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Summary 

A review is given of existing sources of highly 
charged heavy ions. The performance of the sources, 
predominantly of the P.I.G. type, are summarized and 
compared. Some mechanisms for the production of high 
charge states are described. There is a brief des- 
cription of new developments, particularly of devices 
using ion trapping. 

Introduction 

Tremendous interest is presently being centred on 
nuclear reactions with energetic heavy particles (up 
to uranium). Unfortunately, for ions heavier than 
about argon existing accelerators1 are unable to attain 
the energies of 8-10 MeV/nucleon necessary for these 
reactions because the ion sources do not produce ions 
sufficiently highly charged, A great many new pro- 
posals ( see, for example, Ref. 1) have been made to 
build larger accelerators. The majority of the pro- 
posed accelerators consist of separated sector cyclo- 
trons with large tandem Van de Graaffs as injectors. 
The Berkeley Hilac is being rebuilt,* the 310 cm Dubna 
cyclotron is to be enlarged,3 and a large lirar 
accelerator is to be constructed in Germany. These 
new machines use ion sources essentially unchanged 
from those developed initially nearly two decades ago. 

It is clear that there is a pressing need for an 
ion source which will produce the required charge 
states for use with existing accelerators. A charge 
(in electron units) to mass (in a.m.u.) ratio of about 
0.35 would allow most of the modern isochronous cyclo- 
trons to achieve 10 MeV/nucleon. The large Indiana 
separated sector cyclotron5 at present under construc- 
tion will not be able to reach this energy for the 
heavier ions but could do so if ions of charge-to-mass 
ratio of 0.2 were available. New sources might well 
be expensive to develop but could in the end be a more 
economical solution than building large accelerators. 
An alternative is to develop new accelerators not 
requiring highly charged ions such as the electron 
ring accelerator. 6 Another solution could be the 
superconducting linear accelerator which is expected7 
to be relatively inexpensive even with existing ion 
sources. 

It is the purpose of this paper to review and 
summarize the performance of existing multiply charged 
heavy ion sources and to indicate some of the new 
developments . 

Ionization Mechanisms 

There are many ways in which atoms can be ionized, 
but the two of most importance to be considered here 
are electron collisions and stripping. 

Stripping 

If an energetic ion is passed through a small 
quantity of matter, electrons will be stripped off, the 
number depending on the velocity, the atomic number, 
and the stripping medium. Figure 1 (taken from Ref. 1) 
shows the values, calculated from an empirical formula,8 
of the average equilibrium charge state of an ion beam 

%n leave of absence from the Rutherford High Energy 
Laboratory, Chilton, Berks., England. 

after passing through a solid stripper as a function of 
the energy. 

A number of accelerators, mainly heavy ion linacs 
and tandem Van de Graaffs, use stripping during the 
acceleration to increase the charge state. Hortig has 
proposed a charge exchange accelerator9 using the strip- 
ping technique in a novel way. An ion source consisting 
of a large sepyr$ted sector cyclotron has been suggest- 
ed by Jenkins. Ions are accelerated stochastically 
in a poor vacuum to obtain “continuous” stripping. 

Ionization by Electron Collision 

Multiple ionization may occur at a single colli- 
sion or as a result of repeated collisions producing 
successively higher states of ionization as one electron 
is removed at a time. The single collision process11 
occurs when a high energy electron removes or excites 
an inner shell electron causing Auger transitions and 
shake-off of several electrons. Cross sections have 
been measured by Schram et al;l*,13 the values de- 
crease rapidly with the charge state. For example, the 
cross section for the formation of AT+ (see Fig. 2) is 
between 5 and 6 orders of magnitu e low r than that for 
A+ . However, the cross sections d,15,1% for removal of 
only one electron at a time from an ion decrease rela- 
tively slowly as the charge state increases. High 
electron energies of several thousand volts give opti- 
mum cross sections for the 
but lower energies15)16 

single collision process, 
may be used in stepwise ioni- 

zat ions. 

Ionization Devices 
. 

The requirements of any device which is to produce 
reasonable quantities of highly charged ions are a high 
rate of ionization and a slow loss of ions due to re- 
combination relative to the rate at which ions leave 
the ionizing region. If multiple ionization in single 
collisions is the only process, it is bound to result 
in small fractional currents of highly charged ions 
since the ratio of the fractions in each charge state 
varies as the ratio of the cross sections. H wever, 
device known as E&no17 is being investigated18 

a 
in which 

multiply charged ions are expected to be produced by 
the single collision Postma has estimated 
that 20 @/cm2 of Xe g[focess * should be obtained from Elmo. 

With stepwise ionization it is essential for the 
ions to remain in the ionizing region for a long enough 
time to be repeatedly ionized. The prcduct of the con- 
tainment time and the ionizing electron flux is an 
important factor in determining the charge state that 
can be attained. Figure 3 shows the containment time 
calculated to achieve a mean charge state zeff for an 
electron flux of 6 x 10 a /cm*, for a device known as 
the HIP C source ,a Note the long time (N 6 s. ) to 
reach 4 C+ even with an electron current flux of nearly 
100 A/cm*. Other devices using the principle of step- 
wise ionization and containment have been suggested by 
Stix,*l Trivelpiece,22 and Williams.23 In Dubna ork 
is proceeding on the electron beam source, EBIS. 21 Both 
EBIS and the HIPAC are discussed in a later section. 

One of the newest fields of possible ion source 
develo ment is with very high current pulsed electron 
beams. Ii 5 In this case both acceleration and production 
of multiply charged heavy ions is achieved. The mech- 
anism for production of the ions and their acceleration 
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is not fully understood and it is too early to forecast 
how these devices may develop. 

Up to now ar discharges working on the Penning 
Ionization Gauge& (P.I.G.) principle have been the 
basis of nearly all the multiply charged heavy ion 
sources. It has also been shown that the duoplasma- 
tron27 type of arc can provide multiply charged ions. 
The intense current spark discharge is well known from 
spectroscopic observations28> 29 to contain extremely 
high charge state ions. However, relatively few of 
these sources have been made. 

Various plasmas used in fusion research have been 
found to contain highly charged ions; they have not 
been developed as ion sources. The irradiation of 
matter by very high intensity pulsed laser beams pro- 
duces dense plasmas of highly ionized material and work 
is proceeding in their development into a practical ion 
source. 

P.I.G. Ion Sources 

Source Characteristics 

Basically the P.I.G. source consists of two cath- 
odes placed at the ends of a cylindrical hollow anode. 
Electrons oscillating between the cathodes are con- 
strained from moving radially to the anode by a magnetic 
field of several thousand gauss aligned along the axis 
of the anode. In this way the electrons have a long 
path to the anode thereby increasing the chance of ioni- 
zation. A plasma is formed filling the anode chamber, 
Of course this is a very much simplified view of the 
complex and by no means fully understood processes 30 
that occur in the P.I.G. discharge. 

The production of multiply charged ions is con- 
sidered to be predominantly by the stepwise mechanism. 
This is inferredjl by the build up of the higher charge 
states with time and by the distribution of the currents 
among the various charge states which does not follow 
the values of the cross section for one step multiple 
ionization. 

Ions may be obtained from the discharge through an 
aperture in either the anode (side extraction) or one 
of the cathodes (end extraction). The ion current that 
can be extracted varies with the aperture area j2 and 
the arc current.j3 Ion current densities of up to 
0.5 A/cm2 per ampere of arc current can be expected with 
end extraction and 0.05 - 0.1 A/cm2 per ampere of arc 
current with side extraction. 

There are several variations of the P.I.G. source. 
Some have hot cathodes emitting electrons thermionically 
whilst others have cold cathodes where electrons are 
produced only by secondary emission. The hot cathodes 
may be directly heated (filament), indirectly heated, 
or self-heated by the discharge, Another type of source 
frequently used in cyclotrons because of convenience 
has one cathode electrically isolated (floating cathode 
or anticathode). In this case the other cathode must 
be hot; otherwise, the discharge will not strike. 

The floating cathode design is not always reliable 
for the production of multiply charged ions because of 
the uncertaint 
lated cathode. 3 

qof the potential attained by the iso- 
The highly charged components of the 

ion beam begin to fall off rapidly if the potential of 
the floating cathode departs by more than a few volts 
from the potential of the other cathode. By careful 
adjustment of the arc conditions it is possible to make 
the potentials of the two cathodes the same, but the 
condition is not always stable. 

There are three basic parameters of the arc: the 
arc voltage, the arc current, and the gas flow. The 
magnetic field is relatively unimportant, The arc 
parameters can be independently varied with directly 
or indirectly heated cathode sources at power levels 
where self-heating is not predominant. With cold and 
self-heated cathode sources the only independent para- 
meters are the arc voltage (or current) and the gas 
pressure. However, the arc characteristics33735 are 
quite different (see Figs, 4 and 5), the impedance being 
positive for the cold cathode and negative for the hot 
cathode source. 

Pigarov and Morozov31 have studied the variation 
in the yield of the charge states for a number of gases 
in an indirectly heated cathode source. Independent 
control of the arc parameters was achieved even at high 
arc powers by pulsing the discharge. The general con- 
clusion, of the work is that a high arc current and 
voltage and a low gas pressure favours the production 
of high charge state ions. This result is found for 
all types of hot cathode sources. With cold cathode 
sources the yield36 of highly charged ions increases 
with power until an optimum is reached at an arc cur- 
rent of several amps. 

One of the most critical parameters of hot and 
cold cathode sources is the as pressure (Fig. 6). To 
obtain the maximum yield33J 3 ~37 of highly charged ions 5 
the gas flow must be adjusted to a minimum value at 
which the discharge almost extinguishes. 

With hot cathode sources it would appear advanta- 
geous to increase the arc power further. This would 
also allow the arc to run at lower gas pressures. How- 
ever, cathode erosion may be a limiting factor. With 
heavy ions a 
is sputtered3 !4 

onsiderable quantity of cathode material 
into the discharge and can be a major 

contributor to the gas pressure .37 The arc voltage and 
yield of high charge states then decreases. This prob- 
lem is obviously not going to improve as the arc power 
is raised. 

The lifetime of the cathodes is governed by ero- 
sion, sometimes to ten hours or less depending on the 
discharge conditions. Furthermore, the sputtered 
material deposits on the anode where it can sometimes 
build up and either short circuit the arc or constrict 
the discharge so that the plasma moves away from an 
extraction aperture in the anode thereby reducing the 
ion output. 

Performance 

Table I lists the performance of a number of P.I.G. 
sources operated with nitrogen, neon, argon, krypton, 
and xenon gases. Other types of sources are shown in 
the same table for comparison. Many of the sources 
have pulsed discharges and in these cases the pulse 
values of the parameters are listed. Note that the 
percentages of electric ion currents, not particle 
currents, are given. Where data is inadequate to cal- 
culate the percentages of current in the various 
charge states, the absolute value of the measured 
currents are given in parentheses. The table has been 
compiled from the literature and adapted to fit the form 
of presentation used here. The data is of bench tests 
of the sources. The best results producing the maximum 
fraction of ion current in the high charge states have 
been selected. 

The first reference to P.I.G. sources used for 
multiply charged heavy ions is that of Jones and 
Zucker39 who developed two sources for nitrogen ions. 
The resolution of the spectra of the charge states is 
poor and some doubt must arise as to the accuracy of 
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the results. Two years later Anderson and Ehlers35 
reported on the development of a cold cathode pulsed 
P. I.G. source (Fig, 7) for the Berkeley and Yale Hilacs. 
Development has been continued by Gavin. Following 
soon after, Morozov, Makov and Ioffe 40 published an 
account of a source using an indirectly heated cathode. 
The source, shown in Fig, 8, has both cathodes con- 
nected electrically and the top cathode is heated 
by electrons accelerated to it from a hot filament. 
Thus the discharge can strike at a low arc voltage. At 
high arc powers where the cathodes are self-heated by 
the discharge, the indirect heating may be turned off. 
An unusual feature of the source is the square sec- 
tioned anode chamber. The Morozov design has been 
developed into a powerful source with the heavier ele- 
ments and used very successfully with the 310 cm Dubna 
cyclotron. 

From the table it can be seen that there is quite 
a spread in the performance of the different P.I.G. 
sources. However, it is possible to make some general 
observations on the production of the high charge 
state ions. 

a) Side extraction is vastly super’or to end 
extraction. Although Mineev and Kovpik, $1 using plasma 
expansion in extraction of the ions, report quite good 
fractions of multiply charged ions, the spectrum shown 
in their publication indicates a very large current of 
molecular nitrogen ions. These ions are usually almost 
totally absent with side extraction pources and even 
with Bennett’s end extraction source c2 less than 1% 
was found. 

b) The pulsed cold cathode sources are superior 
to the hot cathode sources for the heavier elements 
(above argon). The reason for this is not clear btlt 
may be due to the higher arc voltages employed with 
cold cathode sources, However, hot cathode sources 
can also operate at high voltages, but Pasyuk et al 37 
find the higher voltages less favorable. Since the 
discharge current in the cold cathode source is much 
lower than that of the hot cathode sources the total 
ion current per unit area of extraction aperture is 
down in value by a large factor (as much as 10 in some 
cases). Making a large aperture in the source can com- 
pensate for this if the gas flow is not excessive. In 
the tables the actual currents of Krlot and Xe12+ ob- 
tained from the sources of Pasyuk37 and Gavin43 are 
shown in brackets. (The extraction area of Pasyuk’s 
source was a little smaller than that of Gavin’s. ) 

~~~t;~s~~~l@ 
the pulsed cold cathode source of 
shown in Table I cannot be compared 

with other sources since the method of measurement does 
not necessarily reflect the true fractions of ion 
currents produced in the source.) 

c) Pulsing the discharge to obtain higher instan- 
taneous arc powers is advantageous. A direct compari- 
son of pulsed and continuous operation at the same mean 
curre 

P 
t can be made with the results quoted by Papineau 

et al 5 shown in Table I. The mean output of the total 
ion beam was about the same in both cases. The self- 
heated cathode source 46 (Fig. 9) of Bennett performs 
well under continuous operation with the lighter ions 
but for argon and heavier elements is inferior to the 
pulsed sources. This is due to the inability to oper- 
ate the arc at high voltages and currents even at the 
minimum gas flow. As explained previously, this could 
be the result of cathode material contributing to the 
gas pressure in the arc. 

It is possible to produce multiply charged ions of 
any element. Gases are easily introduced into the 
source but solid materials are a little more difficult. 
It may be achieved by vaporizing the solid in a furnace 

or by sputtering the material with ions accelerated 
from the discharge, Alternately, a gaseous or volatile 
compound of the so id such as a fluoride may be used. 
Pasyuk et ,137, 7~ 4 b‘@ h ave investigated a number of 
materials in P.I.G. sources and have obtained large 
currents of highly charged ions. With tungsten, ions 
up to WIOt have been obtained; using WF6 v&pour W12+ 
ions were produced. Gavin5O has also produced multiply 
charged 
Bennett4i 

ons of solid materials using sputtering. 
has placed the solid in the discharge chamber 

where it is directly heated by the discharge. This 
method has been found satisfactory for a wide range of 
substances from lithium to uranium. Ions of TalO+ and 
~11~ have been observed.51 

Duoplasmatron Ion Sources 

The duoplasmatron source, developed by von 
Ardenne, *7 forms a hot cathode arc, with an inter- 
mediate electrode to both constrict the discharge and 
create an inhomogeneous magnetic field which concen- 
trates the plasma near the extraction aperture in the 
anode. Very high ion current densities of up to 
several amperes per square centimeter of the aperture 
area per ampere of arc current are obtainable. The 
sources are frequently used in accelerators for the 
production of protons and singly charged ions. 

However, it was not until quite recently that the 
source was developed for multiply charged ions, 
although as long ago as 1956 von Ardennep7 describes 
a source producing N3’ and N 4+ ions. Breams et a1,52 
using a standard commercial duoplasmatron source, 
found that at low gas pressures multiply charged ions 
of argon, krypton and xenon, but not helium and neon, 
were produced. 

Extensive development of the duoplasmatron for 
multiply charged ions has been carried out by Illgen 53 
at Heidelberg for a heavy ion linear accelerator. The 
source geometry was found to be very important ic ob- 
taining the maximum yield of highly charged ions. 

The data, shown in the table, indicates that the 
duoplasmatron is inferior to the P.I.G. source in the 
production of the higher charge states although the 
mean charge is quite high. 

Spark Sources 

Few sources of this type have been constructed for 
accelerators. Bolotin et a154 describes a source for 
a linear accelerator. The discharge takes place in an 
aluminium nitride chamber, ions of this material being 
formed. About 30% of the 15 mA total current was 
nitrogen ions. 

The short pulsed nature of the discharge is an 
obvious disadvantage. Plyutto et al55 describes a 
source employing multiple spark gaps fired in succession 
to increase the effective pulse le gth. 
of C5+, I& and 06+ as well as Cull+ and Es!?: ~~~~“~~~ 
reported. 

More recently Zwally5’757 has analyzed the beam 
f om a spar 

E i: 
source (2 ps duration). Ions such as 

C ’ and Cu 1 + (or probably even higher charge states) 
were obtained with an energy spread corresponding to 
the 10 kV applied across the electrodes. 

“Burnout” 

The O.R.N.L. Mode II Hot-Electron Plasma known as 
Burnout,58 (Fig. 10) bears some similarities to a P.I.G. 
discharge. An electron beam of 0.5A from a hot cathode 
is fired into the cylindrical anode and a discharge set 



up as the electrons oscillate between the c thode and 
a reflector. & The gas pressure is about 10’ Torr. 
Two coils form a magnetic mirror field to contain the 
plasma . In this type of discharge a very hot electron 
plasma is formed with densities of about 1011 cm-3 and 
temperatures of tens of kilovolts. 

The device was placed in the magnetic field of an 
180’ magnetic spectrometer arran ement and the charge 
state distribution was analyzed. 59 The resolution was 
poor and the results (for argon and krypton) should be 
treated with caution. However, the device does show 
considerable promise, 

Laser Ion Sources 

Peacock and Pease 60 have suggested the use of a 
powerful pulsed laser to produce highly ionized parti- 
cles. By using magnetic confinement of the ions the 
very short bursts could be turne 

8 
into pulses up to 

about 1 ms long. A yield of lo1 ions/s with charge 
states between 10 and 20 is expected. 

Faure et al61 have recently extracted and analyzed 
highly ionized beams of aluninium and iron, produced 
in a laser beam of 2 X lOl* cm2 intensity of 30 ns 
duration. Ion fluxes of v 101 ions/cm2s of Al+ and 
101* ions/cm*s of Alll+ were obtai ed. It is redicted 
that 

J 
ith a laser intensity of 10 1&/cm2, A113’, Fe24+ 

and Ot could be obtained. 

Ion Containment Sources 

An intense magneticall focused electron beam is 
being used by Donets et a129 to produce highly charged 
ions in an ultrahigh vacuum (Fig. 11). The positive 
ions are trapped in the space charge of the beam and 
become highly charged as they are repeatedly ionized. 
Electrodes at a positive potential at the ends of the 
ionization chamber prevent ion loss along the electron 
beam. The device (EBIS) i 
give 2 X lo13 ions/s of U2 ’ f; 

hoped to be developed to 
for use in the large 

cyclotron3 being built in Dubna. The device is 
necessarily of a pulsed nature since after a certain 
interval of time the electron beam will become neutral- 
ized by the positive ions and will no longer act as a 
trap. 

Up to now in a vacuum pressure of only 2 X 10 -8 

Torr and with a product of electr n beam flux and stor- 
age time of 2 X lo17 cms2, C 5’, St and 07+ ions have 
been observed. When go 
the apparatus, about 10 R 

d particles were in ‘ected into 
- 10g ions/s of Au 9+ were li 

obtained. 

Another device which showed great promise but on 
which work has ceased is the HIPAC source 20 (Fig. 12). 
An electron cloud is contained by a toroidal magnetic 
field and traps ions in the electrostatic potential 
well. The electrons of about 10 keV energy rotate per- 
pendicularly to the magnetic field, Vacuum pressures 
of about 10-l’ Torr are required for cant inment times 
of several seconds necessary to produce $ O+ with an 
electron f 8; of about 6 x 1020 electrons/cm2s. The 
yield of d ions is estimated to be over 1011 ions/s, 
Extraction of the ions is achieved by allowing them to 
leak out of a small negatively biased aperture in the 
chamber wall as the magnetic field is reduced. By 

Conclusions 

P.I.G. sources have been, and still are the main 
providers of highly charged heavy ions for accelerators, 
It is doubtful whether they can be significantly im- 
proved without some fairly major change. By extrapola- 
tion of existing data, one might expect at best to ob- 
tain small currents of U15+ ions. 

With spark and laser sources it is quite clear that 
very highly charged ions are produced. The problems of 
the pulse length and extraction without loss of the 
higher charge states must be overcome before a source 
becomes a practical reality. 

Probably the greatest promise is shown with the 
containment devices such as EBIS. In theory they 
appear to be capable of producing very high charge 
states and it is hoped that these projects will come to 
fruition in the not-too-distant future. 
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Figure 1 - Average equilibrium charge states, calcula 
from an empirical formula,l! of an ion beam passing 
through a solid stripper as a function of the energy/ 
nucleon and atomic number Z of the ion. Taken from 
Ref. 1. 
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Figure 2 - Cross sections for production of multiply 
charged argon ions in a single collision versus the 
incident electron energy. Taken from Ref. 13. 
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Figure 3 -  Ionization times needed to create mean 
charge states Zeff for ions of atomic number Z . 
Taken from Ref. 20, 

Figure 4 - Are characteristics for a self (discharge) 
heated cathode, Taken from Ref. 33. 
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Figure 5 - Arc characteristics for a cold cathode P.I.G. 
source. Taken from Ref. 35. 
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Figure 6 - Influence of gas flow on production of 
highly charged ions. Taken from Ref. 33. 
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Figure 7 - Cold cathode P.I.G. Ion Source of Anderson 
and Ehlers .35 
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Figure 8 - Indirectly Heated&athode P.I.G. Ion Sou rce 
of Morozov, Makov and Ioffe. 
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Figure 
Bennett 6 2 

- Self-Heated Cathode P.I.G. Ion Source of 

Fi .gure 11 - The Electron Beam Source of Donets et al. 24 
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Figure 10 - O.R.N.L. Mode IT Hot Electron Plasma 
(“Burnout”) and analyzer system. Taken from Ref. 59. 
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TABLE I. PERFORMANCE OF MULTIPL! CHARGED IiEAW ION SOURCES WITli NITREEN, /@ON, ,,Jj(;O,,, m’,mO,#, Am XENON 
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