant source of C3+ is volume recombination of C4+ and e− for the ﬁrst time.
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The discharge conditions for the
present spectroscopic measurement were as follows: a plasma
current of 1.5 MA, a toroidal
magnetic ﬁeld of 3.5 T, a neutral
beam heating power of 4.3 MW,
and a line-averaged electron density of the core plasma of 3.5 ×
1019 m−3 , which was kept constant by a feedback control system of a gas-pufﬁng rate.
The spectroscopic system consists of an object optics, two parallel arrays of sixty optical ﬁbers
( vertical ), one array of thirty two
opticla ﬁbers ( horizontal ) and
three visible spectrometers.
The object optics covers the divertor region with a spatial resolution of ∼ 1 cm vertically and
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FIG. 1: Viewing chords ( vertical 60 ch, and horizontal 32 ch ) for

the spectroscopic measurement, the magnetic conﬁguration and
the divertor structures.
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horizontally as shown in Fig.1. Emission from the divertor plasma is collimated with two lenses
onto the optical ﬁbers. Then the light is transmitted to a diagnostic room through the optical
ﬁbers. In the diagnostic room, ten optical ﬁbers of the vertical array,and sixty and thirty two
optical ﬁbers of the viertical and the horizontal array are guided to a high wavelength resolution
spectrometer and a low wavelength resolution spectrometer, respectively.
The high wavelength resolution spectrometer observed ten spectra of C IV ( n = 6 − 7 ) around
772.6 nm, simultaneously, where n denotes a principal quantum number. This spectrometer is
built in the Littrow mounting with an echelle grating. The Littrow lens ( focal length 1.2 m and
diameter 100 mm ) is used for suppression of the astigmatic images of the optical ﬁbers. The
echelle grating ( 79 grooves/mm, height 102 mm and width 254 mm, and blazing angle 74o ) is
used for high wavelength resolution, which is obtained in high spectral order. The spectral line
of C IV ( n = 6 − 7 ) is observed in the 32nd spectral order in the case that the angle of the
echelle grating is set so as to obtain the highest diffraction efﬁciency. A charge coupled device
(CCD) camera with an image-intensiﬁer is used as a detector. The CCD camera has 512 × 512
pixels with an effective size of 24 × 24 µm, and the quantum efﬁciency of the image-intensiﬁer
is ∼ 40% around 772.6 nm.
A low resolution spectromter observed 92 spectra of C IV ( 3s2 S − 3p2 P) and C IV (n=6-7)
along the viewing chord shown in Fig 1, simultaneously. Two camera lenses are built in to
suppress astigmatic images of the optical ﬁber, and a grating with 150 grooves /mm is used. A
back-illuminated CCD camera having 1340 × 1300 pixels with a size of 20 × 20µm is used as
a detector, and the quantum efﬁciency is ∼ 80% around 772.6 nm.
3 Results
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While the MARFE was maintained, a spectral proﬁle of C IV
( n = 6 - 7 ), shown in Fig. 2, was
taken along the viewing chord of
31 ch, which penetrated the vicinity of the magnetic null point (
the X-point ), as shown in Fig.
1. After the MARFE occurrence,
the spectral proﬁle of C IV ( n
= 6 - 7 ) from the MARFE region became broader, in particular, around the tails of the spectrum compared with those from
the other region and those from
the X-point before the MARFE
occurrence. The spectral proﬁle
was reproduced by a Voigt function, which is convolution of a
Gaussian and a Lorentzian function. On the assumption that the
broadenings ﬁtted by a Gaussian
and a Lorentzian function were
ascribed to the Doppler and the
Stark effect, respectively, the cor-

Intensity ( ph / sr m s nm )

3.1 Stark Broadening of C IV (n=6-7)

Gaussian
~ 1eV

772.2 772.4 772.6 772.8 773
Wavelength (nm)

FIG. 2: Spectral proﬁle of C IV ( n = 6 - 7 ) from the MARFE region. The spectrum is composed of three transitions, 6f −7g, 6g−
7h and 6h − 7i, whose wavelength and relative gA value are indicated by, respectively, the location and the length of the vertical
lines. The result of regression analysis with a Voigt function is
shown by a solid curve, and its Gaussian component by a dotted
curve.
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responding ion temperature and electron density were ∼ 1 eV and ∼ 1×1020 m−3 , respectively.
Given that the electron density is 1 × 1020 m−3 , the Holtzmark formula yields an electric ﬁeld of
0.8 kV/cm. In this electric ﬁeld, C3+ (n = 7) is perturbed with energy of ∼ 0.2 cm−1 . Because
this perturbation energy is comparable to the energy difference, for example, between 7h and
7i, the Stark effect can affects these energy levels. This was conﬁrmed for the Stark shift of
C IV ( 6f - 7g ). The calculated Stark shift ( ∼ 0.01 nm ) was in good agreement with the
measured ( 0.013 ± 0.003 nm ) as shown in Fig. 2 by the dashed vertical line.
3.2 Volume recombination of C4+ and e−
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of 0.1 - 0.01 around the
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sured population ratio was
respectively.
compared with the population ratio calculated by a collisional-radiative model [3] shown in Fig. 4. At an electron density
of 1 × 1020 m−3 and an electron temperature of 1 eV, which are obtained from the regression
analysis of C IV ( n = 6 - 7 ) shown in Fig. 2, the measured population ratio ( 0.01 - 0.1
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) around the X-point was not explained by only the ionizing-population component. Hence,
the measured population ratio around the X-point was considered to indicate the recombination of C4+ with electron. But the measured population ratio was smaller by about one order
than the calculated population ratio of the recombining component. This discrepancy between
the measurement and the calculation might be interpreted as follows : in the region except
for the X-point, C3+ (3p2 P3/2 ) was dominated by the ionizing component as shown in Fig. 4,
and the ionizing component of C3+ (3p2 P3/2 ) was also considered to exist around the X-point.
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FIG. 4: Calculated population ratio of C3+ (n = 7) to C3+ (3p2 P3/2 ) as

a function of electron temperature. The recombining and the ionizing
component are shown separately. Numbers beside the curves indicate
the power of ten of the electron density. The hatched region indicates the
population ratio measured around the X-point, and the shaded region
the population ratio in the other region.
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The recombination ﬂux of C4+
and e− is evaluated from the intensity of C IV ( n = 6 7 ), multiplied by 20, calculated by the
collisional-radiative model [3] at
electron temperature and density
of 1 eV and 1 × 1020 m−3 , respectively. Figure 5 shows a 2 di- Z ( m )
8
mensional structure of the recombination ﬂux, reconstructed by a
6
computer tomography technique.
4
The recombination ﬂux is localized above the X-point. The line
2
integral recombination ﬂux is ∼
0
2×1020 m−2 s−1 along the viewing
chord passing through the peak of
R ( m )
the recombination zone. A similar analysis for C IV ( 3s2 S −
3p2 P ) indicates that the ioniza- FIG. 5: Recombination ﬂux of C4+ to C3+ , reconstructed by a
tion zone of C3+ is positioned computer tomography technique from C IV (n = 6-7 ) line measured with 92 viewing chords, shown in Fig. 1.
over the recombination zone of
C4+ , and that the ionization ﬂux is comparable with the recombination ﬂux. Because predominant emission of C IV ( 3s2 S − 3p2 P ) is not observed below the X-point, the C3+ ions produced
through the recombination of C4+ and e− is considered to be transported upward, resulting in C
IV ( 3s2 S − 3p2 P ) emission at relatively high temperature region ( 20 eV).
3

3.4 Radiation power with the volume recombination process
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of the ionizing and the recomFrom these values, the rabining component as a function of electron temperature at an electron
diation power from the density of 1 × 1020 m−3 .
recombination component,
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is calculated as fol3+
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lows:
3+

3+

C
Precomb
= LC
recomb · ne · nC 4+ · L
3+

= LC
recomb · nC 3+ (n=7) · L/R0
= 9.1 × 10−32 (Wm3 ) · 1.2 × 109 (m−2 )/2.7 × 10−27 (m3 )
= 6.0(kW/m2 )
This radiation power is less than 1 % of the total radiation power, measured by a bolometer (
1.1 MW/m2 ). From a similar analysis for C3+ (3p2 P), the radiation power from the ionization
component is evaluated to be 0.70 (MW/m2 ) on the assumption that the electron temperature is
20 eV. From the above discussion, although the radiation power with the recombination process
is low, the C3+ ions, produced by the recombination, contribute 64 % of the total radiation.
4 Summary
When a MARFE was formed around the X-point, the spectral proﬁle of C IV (n=6-7) taken
along the viewing chord for the X-point became broader due to the Stark effect compared to
those along other viewing chord and those before the MARFE occurrence. From regression
analysis of the spectral proﬁle, temperature and density were estimated to be 1 eV and 1 ×
1020 m−3 , respectively. From comparison of the measured and the calculated population ratio of
C3+ (n=7) to C3+ (3p2 P3/2 ), it is concluded that volumetric recombination of C4+ with electron
was identiﬁed at the vicinity of the X-point. Although the line-integral radiation power due
to the volume recombination is only 1 % of the total radiation power along the same viewing
chord, the recombination produces the C3+ ions, which contribute 64 % of the total radiation.
The above result suggests that the recombination process contributed to cooling of the divertor
plasma.
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