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Vacuum-Spark Metal lon Source
Based on a Modified Marx Generator

André Anders,Member, IEEE lan G. Brown,Fellow, IEEE Robert A. MacGill, and Michael R. Dickinson

Abstract—The plasma-generating parts of ion sources including
their power supplies are usually floated to high potential (ion
extraction voltage), thus requiring great insulation efforts and
causing high costs for high-energy ion beams. A new concept for
pulsed ion sources is presented in which a single power supply
is used to simultaneously produce the plasma and high extractor
voltage via a modified Marx generator. Proof-of-principle exper- =
?ments have been perf_ormed with hi_gh-current spark disc_harg_es Fig. 1. Schematic of a four-stage Marx generatBy;: charging resistor,
in vacuum where m”'“P'Y charged ions are Pfo‘?uced W't,h th.'s R: stage-separating resisto€s;: capacitors,S;: switches (spark gapshout:
Marx-generator-based ion source (“Magis”). Using “Magis,” it output voltage;Ry: load.
has been demonstrated that pulsed ion beams of very high
energies can be obtained with relatively low voltage. For copper,
ions of charge states up to # have been found whose energy was obtain high ion energy at relatively low extraction voltage.

112 keV for a charging voltage of only 10 kV. The pulsed system serving for both plasma production and ion
Index Terms—on-charge state distribution, ion sources, Marx extraction is well suited to obtain a high-energy density in the
generator, metal ion beams, plasma generation. plasma, resulting in multiply charged ions. As an example,

we investigated repetitively pulsed, high-current discharges
between metal electrodes in vacuum (vacuum sparks). High
) } . ] charge states have been observed spectroscopically in vacuum
T HE production of ion beams is generally done in tW@parks, At very high currents (greater than 100 kA) and
steps: 1) the material of interest is ionized so that @scharge energies (greater than 3 kJ), extremely high charge
plasma is formed containing ions, free electrons, and neutralgyes such as H-like and He-like Ti and Fe have been observed
and 2) the ions are extracted from the plasma, commonly«hot spots” (see, for instance, [2]-[4]). These hot spots have
by using a three-grid system of the accel-decel type [Yjifetime in the subnanosecond range, and there is no hope to
Examples for step 1) are Penning, dc magnetron, hot cathQdgract these extremely charged ions to form an ion beam.
filament, or RF gas discharges, or arc discharges in vacuufyeajistic goal, however, is to extract ions whose charge
Step 2) requires that the plasma potential is much higher thgiye s significantly higher than what is usually obtained in
the potential of the beam and substrate, allowing the i0fgstal vapor vacuum arc (Mevva) ion sources. This is important
to become accelerated by the potential difference (extract_|gg(:mse a gain in charge state leads to a proportionally higher

voltage). Therefore, the plasma-generating parts of an iy energy for a given extraction voltage.
source including their power supplies are floated to high

positive potential (or negative potential for negative ions). I
lon sources consequently have at least two power supplies:

one at elevated potential producing the plasma, and a second
which shifts the potential of the first supply together with the A Marx generator is a voltage-multiplying scheme proposed
extractor system. Insulation requirements for high ion energidgcades ago [5]. The idea is to charge capacif@rgi =
(hundreds of kiloelectronvolts or higher) imply substantial:2:---, V) for a voltageU, and switch them in series to
difficulties and costs. In this paper, we report on the concepfptain a high voltage

I. INTRODUCTION

. CONCEPT OF AMARX-GENERATORBASED
ION SOURCE (“M AGIS")

and proof-of-principle experiments showing that a single, U — NU. @
nonfloating power supply can be used to produce a plasma max °
at elevated potential. Equation (1) neglects losses; the numbgrin practice, should

Another basic idea presented in this paper is to increaset exceed 10 [6]. We describe the standard Marx generator
the ion charge state in the plasma prior to extraction {€ig. 1) in more detail because it helps in understanding the
modified scheme of the ion source.
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Fig. 2. Principal electrical scheme of “Magis.” The pulse-forming network is symbolically represented by a lumped c&pagitorL: inductive resistor
(coil); the other notation is as in Fig. 1.

the counting index; = 1,2,---,N — 1. For high-voltage of the Marx generator. The plasma potential is related to the

applications, as in our case, spark gaps are commonly usegatential of the electrodes; because they have approximately

switches. Switcts is triggered or set to break down first. Thehe potential, and4U,, the plasma potential is in between

ground ofC; shifts to the potential/, and its high potential these values. Its actual value depends on the plasma and

side to2U,, causing an overpotential @/, at spark gags,. the discharge circuit. Ideally, the PFN is terminated with an

Consequently S, breaks down, shifting the ground potentialmpedance-matching resistor, thus avoiding undesired oscil-

of C3 to 2U, and its high potential side t8U,, etc. lations of the discharge current and the associated plasma
A novel Marx-generator-like scheme has been employed potential.

generate a discharge plasma at elevated potential, thus allow-

ing simultaneous plasma production and ion extraction. The [ll. PROOF-OFPRINCIPLE EXPERIMENTS

principle of this Marx-generator-based ion source, “Magis,” is 5 “Magis” has been built following the principles described

explaingd for the case where four Marx generator stages abbve. The plasma was produced by a pulsed high-current
used (Fig. 2). discharge in vacuum. The vacuum discharge was driven by

The two stages near the ground potential are exclusivelifher 4 simple high-voltage capacitor or by a six-stage PFN

used to shift the potential of the plasma2ly, above ground. .-qe from lumped elements (high-voltage capacitors and

The main function of the other two stages is to charge t'?r?ductors); in both cases, the charging was done by a Marx-

capacitors of the pulse-forming network (PFN). The PFNenerator-like scheme as shown in Fig. 2. Another experiment
represents the energy source for the discharge plasma. It fap, preparation using a low-impedance high-voltage cable as
consist of discretd.C stages or a coaxial cable, strip line, eGhe PEN. The maximum charging voltage Wa&s= 15 kV. In

The operation of "Magis” starts with the charging of ally - hreliminary tests, we sacrificed the matching termination
capacitors via a charging resistétt.. The spark gaps are ety 1o pEN in order to obtain high currents at relatively high

in such a way that gap 2 breaks down first, causing all oth@ineqance and relatively low voltage. The first tests were
spark gaps to trigger. After the breakdown of spark gaps 3 apflje with a simple capacitor as the “PFN.” This capacitor
4, the energy stored if; and Cy is transferred to the PEN ¢ e anz,c circuit with the inductance of the electrodes and
via the inductive load.. The voltage at the PFN is given byyneir connecting cables. This has the advantage that a high-
(neglecting ohmic losses) peak current can easily be achieved. The discharge current
)} @ oscillates with a damping depending on the ohmic resistance

of the circuit including the discharge plasma. A disadvantage

is that the potential of the electrodes in the discharge chamber
where C), is the series capacitance of the Marx capacitoeso oscillates, i.e., the extractor voltage is time dependent in
used for charging the PFN}. = (Cppn-Chr)/(Cren+Cay),  this case [Fig. 3(a)]. This can be avoided by using a PFN with

and L. is the inductance of the circuit. The charging of thenatched termination.

PFN is terminated when a discharge starts in the discharged high-discharge current in vacuum (vacuum spark) pro-
chamber (the discharge is a vacuum spark in our case). duces a great amount of plasma. Although the dense plasma
Another function of the last two stages is to boost the plasreapands during its flight from the electrode region to the
potential beyond thel/, coming from the first two stagesextractor grid system, its density at the grid was found to

UPFN(t) =U, & |:1 — Cos <

* Cy + Crpx L.C.
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obtained at about ~ 10'" m™ (I = 100 A andr ~ 0.1
m); see [8], [9]. Optimum extraction for a vacuum spark ion

voltage source is reached at~ \/vI/n ~ 1 m for I = 10 kA. (At
_’,//\’"‘ : this very large distance, all cathode spots appear as one plasma
! emission center; thus, (3) can be used for the purpose of this
’ 9?& 12 estimate.) The diameter of the ion beam should be of the same
| f\ ’ current |- order of magnitude (i.e., 1 m) to utilize a reasonable fraction
3 % '/ J \v/f\v/”\vf\vf\wn 3 of the amount of plasma available. A vacuum spark ion source

is therefore inherently a very broad beam ion source. Going to
smaller distances and diameters implies not only less efficient
utilization of the plasma, but creates breakdown problems
: at the extractor and makes extraction impossible: the dense
l \ plasma “flows” through the beamlet holes of the extractor and

] r shorts them. Since we are interested only in proof-of-principle
10 ps/div o experiments, we have artificially reduced the plasma density
@ by inserting two stainless steel meshes in the expansion zone
between the electrodes and the extractor (total transparency

about 0.1). An additional useful “trick” is to place a fine metal

I TOF spectrum

s

: mesh onto the first extractor grid, thus defining and stabilizing
1wmwge the plasma boundary [10]. This is particularly useful because
i the plasma density at the extractor is not constant in our
experiment.
zgﬁf}iwmw 1,2 A typical result of our proof-of-principle experiments with
P, 1 copper electrodes is shown in Fig. 3(a) and (b). Channel 1
’ o ] bealbit sl 3 shows the potential measured at the electrode which is con-
' T ' nected to the first (plasma facing) extractor grigegtractor
, alled” s, voltage). The noise at the first division indicates the breakdown
| J ’E} TOF spectrum of the spark gaps of the Marx generator and the beginning
M) . of the charging of the final capacitor. The potential increases
al Wmm(‘f\{x Fe' 4 until the vacuum spark gap breaks down. This is the beginning
ﬁ 10 pesdn t of the oscillating discharge current. The TOF gate is set

to investigate the plasma composition at a given time [the
b) maximum of the fifth half-cycle in the example of Fig. 3(a)

Fig. 3. (2) Overview of a single disch " ectrodes and (b)]. Fig. 3(b) shows that the first ions arrive 600 ns after
ig. 3. (a) Overview of a single discharge with copper electrodes in vacuugy, C .
1: extractor voltage (10 kV/div). 2: TOF gate potential (10 kV/div). 3:ﬁ)]e gate pU|Se at the TOF detector, which is a magnetlcally

discharge current (5 kA/div). 4: TOF signal (20 mV/div at 8ermination). Shielded Faraday cup, located 1.1 m downstream from the
The channel numbers 1-4 are shown on the left side for each curve, while ffigting plates. These first ions are hydrogen; they originate

numbers on the right side show the position of the ground potential for e . . .
channel. (b) Same discharge as shown in (a), but with higher time resolu?@gether with oxygen and carbon from the Lucite window

revealing the details of the TOF spectrum which is discussed in the text. TWhich was placed, at the time of these investigations, close
higher time resolution was obtained using the zoom function of the digiteh the vacuum discharge gap. The slowest ions are iron ions
storage oscilloscope TDS 744. which came from the plasma attenuator (SS meshes). Stainless
steel contains mainly Fe (about 68%), Cr (about 19%), and
be too high for optimum extraction. One way of overcomingickel (about 10%). The PFe line is likely to be slightly
this problem is to increase the distance between the dischapgeadened by these other elements of similar mass. The lines
electrodes (location of plasma production) and the extractr Cu’t and CU*+ are merged because they could not be
grids (location of ion extraction). A greater distance allowgesolved with the TOF spectrometer used. The maximum of
further plasma expansion until optimum extraction at the gritie observed line is located where the’®uons are to be
(perveance match condition) can be reached. It is educatioaapected, and the €t ions cause an asymmetric shape of
to do the following order-of-magnitude estimate. Let us a$he line.
sume that the plasma expansion law for low-current vacuumThe charging voltage in the example of Fig. 3 was 10 kV

arcs [7] and the extractor voltage was 16 kV at the time of extraction
I of the ions under investigation. Since the highest ion charge
n & 2—2 (3) state of copper wa%+, the energy of these ions was 112 kV.

The maximum total ion beam current was about 100 A,
can be extrapolated to high currenisif the plasma density measured by a large beamstop 0.5 m downstream of the
(m™3),v ~ 1013 A=L.m™1 I is the discharge current (A), extractor. This corresponds to a current density of about
andr is the distance from the cathode spot (m)]. It is knowh00 mA/cn?. However, as previously mentioned, the present
that optimum extraction for vacuum arc ion sources is typicalgystem was not designed for optimum plasma utilization, but
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as a proof-of principle experiment for the use of a modified3] C. R. Negus and N. J. Peacock, “Local regions of high-pressure plasma

Marx-generator and high-charge state generation. in a vacuum spark,J. Phys. D, Appl. Physvol. 12, pp. 91-111, 1979.
[4] J. J. Turechek and H.-J. Kunze, “Time-resolved spectroscopic observa-

tions of a high-temperature, high-density plasma in a vacuum spark,”
IV. OuTLOOK Phys. A vol. 273, pp. 111-120, 1975.

. [5], E. Marx, “Versuche ber die Piifung von Isolatoren mit Span-
It has been shown that a pulsed ion source can be operated nyngsssren,” Elektrotech. Z.vol. 45, pp. 652-654, 1924.

with a single power supply combined with a Marx-generator{6] W. Pfeiffer, Impulstechnik Miinchen: Carl Hanser Verlag, 1976.

; ; i ; ; ; [7] B. Juttner, “On the plasma density of metal vapor arc,’Phys. D,
like circuit; no floating power supplies are required. The Appl. Phys. vol. 18, pp. 22212231, 1985,

prlnqple can li?e applled t_O various pul_s_ec_j ion sources, but '[%] I. G. Brown, “Vacuum arc ion sourcesRev. Sci. Instrumvol. 65, pp.
particularly suited to an ion source utilizing vacuum sparks  3061-3081, 1994.

for plasma production. The number of Marx stages usefP] H. Shirashiand I. G. Brown, “Performance of a high-current metal vapor
for the extractor voltage versus the number used for plasma ng‘é“m arc ion source,Rev. Sci. Instrum.vol. 61, pp. 3775-3782,
production can be adapted to the specific kind of source and) E. oks, A. Anders, I. G. Brown, M. R. Dickinson, and R. A. MacGill,
energy range desired. The voltage can be scaled up to obtain “lon charge state distribution in high current vacuum arc plasma in a
ion beams of megaelectronvolt energy using voltages smaljey, Magnetic field1EEE Trans. Plasma Scivol. 24, pp. 1174-1183, 1996.
than 100 kV. Experiment ith external pulsed maanetic fiel , “Influence of a strong pulsed magnetic field on the charge state
e - EXp ’ ' SW xier puls gnetic Nelds * jstribution of ions in a vacuum arc plasma,” froc. 17th Int. Symp.
indicate that the ion charge states can be further enhanced bischarges and Elect. Insulation in Vacuus, Anders and A. Anders,
[10], [11]. Problems such as shot-to-shot reproducibility, elec- Eds., LBNL, Berkeley, CA, July 1996, pp. 137-140.

trode erosion and replacement, enhanced duty factor (pulse

repetition rate) and related power and cooling problems, and

. : Andre Anders (M'94), f hot h and bi hy, see this issue, p. 520.
long-term stability have to be addressed in the future. hdre Anders(M'94), for a photograph and biography, see this issue, p
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