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Abstract In this work, we present results of electron temper-
ature (Te) and density (ne) measurements obtained in Tokamak
Chauffage Alfvén Brésilien (TCABR) tokamak using visible
spectroscopy from CVI line emissions which occurs mainly
near the center of the plasma column. The presented method is
based on a well-known relationship between the particle flux
(Γion) and the photon flux (øion) emitted by an ion species
combined with ionizations per photon atomic data provided
by the atomic data and analysis structure (ADAS) database. In
the experiment, we measured the photon fluxes of three dif-
ferent CVI spectral line emissions, 4685.2, 5290.5, and
6200.6 Å (one line per shot). Using this method it was possi-
ble to find out the temporal evolution of Te and ne in the
plasma. The results achieved are in good agreement with Te
and ne measurements made using other diagnostic tools.

Keywords Plasma diagnostics . Plasma spectroscopy .

Tokamak . Electron temperature . Electron density

1 Introduction

The development of diagnostic tools and methods for mea-
surements of plasma parameters, like temperatures, densities,
and confinement times, is an important matter in plasma phys-
ics. In previous works [1–3], we have used spectral emissions
originating from neutral hydrogen and C1+ (CII) ions in order
to measure the electron densities and temperatures at the edge
of NOVA-UNICAMP tokamak plasma [4]. The method de-
veloped in [3] uses a well-known relationship between the
particle flux and the photon flux emitted by an ion species
[5–7] combined with ionizations per photon atomic data pro-
vided by the atomic data and analysis structure (ADAS) data-
base [8]. In that work, we measured the photon fluxes of three
different CII spectral line emissions during a single tokamak
discharge and then established the basic ideas to start the stud-
ies on the use of different impurity spectral line emissions for
the measurements of Te and ne in tokamak plasmas.

Now we present some results of plasma core Te and ne
measurements obtained in Tokamak Chauffage Alfvén
Brésilien (TCABR) tokamak plasma [9, 10], which is a ma-
chine with major radius R=0.61 m, minor radius a=0.18 m,
discharge current IP=100 kA, toroidal magnetic field BT=
1.1 T, maximum average density ne (1–4.5)×10

19 m−3, Te
(0)≈500, Ti (0)≈200 eV, duration of the stationary phase of
the discharge 60 ms. The results were achieved using visible
spectroscopy of highly ionized carbon emission lines, C5+

(CVI), combined with the method that we have developed.
The experimental data were taken in three different tokamak
shot discharges using one absolutely intensity calibrated
monochromator equipped with a photomultiplier.

Using this method it was possible to determine the tempo-
ral evolution of density and temperature of the electrons at the
central region of the plasma column. The results achieved are
in good agreement with the expected values for the plasma
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region where occurs the largest probability of CVI emissions
[11] and also with measurements made using other diagnostic
tools [12, 13].

2 Theoretical Model

The method used in this work for measurements of density
and temperature of electrons is based on a well-known rela-
tionship between the particle flux (Γion) and the photon flux
(ø[λ]ion) emitted by an element (or an ion), at a given wave-
length (λ) [5]:

Γ ion λ½ � ¼ S

XB

� � λ½ �
ϕ λ½ �
ion ð1Þ

where the (S/XB) factor is known as ionization per photon
coefficient, and depends on local Te and ne. In a plasma in
the equilibrium condition, we can assume that the particle flux
of a given ion species, at a fixed ionization stage, is constant
[14]. Then, for an ion emitting in various different wave-
lengths’ we have:

Γ ion λ1½ � ¼ Γ ion λ2½ � ¼ ⋯ ¼ Γ ion λn½ � ¼ … ð2Þ

We can take the ratios between particle fluxes obtained
using different wavelengths emitted by the ion in order to
write:

Γ ion λ1½ �
Γ ion λ2½ � ¼

Γ ion λ2½ �
Γ ion λ3½ � ¼ ⋯ ¼ Γ ion λn−1½ �

Γ ion λn½ � ¼ 1 ð3Þ

Combining Eq. (1) and (3) with measurements of photon
fluxes emitted by three CVI lines, we have a system with two
equations and two undetermined parameters (Te and ne):

Γ ion λ1½ �
Γ ion λ2½ � ¼

S=XBð Þ λ1½ �ϕ λ1½ �
ion

S=XBð Þ λ2½ �ϕ λ2½ �
ion

¼ 1 ð4� aÞ

And

Γ ion λ2½ �
Γ ion λ3½ � ¼

S=XBð Þ λ2½ �ϕ λ2½ �
ion

S=XBð Þ λ3½ �ϕ λ3½ �
ion

¼ 1 ð4� bÞ

The system formed with these two equations allows us to
perform an interactive method in order to find correct values
of local Te and ne that satisfy the Γion constancy.

3 Experimental Setup and Analysis Method

The spectroscopic data of CVI line emissions were acquired
using the scheme shown in Fig. 1. In this experimental setup,
the light emitted by the plasma is collected using an achromatic
telescope (f=100.1mm) and transmitted to the entrance slit of the
monochromator through an optical fiber with diameter 1.74 mm.

The monochromator used in this experiment was a
THR1000 Jobin Yvon, which has a focal length 1000 mm
and a reciprocal linear dispersion of 8.0 Å/mm. The mono-
chromator was equipped with a R943-02 photomultiplier tube
manufactured by Hamamatsu.

The ionization per photon coefficient used in these exper-
iments was obtained from the ADAS database [8] that pro-
vides S/XB for CVI transitions listed in Table 1 for a wide
range of electron temperatures and densities. The ADAS data
were interpolated in a finest way in order to improve the pre-
cision of our measurements.

Since the temporal evolution of photon flux of CVI spectral
lines was obtained experimentally and S/XB coefficients are
available in the ADAS database, using Eq. 1, we can calculate
the ratio of particle flux for two different lines as function of
electron density for a fixed electron temperature. The particle
flux ratio curve as function of electron density for a pair of
spectral lines should intercept the curve of particle flux ratio
for another pair at some density value. The electron density
value for each cross point should be different for different
electron temperature value. This calculation procedure should

Fig. 1 Experimental setup used
for temporal evolution of density
and temperature of electrons in
TCABR tokamak

Table 1 List of CVI transitions [15, 16] used with their respective
wavelengths

Label Wavelength (Å) Transition

CVI1 4685.2 n=12→ n=9

CVI2 5290.5 n=8 → n=7

CVI3 6200.6 n=11 → n=9
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continue until a pair of Te and ne values that satisfy the condi-
tion 4-a was found out. Once the values of ne and Te that
satisfies condition 4-a for a given time instant were found
out, this procedure should be repeated for another instant.
The complete description of the analysis method, with an ap-
plication for CII ions, can be found in [3].

The procedure described above must be performed for each
time instant of the plasma discharge in order to get the tem-
poral evolution of Te and ne.

4 Results and Conclusions

Due to the high level of energy needed in order to get five
times ionized carbon ions, the plasma region where the CVI
line emissions have the higher probability of occurrence is
near the core of the plasma column. Using the method previ-
ously described, we have determined the temporal evolution
of the electron temperature and density at the central region of
TCABR tokamak plasma.

Figure 2a shows the plasma currents of the three dis-
charges, labeled as #26240, #26241, and #26244, used to
measure the CVI emission signals (Fig. 3a). Figure 2b shows

a central chord of the electron densities of each discharge
using microwave interferometry.

Figure 3 shows the Te and ne results achieved using the
method we have developed.

The discharge time interval, which can be used to perform
our analysis, is between 50–90 ms, where plasma current and
electron density are stable. At about 75 ms, we can observe a
slight increase of electron density on shot #26244 in Fig. 2b.

Figure 3a shows the emission spectra from CVI of dis-
charges shown in Fig. 2. The signal obtained have been
slipped up for the sake of viewing facility. The values of emis-
sion signals used in calculation are taken from a baseline
where the signal must be zero.

Figure 3b shows the time evolution of electron temperature
and density from 60 to 85 ms of the set of tokamak discharges
#26240, #26241, and #26244; the uncertainties in Temeasure-
ments are all of the same order of magnitude of the uncertainty
in the first data point. Slight increase of electron density at
around 75 ms of the discharge may be related to the increase
observed in microwave interferometry.

The electron temperatures obtained in the combination of
the set of three tokamak discharges are around 480 eV. This
result is in good agreement with the Te values predicted in [12]

Fig. 3 Spectroscopic data of CVI emission lines (a), and Te and ne (b), obtained for the set of tokamak discharges #26240, #26241, and #26244

Fig. 2 Plasma current and line integrated electron density signals from three distinct discharges used for spectroscopic analysis
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and [13], and also for the plasma region where the higher
probability of CVI emissions in the TCABR tokamak occurs.
The electron density that was obtained oscillates between 1
and 4×1013 cm−3 and is in good agreement with the values
measured using microwave interferometry. This indicates that
the proposed diagnostic method can be used to monitor the
temporal evolution of electron densities and temperatures at
the center of tokamak plasmas or outer radial positions, ac-
cording to the impurity ionization level and provided that at
least three independent line emissions for each ion species can
be measured. It also suggests that the method can be applied
not only to other impurity ions with different ionization levels
present in the plasma but also at lower wavelengths, as in
vacuum ultraviolet region, where higher energy ions are more
frequent, as fin the case of large tokamaks.

The absence of Te and ne results in other time intervals of
the discharges is due to the fact the CVI line emission mea-
surements were made in distinct tokamak discharges, which
lead to the impossibility to satisfy the conditions 4-a and 4-b
or differences in the values of plasma parameters. It is highly
recommended to perform the measurements simultaneously,
in the same tokamak shot discharge, to obtain the three line
emissions in order to avoid possible differences among dis-
tinct discharges as in references [2, 3].

Acknowledgments The authors would like to thank Martin O’Mullane
for the help on the use of ADAS coefficients. We also thank the TCABR
team for the support to operate the TCABR tokamak.

This work was supported by CAPES, RNF/CNEN/FINEP, and
FAPESP.

References

1. A.M. Daltrini, M. Machida, Rev. Sci. Instrum. 76, 053508
(2005)

2. F. do Nascimento, M. Machida, J. Phys. Conf. Ser. 370, 012053
(2012)

3. F. do Nascimento, M. Machida and J.H.F Severo, Europhysics
Conference Abstracts 37D B40th EPS conference on Plasma
Physics^. 5.114 (2013) (http://ocs.ciemat.es/EPS2013PAP/pdf/P5.
114.pdf)

4. A.M. Daltrini, M. Machida et al., Braz. J. Phys. 32, 26
(2002)

5. K. Behringer, H.P. Summers, B. Denne et al., Plasma Phys.
Controled Fusion 31, 2059 (1989)

6. H.P. Summers, W.J. Dickson, A. Boileau et al., Plasma Phys.
Controled Fusion 34, 325 (1992)

7. N.R. Badnell, T.W. Gorczyka, M.S. Pindzola et al., J. Phys. B
Atomic Mol. Phys. 29, 3683 (1996)

8. Atomic Data and Analysis Structure http://www.adas.ac.uk/
9. I.C. Nascimento, Y.K. Kuznetsov, J.H.F. Severo et al., Nucl. Fusion

45, 796 (2005)
10. J.H.F. Severo, I.C. Nascimento, Y.K. Kuznetov et al., Rev. Sci.

Instrum. 78, 043509 (2007)
11. J.H.F. Severo, I.C. Nascimento, V.S. Tsypin, R.M.O. Galvão, Nucl.

Fusion 43, 1047 (2003)
12. M.P. Alonso, A.C.A. Figueiredo, E.O. Borges et al., Rev. Sci.

Instrum. 81, 10D529 (2010)
13. O.C. Usuriaga et al., J. Phys. Conf. Ser. 511, 012039 (2014)
14. S. Menmuir et al., Phys. Scr. 74, 439 (2006)
15. J.D. Garcia, J.E. Mace, J. Opt. Soc. Am. 55, 654 (1965)
16. M.G. von Hellermann et al., Phys. Scr. T120 (2005)

430 Braz J Phys (2015) 45:427–430

http://ocs.ciemat.es/EPS2013PAP/pdf/P5.114.pdf
http://ocs.ciemat.es/EPS2013PAP/pdf/P5.114.pdf
http://www.adas.ac.uk/

