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ABSTRACT: We have carried out an experimental study of a super- 
sonic jet of argon plasma flowing in a rarefied medium. We have 
measured the distribution of total thrust along the axis of the jet at 
various temperatures in the are chamber of the plasmatron. Using 
spectroscopic methods, we obtained the axial and radial distributions 
of the electron concentration and temperature and of the concentration 
of excited atoms. With the help of a probe we measured the electron 
temperature and concentration at large distances from the nozzle tip. 

w Experimental apparatus. A schematic drawing of the experi- 
mental apparatus in which the study of a supersonic jet of argon plasma 
was carried out is shown in Fig. 1. As the source of the jet we used a 
constant-current plasmatron with vortical gas stabilization. The argon 
jet flowed from the nozzle of the plasmotron into a vacuum chamber 
with a pressure on the order of 2 to 4 N / m  z . The pressure in the arc 
chamber of the plasmatron was from 4 to 5 �9 104 N/m ~. In the experi- 
ments carried out here the mean enthalpy per unit mass reached 12. 
�9 10 ~ J/kg, corresponding to a temperature of 11.103. K. 

The results of the measurements described here were obtained with 
the use of a nozzle with a critical diameter of 2.75 mm and an exit 
diameter of 3.3 ram. The hag-angle of the nozzle opening was 10 ~ 

w Measurement of total thrust, To study the distribution of total 
thrust in the argon plasma jet, we used both cooled and uncooled cyl- 
indrical Pitot tubes with flat heads. The water-cooled tube was used 
near the nozzle tip, where the gas density and heat current are large. 
The uncooled Pitot tube was used at greater distances. In analyzing the 
results of the measurements, we took into account the correction due 
to the influence of viscosity on the entrance aperture of the tube at low 
Reynolds numbers [1]. 
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Fig. 1. Schematic of the experimental appratus: 1) plas- 
motron, 2) vacuum chamber, 3) coordinated mechanism 
for movement of the data units 4) cooling coil, 5) ISP- 
51 spectrograph, 6) water input, 7) drain, 8) to the pumps. 

The effects of temperature gradients in the measuring canal on the 

tube reading can, as has been shown by analysis, be neglected underthe 
conditions of the present experiment. Figure 2 shows the distribution of 
the relative total thrust P+/I~ along the jet axis for three different ef- 
fective temperatures To in the plasmatron chamber. The temperature 
of the plasma on the axis is higher than the effective temperature. It 
has been shown by measurement that an increase in the temperature in 

the plasmotron chamber leads to a decrease of the totalthrust on the jet 
axis. 
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Fig. 2. Distribution of relative total 
thrust along the jet axis: 1) To = 
= 7" l0 s~ K, 2) TO = 9.1 " 10 3~ K, 

3) TO = 11.2 �9 i0 3~ K. 

w Spectroscopic measurement of the electron concentration and 

temperature. The lack of equilibrium in a plasma jet at low pressure 

forces us to be cautious in the choice of spectroscopic methods for de- 

termining the plasma parameters. In this work the elecr2on concentra- 

tion was determined from the absolute intensity of the continuum and 

from the Stark widening of the lines, and the electron temperature from 
the relative intensity of the Ar I line. The conditions under which 
these methods are applicable are discussed below. 

The plasma spectra were photographed with the help of an ISP-51 
spectrograph and a 270 mm camera�9 Camera objectives with focal dis- 
tances of 135 or 90 mm were used to obtain an image of the plasma jet 
in the plane of the slit on a scale of 1:4 or 1: 7. To determine the inten- 
sit,/ of the plasma radiation in absolute terms we used a reference source, 
a constant-current anode arc burning between spectroscopically pure 
carbon electrodes. The operating mode of the standard arc and the data 
about its, emissivity were taken from [2] To obtain comparable dark- 
ening from the reference source and the plasma jet, we used neutral 
weakening light filters; additional weakening of the light current from 
the reference arc was accomplished by reflection from a color-selective 
plate. We used "spectrographic type 2" photoplates; the spectrograms 
were analyzed by the ordinary methods of photographic photometry (of 
necessity, heterochromatic). Since the small dispersion of the spectro- 
scopic device forced us to work with a narrow slit, the relative and ab- 
solute intensities were found by the method of piotting the line shapes. 

Figures 3a and 3b show typical spectra of the plasma jet for cross 
sections at x = 5 mm and x = 35 mm. In the first spectrum there are 
visibte the lines of the neutral argon atoms, the lines of the Balmer 
series of hydrogen (which is present in the form of a slight impurity), 
and a continuous spectrum, the argon recombination continuum. In 
the second spectrum there also appear the molecular bands of nitrogen 
(the second positive system), whose presence can be explained by a 
constant smali leakage of air into the vacuum chamber�9 Along the jet 
the intensity of the continuum fails off very rapidly, while the intensity 
of the line spectrum decreases more slowly. Impurity lines (copper, 
tungsten) are absent from the plasma spectra. 
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The electron concentration was determined from the absolute inten- 
sity of the argon recombination continuum in the 4500 A region, and 
also, at short distances from the nozzle tip, from the widening of the 
H B line (only in this region of the jet does the Stark widening of Hj3 
significantly exceed the instrumental width). The applicability of the 
latter method is not limited by any thermodynamic conditions. The 
determination of n e from the continuum is possible in the case when 
the electron velocity distribution is Maxwellian. 

Fig. 3. Spectra of the plasma jet for the cross sections at: 

a) x = S m m ,  b) x = 3 5 m m .  

The intensity of the continuum is given by the relation J = 7.3 �9 
10-35  2 -1 2 S * �9 gn e T / (V/cm -ster-A), where the coefficient g, based on 

the calculations of Biberman and Norman [3] and the experimentaI data 

of [4], is chosen to equal 2.3. The probable error in this value is 20%, 
which gives an error only half as large in n e. At large distances from 
the nozzle tip the continuum intensity fails off strongly and becomes 
comparable to the intensity of the nitrogen molecular spectrum. Under 
these conditions, photographic detection with the ISP-51 spectrograph 
did not permit us to determine n e for x ) 6 era. In order to find the 
radial distribution of n e in the various cross sections, the transverse 
distribution of the continuum intensity was transformed into rile radial 
distribution by the familiar numerical method of [5]. 
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Fig. 4. Distribution of electron eoncen, 
tration: curve l)  relative density, curve 
2) concentration of excited atoms along 
the jet axis; points 1) from the eontinum, 
2) from the widening of the H g line, 

3) from the probe method. 

For the determination of n e from the H/3 line widening we have, 

from [6], n e = 3.7 A~. 3/z.  Figure 4 shows the results of the measure- 
ment of n e along the jet axis. The Hg widening gives somewhat smal- 

let values. This can be explained in part by the fact that the radial 
distribution of the H B line halfwidth was not constructed, and this meth- 
od gives, not the "axial," but the average values of n e for some region 
around the axis. However, the discrepancy in the values does not greatly 
exceed the combined error from both methods of measurement (30 to 
40% from the continuum and 20% from the widening). The radial dis- 
tribution of n e is given in Fig. 5. 

The electron temperature of the plasma jet can be measured from 
the relative intensity of the spectral lines, if the relative populations 
of the corresponding excited states are given by the Boltzmann equation. 
At small ne and T e the Boltzmann distribution will hold for the higher 
excited states and, in general, for levels with small differences in their 
excitation energy. The latter incinde, for example, the sublevels of 
the 3pSfp state. We chose the lines Ari4272.2 A ]Sp(3pT) --~ 4s(ls4)[ 
and Ari4259.4 ~ [5p(3p10)--~ 4s(tsz)[, for which the energy difference 
is AE = 0.21 eV. The small value of ZXE increases the measurement 
error, but it is better in this case to satisfy the above-mentioned condi- 
tion. Besides, the photometric measurement error for the chosen pair 
is significantly reduced by their close similarity in intemity and line 
shape. 

In order to increase AE and simultaneously assure the correctness 
of the Boltzmann distribution, it is necessary to use several lines which 
Strongly differ in intensity and wavelength, which would lead unavoid- 
ably to an increase in the photometric errors. To determine the tem- 
perature we must know the quantity (Ag)427z/(Ag)4z59 (A is the tran- 
sition probability, and g is the statistical weight of the upper state). 
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Fig. 5. Radial distribution of the electron con- 
centration for the cross section at: 1) x = 5 ram, 
2) x = 2 0 m m ,  3) x = 3 5 m m ,  4) x = 5 5 m m .  

Drawin [7], Gericke [8], Olsen [9], and Popenoe and Shumaker [10] 
have obtained for it the values 0.571, 0.645, 0.447, and 0.705 respec- 
tively. In order to choose ttle most valid value of (Ag)4zTz/(Ag)4zsg, 
we measured this quantity for an equilibrinm arc plasma at high current 
strength, the temperature of which is measured simultaneously by sev- 
eral methods (by the widening and the absolute intenSity of the lines 
and the absolute intensity of the continuum)�9 The data were interpreted 
by the same method used in the case of a low-pressnse jet. The value 
obtained was 0.675, very close to the result found by Drawin. The tem- 
perature is determined from the formula 

T e = t060 (0.23 ']'4259 ~-1  - -  I g ~ }  , 

The measurement error is very high for T ~0 10 000 ~ K, but amounts 
from 3000 to 5000 ~ K. 

The distribution of T e along the jet axis is shown in Fig. 6. Figure 
7 gives the radial distribution of T e for several transverse cross sections. 

Besides the relative intensities, we also measured the absointe in- 
temities of the lines corresponding to transitiom from the 5p state, and 

the populations of some sublevels of this state were calculated according 
to the formula n = J/huA.  Figure 4 shows the varialaon of the concentra- 
tion of atoms in the 5p(SpT) state (calculated from the 4272.2 A hue) 
along the length of the jet. 

w Probe measurements. For the measurement of the eleetrontempera- 
rare and concentration we also made use of a single eyhndrieal Langmnir 
probe. The axis of the probe coincided with the direction of the cur- 

rent, which reduced the influence of the directed ion velocity on the 
volt-ampere characteristics of the probe. The usual assumption in the 
theory of Langmnir probes, that the characteristic dimemion of the 
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probe is much shorter than the mean free path, was satisfied in all 
cases when the probe was used. The analysis of the volt-ampere char- 
acteristic established a semilogarithmie dependence of the electron 
current i e on the probe potential ~. The presence of a straight segment 
in this dependence testifies to a Maxwellian distribution of electron 
velocities. From the slope of this segment we determined the electron 
temperature: 

T e = 5040 (d Ig i. ~-1. 
\ d~ / 

The electron concentration can be found from the current ie0, cor- 
responding to the inflection point in the volt-ampere characteristic: 

leo t 
n e =  4"03"t0Ia S V-Te" 

Here S is the area of the collecting surface of the probe in cmz . 
Under our conditions the Debye length is small by comparison with 

the probe diameter, so that the collecting surface was taken to be the 
surface of the probe itself. The results of the measurement of T e and 
n e along the jet axis are shown in Figs. 4 and 6. 

w Analysis of the results. The spectroscope and probe measurements 
showed that the electron temperature decreases rapidly near the nozzle 
tip and remains practically constant at large distances from the tip. In 
the region of the jet, where the measurements were carried out by both 
methods, their results coincide within the limits of accuracy of each 
method. 

The nature of the electron concentration variation along the jet 
axis is similar to that of the electron temperature. A substantial elec- 
tron concentration remained in all regions of the jet which we studied, 
and it significantly exceeded the equilibrium value. 

The radial distributions of the electron temperature and concentra- 
tion proved to be nearly conStant for crosS sections far from the nozzle 
tip, which agrees with the ordinary gas-dynamic picture of gas dis- 
charge. The experimentally observed dependence of the total tabxnst on 

the plasmotron chamber temperature testifies to the incomplete cooling 
of the current. The decrease of the total thrust as the temperature in 
the arc chamber increases can be explained by a decrease of the Mach 
number in the nozzle tip and of the specific heat ratio cp/c v as the 
argon ionization increases. 
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Fig. 6. Distribution of the electron 
temperature along the jet axis: 
1) from the method of relative line 
intensities, 2) from the probe meth- 

od. 

The departure of the current from the cooled state is not large, at 
least for x ~ 1 cm. This iS indicated by the data of Fig. 4; the varia- 

tion of the concentration of atoms along the length of the jet, as de- 

termined from the total thrust (calculated from the ideal gas formulas), 

coincides with the variation of the electron concentration. It does not, 

however, follow from this that the current is completely cooled, since 

the variation in the degree of ionization can differ from the value near 

the nozzle by several dozen percent and yet lie within the limits of 

probable error of the measurement of n e and the calculations of the gas 
density. 
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Fig. 7. Radial distribution of the electron 
temperature for the cross sections at: 
1) 5 mm, 2) 20 ram, 3) 35 mm, 4) 55 ram, 

5) 90 ram. 

Assuming the collision-radiation mechanism of recombination 

[11, 12], we can calculate the recombination coefficient as a function 

of n e and T e (i. e . ,  as a function of x), correct to within a factor of 

2-4.  The calculations which we performed for argon gave values of the 

recombination coefficient of from 1 �9 i0 -I~ to 1 �9 10 -11. Under these 

conditions the degree of ionization drops by no more than 10% in the 

region 1 cm < x < 10 cm. 

Let us now consider the variation of the concentration of excited 

atoms along the length of the jet (Fig. 4). At an electron temperature 

of order 0.28 to 0.45 eV, the excitation of the higher states in argon, 

which have energies from 13 to 15 eV, directly from the ground state 
is insignificant. The measurements show that the concentration of ex- 
cited atoms exceeds the eqnilihrium value by several orders of magni- 
tude. It has been suggested in r18, 14] that the higher argon levels are 
populated from the metastable levels 4s (apo and sp2 ) having energies 
~11.5 eV. A high concentration of metastable atoms in the jet could 
be established in the arc chamber, and would not significantly decrease 
during the short time of fIight of the atoms in a supersonic jet. In [13] 

it is also assumed that the population of the higher states is in Boltzmann 
equilibrium with the population of the metastable state. Calculation 
shows that this does not occur at low electron concentrations. The de- 
layed decrease in the concentration of excited atoms, compared with 
the electron concentration and the gas density, can be explained by re- 
combination into the higher levels. This does not conrxadict the ob- 
served stow variation in the degree of ionization; since the concentra- 
tion of excited atoms is small compared with n e, a tiny reduction in me 
latter quantity leads to a large increase in the population of the nigher 
levels. 
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