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ABSTRACT

A facility for optical and electrical measurements of the plasma
parameters in the arc plasma ion sources is described. The poten-
tialities of the system are demonstrated on the basis of the electron
concentration, the electron energy distribution function, and the
radial population distribution of the excited states of hydrogen atoms
in the arc plasma of the duoplasmatron.

Plasma ion source:, are used in many fields of modern science,

engineering, and technology, such as nuclear physics, high-temperature

plasma physics, development of jet propulsion in space, isotope

separation, alloying of semiconductors, etc. Many papers describing

the design, performance, and in some cases the properties of the ion

beam of certain icn sources have been published. However, the physical

processes determining the mechanism of formation of ions in the dis-

charge and hence the parameters of the extracted beams have not been

studied extensively. In the development and refinement of ion sources,

lack of clear understanding of the physical processes occurring in the

plasma greatly complicates the crucial task of determining the conditions

in the discharge that yield the maximum ratio of thft required concentration

of a specific type of ion to the density of the other ions and neutral

molecules. Ths development of an acceptable physical model for cal-

culations, however, has been greatly complicated by the lack of systematic

experimental data for the basic plasma parameters.
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In recent years, a number of papers have attempted to fill this

gap. We shall simply note that the experimental data reported in these

papers are fragmentary and their interpretation is not always convincing.

It Is difficult to analyze the plasma in ion sources for the following

reasons.

1. The conditions existing in the plasmas investigated make it

impossible to use basic theoretical models in calculating the plasma

parameters.

2. The presence of strong, inhomogeneous magnetic fields greatly

complicates the interpretation of the results of the probe measurements.

3. The small size and strong radial inhomogeneity of the arc column

require a high spatial resolution and fairly good sensitivity.

The above constraints on the investigations are necessary because

the fundamentally different methods of analyzing the plasma make it

possible to compare the different techniques and increase the volume and

reliability of the data obtained.

In this paper we describe the experimental facility for spectroscopic

and probe measurements of the arc plasma in mono- and duoplasmatrons.

This facility, capable of analyzing the plasma in any arc plasma ion

source, consists of five main parts: the ion source being investigated,

vacuum system, power supply, spectral apparatus, and the probe circuit.

A brief description of each part is given below, and the system's capa-

bilities are demonstrated on the basis of the electron concentration,

the electron energy distribution, and the radial population distribution



of the excited states of hydrogen atoms in the arc plasma of the duo-

plasmatron developed at NIIEFA for the I-100 injector.

I. THE ION SOURCE AND ITS POWER SUPPLY

The principle of operation of the ion source is explained in

Fig. 1. The low pressure (0.02-0.5 Torr) arc discharge with a hot

cathode is constricted by the action of an additional electrode situ-

ated between the cathode and the anode. The double-layer volume charge

of nearly spherical shape is produced in the narrow region of the dis-

charge gap. The electrons are accelerated and focused because of the

sudden change in potential in the double layer. This ionizes the plasma

in the vicinity of the anode much more than in an ordinary arc discharge.

The ion sources operating in this mode are usually called monoplasmatrons.

If a strong inhomogeneous magnetic field is produced (with the help of

coils 3) between the nozzle of the intermediate electrode and the anode,

this field will further contract the discharge and reduce it to a narrow

plasma beam oriented along the axis. This is known as the duoplasmatron

operation mode. The highly ionized plasma is conducted through the small

opening in the anode to the high vacuum region at the source's exit,

where the ions are collected and the beam is formed.

We used the duoplasmatron described in Ref. 6. To conduct the

measurements we drilled 10-mm-diam holes in the anode assembly. The arc

column in the gap between the intermediate electrode and the anode could

be observed through the quartz ports and these openings. A movable
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electric probe was introduced through these openings into tne plasma

under study. The gap between the additional electrode and the anode

could be varied between 4 and 12 nun by using a Teflon spacer. The

pressure in the anode region was measured by a thermocouple manometer

connected directly to the anode assembly.

Vacuum System. The schematic of the vacuum system is shown in

Fig. 2. A VN-l-M oil diffusion roughing pump and a VA-5-4 high vacuum

system were used. The ion source was placed in the vertical position

on the upper output flange of the high vacuum chamber. Pressure of

about 6 x 10 Torr was maintained in the chamber during operation of

the plasmatron. The ion source was evacuated through the anode

aperture. During heating of the cathode and outgassing of the plas-

matron 's walls, the plasmatron was evacuated through the anode's

connecting pipe and glass tubing of large cross section. The vacuum

system produced a vacuum of the order of 10" Torr and a pumping rate

of about 1000 liters/sec at 10 Torr.

The hydrogen purification and supply system provided the ion source

3
with spectrally pure hydrogen at a gas flow rate of **40 cm /hr. The

gas was supplied to the plasmatron through the cathode assembly's

connecting pipe by diffusion across the hot nickel capillary. Before

taking the measurements the duoplasmatron was outgassed by heating and

conditioned by passing high currents through it while being continuously

pumped.
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Power Supply System. The power supply system is used to ignite gas

discharge in the plasmatron and to maintain its parameters in the indicated

pressure range and current of 1-4 A during steady-state burning and

50-200 A in the pulse mode. The schematic is shown in Fig. 3.

In the steady-state operation the arc power supply consisted of

a high-voltage rectifier whose current was stabilized by pentodes. Since

only the total current was stabilised in this case, t:he plasma insta-

ll I it ies led to random redistribution of the current between the inter-

mediate electrode and the anode. In some cases the plasmatron produced

audio-frequency oscillations. It proved to "je advantageous to introduce

a condenser which shunted tt e resistance in the intermediate electrode-

anode section for the variable component of the current.

In the pulsed mode the plasmatron's cathode could be connected to

the circuit consisting of the high-voltage rectifier, a modulator

containing a gas-discharge thyratron, and a triggering circuit. The

discharge of the pulse-shaping line consisting of four identical L-C

sections was used. The current and voltage pulses were monitored on

the oscillograph.

2. PROBE MEASUREMENTS

The probe methods are used predominantly to determine plasma

parameters such as the electron concentration n and the energy distribution

function for electrons f(e). However, the strong magnetic fields, high

electron concentration, and small geometric dimensions of the arc column



greatly complicate the measurement; of this type of discharge. This

accounts for the absence in the literature of experimental data on f(e)

2 4 7
in plasms with a geometric or magnetic confinement. Some authors * '

have determined the electron temperature T and electron concentration

n by using the measured V-l characteristics. Such characteristics,

however, allow one to determine the electron concentration and the

average electron energy only when f(c) has a Maxwellian distribution.

Since our measurements showed that under actual conditions the

distribution function may be non-Maxwellian, n determined from
e

characteristics obtained by the probe method may contain an error.

These characteristics yield no reliable data on the behavior of the

distribution function in the high energy region. Nonetheless, in order

to calculate the number of direct excitations and ionizations the

distribution function for the energies above the ground-state excitation

and ionization nergy must be known.

By using a method that differentiates between the various probe

characteristics we can determine the distribution function for the

electron energies f(e) in a wide energy range and measure n for any

type of electron distribution. This method is based on the direct

correlation between f(e) and the second derivative of the probe's

current density initially used by DruvesSein In the circuit diagram

in Fig. 4 differentiation is accomplished by introducing a totally

nodulated, low-amplitude, sinusoidal signal into the probe circuit and

separating the envelope frequency whose amplitude is proportional to
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d J/dV , By calibrating the measuring circuit, we can determine the

absolute value of f(«) from

II l/ -J -38.42 x lOtL -sfc— TeV l cm '] , (I)

where if, is the amplitude of the probe current at the envelope frequency

a, V is the probe potenti&l v, A is the amplitude of the differentiating

2signal, and S is the probe area cm . The probe was protected from the

high discharge current in the source being tested by an electronic

commutator which closed the probes circuit during the measurements.

Measuring Circuit. We shall briefly describe the measuring circuit.

A 100% modulated voltage Vl • A(l H- cesa^f^? sin2nf2t from the G4-18

generator is applied to the probe circuit through a transformer. The f.

frequency is 520 Hz and f_ is 120 kHz. To change the constant component

of the probe's potential relative to the anode, we used a BAS-80 battery

and a G3-47 low-frequency, sinwave generator. The signal from one of the

resistors R2"
R
5 is fed to a narrow-band B6-4 amplifier, which separates

and amplifies the harmonic of the £.. frequency. The signal is then

conducted to the K3-2 synchronous detector. The reference voltage of the

f^ frequency, vital to the functioning of the detector, is supplied by

the G3-33 audiofrequency oscillator. This generator also supplies the

modulation voltage to the 04-18 generator. A PDS-type, two-coordinate

" 2recording instrument was used to automatically record d j/dV and the



probe characteristic. By operating the circuit in the pulsed mode, the

G5-7-A generator can be used to produce the triggering square pulse to

Che commutator.

Measurement Procedure. The system is calibrated by introducing a

signal from the G3-33 generator to the probe circuit through the divider.

The current amplitude for the f. frequency was measured oscillographically.

We were thus able to determine the absolute value of the distribution

function by using Eq, (1).

To modulate the probe current a correct amplitude of the signal must

be chosen. Experimental determination of the optimal value of A seemed

to be the roost reliable approach. He used the recording instrument to

measure the amplitude of the probe current if.(V) at the f. frequency for

different amplitudes A of the differentiating signal by changing each

time the detecting system's amplification factor in inverse proportion to
2

A . We thus were able to determine the maximum value of A for which the

dependence if.(V) obtained at low amplitudes could be reproduced.

A movable molybdenum prone whose axis was perpenducular to the

plasmatron's axis, was used in the measurements. The nonconducting part

of the 1-ran-long, 0.035-mm-diam probe was inserted into a quartz capillary.

The voltage oscillations of the insulated probe were monitored on an

oscillograph. Periodic oscillations of 2-3 kHz and up to 10-V amplitude

observed initially disappeared almost entirely after careful adjustments.

Our measurements were conducted at oscillation amplitudes not exceeding

J.0 mV.
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The measurements were carried out as follows. The dependence of

2 2

d j/dV on V was recorded on the recording instrument for the given

operation mode of the plasmatron. The current i was measured at the

spatial potential defined as the point where if.(V) « 0. The ion

saturation current was also measured.

The concentration of the charged particles n was determined as

follows:
a

(a) From integration of the distribution function nfi = ff(e)de.
o

(b) From the probe current at the spatial potential of

where v is the average velocity of the electrons determined from the

measured distribution function.

(c) From the ion saturation current, with use of Eqs. (52) and

(53) in Ref. 12. In the calculations we assumed thai; the H , H,, or

H, are positive ions.

The concentrations obtained in (a), (b), and (..:) are in satisfactory

agreement if we assume that the molecular hydrogen ions H« are positive

in the calculation according to (c).

where (£B)
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To refine the technique and determine the mechanism of formation

of the energy distribution function for the electrons, we measured in

the plasma at the anode the arc having a monoplasmatron geometry in the

pressure range O.Q2-G.2 Torr and current range 0.1-0.55 A at the

floating potential of the intermediate electrode. Typical curves are

shown in Fig. 5.

We can see that the contracted arc discharge exhibits strong

deviations of the distribution function from the equilibrium value,

which must be taken int? account in calculating the number of direct

dissociations, excitations, and ioninations from the ground state of

the atoms and molecules.

3. SPECTROSCOPIC MEASUREMENTS

A qualitative analysis of the discharge emission spectrum showed

that a poorly broken-in plasmatron has trace quantities of nitrogen,

oxygen, and carbon apparently attributable to the residual air absorbed

by the walls of the vacuum system and to the disintegration products of

organic solvents used in flushing the plasmatron. The molecular bands

and lines of the foreign substances merged with the background after

several hours of operation at 2-3 A. Measurements were therefore

conducted in spectrally pure hydrogen. The arc spectrum exhibited the

first four lines of the Balmer series [H (6563 A ) , H (4361 A). H (4340 A ) :

and H (4102 A ) ] , the band spectrum -f the hydrogen molecule, and the

continuous spectrum in the region of shorter wavelengths.
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There are many methods of determining the eV?cCron-£ns ̂ sraft.

from the intensity of the continuous spectrum in pure hydrogen plasmas.

These methods are based on theoretical calculation of the probabilities

of free-free (siowing-eiown) and free-bound (radiation recombination)

13 14 -3
electronic transitions. When n is small (= 10 -10 cm ) , Che

measurements are usually conducted near the boundary of the Balmer

13
series, 3400-3700 \. These methods, however, cannot be used in our

14 15
case because a continuous spectrum of the hydrogen molecule, " which

is visible even under our conditions, is superimposed on Che spectrum of

interest in the region 1650-5000 A.

Measurement of the Intensities of the Spectral Lines. If the

absolute concentration of the excited atoms and their spatial distribution

and dependence on the discharge conditions are known, we can analyze in

many cases the mechanisms of excitation and ionization. We determined

the concentrations of the excited atoms by the radiation method.

A spectrometer (see Fig. 6) was built to measure the intensities.

Rotatable mirrors and an achromatic objective lens were used to project

the image of the arc column on the entrance slit of the monochromator.

An iris diaphragm was used to limit and change the solid angle. The

light from the narrow part of the plasma adjacent to the optical axis

was transmitted to the apparatus through two 0.01 x 0.01 mm crossed

slits situated at the monochromator's entrance. The size of the exit

slit of the spectrometer was such that practically all the radiation of
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Che given spectral line was intercepted by the photomultiplier's cathode.

The photomultiplier's current was amplified by an electrometric amplifier

and recorded on the graph paper of a self-balancing potentiometer.

A monochromator SB with a diffraction grating having 1200 lines/mm

and a reflection peak in the vicinity of 4350 A was used. To calibrate

the monochromator with respect to the wavelengths, we recorded the Cd-Zn

emission spectrum of the tube situated inside the induction coil of the

rf generator. To aid in identifying a more complex radiation spectrum

of the arc, a calibration plot was constructed from the well-known Cdl

and ZnX spectra.

The column of the contracted arc discharge is inhojtogeneous in the

radial direction^ and the plasma layers with different concentrations

of the excited atoms contribute to the intensity in the transverse

direction. Since the plasma investigated is cylindrically symmetric,

the radial distribution of the population can be determined from the

intensity profile by numerically solving the Abel integral equation. A

plane-parallel plate which can rotate about the vertical axis was placed

between the illuminating objective lens and the source. The image of

the source was shifted in this case relative to the monochromator's

entrance slit, and the distribution of the intensity in the direction

perpendicular to the line of observation was recorded on the ribbon

(Fig. 7). A method described in Ref. 17 was used to achieve radial

distribution. The numerical calculations were done on a computer.



In the case of scanning, the recorded profile is largely a

contraction of the actual transverse distribution of the intensity and

of the instrumental profile characterizing the illuminating system. We

determined the latter experimentally. Mirror 10 was removed and the

distribution of the brightness in the plane of the small slit illuminated

by a parallel beam of light was recorded. The scanning rate was chosen

such that the time constant of the recording system would not affect the

results of the measurements. A typical dependence of the half-width of

the recorded profile t^-tio Q n t n e w ^ t n °f t n e sli-t A* *s shown in Fig. 8.

This plot not only characterizes the magnitude of the instrumental

broadening but also makes it possible to determine the scale along the

x axis. The measurements showed that the half-width of the instrumental

profile is <1Q% that of the transverse intensity profiles observed.

Therefore the finite spatial resolution of our system was not taken into

account in the calculations.

To determine the absolute intern '.ty the stream of light from the

investigated region of the plasma was compared with the radiation of the

reference source - a SI10-300 tungsten ribbon-filament lamp, which was

placed symmetrically to the plasmatron arc and was projected on the

entrance slit of the monochromator when mirror 10 was rotated 90 .

Thus, in both cases the light was transmitted through the same

illuminating system. The. filament current of the reference lamp was

chosen so that its signal would be approximately equal to that from the

plasmatron at the same wavelength and the same amplification factor of



~ 14 -

the photoraultiplier and amplifier. The calculation of the spectral

density of tungsten's luminance was based on the method -ud tables of

Ref. 18.

The optical system was carefully adjusted before each series of

measurements by using a He-Ne LG-55 laser, which was substituted for

the photomultiplier, and aligning its axis with the monochromator's

optical axis. The laser beam transmitted through the entrance slit of

the apparatus was assumed to be the optical axis of the system, and was

used for positioning the other components of the system.

The radial concentration profiles of the excited hydrogen atoms

with K = 3, 4, 5, and 6 in the arc plasma of the duoplasmatron ion'

source at currents of 1.0-2.5 A, pressure range 0.02-0.2 Torr, and

magnetic field strengths at the discharge axis ranging from 0 to 5.6 kG,

were measured according to the technique discussed above. Figure 9 is

a plot of the dependence of the spatial distribution of the concentration

of atoms with K = 4 on the magnetic field strength.

By concurrently measuring the energy distribution function for

electrons and the intensity of the first four lines of the Balmer series

in the arc plasma we were able to quantitatively analyze the mechanisms

of excitation and deactivation of the atoms and to propose a model for

calculating the degree of hydrogen dissociation in the discharge (



Measurement of the Spectral-Line Contours. A study of the dis-

tribution of the intensity within the limits of the spectral line - line

contour - is of particular interest in analyzing the plasma. Since the

broadening is determined by the physical conditions of the radiating

atoms, measurement of the contours on the basis of a given theory makes

it possible in some cases to determine plasma parameters such as the

concentration of the charged particles and the gas temperature.

It was shown in Ref. 20 that the measurements of the line width

H can be used to determine the electron concentration in the plasma.

The contours were measured by using a Fabry and Perot etaIon. The

spacing between the mirrors was 1 mm, corresponding to the free dispersion

region near the line width H_ of 1.2 A- The interferometer was situated
P

in the location of the plane-parallel plate (see Fig. 6, No. 12) between

the two objective lenses in the parallel beam of light. The inter-

ference pattern was localized in the plane of the monochromator's

entrance slit. Scanning was done by rotating the interferometer about

the horizontal axis, which is perpendicular to the optical axis. Since

the light emitted from the same part of the source is directed to the

photomultiplier's cathode, this method can be used to determine the
21

spatial distribution of the electron concentration.

To determine experimentally the instrumental spectral line contour

of this system, we removed mirror 10 and recorded the Cdl and Zni line

contours. Since the intrinsic width of these lines does not exceed

0.01 A, the recorded contour (0.05-0.10 A ) practically coincides with



the instrumental contour.. Figure 10 shows the typical instrumental

contours (4810-A Znl line) and the line contour H_ emitted by the arc

plasma. The measurements of the contours showed that for the operating

conditions of the ion source (P = 0.G7-Q.2 Terr, i = 1.0-2.0 A ) Che

electron concentration of plasma at Che anode is of the order of

14 -310 cm and is almost independent cf the discharge current and

pressure.

In conclusion, we would like to express our sincere gratitude to

Prwf. N. P. Penkin for his abiding interest in this work.
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Figure I. Schematic diagram of the ion source. (I) Oxide-coated heater
cathode, (2) intermediate electrode, (3) magnet coils, (4)
insulating spacer, (5) fused quartz window, (6) cooled copper
anode, (7) magnet pole, (8) movable electric probe, and (9)
LT-2 thermocouple pressure gauge.
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Figure 2. Block diagra t of the vacuum system. (1) Roughing pump, (2)
valves, (3) diffusion pump, (4) louvered, blow-through trap,
(5) LT-2 thermocouple pressure gauges, (6) high-vacuum chamber,
(7) ion source, (8) LM-2 ionization manometer tube, (9), (10),
and (11) glass stopcocks, (12) diaphragm manometer, (13) nickel
capillary, (14) quartz tube, and (15) Nichrome spiral.
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Figure 3. Power supply. (1) GIS-2A trigger generator, (2) pulse circuit,
ill UI?-1 stabilized rectifier, (4) C-l-5 electronic oscillograph,
(5) stabilized, high-voltage rectifier, and (6) VS-26 stabilized
rectifier.
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Figure 4. Schematic Cor probe measurements.
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Figure 5. Axial dependence of the energy distribution function for
electrons. Pressure Q.I Torr, discharge current 0.4 A,
distance from the anode: (1) 6.5 nun, (2) 5 mm, and (3)
4 mm.
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Figure 6. Block diagram of the spectroscopic facility. (1) Heated cathode,
(2) intermediate electrode, (3) magnet coil, (4) anode, (5)
investigated region of the arc discharge, (6) rf generator,
(7) bulb tube, (8) lens, (9) spectral slit UF-2, (10) and (11)
rotatable mirrors, (12) quartz plane-parallel plate, (13)
SI-10-300 tungsten ribbon-filament lamp, (14) power supply,
(15) iris diaphragm, (16) Industar 37T illuminating objective,
(17) SD monochromator, (18) FEU-79 photomultiplier, (19) VS-22
high-voltage, stabilized rectifier, (20) electrometric amplifier,
(21) KCP-4 automatic electronic potentiometer.
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Figure 7. Typical recording of the transverse distribution of luminance.
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Figure 8. Determination of the half-width of the spatial instrumental
contour and scale.
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Figure 9. Variation of the observed (a) and radial (b) distribution of
the intensity of the spectral line Hft as a function of the
magnetic field strength H. (1) H = B, (2) H = 0.8 kG, (3)
H = 1.6 kG, (4) H = 3.2 kG, and (5) H = 5.6 kG.
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Figure 10. Typical recording of the instrumental contour and the
line contour H .

P
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