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Abstract
Copper and Copper-Chromium samples were used as the vacuum arc
cathodes in the 4 microsecond vacuum arc discharge. Pulse source was an LCline with a quasi-rectangular pulse shape. Arc current varied from threshold
current to 100 A. Charge state distribution and the average charge state of the
cathode material ions were measured via the Thomson spectrometer with
automated image recording and digital data processing. It was found that the ion
charge state distributions were close to the classical data at the hundred-ampere
currents, and the average charge state significantly decreased with the arc
current decrease. The decrease of the average charge was due to a decrease of
the high-ionized ion fractions and an increase of single-ionized ion fraction. In
comparison with early experiments with copper cathodes, it was confirmed, that
the effect was not the product of the spark stage plasma influence. And besides
the hydrogen ions fraction in the plasma, the arc current value itself was a key
factor of the charge distribution variation effect. This effect, observed earlier only
for copper cathodes, confirmed to be a feature of the plasma generation in lowcurrent vacuum arcs on the CuCr cathodes. Additionally, the measurement results
showed, that average charge states of the cathode material component ions can
differ from the average charge state in case of the pure Cu and Cr cathodes.

I. Introduction
Investigations of variation of the ion charge composition in low
current vacuum arc plasma are important for modeling of plasma generation
by cathode explosive emission centers in vacuum discharges, and useful to
find a range of applicability for the classical data [1] about the ion charge
composition, which were obtained in current ranges of tens and hundreds of
amperes. According to the ecton theory, characteristic ion charge
distribution for vacuum arcs is generally formed in a plasma of an explosive
emission center, about 1 µm above the cathode surface. Ionization and
recombination processes significantly decrease at larger distances from the
cathode, and the ion charge state "freezes" [2].
The charge state of the cathode material ions must be independent
on the discharge current in the low current range. Conversely, there were
investigations [3, 4, 5], that showed decreasing of the average charge of
cathode material ions in vacuum arc plasma with the discharge current.

I.
Possible affecting factors: 1) number of cells in the cathode spot; 2)
substantial variations of the discharge currents during the arcing (capacitor
discharge); 3) plasma of the initial stages of vacuum discharge (spark stage
and the triggering processes).
In the previous our investigation [6] we used quasi-rectangle current
pulse shape (to remove factor 2), and electrostatic gate to cut off ions
generated in the initial stages of discharge (factor 3). However, some
observations brought into question the necessity of gate usage. And in this
work the comparison between data with and without the gate was made.
Another factor, not taken into account was the ratio between the
metallic and nonmetallic ion fractions in the plasma. Since a large quantity of
desorbed hydrogen could decrease the ionization degree of the heavier
plasma components [7]. The average Cu ion charge with the hydrogen ions
fraction in plasma at different values of the arc current was also compared in
this work.

II. Experimental setup

Scheme of the plasma source with spectrometer.
A - anode entrance ring; Tr - trigger electrode; K - cathode; C - collimator;
F - field tips of the spectrometer discriminator, D - particle detector with the
microchannel-plate amplifier, phosphor screen, and CCD-matrix.

III. Parameters
Cathode – 8 mm diameter disk

Cathode-anode distance - about 800 µm

Anode – hollow, with copper ring entrance (inner diameter 9 mm)

Ignition – copper wire trigger

Trigger discharge gap – about 100 – 200 µm

Current pulse source – LC-line with quasi-rectangular pulse shape and pulse duration of about 3.5 µs.

Discharge current variation – by limiting resistor in the anode circuit.
Arc current value measurement – by inductive sensor with computer integration of the signal.
Ion extraction and acceleration – 2-3 kV between the source and the grounded grid.
Drift distance between the arc gap and the anode exit grid – 50 mm.
Distance between the grids – 1.5 mm.

Vacuum conditions – 10-6 Pa.

Analyze method – Thomson spectrometer as the mass-charge discriminator; and phosphor screen
glowing intensity measurement to find the relative quantity of the ion species in the ion flow.
Arc currents from 2 to 40 A were used for the copper cathode, and from 2 to 70 A for CuCr. At each
current, about 200 images with signals of the arc discharge ions were obtained. The noise level was
deducted from the data, and then the data were averaged.

IV. Results, a) copper cathode

Fractions of copper ions. The aggregated
intensity of the copper ion signals on the
average image was taken for 100%

In the first experiment, we analyzed all
the detectible ions in the wide range of
mass/charge ratio from H+ (1) to Cu+
(63.5). Velocities of ions of
contaminating materials (H, C, O) are
much greater than the copper velocities.
Thus the gate cut off almost all the ions,
especially the hydrogen ions, even with
the short gate voltage pulse. Hence in
this experiment, the gate was disabled.
Measurement data for copper ions have
some quantitative differences with the
data of the previous experiment with
enabled gate [6]. However, the
dependencies on the current rather
slightly differ qualitatively.

Generally, the fractions of Cu2+ and Cu3+ were significantly greater than in experiment
with the gate, since the gate cut-off efficiency increases with the ion charge, and these
ions were more effectively cut off by the gate than Cu +.

IV. Results, a) copper cathode

Dependences of the average charge of
copper ions on discharge current with
trendlines.
1 - Disabled gate;
2 - 4 µs gate pulse duration

The diagrams show that the trend
lines of the dependencies are almost
parallel. However, the trend line
obtained with the gate (experiment
[6]) was below the present
experiment line (without the gate).
This shows the effect of the gate
operation on the charge composition
measurement. And this fact allows
an assertion, that the plasma of the
initial stages of the discharge
(including the trigger discharge
plasma) has no significantly effect on
the dependence under consideration.
Therefore the dependence was
confirmed as a result of a more exact
estimation of the effective arc current.

IV. Results, a) copper cathode

The average charge of copper ions (1), total
fraction of hydrogen ions in detected plasma
flow (2), and fraction of hydrogen ions with
energies 2-3 keV (3). The aggregated intensity
of all detected ion signals was taken for 100%.

The investigation of the effect of
contaminating materials ions was
focused on hydrogen ions [7]. The H+
ions had a significantly wider energy
distribution than the heavier ions.
Thus, the H+ signal was divided into
parts: with energy typical of copper
ions after the acceleration between
the grids (2-3 keV), and with higher
energy (3-7 keV). These high values
of ion energy possibly appeared due
to the cathode-anode voltage that
reached a value of up to 10 kV.
It can be seen that the fraction of the
hydrogen ions was significantly
higher at the lower current range,
below 20 A.

The variation of the H+ fraction cannot be unambiguously related to the variation of
the average copper ion charge since the diagram of the average charge appears
noticeably more monotonic.

IV. Results, a) copper cathode
The decreasing fraction of the low-energy H+ at currents close to the
threshold current (1.8 – 3.5 A) is possibly related to a higher probability of a
spontaneous arc extinction. Apparently, a voltage burst (and an electron beam)
appearing when the current spontaneously ceases [9], affects mostly the lightest
ions. The total fraction of the H+ ions had no such dramatic variations at these low
arc currents
The obtained dependencies suggest that the fraction of hydrogen ions in
the plasma flow can affect the average charge of the copper ions. However, it cannot
be the only factor determining the charge composition of the cathode material ions.
It should be also noted that probably there is a qualitative change in the
plasma parameters at current values about 15 - 20 A. These values in the case of
copper cathode correspond to 10 - 15 times of the threshold current, or 5 - 7
simultaneously operating cells in the cathode spot [10]. At discharge currents higher
than 20 A, the total quantity of copper ions significantly increases as well as the
fraction of the ions in the plasma.
The results presented above allow a suggestion that in the case of
discharge current lower than 15 - 20 A the plasma after the generation in a cathode
spot cell is under influence of both hydrogen concentration and plasma density; and
at currents higher than 15 - 20 A the plasma is primarily under influence of the
plasma density.

IV. Results, b) CuCr cathode
There were made three experimental series with CuCr cathode. Example of
the ion flow analysis results obtained in one of them presented here.

a

b

Fractions of copper (a) and chromium (b) ions in the ion flow from the arc on the CuCr
cathode. The aggregated intensity of the copper and chromium ion signals on the
average image was taken for 100%
The diagrams show some quantitative differences between copper and chromium charge
state distributions. However, the tendencies of the distribution variations remained the
same as for the pure copper cathode. Single charged ion fraction decreased with the
current increase, while +2, and +3 fractions increased.

IV. Results, b) CuCr cathode

Dependences of the average charge of
copper and chromium ions on discharge
current, calculated from the data presented
in previous slide

Dependences of the average charge of
copper and chromium ions on discharge
current, calculated from data of three
experimental series

The diagrams are almost parallel and similar to the diagrams obtained earlier for
copper cathodes. It can be seen, that the copper average charge state values, in this
case, are lower than the chromium values and lower than copper values in case of
copper cathode.

IV. Results, b) CuCr cathode
It is rather confusing, given the close values of average charge state for
these elements in the plasma of hundred-ampere arcs [11]: 2.06 for Cu, and 2.09 for
Cr. Although this fact can be explained if we take into account ionization energies
for the elements, which are 6.77, 16.49, and 30.96 eV for chromium, and 7.73, 20.29,
and 36.84 eV for copper (first, second, and the third electron respectively).
Chromium ionization energies are lower than copper energies, and a probability of
ionization is apparently higher in the case of chromium with other factors being
equal.
The arc current, and therefore the quantity of emission centers, probably
is the essential factor influencing the plasma charge state. Since the charge state of
the cathode material ions depends on the quantity of simultaneously operating
explosive emission centers, it can be supposed, that some ionization occurred in
the plasma layer above the cathode spot and at least at the distances sufficiently
larger than 1 µm. Probably it occurs due to plasma density increasing with the
quantity of cathode spot cells when an interaction between the plasma jets of
different cells takes place. Given the micrometric size of cells, the interaction needs
much more area than 1 - 2 µm.

V. Conclusion
The dependence of the average copper ion charge in the low-current vacuum arc
plasma from the discharge current was confirmed as a result of a more exact
estimation of the effective arc current. The comparison of data obtained with the
electrostatic gate and without it showed that the impact of the transient processes
corresponding to the gap breakdown stage is not significant. All the ion signals
increase with current, and the average charge variation with an increase in the arc
current is determined by a remarkable difference between the growth rate of the
quantity of single charged ions and the ions with the +2 charge and higher. The
quantity of the multiply charged ions increased with the current considerably faster.
The concentration of hydrogen can affect the ionization of copper cathode ions,
especially in the current range lower than 15 - 20 A. However probably it is not a
predominant factor. Moreover, the influence of hydrogen possibly is not limited to the
region of the cathode spot cell, and could also depend on the plasma density.
The revealed features of ionization processes can be important for computer
modeling in considered ranges of time and current.
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