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ABSTRACT

We consider the charge state distribution of ions produced in the metal
vapor vacuum arc plasma discharge. A new kind of high current metal ion
source in which the jon beam is extracted from a metal vapor vacuum arc plasma
has been used to obtain the spectra of multiply charged ions produced within
the cathode spots. The cathode materials used and the species reporied on
here are: C, Mg, Al, Si, Ti, Cr, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo, Rh, Pd, Ag,
In, Sn, Gd, Ho, 1a, W, Pt, Au, Pb, Th, and U; the arc current was 200 A for
all measurements. Charge state spectra were measured using a time-of-flight
method. The arc voltage was also measured. In this paper we report on the
measured charge state distributions and arc voltages and compare the
distributions with the predictions of a theory in which ionization occurs in

the cathode spots via stepwise ionization by electron impaci.



I. INTRODUCTION

The metal vapor vacuum arc is a plasma discharge that occurs between
conducting electrodes in vacuum. As the arc proceeds, material is evolved
from the electrodes, mostly from the cathode so long as the arc current is not
too high, and a dense metal plasma is created. The fundamental phenomenon
which drives the vacuum arc 1is that of cathode spot formation - minute
regions of intense current concentration which reside on the surface of the
cathode and at which the solid cathode material is vaporized, ionized, and
injected into the interelectrode arc region. The current density at the
cathode spots 1is of order 106 A/cm2 over a spot size of order microns. A
typical vacuum arc discharge might consist of from one to many dozens of such
spots. 1t is within the intense fireball of the cathode spot that the plasma
constituents of the arc are formed - 1{he parameters of the arc are in large
part determined by ithe plasma physics of the spots. Thus an understanding of

the cathode spot plasma is essential to any attempt to use or control the arc
as a plasma device.

The study of the metal vapor vacuum arc discharge, also called the vacuum
arc or metal vapor arc, had its origin in the high power switching field. One
of the earliest publications in the field is that of Sorensen and Mendenhall
in 1926]; early work was severely impeded by the rudimentary vacuum techniques
of the era. An historical survey of the field, pre-1960s, has been given by
Cobinez. More recently a very complete review of the entire field of metal
vapor arc discharges has been given by Lafferty3 and a review of cathode spot
behavior has been given by Lyubimov and Rakhovskﬁ4

The production of dons in the metal vapor vacuum arc plasma has been
investigated by a number of authors over ai leasi the last two decadess‘zo.
One of ihe earliest attempts to incorporate this kind of arc¢ as the plasma
formation mechanism within an ion source was the work done as part of the
Manhatian Project in World War 112]; the source suffered from several
drawbacks and this work was abandoned. Revutskii et a122, in 1968, described
a cylindrically symmeiric arc geometry employing ion exiraction through a hole
in the cathode (as opposed to through the anode, as in our work, to be
described), and their work appears not to have heen pursued. More recently,
sources of this kind have been described by Adler and Picraux23
Humphries and coworkers?? 727

, and by



We have developed an ion source in which the metal vapor vacuum arc is
used as the method of plasma production and from which high quality, high
current beams of metlal ions can be extracted28_33. We have called this source
the MEVVA iJjon source, as an acronym for ithe mechanism employed. With this
source we have produced beams at voltages up to 100 kV and with jon currents
up to 1 Ampere. The source works well with a wide range of ion species,
spanning the periodic table from 1ithium to uranium. In general, for elements

not 100 low on the periodic table, the ions produced are multiply ionized.

The average charge siatle is generally higher for higher Z elements and for
materials with a high boiling point, and to a lesser extent for higher arc
current. For example, a tungstien beam typically is composed of species with
charge state from §Q = 1 to 5, a chromium beam has charge states § = 1, 2 and
3, and a lithium beam consists of the singly ionized Q = 1 species only. For
almost all applications of the source, there is considerable advantage to a
beam with ijons stripped maximaily. Hence our interest in understanding the
physics of +the MEVVA charge state distribution and in trying to Achieve
upwards control over the disiribution.

Measurements of tihe charge state distribulion of ions generated by the

vacuum arc have previously been reported by several w0rker55'6'8 and it is
well recognized that the distributions in general contain a high fraction of
multiply stripped species. Theoretical understanding of t1he cathode spot

plasma is, however, very incomplete.

II. EXPERIMENTAL SET-UP

The MEVVA ion source has been described elsewhereza_aa. Briefly, in this

source we make use of ithe intense plume of highly ionized metal plasma that is
created at the cathode spots of a metal vapor vacuum arc discharge io provide
the "“plasma feedstock" from which 1he Jon beam 1is extracted. The
quasi-neutral plasma plumes away from the catihode toward the anode and
persists for +the duration of 1he arc current drive. The anode of the
discharge is located on axis with respect 1o the cylindrical cathode and has a
central hole through which a part of the plasma plume streams; it is this

component of +the plasma that forms the medium from which the 4dons are
extracted.



The plasma plume drifts through the post-anode region to the set of grids
that comprise the extractor - a three grid, accel-decel, multi-aperture
design. A smeil axial magnetic field of up to about 100 gauss produced by a
simple coil surrounding the arc region serves to help duct the plasma plume in

the forward direction, but this is not essential to the source operation.

A schematic of an embodiment of the concept with which we've done much of
our ion source developmental work is shown in Figure 1; the various components
and features referred to above can be seen. For the work described here, we
have used the MEVVA IV ion source, a version in which 16 separate cathodes are
mounted in a single cathode assembly, allowing the onerational cathode to be
changed simply by rotating a knob so as to position tne desired cathode in
line with the anode and extractor of the device. Thus many different cathode
materials can be compared in a relatively short experimental run and with
confidence in maintaining the same experimental conditions. A photograph of
the MEVVA 1V source is shown in Figure 2.

The arc 1is driven by a simple pulse 1line. The line is a b-section LC
network of impedance 1 Ohm and pulse length 250 microseconds, with a modified
Gibbs section on the front end to provide a fast rise to the pulse. The line
is charged to a voltage of up to several hundred volts with a small, isolated,
dc power supply. A high voltage pulse applied to a 1irigger electrode
initiates a surface spark discharge between the tirigger electrode and the
cathode, which in lurn causes the main anode-cathode circuit to close due to
the spark plasma, and the wvacuum arc proceeds. Typically the source is
operated at a repetition rate of several pulses per second, up to a maximum of
near 100 pulses per second for short pulse iength and low average power; we
are presently increasing the duty cycle at which the source will run. For all
the measurements reported on here the arc current was 200 A.

The source is operated on a test-stand equipped with various diagnostics
to monitor the source performance and the parameters of the extracted beam.
Base pressure is in the low 10'6 Torr range. The arc current is routinely
monitored; the arc voltage (anode-cathode drup) is measured only when beam is
not extracted, since during extraction the arc circuit is biased to the full
extraction potential of up to 100 kv; for this series of measurements the

exlraction voltage was 60 kV. 1In the work described here the small magnet



£0i1)l surrounding the arc was not energized; the major effect of this field is
to increase the efficiency with which the arc plasma is transported to the
extractor33, but this is not a concern for the present work. Beam current is
measured by a magnetically suppressed Faraday cup, and we have cross-checked
these measurements with those obtained using several different designs of beam
calorimeters. Beam divergence and emittance were measured with a 16-collector

34,35 and with a "“pepper pot" devicege. We find that a

beam profile monitor
beam currenti of several hundred milliamperes into a half-angle divergence of
from 1° to 3°, or an emitiance of < 0.05 « cm mrad (normalized), can be
produced roulinely. Both 1ihe extracted beam current and the emittance of the
extracled beam are sensitive functions of the geometry of the extractor, the
extraction voltage, the plasma density, the ion mass, and the magnetic field
strength; the beam current is not a parameter of any relevance to the charge

state dislribulion, and is not considered here.

The jon source, its operalion, and the supporting facilities have been
fully described in references 28 - 33, Lo which the reader is referred for
more detlail.

lhe charge state distribution {[CSD) of the extracted ion beam has been
measured using a time-of-flight (TOF) diagnostic. In this device a set of
deflection plates is located in the beam path and biased so as to deflect the
beam aside except for a short pulse of about 0.2 ys in length that is gated
from the middle (plateau) part of the beam pulse; in this way a shorl sample
of the beam is obtained. This short pulse is allowed to drift down a 1.95 m
long region, during which drift time the different charge-to-mass (Q/A)
components of the beam separate out, since they have been accelerated through
the same potential drop in ithe ion source extraclor and thus have flight times
proportional to (Q/A)°%. A detector, a well-shielded Faraday cup with
magnetic suppression of secondary elecirons, at the end of the drift chamber
measures the arrival time of the different Q/A componenis of the beam. The
detector is prevented from viewing the intense visible 1lighi and UV generated
by the vacuum arc by blocking the direct path with a metal plate; the beam is
steered onto the detector by the deflection plates. The detector measures the
electrical current in the different charge states and provides a good
measurement of the CSD of the extracted ion beam. The measured flight times
for the various charge states are well fitted by the calculated values,

usually io betler than the measurement uncertainty of about
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1%. We did no special preparation of any of the cathodes; the cathode surface
was simply "as machined". After a clean-up period of typically less than 100
firings of <+1he ion source the measured spectra were generally quite clean,
with minimal impurity contamination visible. For one case (uranium), we
vacuum baked the cathode at 600°C for 24 hours and compared the spectrum
obtained using this well-outgassed cathode with that obtained using an unbaked
cathode; after a short clean-up period, the spectra were identical. The
time-of -flight system has been described in more detail in reference 37.

A schematic of the experimental configuration is shown in Figure 3.

I11. THEQRETICAL MODEL

The term "cathode spot" 1is used somewhat 1loosely in the literature to
refer 10 that region on the cathode surface into which current is concentrated
in the vacuum arc plasma discharge. In general many cathode spots will
participate simultaneously in the arc; as the arc current is increased, more
spots form. By processes which are not at all well understood and about which
there is still much discussion, it is within the cathode spots that material
is removed from the solid surface and ejected away from the cathode in the
plasma state. For distances sufficiently close to the cathode surface, the
plasma is of high density and collisional, and the parameters of the plasma
are determined in this collisional zone. It is this region to which we
restrict our attention in the following. Thus, inherent in the simplistic
approach that we are adopting here s an averaging over the collisional
region. We want to stress that we do not consider this approach to be the
ultimate in theoretical sophistication, but it is an approach that is amenable
to analysis, and to which further layers of theory can later be added if
warranted. We do not consider here the origin of the cathode spots nor the
mechanism that maintains +tLhem, but only the spatially averaged plasma
parameters that are implied by the measured charge state distributions.

In the model, 1ions are created within the cathode spot plasma by
ionization from the neutral state by electron impact. The plasma ions may be
further stripped by a number of different proccesses, of which the most
important is siepwise ionization by successive electron 1mpact38. Multipte
ionization - the removal of several electrons in a single collision - has

been examined experimentally and theoretically by Mue]]erag’qo. While
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multiple ionization is likely to be significant at these electron temperatures
for high 7 (Z » 60), it has not been included because of the lack of a good
general model. In addition, 1ionization of excited states, which 1is also
likely to be significant at these high densities, has been omitted in this
simple model, as has ion-ion charge transfer. The time history of the charge
state distribution is determined by the electron energy, Ee, and the product
NaTy of electron density Ne and ion residence time within the siripping
region, T Thus the plasma elecirons must be sufficiently energetic to
remove the bound electrons by collisions, and the plasma electron density and
jon residence time within the plasma must be sufficiently great to allow the
stripping to proceed. Calculations of the parameters necessary to achieve
given charge states for a variety of elements have been carried out by a

number of authors. 3143

The computer code developed here 1integrates a set of coupled rate
equations of the form
dnj

T Ni-1Ne<oi-7,iv> =~ NjNe<loi j41V>

SRR LTS W T B PR LUS PR B
= Mino(Ci i1+ G4 ,9-2)

*oninneliv, i+ n9e2nolie2,d (N

where nj is the density of ions of charge state i, ng is the electron density
and . is the background neutral density. TR is the cross section for

ionization from charge state i to charge state i+1 by impact with electrons of
velocity v, and the average <ov> is taken over the distribution of electron

velocities. The cross sections, binding energies and qionization potentials

are as given by Lotz**™4® and carison et a1*’*%®.  The recombination rates

Ri s are given by McWhirter49. and the ion-neutral charge exchange rates
. 50

C. . ., C. . are given by Mueller and Salzborn™ .

§od-1" tiL3-2 9 y

The initial conditions (parameters input into tihe calculation from which
the computed plasma charge state distribuiion evolves) 1include a neutral
density that decreases with time, since the neutrals decrease in number as
they traverse +the spot plasma and are ionized. The electron density i<
represented as a cylinder with a Gaussian radial distribution, and the neutral

density input from the cathode is also given a Gaussian radial distribution.



This kind of calculation has been used to predict the charge state
distributions of ions produced in EBIS (Electron Beam Ion Source) devices. In
the EBIS, ions are confined within the electrostatic well of an intense,
energetic electron beam and they are stripped to high charge state by
collisions with the beam electrons; these sources have been developed at a

51,57

number of laboratories EBIS data provide a good reference with which to

compare the predictions of a stripping theory, because of the well-defined
electron energy, electron density, and ion residence time. Such a comparison

has been made by DonetSS]'SB.

For the present work we have compared the
predictions of the computer program developed here against the same EBIS data

as a check on the program. The comparison was good.

Charge state distributions have been calculated for the cathode materials
with which the MEVVA ijon source has been run. The computer program provides a
graph of the ion fraction in each charge state as a function of time, given
the electron density and velocity distribution and other initial conditions.
The results of a typical calculation are shown in Figure 4, where the time
evolution of the charge state distribution for titanium is shown. A "time
slice" of the charge siate distribution can then be chosen for comparison with
the experimental data. In this comparison the confinement time ¥ of the
theoretical treatmei® is equivalent to the mean ion residence i1ime within the

cathode spot, a lower 1imit to which is the ion flight time across the spot
dimension.

IV. RESULTS

The TOF spectra measured here are shown in Figure 5. These were all taken
for the same arc current, Iarc = 200 A, and for a beam exiraction voltage
Vext = 60 kV; the oscillogram sweep speed is 1 us/cm. These spectra were
obtained as ion current collected by a Faraday cup, and ihe amplitudes of the
charge state peaks in the oscillograms are proportional to eiectrical current;
the electrical current is greater than particle current by the charge state Q,
Ie]ec = leart' In order to obtain spectral data ihat would be visually
intercomparable, the oscilloscope gain was adjusted for each cathode material,
and the vertical current scale in the Figure 5 oscillograms is not the same
for different materials; none-the-less, the current scale is always within a

factor of several of 100 pA/cm. The CSD data shkown in Figure 5 is summarized
in Table 1.



Figure 6 shows two examples of TOF spectra obtained for the case when the
cathode material is a conductinrg compound rather than a metallic element. The
spectra shown are for titanium carbide and lead sulfide; (these data were
taken under different conditions of arc current and extraction volitage). The
results are significant in several ways. Firstly, it is evident that beams
containing non-conducting species can be produced; cathode spots form on the
curface of the conducting cathode and the non-conducting component of the
molecule partic’pates in the plasma as well as the conducting. Secondly, the
ionization states of the elemental constituents of the "compound discharge"
can be different from those produced in the "elemental discharge®. Thus C2+
is evident in the TiC spectrum, but we have never seen C2+ from a carbon
cathode - only the singly ionized ct.

The arc voltage was also measured. Using a differential probe technique
so as to minimize errors due to ground loop and pick-up signals, the voltage
across the anode-cathode terminals of the 1ion source was monitored. An
oscillogram of arc voltage and arc current for the case of a copper cathode is
shown in Figure 7. The voltage was measured in the flat portion of the trace,
about half way into the current waveform, as was also the TOF spectrum. The
arc voltage measurements are also listed in Table 1. In making these
measurements we made many checks, cross-checks and calibrations, and the
uncertainty in all cases is no greater than +1.5 V. We have omitted C and Si
measurements, as lhe resistivity of the cathode material itself gives rise to
unreliable voltage data.

V. DISCUSSION

We compare the resuits obtained here to thnse of other workers. Results
have been presented in the liiterature of both charge state distribution and
arc voltage measurements for a number of cathode materials.

In measuring the Eurrent of multiply charged ions one must distinguish
between electrical current and particle current. As meniioned above, for a
beam of ions of charge state Q, the electrical current is greater than the
particle current by the factor {: Ie]ec QIpart'
some importance, and seems not 1o have always been made clear 1in the
literature. For example, if the current measured is electrical current, then

the fraction of 3ions in the Hhighest charge states of the distribution

This distinction is of
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(particle current) can be Jower by as much as a factor of two than would at
first sight seem to be implied from the measured distribution (electrical
current). Here, the detector 1is a Faraday cup and the signal measured is
electrical current. Depending on the application or concern, one might be
interestied in either the electrical current or the particle current. However,
the particle current is a more fundamental parameter, and in Table I we Tlist
the charge state fraciions both of electirical current and of particle current
(renormalized). The mean charge states, § = 3fQ/3Yf, where f is the charge

state fraction, are also listed for both of these formats, 6e and ﬁp.

A comparison of charge state distribution data obtained here with such data
as are available from a number of other sources is shown in Table Il. 1In all
cases {both the results presented here and those of oiher workers), the CSD is
that of the ions generated by the cathode spots but measured at a distance from
the cathode. Arc current was not greatly different between the various experi-
ments, and in any case the CSD changes only minimally with arc current. 1In
Tabhle 11 we have shown the distributions measured here expressed both in terms
of electrical current (le1) and particle current klpart)' from lable 1. It is
not clear if the references used for comparison have gquoted electrical current
or particie current. Oepending on the detector used for measurement of the
charge stiate spectrum, ihe signal can be Ie] or Ipart or somewhere in between;
see reference 37 for an experimental investigation of this concern. In any
case, the differences belween our results and those of other workers, for
those cases for which comparisons can be made, are not great. Our results
cover a wider range of cathode species and greatlv extend the data.

A similar comparison of our arc voltage measurements with the measurements
of other workers is shown in Table IlI. Again, the comparison is good, with

the results presented here being considerably more extensive.

In an attempl to provide a phznomenological method for predicting the CSD,
we have looked at the measured mean charge state, Q, for the various cathode
materials as a function of a number of parameters, including atomic number Z,
melting point, boiling point, and heat of fusion. There is a tirend in the
data when so plotted for all of these cases, but ithe fit is besi when plotted

against the boiling point temperature, 'BP' In figure 8 the mean charge
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state, refered to particle current, 6p, is plotted as a functiion of boiling
point (°K) for all the elemental cathode materials investigated here. The
straight 1line shown has been obtained through a linear regression (least
squares best fit) to the data points, excluding the four elements which show
ithe greatest departure from the trend - C, Mg, In, and Pt. The 1line is
given by

'dp = 0.38(14,/1000) + 0.6. (2)

This expression provides a reasonably good fit to the data, apart from the
four materials excluded, with a correlation coefficient of 0.84. 1t might be

useful as a predictor, even though completely phenomenological.

The computer program described in Section 1II has been used to fit the
measured CSOs. The electron energy distribution is taken as Maxwelljan. The
initial particle population is allowed 1o evolve without input of fresh
neutrals; the lower charge states "burn out" as they are stiripped to higher Q
values, and are not replaced. It should be noted that for the parameters of
interesi, vrecombination plays a negligible role. Charge exchange with
background neutrals is negligible also, since the source operates at very low
pressures once the cathode surface is degassed by the initial shots.

An example of how the calculations can provide a fit to the measured
spectra is shown. Figure 9 shows the measured and calculalted CSBs for
titanium. The experimental data have been taken directly from Figure 5, and
the calculated values from Figure 4. (The charge state fractions shown in
Figure 4 are particle curreni; for comparison with the experimental data in
Figure 9, they have been multiplied by Q, 1e = QIp). Parameters for the

calculation, which were optimized for titanium, were: Te = 4.6 eV and jeTi = 8

X ]0]7 e]ectrons/cmz. For a cathode spot current density of 10 MA/cm2 then

TS 13 nsec, in which time a titanium ion of energy 4.6 eV will traverse a
distance of 56 microns, 1in ihe absence of collisions. These values for
current density and spot size are in order-of-magnitude agreement with what is
conventionally considered to be typical of cathode spots. The electron
iemperature required for the fit, 4.6 eV, is also consistent with what is

considered 1.yp1'cal.59‘62
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The program is used to fit the data in the following manner. We assume
that the electrons leave the cathode with an energy proportional to the arc
voltage, and that they lose energy in exciting and ionizing ions and tihrough
collisions with the electrons produced by ionization. This results in an
electron temperature approximately proportional to the arc voltage, for all
elements. Another assumption is that the electron density is constant for all
cathode materials. Finally, we assume the 1ions move with a velocity
proportional to tihe acoustic velocity, c, = (kTe/Mi)%' which results in a
residence time in the ionizing region inversely proportional to the acoustic
velocity. We calculate the average charge state for each element as a
function of time, using an electron temperature proporiional to the measured
arc voltage. Comparing these results with the experimental data results in a
residence time for each element. By the above assumpiions the residence time
times the acoustic velocity must be a constant, so an optimum value for this
constant is calculated. We then use this constant to calculate ihe average
charge state for each cathode material. This procedure is then repeated using
a different fraction of the arc voltage for the electron itemperature, and an
optimum solution found. Figure 10 shows the measured and calculated mean
charge states plotted as a function of 2. The fit to the data is quite
reasonahle. The electron temperature used is the arc voltage divided by 4.5,
and jeri(Te/A)% = 1.6 X 10]7(e1ectrons/cm2)(eV/amu)%. For the range of cathcde
materials covered here the electron temperature in this model is thus 3 - 6 eV.

We conclude that the jonization model presented here - which is similar
to models used 1o provide descriptions of the charge state evolution in other
multiply-ionized plasmas such as the EBISS]'52’58 and ECRBS'64

provides a reasonable description of the cathode spot plasma. Here we have

ion sources -

included only stiepwise ionization (removal of elecirons one at a iime) and
have neglected multiple ionization (removal of several electrons in a single
collision), and we have also neglected ionization from excited states; both of
these effects could be significant here. It might be fruitful to develop the
model further 1o include these effects. The plasma physics of the cathode

spot is poorly undersiood, and further studies of this kind might shed some
Tight.
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VI. CONCLUSION

Measurements have been made of the charge state distribution of the ions
produced by the metal vapor vacuum arc for a wide range of cathode materials.
In general, multiply charged ions are produced, and the mean charge state, Q,
increases with the boiling point of the cathode material. An approximate
phenomenological fit to the data s provided by tihe formula 0§ =
O.BB(TBP/1OOO) + 0.6, where 6p is the mean charge state in terms of particle
current and TBP is the boiling point tlemperature in °K. The charge state
distribution measurements presented here are generally consistent with the
results of other workers, as reported in the literature, as are also the arc
voitage measurements. The range of materials reported on here is considerably
more extensive ihan has been previously available.

A theoretical model has also been presented which provides a reasonable
fit to the experimental results. In this model all the ionization is assumed
to take place within ihe cathode spot plasma, and multiple stripping 1o higher
ionization states is considered to occur by stepwise ionization by successive
electron impact. The plasma parameters predicted by the model are consisient
with what has been considered typical of the cathode spot plasma.

These results are important fundamentally because they add 1o the pool of
knowledge about cathode spot behavior, a plasma phenomenon still far from
understood. The MEVVA ion source has demonstrated itself as being a suitable
tool for investigation of the physics of metal vapor vacuum arcs. Finally,
the data provide the MEVVA don source user with praclical information on
source performance.
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TABLE 1
Charge state fractions and arc voltages measured for the cathode materials
investigated here. The charge state fractions have been expressed both as

electrical current and as particle current; mean charge states are also listed.

Element Electrical current fractions (%) Particle current fractions (%) Va

_ — rc
Q=1 2 3 4 5 0 0= 1 2 3 4 5 QD

e

C 100 1 100 1

Mg 23 71 1.77 37 63 1.63 16
Al 38 52 10 1.72 56 39 5 1.48 20.5
Si 38 58 4 1.66 56 42 2 1.46

Ti 3 80 17 2.4 6 82 12 2.05 20.5
Cr 14 73 13 1.99 25 67 8 1.82 20
Fe 18 74 8 1.90 31 64 5 1.73 20.5
Co 30 62 8 1.78 47 49 4 1.57 20.5
Ni 35 58 1 1.72 53 44 3 1.51 20
Cu 26 49 25 1.99 44 42 14 1.70 20.5
n 16 24 1.24 86 14 1.14 14
ir 4 47 38 N 2.56 9 55 30 6 2.33 22
Nb 2 36 43 19 2.79 5 46 371 12 2.56 25.5
Mo 6 40 36 18 2.66 14 47 28 1 2.35 24.5
Rh 28 52 18 2 1.94 46 43 10 1 1.65 24
Pd 24 89 7 1.83 39 57 4 1.64 18
Ag 18 66 16 1.98 32 59 9 1.77 19
In 19 21 1.21 88 12 1.12 14
Sn 36 64 1.64 53 47 1.47 14
Gd 3 18 19 2.16 6 81 13 2.07 16.5
Ho 8 19 13 2.05 15 76 9 1.93 18
Ta 5 30 33 28 4 2.96 3 39 28 18 2 2.58 24.5
W 3 25 39 27 3.08 8 34 36 19 3 2.74 28
Pt 52 44 4 1.52 69 29 2 1.33 20.5
Au 28 89 3 1.75 44 54 2 1.58 18
Pb 47 53 1.53 64 136 1.36 12.5
Th 1 1T 72 11 3.05 3 15 70 12 2.92 16

u 129 62 8 2.1 3 38 54 5 2.62 19
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TABLE II
Comparison of charge state distributions measured in the present work with
those obtained by other authors. Ie]' Ipart indicate that the charge state
fractions are expressed in terms of electrical current or particle current,
(see text for discussion on this point). Arc current: This work 200A; Ref 5

mostly 100A; Ref b 100A except Ta 140A; Ref 8 100A except Mo 170A.

Element Author Charge State Fraction (%)
Q =1 2 3 4 5
C This work (Ie1) 100
t
(Tart) 100
Ref © 96 4
Mg This work (I_;) 23 17
1]
(Tart) 37 83
Ref 5 50 50
Al This work (Iel) 38 52 10
(Ipari) 56 39 15
Ref 5 60 38 2
Ref 6 49 44 1
Ti This work (Ie]) 3 80 17
(Ipart) 6 82 12
Ref 8 21 67 6
Cr This work (Iel) 14 73 13
" (Ipart) 25 67 8
Ref 8 16 68 14 2
Fe This work (Iel) 18 74 8
u (Ipart) 31 64 5
Ref 8 54 46
Ny This work (Ie]) 35 58 7
u
(Ipart) 53 44 3
Ref 5 65 33 2
Ref © 48 48 3
Cu This work (Iel) 26 49 25
il
(Tpary) 44 42 14
Ref © 30 54 15
Ref 8 38 55 1
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Element Author Charge State Fraction (%)

Q = 1 2 3 4 5
ir This work (Ie1) 4 47 38 117
" (Ipart) 9 55 30 )
Ref & 14 &0 21 5
Mo This work (IeT) 6 40 36 18
u (Toart) 14 47 28 1
Ref 6 16 69 13 2
Ref 8 3 33 42 19 3
Ag This work (IeT) 18 66 16
" (Ipart) 32 59 9
Ref 6 65 34 1
Ta This work (Ie]) 5 30 33 28 4
" (Ipart) 13 39 28 18 2
Ref 6 13 35 28 13 10
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TABLE III
Comparison of arc voltages measured in the present work with those
obtained by other workers.
Arc current: This work 200A; Ref 5 approx 200A except Pb 20A;
Ref 6 100A except Ta 140A; Ref 7 100A except Cu B0A, Fe and Mo 200A, W 250A;
Ref 8 100A except Mo 170A; Ref 9 100A-200A.

Material Arc Voltage (V)
This work Ref 5 Ref 6 Ref 7 Ref 8 Ref 9
Mg 16 15 12
Al 20.5 20.5 20 18
Ti 20.5 20 20
Cr 20 18 19.5
Fe 20.5 20 19
Co 20.5
N1 20 19 18.5
Cu 20.5 19.5 20.5 20 22 19.5
n 14 12 13 10
ir 22 21.5
Nb 25.5
Mo 24.5 25.5 28 28
Rh 24
Pd 18
Ag 19 17 16.5 20
In 14
Sn 14 12.5
Gd 16.5
Ho 18
Ta 24.5 24
W 28
Pt 20.5
Au 18
Pb 12.5 10.3
Th 16
U 19
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Fig. 1 Schematic of the jon source (MEVVA II).
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Fig. 2 The MEVVA IV ion source, showing the multiple cathode configuration.
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Fig. 4 Charge state distribution predicted by the siepwise ionization model.

Titanium plasma, Maxwellian electron velocity distribution with TE =
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XBB 875~5170

Fig. 5 Time-of-flight spectra for the range of elemental cathode materials
investigated in this work. Vertical scale: current collected by the

Faraday cup, gain approx. 100 pA/cm. Sweep speed: 1 uS/cm.
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Fig. 6 (a) Time-of -flight spectrum for titanium carbide.
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Fig. 6 (b) Time-of - flight specirum for lead sulfide.



Fig. 1

XBB 875-4080

Arc voltage (upper trace, 20 V/cm), and arc current (lower trace, 100
A/cm), for the case of a copper cathode. Sweep speed is 50 us/cm.

(Note that the voltage trace is initially off-scale until conduction
starts).
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Fig. 8 Measured mean charge state, 6p, as a function of the Boiling Point
lemperature (°K) of the cathode material. The straight 1line is the
best fit to the data points (except C, Mg, In, Pt) and is given by 6p
= O.38(TBP/1000) + 0.6.
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Fig. 9 Measured and calculated charge state distributions for Litanium. The
experimental CSD has been taken from Figq. 5; ihe theoretical CSD,
indicated by 1ihe vertiical 1lines, has been taken from Fig. 4 at the

iime indicated. Electrical currenit is shown, so Lhe Fig. 4 fraclions

have been multiplied by @, 1e = Q}p
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Fig. 10 Measured mean charge state, bp, as a function of atomic number 7. The

line indicates ihe mean charge state predicted by the theory presented
here; see texi for discussion of input parametlers.
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