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Abstract. Low-pressure hydrogen plasma, ignited by a microwave antenna sys
tem working at a frequency of 2.45 GHz and heated by a main theta pinch device 
is the source of radiation. After heating the plasma and the high ionization stages 
of the impurity element, for example N2 , the electron temperature, Te, can be 
estimated from the relative intensities of the spectral lines appearing at the suc
cessive ionization stages of the impurity elements. Also, the ion temperature, Ti, 
of impurity elements (such as N2, 0 2 and C2) and the working hydrogen gas 
element can be determined using spectral line broadening mechanisms due to 
plasma heating. The ion temperature for Ha was approximately 6 eV in the cold 
plasma near the wall region, while it was 43 eV in the hot plasma core. 

1. Introduction 

It is well-known that plasma passes fundamentally into two sequenced processes -
preion.ization and preheating proc.esses [ 1]. The first one is achieved by either pho
toionization, or electric discharge in gases. In a gas discharge [2], the breakdown of 
the working gas particles is achieved by the action of microwave emerging an electric 
field. Adiabatic compression [3] is one of the great number of methods used for heating 
plasma, in addition to theta pinches [4]. In the theta pinch devices, a plasma carrying a 
current is confined by the magnetic field of the current itself. As the current rises, the 
increasing magnetic field compresses the plasma heating it (confinement and heating 

occur together). 
In the present investigation, the gas breakdown process is applied initially on work

ing hydrogen gas which has a few ratio of the impurity elements such as 02, N2 
and C2 , within a spherical discharge vessel. The preionized plasma is generated under 
effects of ECR-condition (that condition was achieved with the action of microwave 
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which pulsed at a power of 4 kW and radiated at a frequency 2.45 GHz). The qua
sistatic magnetic field (its maximum value reached at 1.6 kG) is requisite for ignition 
of plasma. Coupling hold of magnetic fields, crow-barred magnetic bias field and theta 
pinch field, are requisite for heating the initial plasma. Discharge 2.2 kJ capacitor bank 
over the theta- pinch coils were positioned at polars of the spherical discharge vessel. 
The measurements of both the light and the magnetic fields insure the adiabatic com
pression and confinement processes, i. e. the heating process is executed when both the 
bias magnetic field and the theta-pinch field formed a gradient field configuration. 

Spectroscopically, at the present condition of the heated plasma, the predominant 
broadening mechanisms are mainly thermal motion. Therefore, the ion temperature 
could be determined from the half-width of the radiated spectral lines by measuring 
the Doppler (thermal) broadening of the spectral lines of the impurity elements (such 
as N2, 02 and C2) and of Ha. All observed ionization states of the spectral lines of 
those impurity elements showed that the ion temperature reached a magnitude ranging 
between 150 and 300 eV. NII and Niii reach the maximum temperature later than 
NV, due to their longer energy equipartition time with hydrogen. The ion temperature 
detennined for Ha was approximately 6 eV in the cold plasma near the wall region, 
while it was 43 eV in the hot plasma core. The electron temperature has been estimated 
by the relative intensities of the spectral lines at successive ionization stages, of the 
order of 55 eV in the higher ionization stages. Therefore, the plasma is approximately 
in complete ionization where the electron density in the local thermal equilibrium, LTE, 
is in the order of 1020 m-3. 

2. Experimental Setup 

The experiments were performed on the spheromak device at the plasma laboratory of 
the Essen University, Germany. 

The spectral lines of the working gas, H2, and several impurity elements are re
alized for line profiles measurements. For analyzing line profiles to wavelengths, a 
spectrometer (monochromator spex, type: 1500 Sp.) has been used. 

(a) Monochromator Device 

The technical data of the monochromator device was: focal length of each mirror 
750 mm, dimension of the diffraction grating 100 x 100 mm2 width-height, grating 
constant (b) 0.83 µm (1200 grooves/mm), spectral region from 1970 A to 15500 A, and 
the reciprocal linear dispersion (8>..; 8x) nearly 11.0 A/mm at a line >. = 4282 A. The 
entrance and exit slits of the monochromator device could be drawn with an effective 
width (do = >. x f / l). The range of wavelengths is chosen among 300 :S >..;A :S 5000, 
with an effective slit width 2.0-5.0 µm. 

(b) Source 

A low-pressure hydrogen plasma was used as a source of radiation. A microwave field 
and quasistatic magnetic field play an important role for occurring the discharge and 
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appearing the plasma. A microwave generator is necessary to be used to generate an 
electron cyclotron resonance, ECR, condition for pre-ionization of magnetic plasma. 
A commercial magnetron pursed to a power of 4.0 kW with total energy E = 80 J 
was used. The performed pulse is, radiated by an antenna at a frequency 2.45 GHz, 
and its duration continued from 10 to 30 ms. The microwave pulse can achieve a 
partial ionization (preplasma) with electron density 1011 to 1012 cm-3 approximately. 
In the presence of a quasistatic magnetic field produced by slowly discharging capacitor 
bank through a pair of Helmholtz coils (its maximum value reached at 1.6 kG), the 
diamagnetic plasma is produced (preionized plasma). It is known experimentally that 
a B-pinch is a plasma machine which produce the initially heated plasma. The used 
B-pinch . operates only in short pulses with frequency 160 kHz. Nine condensers are 
charged by power source, its voltage is 19 kV, and discharged through a pair of magnetic 
coils with energy 500 J. The generated magnetic field amounted approximately from 
0.8 to 1.4 kG. Confinement times of several microseconds which have been ·achieved, 
amounted approximately from 50 to 70 µs. When the initial plasma is completely 
ionized, the electron density rises approximately to 5.0 x 1015 cm-3 . 

(c) Detector 

Two photomultipliers PMl (EMI, type 9658A) provided with S 20-photocathode (Na2 

K Sb C8 ), and PM2 (RCA, type C 31000) were used. The two possess ma;ximum 
spectral sensitiveness at wavelength, >., 3800 A, and 5500 A, respectively. The chosen 
output signal is a current signal and was measured across the PMl and PM2, as a 
drop voltage over the working resistance R0 , with the helpong of a save-oscilloscope 
(Tektronix, type 7633). 

3. Results and Discussion 

3.1. Initial Plasma Temperature 

The temperatures of the initial plasma ignited by the preionized technique were de
termined by line profile measurements at different gas pressures. The measurements 
recorded a maximum intensity of chosen spectral line of the working hydrogen gas, 
Ha at >. = 6560.60 A. By scanning the line profile of Ha a maximum intensity of 
the wavelength range and spreaded frequencies about the central frequency, /a, could 
be represented. The linear representation between the intensity of spectral line, I(>.), 
and the corresponding wavelength, >., is achieved to be measured the full width at half 
maximum intensity (FWHM). The spectral line is broadened by the broadening effects, 
and in the present case the Doppler effect is predominant. Hence, after the removal of 
instrumental broadening by applying the following equation [5, 6]: 

(1) 

.6.>.t is the true half-width. of the line and .6.>.a - the half-width of the apparatus 
function (both are Gaussian), the temperature- can be computed from the half-width of 
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(2) 

where p>..1;2 = 28>..n is the full width at half-maximum intensity of the line 

(FWHM), Ti is the ion temperature of the plasma components, and 8)..D = >. - >.0 = 
>..o~kT. 2- ln 2-- ls the Doppler broadening of the line. Table 1 shows the initial plasma 
c m 

temperature of the preionized plasma at different gas pressures. 

Table 1. lnitial temperature of the preionized plasma detennined at different gas pressures 

Pressure (mbar) 

7.0 x 10-4 

2.0 x 10-3 
6.0 x 10-3 

LG x 10-2 

4.0 x 10-2 

4. Electron Temperature 

0.35 ± 0.03 
0.37 ± 0.01 
0.42 ± 0.01 
0.60 ± 0.02 
0.49 ± 0.01 

Plasma temp. T (eV) 

0.56 ± 0.03 
0.58 ± 0.04 
0.81±0.06 
1.66 ± 0.11 
1.09 ± 0.05 

A quantitative detennination of the electron temperature from the relative intensities of 
. lines due to different stages of ionization can be made if thermodynamic equilibrium 
is obtained [7]. In such investigation, the intensity ratio for two terms in a sequence 
have been used and written in the following form [6, 8]: 

I~m = 'Ynm A~m ne g?;,, [ h2 ] 3/2 exp [xr + Ek+l + E::n,] (3) 
IJjt 1 'Yik Art 1 2 g//1 2nmkTe kTe 

where the term in L. H. S. is an intensity ratio of two lines of the successive ionization 
stages (rand r + 1), and the terms in R.H.S., 'Ynm and 'Yik are frequencies of the two. 
lines, A~m and Art1 are the spontaneous emission coefficients, g::n_ and gk+l are the · 
statistical weights, E::n, and E"[+l are the state energies of two levels m and k, xr is 
the ionization energy of lower ionization stage, ne is the electron density, Te is the 
electron temperati.Jre, k is the Boltzmann constant, h is the Planck constant, and me is 
the electron mass. This fonnula is obviously dependent only on the electron parameters 

ne, and Te, i. e. 

1fr~ = constne(kTe)312 exp(-kTe). 
Ik 

(4) 

Equations [3] and (4) give a connection between the electron temperature, electron 
density, and the quotient of intensities of the spectral lines of successive ionization 
stages. The examination (if LTE is realised) requires after requisitions for accurate 
collision estimating of the electron density, ne, with dependence of the electron tem
perature, Te. The electron density under consideration, ne, can be estimated to be 
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approximately 2 x 1014 cm-3 at which the produced plasma is in complete ioniza
tion with a fulfilled gas pressure. Therefore, the following inequality is performed for 
estimating the electron density, ne, and LTE can exist for some transitions [8]: 

(5) 

Table 2 shows with the helping of this inequality (5), the values of electron density, 
n e, with arbitrary values. of electron temperature, Te, for different ionization stages of 
the nitrogen element. Hence, the electron temperature, Te, can be determined by the 
method of relative intensities of spectral lines of two successive ionization stages [9, 
10]. Applying the relation (3) with the impurity nitrogen element (because all ionization 
stages appeared and also the available spectral Jines emitted), the electron temperature, 
Te, has been computed and enclosed in Table 3, with other experimental measurements 
achieved with different techniques for comparison [10, 11, 12]. 

Table 2. Electron density evaluated by applying the inequality relation (5) 

Spectral line ne1016 cm-3 

>.(A) Te = 10 30 50 70 90 eV 

NII : 3994.98 0.97 1.69 2.18 2.58 2.93 
Nlll: 4097.31 . 1.51 2.62 3.38 4.00 4.54 

NlV: 3478.71 2.49 4.32 5.58 6.60 7.49 

NV: 4603.73 1.90 3.29 4.25 5.02 5.70 

Table 3. Electron temperature, Te, calculated by applying the relation (3) 

Spectral line of ioni-
zation stage >.(A) X(eV) Te (eV) Other measurements for comparison 

Nil: 3994.98 29.6 7.55 
NII: 4601.48 29.6 8.95 
Niii: 4097.31 47.4 32.2 
NIV: 3478.71 77.5 54.1 

~8-55 eV 2'. 7 eV [10), 10 eV [11) and 100 eV [12) • 

It has been concluded from the experimental results, Table 3, that in the strong 
heating compression phase, the method of the relative intensities is not applicable 
for the initial plasma, i. e. the lower temperature, while it is applied preferably for 
the higher ionization stages having high temperatures of both the electron and ion 
which reached approximately 60 and 400 c V, respectively. The ionization stages of 
the nitrogen element appeared in a temporal sequence, while the neutral nitrogen (NI) 
element could not be yet. This is an indication that the electron temperature, Te, is 
surely so high during the time duration of high ionization stages because the nitrogen 
element is completely ionized. The higher ionization stage such as NV, was detected at 
9.8 µs of time scale of the lower stage. It has been concluded that the higher. electron 
temperature inside the above time must reach to optimum until the end of that stage. 
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5. Ion Temperature 

The profile measurements of spectral lines indicated that the appearance and bum out 
of the high ionization stages of the elements appear with releasing a thermal energy in 
an aspect of spectral radiation inside the lifetime of these stages. The profile shapes of 
the measured spectral lines were in the frame of accurate Gauss-broadening because 
the thermal motions of both the ions and electrons are predominant, consequently a 
Maxwellian velocity distribution of ions was suggested. Therefore, the ion temperature, 
Ti, can be computed from the half-width of the radiated line by applying Eq. (2). 

Table 4. Ion temperature, I';, determined from spectral line broadening of some ionized elements 
applying the thermal Dopler broadening 

Spectral line A (A) 8.>,1;2 (A) T; (eV) 

H0 : 6560.60 1.10 5.57 cold 
3.3 wings 42.41 hot 

N!l: 4628.89 1.15 172.79 
NII: 3994.05 1.00 175.43 

Nill: 4095.87 1.50 375.88 
Clll: 4647.41 0.50 27.58 
Olli: 3758.67 0.51 58.49 

Table 4 summarise the ion temperature, Ti, determined from the spectral line broad
ening of some ionized elements applying the thermal (Doppler) broadening. All ob
served ionization states of the spectral lines of the impurity elements showed that the 
ion temperature of the impurity elements reached a magnitude ranging between 150 
and 300 eV. The ion temperature determined from H0 was approximately 6 eV in the 
cold plasma near the wall region, while it was 43 eV in the hot plasma core. 

The behaviour of ion temperature of impurities (neutral or ionized) as a function of 
the time of plasma ignition showed that NII·and NIII reach the maximum temperature 
later than NV due to their longer energy equipartition time with hydrogen. 

References 

1. K. Miyamoto. Plasma Physics for Nuclear Fusion (MIT Press Cambridge, Massachusetts, and 
London, England 1980). 

2. L. Spitzer. Physics of Fully Ionized Gases (Ed. Wiley& Sons 1962). 
3. W. E. Quinn, E. M. Little, F. L. Ribe, G. A. Sawyer. Plasma Physics and Controlled Nuclear 

Fusion Research I (1966) 237. 
4. F. F. Chen. Introduction to Plasma Physics (Plenum Press, New York 1974). 
5. L. S Solov'ev. Reviews of Plasma Physics 6 (1976) 239. 
6. W. Lotz. Physik 206 ( 1967) 205. 
7. A. N. Zaidel, G. M. Malyshev, E . .Ya. Shreider. Soviet Physics-Technical Physics 6 (1961) 93. 
8. Lochte-Holtgreven. Plasma Diagnostics (North-Holland, 1968). 
9. J. D. Hey, P. Breger. Spectral Line Shapes (W. de Gruyter, Berlin 1981). 

10. M. Kiihnapfel, H. Tuczek. Plasma Physics and Controlled Fusion 29 JOB (19g7) 1501. 
11. K. Kawai, Z. A. Pietrzyk. Bull. Am. Phys. Soc. 26 (1981) 905. 
12. Y. Aso, S. Himero, K. Hirano. Nuclear Fusion 6 (1983) 33. 


