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We consider the charge state distribution· of ions produced in the metal 

vapor vacuum arc plasma discharge. A h,igh current metal ion source, the MEVVA 

ion source, in which the ion 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. A computer calculation of the charge state 

distribution that evolves within the spots via stepwise ionization of ions by 

electron impact provides a theoretical basis for comparison of the data. In 

this paper we report on the measured charge state distributions for a wide 

variety of metallic species and compare these results with the predictions of 

this theory. 
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1. INTRODUCTION 1 

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 ar.c current is not 

too high, and a dense metal plasma is created. The fundamental phenomenon 

which dr·ives the vacuum arc is 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 materia·! is vaporized, ionized, and 

injected ·into the interelectrode arc region. The current density at the 

cathode spots is of order 1 o6 
Amps/cm2 over a spot size of order microns. 

A typical vacuum arc discharge m·ight consist of from one to many dozens of 

such spots. ln general a spot win be in vigorous mot·ion on the cathode 

surface, and will have a lifetime of order microseconds. It is within the 

intense fireball of the cathode spot that the plasma constituents of the arc 

are formed the parameters of the arc are in large part determined by the 

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, where it found application as a high voltage switch in a vacuum 

environment. One of the earliest publications in the field is that of 

Sorensen and Mendenhall in 1926 [1]; 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 Cobine [2]. More recently a very complete review 

of the entire field of metal vapor arc discharges has been given by Lafferty 

[3], and a review of cathode spot behavior has been given by Lyubimov and 

Rakhovskii [4]. 

The production of ions in the metal vapor vacuum arc plasma has been 

investigated by a number of authors over at least the last two decades 

[5-18]. One of the earliest attempts to incorporate this kind of arc as the 

plasma formation mechanism for use as an ion source was the work done as part 

of the Manhattan Project in World War II [19]; the source suffered from 

several drawbacks and this work was abandoned. Revutskii et al [20], in 1968, 

described a cylindrically symmetric arc geometry employing ion extraction 
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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 been pursued. More 

recently, sources of this kind have been described by Adler and Picraux [21], 

and by Humphries and coworkers [22-24]. 

. 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 metal ions can be extracted [25-28]. We have called this 

source the ME.VVA ion source, as an acronym for the mechanism employed. The 

source is described below. With this source we have produced beams at 

voltages up to 100 kV and with ion current up to 1 Ampere. The source works 

well with a wide range of ion species, spanning the periodic table from 

lithium to uranium. In general, for elements not too low on the periodic 

table, the ions produced are multiply ionized. 

The average charge state is higher for higher Z elements, and to a lesser 

extent for higher arc current. For example, a uranium beam typically is 

composed of species with charge state from Q -· 2 to 6, a chromium beam has 

charge states Q - 1 ' 2 and 3, and a 1 it hi urn 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 ions stripped maximally. Hence our 

interest in understanding the physics of the MEVVA charge state distribution 

and in trying to achieve upwards control over the distribution. 

Measurements of the charge state distribution of ions generated by the 

vacuum arc have been reported by a number of workers [5,6,29-32], and it is 

well recognized that the distributions in general contain a high fraction of 

multiply stripped species. Theoretical understanding of the cathode spot 

plasma is, however, very incomplete. 
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The MEVVA ion source has been described elsewhere [25-28]. Briefly, in 

this source we make use of the intense plume of highly ionized metal plasma 

that is created at the cathode spots of a metal vapor vacuum arc discharge to 

provide the 11 plasma feedstock 11 from which the ion beam is extracted. The 

quasi-neutral plasma plumes away from the cathode toward the anode and 

persists for the duration of the arc current drive. The anode of the 

discharge is located on axis with respect to the cylindrical cathode and has a 

central hole through which a part of the plasma plume strearMs; it is this 

component of the plasma that forms the medium from which the ions are 

extracted. The plasma plume drifts through the post-anode reg·ion to the set 

of grids that comprise the extractor a three grid, accel-decel, 

multi-aperture design. A small axial magnetic field of up to about 100 gauss 

produced by a simp 1 e coi 1 surrounding the arc region serves to he 1 p duct the 

plasma plume in the forward direction, but this is not essential to the source 

operation. 

A schematic of the embodiment of the concept with which we•ve done most of 

our work is shown in Figure 1. This is the device called MEVVA ll. lhe 

various components and features referred to above can be seen. The extractor 

diameter is 2 em, as is the initial beam diameter. 

The arc is driven by a simple pulse line. The line is a 6-section LC 

network of impedance 0.5 Ohms and pulse length 250 microseconds, with a 

modified Gibbs section on the front end to provide a fast rise to the pulse. 

lhe line is charged to a voltage of up to several hundred volts with a small, 

isolated, de power supply. A high voltage pulse applied to a trigger 

electrode initiates a surface spark discharge between the trigger electrode 

and the cathode, which in turn causes the main anode-cathode circuit to close 

due to the spark plasma, and the vacuum 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 length and low average power; we 

are presently increasing the duty cycle at which the source will run. 
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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 drop) is measured only when beam is 

not extracted, since during extraction the arc circuit is biased to the full 

extraction potential of several tens of kilovolts. In most of the work 

described here the small magnet coil surrounding the arc was not energized; 

the effect of this field is to increase the efficiency with which the arc 

plasma is converted to useable ion beam, but this was 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 beam profile monitor [33,34] and with a 
11 pepper pot 11 [35] device. We find that a beam current of several hundred 

,milliamperes into a half-angle divergence of from 1° to 3°, or an 

emittance of< 0.05 ~em mrad (normalized), can be routinely produced. 

The ion source, its operation, and the supporting facilities have been 

fully described in reference 27, to which the reader is referred for more 

detail. 

The charge state distribution (CSD) of the extracted ion beam has been 

measured using a time-of-flight (TOF) diagnostic. In this device a pair of 

deflection plates is located in the beam path and biased so as to deflect the 

beam aside except for a short pulse of from 0.1 to 1.0 microseconds in length; 

in this way a short sample of the beam is obtained. This short pulse is 

allowed to drift down a 1.6 m long chamber, 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 the ion source 

extractor and thus have flight times proportional to (Q/A)·-"112 . A detector 

(an RCA 7265 photomultiplier with the front glass surface removed) at the end 

of the drift chamber measures the arrival time of the different Q/A components 

of the beam. The detector is not in a direct line-of-sight to the M~VVA ion 

source, so as to shield the detector from the intense visible light and UV 

generated by the vacuum arc; the direct path is blocked by metal plates, and 

the beam is steered onto the detector by the deflection plates. It is an 

assumption that the TOF spectrum is a good measurement of the CSD. The ion 
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current at the detector is very small and the ~lectromagnetic environment is 

noisy, and a calibration of the sensitivity as a function of charge state has 

not yet been possible; to this extent the CSO is uncertain. The charge state 

distribution has been measured by a more conventional magnetic analysis for a 

few particular cases, and the agreement with the time-of-flight spectra is 

good. A schematic of the experimental configuration is shown in Figure 2 . 

The measured flight times for the various charge states are well fitted by the 

calculated values, usually to better than the measurement uncertainty of about 

1%. The spectra are generally quite clean, with minimal impurity 

contamination. 

Ill. THEORETICAL MODEL 

We consider the plasma within the cathode spot and make the assumption 

that our measurements of charge state distribution of the MEVVA ion beam are a 

good indicator of the charge state distribution of ions within the cathode 

spots. All the ionization and stripping to higher charge states is assumed to 

occur within the spots and not in the plasma plume extending from cathode to 

anode; this has been confirmed experimentally by the observation that the 

charge state spectrum does not change when the cathode-anode separation is 

varied by a factor of two. We do not consider here the origin of the cathode 

spots nor the mechanism that maintains them, but only the plasma parameters 

that are implied by the measured charge state distributions. A comparison of 

the experimental results with the theoretical model outlined here yields 

information about the plasma parameters; this comparison and the implications 

are discussed in Section V. 

Ions 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 processes, of which the most important is assumed to be 

stepwise ionization by successive electron impact [36]. Multiple ionization 

the removal of several electrons in a single collision has been 

examined experimentally and theoretically by Mueller [37,38]. While multiple 

ionization is likely to be significant at these electron temperatures for high 

Z (Z 2:_ 50), it has not been included because of the lack of a good general 

model. In addition, ionization of excited states, which is also likely to be 

significant at these high densities, has been omitted in this simple model. 
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The time history of the charge state distribution is determined by the 

electron energy, Ee, and the product neTi of electron density ne and 

ion residence time within the stripping region, Ti. Thus the plasma 

electrons must be sufficiently energetic to remove the bound electrons by 

collisions, and the plasma electron density and ion 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 [39-41]. 

The computer code developed here integrates a set of coupled rate 

equations of the form 

~~i = ni-lne (oi-1,iv) - nine <oi,i+lv) 

nino(Ri,i,-1 + Ri,i-2> 

+ ni+1noRi+1,i + ni+2noRi+2,i ( 1 ) 

where ni is the density of ions of charge state i, ne is the electron 

density and n
0 

is the background neutral density. o . . 1 is the cross 
1. 1+ 

section for ionization from charge state 1 to charge state i+l by impact with 

electrons of velocity v, and the average <ov> is taken over the distribution 

of electron velocities. The distribution can be either mono-energetic or 

Maxwellian. The cross sections are taken as given by Lotz [42] using binding 

energies and ionization potentials given by Lotz [43,44] and Carlson et al 

[45,46]. The recombination rates R. . 1 ' J ,J- R .. 2 J ,J-
are given by Mue 11 er and 

Salzborn [47]. 

The initial conditions can be specified with either a constant neutral 

density or a neutral density that changes with tlme. The first case 

represents a steady input of neutrals from the cathode, while the second case 

allows these neutrals to decrease in number as they traverse the spot plasma 

and are ionized. Another option in the program allows the charge states to be 

averaged over a Gaussian density distribution; with this model the electron 

density is represented as a cylinder with a Gaussian radial distribution, and 

the neutral density input from the cathode is also given a Gaussian radial 

distribution. 
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This kind of calculation has been carried out for comparison with the 

charge state distributions of ions produced in EBIS (Electron 8eam 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 

number of laboratories [48-54]. 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 Donets [ 48,55]. 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 in this way for many of 

the cathode materials with which the MEVVA ion 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 distributions and 

other initial conditions. The results of a typical calculation are shown in 

Figure 3, where the time evolution of the charge state distribution for 

titanium is shown. A "time slice" of the charge state distribution can then 

be chosen for comparison with the experimenta 1 data. In this comparison the 

confinement time Ti of the theoretical treatment is equivalent to the mean 

ion residence time within the cathode spot, a lower limit to which is the ion 

flight time across the spot dimension . 
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IV. RESULTS 

The TOF spectra measured for a number of cathode elements spanning the 

periodic table are shown in Figures 4 - 21: C, Mg, Al, Si, Ti, Cr, Fe, Co, Nb, 

Mo, Sn, La, Gd, Ho, Ta, W, Pb, and U. These data were taken under different 

conditions of extractor voltage, so the particle velocities through the 

time-of·-flight chamber and the oscillogram sweep speeds are different. The 

arc current was not the same for all cathode materials, but was generally in 

the range 200 - 400 Amps; the TOF spectrum, however, is not a strong function 

of arc current. The arc current controls the beam current more than its 

charge state distribution as the arc current is increased, the number of 

cathode spots increases, but the plasma physics within a single spot remains 

much the same. It is evident from these spectra that one parameter that has a 

strong effect on the CSD is the atomic number of the cathode material. There 

is a strong tendency for the CSD to increase to higher average charge state 

with the Z of the material. There is also an indication that softer (lower 

melting point) materials have lower average charge states. 

Figures 22 - 24 show the TOF spectra obtained for the case when the 

cathode material is a conducting compound rather than a metallic element. The 

spectra shown are for the refractory carbides TiC and SiC, and lead sulfide, 

PbS. These results are significant in several ways. Firstly, it is evident 

that beams containing non-metallic species can be produced; cathode spots form 

on the surface of the conducting cathode and the non metallic component of the 

molecule participates in the plasma as well as the metallic. Secondly, the 

ionization states of the elemental constituents of the "compound discharge" 

are different from those produced in the "elemental discharge 11
• Thus c2+ is 

evident in the SiC and liC spectra, but we have never seen c2+ from a pure 

carbon cathode - only the singly ionized C+; similarly Si 3+ appears in the 

SiC spectrum but we see only small amounts of Si 3+ from a pure silicon 

cathode. This effect is presumably a manifestation of the different plasma 

parameters of the cathode spots formed on the elemental and the compound 

surfaces. 

Table 1 summarises all the ionization state measurements we•ve made 

to-date. In this tabulation, the percentages of the different charge states 

should be taken only as approximate; the spectrum varies a little with arc 

current, and the cases we have taken are typical for an arc current of several 

hundred Amps. 
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V. DISCUSSION 

It is interesting to try to predict th~ charge state distributions. lhere 

are two senses in which this can be done prediction of the charge state 

distribution for a given cathode material, and prediction of the variation of 

charge state distributions for different cathode materials. These two 

concerns are addressed in the following. 

The computer program described in Section III has been used to fit the 

measured CSDs. Binding energies are input as parameters for calculation of 

the Lotz cross-sections for the particular element under consideration. The 

electron energy distribution can be taken either as monoenergetic, in which 

case the electron energy Ee is specified as an input parameter, or as a 

Maxwellian, in which case the electron temperature Te is specified. New 

neutral particles can be introduced continuously, in which case all the 

ionization states which appear approach a non-zero asymptotic value, or the 

initial particle population can be allowed to evolve without input of fresh 

neutrals, in which case the lower charge states 11 burn out 11 as they are 

stripped to higher Q values and not replaced. Finally, charge exchange with 

background neutrals can be included or omitted. 

Some examples of how the calculations fit the measured spectra are shown. 

Figure 25 shows the measured and calculated CSDs for titanium. The experimental 

data have been taken directly from Figure 8, and the calculated values from 

Figure 3. Parameters for the calculation were: Maxwellian electron energy dis

tribution with Te = 20 eV, no steady injection of fresh neutrals, no charge 

exchange, and j T. = 2.0 x 1016 electrons/cm2 . If we arbitrarily e 1 2 take the current density at the spot to be 1 MA/cm then Ti =" 3.2 nsec, 

in which time a titanium ion of energy 20 eV will traverse a distance of 30 

microns, in the absence of collisions. These values for current density and 

spot size are order-of-magnitude consistent with what is conventionally 

considered to be typical of cathode spots. As a reference, the typical 

lifetime of a cathode spot is thought to be microseconds to milliseconds, 

depending on the arc parameters [4]. The electron temperature required for 

the fit, 20 eV, is not unreasonable: the ionization potential for Ti 2
t 

the energy necessary to remove the third bound electron so as to create 

Ti 3
+ is 25 eV [45], and the cross-section for ionization does not become 
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significant until the energy is around twice this value; thus electrons with 

energy several tens of eV are necessary if Ti 3+ ions are to be seen in the 

spectrum, and.assuming the ionization mechanism is indeed electron impact. 

The gadolinium spectrum provides an illustration of the possible ambiguity ~ 

in the fitting procedure that we are using here. Figure 26 shows the computed 

charge state evolution for a gadolinium plasma for two different sets of input ~ 

parameters. Figure 26(a) is for a monoenergetic electron velocity 

distribution with Ee = 20 eV, a Gaussian distribution of plasma density, and ,. 

with no steady injection of fresh neutrals; Figure 26(b) assumes a Maxwellian 

velocity dis.tribution with Te 3.5 eV, a uniform plasma density 

distribution, and steady injection of fresh neutrals. Each calculation 

provides a good fit to the experimental gadolinium spectrum of Figure 16, the 

first for je-ri - 5.6 x 1016 electrons/cm2 and the second for 

je-ri = 5.2 x 1017 electrons/cm2 . These are not the only possible 

fits either. Equally good fits can be made by substituting the steady 

injection of neutrals for a Gaussian radial density distribution and retaining 

all other parameters of Figure 26(a), or by using a monoenergetic electron 

distribution of energy 24 eV, a uniform spot density, and je-ri = 1.1 x 

1016 electrons/cm2, or by choosing other sets of parameters. 

we•ve tried to avoid this ambiguity by fitting the average charge state 

for a number of different cathode materials to a single, consistent set of 

plasma parameters. This approach does not in general provide a detailed fit 

to all of .the individual cso•s, but it does provide a consistent model for 

prediction of the mean charge state, Q. The plasma is taken to be as follows: 

the electron energy is assumed to be monoenergetic and equal to the measured 

arc voltage, and the ion confinement times -r. are scaled as the square 
1 

root of the ion mass over the electron energy. We find that the best fit to 

the data is given either by choosing a Gaussian density distribution along 

with no steady injection of fresh neutrals, or by choosing a uniform radial 

. density distribution along with steady injection of fresh neutrals; for the 

range of parameters considered, either choice fits the data. We consider the 

choice of steady injection of fresh neutrals to be inappropriate, however, 

because the ions are assumed to be moving through the cathode spot plasma and 

therefore moving away from the source of fresh neutral particles. Furthermore, 

a Gaussian density distribution of the spot plasma is likely. A Maxwellian 

electron energy distribution gives a considerably poorer fit to the data. 
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In Figure 27 the experimentally measured values of Q, as determined from 

the data of Table l, are plotted as a function of atemic number Z. The values 

of Q predicted by the above model, for those cathode materia 1 s for which we 

have arc voltage data, are shown, and the fit to the data is excellent. Also 

plotted is a phenomenological fit to the data points, the function 

Q = 0. 12 z 1 13 . (2) 

While this function does not fit the data as well as the model based on 

the measured arc voltages and the Lotz cross sections, it is useful as a first 

approximation, apart from the soft metals Sn and Pb, and U. Soft cathode 

materials have a CSD with lower mean charge state than might be expected; the 

uranium data point might be high because the arc current used was high, 

perhaps over 400 A. One can explore variations of Q with T, the melting point 

of the material, and fits can be found which add a little predictability to 

the phenomenological formula. For example a one-third power variation with 

melting point temperature helps, but the fit is not good over the entire range 

of Z and T. 
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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, 

both metallic elements and conducting compounds. Multiply charged ions are 

produced, the charge state distributions for which can be interpreted as being 

due to stepwise ionization by collisions within the cathode spot wHh the 

intense e 1 ectron current density that concentrates at the spot. Consistent 

parameters of the cathode spot plasma that are implied by the model are: an 

electron current density of order 1 to 10 MA/cm2 , and' a spot of size of 

order tens of microns and with a Gaussian density distribution; the electron 

energy is taken as equal to the arc voltage, some tens of electron volts. The 

mean charge state Q increases with the Z of the cathode element, and an 

approximate phenomenological fit to the data is provided by the formula Q 
0.72 z113 . On top of this variation with atomic number there is also a 

trend in which soft, low melting point, materials have lower mean charge state 

than predicted by the formula. The mean charge state can be predicted well 

from the model, using the measured value of arc voltage. 

These results are important fundamentally because they add to 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 ME.VVA ion source user with practical information on 

source performance. 
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Cathode Material z Charge State, Q 
1 2 3 4 5 6 

Li 3 100 
c 6 100 

Mg 12 30 70 
AI 13 40 40 20 
Si 14 30 70 
Ti 22 70 30 
Cr 24 10 80 10 
Fe 26 30 60 10 
Co 27 30 50 20 
Nb 41 40 40 20 
Mo 42 30 40 30 
Sn 50 40 60 
La 57 60 40 
Gd 64 10 80 10 
Ho 67 40 60 
Ta 73 30 40 30 
w 74 30 40 30 
Au 79 20 30 50 
Pb 82 40 60 
u 92 10 30 40 20 

LaB6 ~~ 20 20 
30 30 

CdSe led 10 40 10 
Se 30 10 

PbS ~~b 30 30 
40 

SiC 1~ 30 20 
30 20 

TiC l~ 40 10 
40 10 

we 1~ 30 30 
30 10 

XBL 8610-4072 

Table 1 Approximate charge state distributions for the complete range of 
elemental and compound cathode materials used. 
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Fig. l Outline of the MEVVA II ion source. 
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Fig. 2 Schematic of the experimental configuration. 
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Fig . 3 Charge state distribution predicted by the stepwise ionization model. 

Titanium plasma, Maxwellian electron velocity distribution with T 
20 eV; no recombination or charge exchange. 
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Fig. 4 Time-of-flight spectrum for carbon 
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Fig. 6 TOF spectrum for aluminum 
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Fig. 7 lOF spectrum for silicon 
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Fig. 8 TOF spectrum for titanium 
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Fig. 9 TOF spectrum for chromium 
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Fig. 10 TOF spectrum for iron 
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Fig . 11 TOF spectrum for cobalt 
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Fig. 12 TOF spectrum for niobium 
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Fig . 13 TOF spectrum for molybdenum 
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Fig. 14 TOF spectrum for tin 
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Fig. 17 TOF spectrum for holmium 
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Fig. 18 TOF spectrum for tantalum 
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Fig . 19 TOF spectrum for tungsten 
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Fig. 20 TOF spectrum for lead 

-39-

¥ 

Lead 

I 
1 
I 

XBB 861-295 



I 
Gate 
Pulse 

I I I I I 
Q: 76 5 4 3 

I 
2 

Uranium 
XBB 854-3522 

Fig. 21 TOF spectrum for uranium 
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Fig. 22 TOF spectrum for silicon carbide 
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Fig. 23 TOF spectrum for titanium carbide 
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Fig. 24 TOF spectrum for lead sulfide 
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Measured and calculated charge state distributions for titanium. 
The experimental CSD has been taken from Figure 8; the theoretical 
CSD, indicated by the vertical lines, has been taken from Figure 3 
at the time indicated. 
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Charge state evolution predicted for gadolinium for two different 
sets of plasma parameters: 
(a) monoenergetic withEe== 20 eV, Gaussian density distribution, 

no fresh neutral injection; 
(b) Maxwellian with Te = 3.5 eV, uniform density distribution, 

steady injection of fresh neutrals. 
In both cases a fit can be found to the measurements at the 
indicated values of jeT;. 

-45-



4 

Q 3 

2 

1 

0 

Fig. 27 

• • 
• 

•sn 

50 

z 

• • 
eGd 

• u 

0 

0 
• Pb 

100 

XBL 861 0-9654 

Mean charge state, ij, as a function of atomic number Z. The 
experimental data are indicated by full circles. Predictions of 
the model based on the measured arc voltage and the Lotz cross 
sections are indicated by empty circles. The smooth curve is the 
function ij = 0.72 1113. 
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