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HIGH CHARGE STATE ION SOURCES
David J. Clark
Lawrence Berkeley Laboratory
1 Cyclotron Road, Berkeley, CA 94720, U.S.A.

1. Introduction

Sources of high charge state positive ions have uses in a variety of
research fields. For heavy ion particle accelerators higher charge state
particles give greater acceleration per gap and greater bending strength in
a magnet. Thus higher energies can ue obtained from circular accelerators
of a given size, and linear accelerators can be designed with higher energy
gain per length using higher charge state ions. In atomic physics the many
atomic transitions in highly charged ions supplies a wealth of spectroscopy
data. High -harge state jon beams are also used for charge exchange and
crossed beam experimants.

The production and use of highly chargeg ions has been discussed in a
number of conferences. These include conferences at Gatlinburg in 1971 (1]
and 1975 [2], the most recent EBIS Workshop at Saclay-Orsay in 1981 [3],a
conference in Stockholm in 1982 [4], and the most recent ECR source workshop
in Louvain-la-Neuve in 1983 [5].

2. Production of High Charge State Ions

To create multiply-charged ions we must supply the energy to remove
the electrons. It can be supplied by using bombarding electrons with
sufficient relative velocity, by photons or by high electric fields. For
the sources discussed here bombarding electrons are used. For high
production cross-section, the electron energy should be 2-3 times the
ionization potential.

The cross-section for ionization from one charge state to the next is
a function of the ionization potential and the electron bombarding
energy. It starts at zero at the ionization potential, reaches a maximum
at an electron energy of about three times the ionization potential, and
then falls with increasing electron energy.

The time evolution of the charge distribution can be calculated from
the cross-sections and the electron bcam density. The guantity
determining the charge state is jT, where j is the electron current
density and T is the ion confinement time. A calculation of the time
evolution of argon charge states is shown in Fig. 1. This calculation
does not include charge exchange with other ions or molecules, or
recombination with electrons. The jt required for various charge/mass
ratios of all atomic species is plotted ir Fig. 2. The right hand scale
of Fig. 2 is nt, where n is the plasma density. nr is a figure of merit
for confinement frequently used in fusion reactors. High charge state ion
sources _require high electron temperature and only moderate nt =
108-1012 c¢m3 ser, wnile_fusion reactors need high temperature ions
and a hign nt = 1019 cm3d sec.

The production of nigh charge c<tates by electron bombardment can be
accomplished either by the use of fast electrons on thermal velocity ions
in an ion source, or by using fast ions from a first accelerating stage
and passing them through a gas or foil stripper. This last method is
extensively used in two-stage heavy ion accelerators. The equivalence of
fast electrons or fast ions for producing high charge states was discussed
by Nagel [7]. For the case of slow ions in a plasma charge states were

calculated by the coronal model. [t is vaiid for low qensities, and
assumes collisional excitation (ionization) and radiative deexcitation
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(recombination), but no collisional deexcitation. The resulting
calculated average charge state is plotted versus temperature in Fig. 3.
Also shown are measured data of average charge states in foil and gas
targets. The reiation of temperature and energy scales was derived by
setting the average electron velocity in a plasma egual to the ion
velocity in a stripper. The coronal model charge states should agree with
those of a gas stripper, but Fig. 3 shows tnat tne gas stripper needs 4
times the energy to make the same charge states. With this correction ihe
two curves agree closely. Fig. 3 also illustrates the higher equilibrium
charge states from a solid than from a gas.

3. High Charge State lon Sources

There are several high charge state ion sources used to produce beams
in heavy ion accelerators and for atomic physics experiments. The
operating ranges of some of these are shown in Fig. 4 for the important
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parameters of electron energy and nt.
cyclotrons and linear accelerators is the PIG.

The usual source for heavy ion

Advanced sources sutn as

the ECR and EBIS give higher charge states because of their greater values
of Ee and nt, and are now installed in a number of laboratories.

A summary of the charge states available from a variety of ion
sources, plasmas, and stripped accelerator beams is shown in Fig. 5. The
highest charge states are produced by stripping of beams from high energy

accelerators such as the Bevalac.

These accelerators are of course an

expensive method to produce high charge states, and the challenge to the
ion source designer is to generate these high charge states with a much

Tess costly ion source.

duty factor.

3.1 PIG Sources

As shown on Fig. 5 the EBIS comes close to fully
stripped ions up to xenon. Although the ECR source has lower charge
states, it has the advantage of higher average beam intensity and 100

%

The traditional heavy ion source for cyclotrons and linear

accelerators is the PIG (Penning or Philips Ion Gauge).

The principles

and typical designs were reviewed by Bennett [9] and Green [10].
The principle of operation of the PIG source is illustrated in Fig.
6. In this arc heated cathode version of the PIG the cathodes start

cold. The arc is collimated by the surrounding magnetic field.

As the

arc current builds up the cathodes heat to give thermionic emission which

further increases the arc current.

time of the jon along a few cm from formation to extraction.
Arc currents are 1-15 amps for dc sources

fed in at the cathode or anode.

and higher for pulsed sources. Arc voltages are 300-2000 volts.

The confinement time is just the drift

Gas can be

The duty

factor is normally 20-100% for cyclotrons or linear accelerators, and .1%

for synchrotron injectors.

The lifetime between source changes is a few

haurs to a few days for high duty factor operation, and weeks for .1% duty

factor operation.

In same PIG sources one cathode is heated by electron bombardment from

a hot filament.
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thus arc impedanca. Sometimes both cathodes are cooled, and electrons are
supplied by secondary emission from ion bombardment of the cathode. These
run at lower arc current and higher voltage. Solid materials can be fed
into the source by an oven, or by placing them in the cathode or in a
bloc@ in the anode which can be biased negatively to allow sputtering by
arc ions,

The current available from a PIG source for several species of heavy
jons is shown in Table 1. The PIG source is normally used for charge
states up to N5*, Ar8* and ylO0*,

Table 1. Some typical beam intensities from several
high charge state heavy ion sources.

PIG ECR(MiniMAFICS) EBIS
Ion Q I(s~1) I(s-1) I{pulse-l)
N 2+ 1x1015
5+ 1x1013 2x1013 2x1010
7+ 2x1011 1019
Ar 3+ 2x1015
8+ 4x1012 2x1013 1010
12+ 2x1011 8x109
18+ 6x109
Norm. Emit. ep
(n mm mrad) .1-1 1-1 .1

PIG data for 15 hour average from BEX [11].

ECR data from Geller {12]

EBIS intensities are calculated as 1011/Q, and its repetition rate could
pe 1-103 Hgz, depending on confinement time required for the charge
state.

The development of PIG sources is continuing in many laboratories to
improve intensity, lifetime and the range of ion species. The charge
state distribution is not likely to change much because of the limits of
conf inement t.ime given by the drift time to the cathodes, and the electron
current density which is determined by cathode emission.

3.2. Duoplasmatron Sources.

The duoplasmatron was originally a source for protons, and was later
develiped fer high charge state heavy ions at the UNILAC heavy ion
accelerator at GS!, Darmstadt [13]. It was found that the output of
xe5*..11* was greatly increased by placing the position of the maximum
magnetic field at the anode aperture instead of between anode and
intermediate electrode. Also the anode shield was directly water cooled.
Reducing the diameter of the intermediate electrode aperture increased the
voltage, wnich gives higher charge states. Extraction was at 20-50 kV.
Solid materials can be fed into the source by an oven. The duoplasmatron
has longer life and better emittance than the PIG. However the PIG has
higher output of high charge states for the neaviest ions, and has a
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simple sputtering electrode system for solid material feed, so it is now
the standard source at GSI.

3.3 Electron Cyclotron Resonance (ECR) Sources

The ECR source contains a hot electron plasma, formed when the
electrons are accelerated by microwave power at the resonant cyclotron
freguency in the confining magnetic field, Fig. 7. Plasma of the desired
species is produced in the small first stage by feeding in gas and
microwave power. The pressure here is 10-3 torr, a typical value for
many ion sources. The charge state at this point is approximately the
same as in a PIG source: 2*-3* for heavy ions. An axial magnetic
field of several kilogauss guides the plasma to the second stage. Here
the stripping to high charge states is done by the energetic electrons of
up to 20 keV created by a second microwave resanance. The background
pressure in this second stage must be low, 10-6 10-7 tor:, to prevent
charge exchange by the nigh charge state ions that are created. For a
Jong confinement time of the ions againsi plasma instabilities, a
sextupole magnetic field is superimposed on the basic mirror configuration
of the second stage, in a minimum B configuration. The beam is extracted
from the source at 10-20 kV. The duty factor can be 100%, and life-time
is 1000's of hours, since there are no sputtered cathodes to replace. The
first ECR source producing beams of high intensity, high charge state ions
was the SuperMAFIOS source developed by Geller at Grenoble, using an older
plasma device [15]. It demonstrated that the ECR 'source could produce
higher charge states than the P1G. Its disadvantage was that it required
3 MW of magnet power.

The next ECR source to be built was the MicroMAFIOS at Grenoble, Fig.
7 [14]. It uses several simplifications to save cost. It is compact in
size, uses small bore room temperature solenoid magnets, samarium cobalt
permanent magnets for the sextupole and 10 GHz for both microwave
frequencies. The total power is about 100 kW, with 2 kW of rf power. Duty
factor is 100% . Its high charge state ion beam currents are similar to
nose of SuperMAFIOS. The spectrum of charge states of 180 from
MicroMAFIOS is shown in Fig. 8. The latest version of ECR source
developed by Geller is called MiniMAFIOS [12]. It is a simplified version
of MicroMAFIOS in which microwave power is fed only into the second stage,
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Fig. 7. The MicroMAFIOS ECR
source built at Grenoble [14]. "

Fig. 8. 180 spectrum obtained
from the MicroMAFIOS ECR source
with an analyzing magnet [14].
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with enough leakage into the first stage for plasma formation. The ion
output for several ion species is shown in Table 1. kacent tests have
demonstrated the production of many beams from solid materials introduced
by a probe into the plasma [16]. European laboratories at Grenoble,
Groningen and GANIL have ordered these compact sources for injection into
cyclotrons.

Other groups have ECR source projects. A group at Moscow has built a
simple source called HELIOS with a 12 c¢cm long plasma and magnetic mirror
field formed by permanent magnets [17]. Microwave power at 2.4 GHz is
only 100 watts. Beam is extracted radially by a "pusher" in the plasma at
+10 kV, eliminating the need to have the plasma chamber at high voltage.
The charge state distribution is similar to that of MicroMAFIOS. Groups
at Oak Ridge and Berkeley are building sources similar to MicroMAFIOS
[5]. A group at Osaka University has extracted high charge state jons
from a single stage ECR plasma [18]. This yroup has also demonstrated
heating of an ECR plasma by injection of fast electrons [19].

To penetrate the plasma, the microwave freguency has to be greater
than the cut-off freauency, which is proportional to the sguare root of
plasma density. This limits plasma density. To obtain higher density
several groups have designed superconducting magnets to reach high
magnetic field, corresponding to higher resonant microwave frequencies.
Tne Karlsruhe cyclotron group is now operating the HISKA source, wnich
uses superconducting mirror coils and a permanent magnet sextupoie {5].
The Louvain-ia~Neuve group is using the ECREVIS on the cyclotron injection
system for experiments [5]. It has superconducting solenoid and sextupole
coils. Its construction is shown in Fig. 9. A similar source is being
built at the Julich cyclotron laboratory, using higher microwave
frequencies of up to 28 GHz in the first stage and 18 .GHz in the second
stage (5].

Several groups have worked on the theory of high charge st:te
production in ECR plasmas, including Grenoble [20], Louvain-la-Neuve [21]
and Livermore [22]. Further theoretical and experimental work is needed
to understand the dependence of high charge state production on micrawave
frequency and source dimensions. Future work with the superconducting
sources will provide some of this important information.

3.4 Electron Beam lon Source (EBIS)

EBIS development is underway at several laboratories. The progress in
the field was summarized in a workshop at Saclay-Orsay in 1981 [3]. The

principle is illustrated in Fig. 10. An electron gun launches a small
diameter elestron beam down the axis of a magnetic solenoid about 1 m
long. The beam stops on the electron collector. The potential along the
axis is defined by a number of hollow cylindrical drift tubes. The ions
are contained radially in the electrostatic potential well of the election
beam, and axially by positive potential barriers on the end drift tubes as
shown in the potential distribution. During a short “injection" period,
the desired number of jons is accumulated in the well. Tien the potential
distribution is switched to the "ionization" mode, in which the first
barrier is moved downstream to prevent additional low charge state ions
from entering the potential well. The ions reach progressively higher
charge states as the contairment continues. When the average charge state
has reached the desired value, the potential distribution is switched to
the "extraction" mode. This applies a ramp voltage on the drift tubes,
accelerating the ions out of the source into the extractor. The system
thus uses a batch type process in which the intensity is determined by the
number of ions per pulse and the numher of pulses per second. For source
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parameters of 10 keV, 1 A electron beam and 1 m length, the number o ions
is 101l/q where q is the average charge state.

The charge state distribution from the Dubna KRION source is shown in
Fig. 11. lons with cnarge states up to ArlB*  Kr34* and xe%8* were
obtained. More recently xenon charge states up to Xed2* were seen,
using an electron beam of 20 keV and jt = 1.5x1022 cn-2 [25]. To
obtain higher electron beam densities some groups have designed external
high compression guns, using electrostatic and magnetic compression.

Other groups working on EBIS sources include the Saclay group which is
developing the CRYEBIS source to inject the Saturne synchrotron with the
lighter heavy ions [26]. The Orsay group is developing CRYEBIS 2,
designea for a 50 keV, 3.5 A electron beam in a superconducting solenoid
of 5T and 1.6 m lenath, with a high compression electron gun to produce
104 A cm2 [27]. The ion goals include Xe54* and U90* with 109
jons per second. The Orsay group is also developing electron beam
deceleration and laser vapgrization injection at the room temperature EBIS
calleg SILFEC I1l. The Frankfurt EBIS program has the goal of
understanding basic EBIS properties and testing new principles as well as
using the beam for atomic physics [28]. It uses a superconducting
solenoid of 1 m length at 5§ T and has produced ion beams. Areas of study
include the oscillating electron mede of operation and the time-of-flight
mode in which no containment is used. At Nagoya University the NICE-1
source is used for atomic physics [29]. It has_a superconducting magnet
of 2T field and 1 m length. Ions such as C6*,N7* and 08* have been
produced.

At Giessen a room temperature EBIS is in use for atomic physics [30].
It uses the time-of-flight mode with no axial containment, to give
continuous beams, and imakes charge states up to XelO0*_ Cornell has
built a room temperature EBIS using a distributed ion pump in the bore
{31]. It has produced carbon, nitrogen and oxygen ions and will be used
for atomic physics. At Berkeley a test room temperature EBIS was built to
understand the physics and some of the technical problems of this type of
source [32]. This program used a system of iron rings to define the
magnetic field precisely along the axis. High charge state ions were
obtained from the source.

The EBIS source is well suited to applications needing very high
charge states or where a low duty factor is adequate. The estimated
output of high charge states is listed in Table 1. The average current
will be determined by the repetition rate. If collapse of the electron
ELECTRON GUN IRON SHIELD

ELECTRON
7 “EGLLECTOR

GAS i ZEXTRACTOR

TIME-OF -FLIGHT
SPECTROME TER

EXTRACTION

INJECTION

Fig. 10. Schematic drawing of

Fig. 9. The ECREVIS

superconducting ECR source built
by the Louvain--la-Neuve cyclotron
group. (Courtesy Y. Jongen).

KRION ion source of the EBIS type,
developed at Dubna [23].
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beam due to space charge neutralization can be obtained, then shorter
fonization time, higher repetition rate and higher sverage currents are
possible. Some evidence of this collaps: was reported by Orsay in 1979
[33]). The maximum charge state is limited only by the electron beam
energy. U92* could be made with an electron energy of over 130 kV. The
physics of the EBIS source was summarized by vella [34].

3.5 Short Pulse Sources

There are several types of fast discharge devices which produce highly
charged ions, but which are not usually equippad with extraction systems
to form beams. These include the tracitional sources uc2d for atomic
spectroscopy such as the vacuum arc and exploding wire. More recently
high power laser beams hitting targets have formed high temperature
plasmas which generate highly charged ions. These plasmas can have plasma
temperatures of several keV to several hundred keV. Also fusion
experiments such as Tokamaks have high temperature plasmas which can
ionize vaporized chamber wall atoms to high charye states. These high
charge state sources were reviewed rccently [35], [36]. Charge states

produced are shown on Fig. 5. These short pulse length high power
discharges are not suitable for many ion beam applications because of
their low duty factor and their high instantaneous beam current handling
reoujrements, but in a few cases beams have been formed, and higher duty
factor may be possible with future development. We review briefly the
devices and their resulting charge states.

The vacuum arc has been used for many years by atomic spectroscopists
as a source of spectral lines of a multitude of ion charge states. The
apparatus used at the Naval Research Laboratory is shown in Fig. 12. A
short trigger pulse causes a 15 uF, 14 kV capacitor to discharge with 100
kA peak current across tne cathode-anode gap in a few inicroseconds. The
source of X-rays is shown to be as small as .015 mm diameter. Charge
states up to Arl5*, Fe25* and Mo%0* have been observed in vacuum
arcs.

Another type of short pulse source used for spectroscopy is the
exploding wire, which evolved from the vacuum arc. An experiment of this
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type is shown in Fig. 13. Here a capacitor is discharged through thin
wires or ribbons (.0l-.1lmm) stretched across the gap of a vacuum diode.
the wire vaporizes and a 50 kJ high current plasma discharge pinches down
to a size of <.03 to .08 mm, with pulse lengths of 80 nsec. High charge
states up to Fe25*, Mo33*, W6* and Au5S}* have been identified by
their spectral lines in exploding wire discharges.

A high power laser beam hitting a solid material produces a high
density energetic plasma where high charge states are created. In recent
years higher powers have been developed for fusion and military

applications. This field was reviewed by Tonon [39]. Several groups have
extracted high charge state ions and formed beams for experiments. An
example is the use of a CO» laser at Oak Ridge for atomic physics
experiments, Fig. 14., A 3J laser can be focused on a target with a power
density of 3x10i0 W/emd. Low energy carbon and oxygen ions of 10-700
eV/amu are available at charge states up to C6% and 07*. At higher

power density, higher charge states are produced, since plasma temperature
increases. Fig. 15 shows the range of cobalt charge state up to Co23*

and the correlation of energy with charge state for a laser flux of 1013
Wicme. Charge states as high as Fe23* and W55* have been reported

by the Lebedev Institute using a M glass laser at a power of 5x1014
W/cm. More recently Los Alamos has used a 700 J/beam €02 laser to

give power densities of 1016 W/cme, producing hot electrons of 200 keV
temperature [41]. Even higher charge states are expected in this case.

3.6 Charge Increase by Stripping

As we mentioned in Section 2., highly charged ions ¢=n be produced
either by bombarding slow ions by fast electrons in a source, or by
passing fast ions through a stripper material. The phonomenon of fast ion
stripping has been investigated extensively for its intrinsic atomic
physics interest and its use in the field of beam foil spectroscory.
Studies also provide vital practical data on beam attenuation in
accelerators and charge increase in two stage accelerating systems. The
field has been reviewed by Betz [42].
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Fig. 14. Laser ion source and
atomic physics apparatus used at
Oak Ridge National Laboratory [40].
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With each successive increase in energy of heavy ion accelerators, the
charge states available from stripping their beams have increased. The
recent upgrade of the Berkeley Bevalac heavy ion linear
accelerator-synchroton sytem has made possible the acceleration of all
elements up to uranium to energies that produce fully stripped ions in a
stripper, Fig. 5. In Fig. 16 are shown the charge state distributions of
Bevalac uranium beams from several solid strippe-s. Fully stripped
uranium, U92*  is seen in all the distributions.

Ouring studies of ion-beam fusion the question has arisen of the
effectiveness of a plasina for stripping and stopping an ion beam, Higher
energy plasmas increase the charge state of a projectile, causing shorter
stopping range. Calculations of this effect have been done at the
Weizmann Institute and some results are shown in Fig. 17. The reason
given for the high affective Z in the highly ionized targets is the lower
cross-section for re-combination with free electrons. The calculation
indicates that a plasma stripper would he even more effective than a solig
for ions in the energy range of <1 MeV/amu.

3.7 Recoil Ions

The final meinct of high charge state ion production to be discussed
is that of recoil target ions prcduced by fast ion beams hitting a
target. In this case the recoil ions are rormally of lower charge state

than that of the incoming beam, but they have the virtue of naving low
velocities so that they can be used for low energy atomic physics
experiments. An example of this t{pe of experiment is shown in Fig. 18.
Here a 19 MeV F4* beam produces Arl...10% recoils, which are

accelerated with a voltage of 200-700 volts, and u<ed for electron capture
measurements on gas targets. In another experiment at GSI a heam of 1.4
Mey/amu U44* jons produces recoil atoms on a gas target with charge

states up to NeB*, Arl0*) krl2* and xel8* [46].

4. (Conclusions

We have seen that the ECR and EBIS high charge state ion sources are
finding widespread use in accelerator and atomic physics applications. We
can look rorward to continued development of these sources in the areas of
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energies in three solid stripper
materials at Berkeley Bevalac [43].
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W/cm? laser flux at the Moscow
Engineering Physics Institute {39].
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higher frequency ECR sources, and higher charge state and repetition rate
in EBIS sources. Higher power lasers will make higher charge states
available. The production of ions by stripping has reached fully stripped
uranium, and a plasma stripper has potential for more afficient stripping
at low energies. The use of slow recoil atoms from targets has become

important recently in atomic physics.
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