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ABSTRACT

ECR ion sources have become the most frequently used
heavy-ion source for cyclotrons. They are also being used
with heavy-ion linacs, synchrotrons, and radioactive beam
accelerators. Although almost 20 years have gone by since
the first high charge state ions were extracted from an ECR
source, the efforts to improve their performance and simplify
their construction and operation seem to be expanding.
Recent developments include new high frequency sources,
electron injection, and superconducting magnet ECR
sources. This paper surveys the application of ECR sources
to accelerators, discusses recent innovations and the results
of experimental studies, reviews current thinking on how
they operate, and looks at potential directions for future
improvement.

1. Introduction

The number of Electron Cyclotron Resonance (ECR)
ion sources used for the production of high charge state ions
continues to expand with more than 40 now in operation.
The majority of the sources have been built for use with
accelerators with the remainder being utilized for atomic
physics research. The desirable characteristics of ECR
sources for accelerator applications include high charge state
production, high intensity, stability, wide range of ion
species, reliability, longevity, and ease of operation. This has
made them the source of choice for heavy-ion cyclotrons.
ECR sources are also now used with heavy-ion linacs,
synchrotrons, storage rings, and in a radioactive beam
accelerator. Table 1 summarizes the ECR sources being used
at accelerators and illustrates that they have found
application in many laboratories and different countries.
Much of the incentive and effort to develop better ECR
sources has come from the accelerator community. The
Grenoble group, which developed the first high charge state
ECR source in 19741 and remains very active in source
development, is an exception in that it is not directly
associated with an accelerator facility. However, they have
supplied ECR sources to many accelerators as evidenced by
the number of their sources listed in Table 1 (Minimafios,
Neo-Mafios, and CAPRICE).

2. ECR Source Design and Performance

Even though it has been 18 years since the first source
produced high charge states, ECR source development
remains very active. The development continues in spite of
or perhaps because source design and performance has not

yet been reduced to a known set of scaling laws. In Section 3
we discuss some aspects of ECR physics, but in this section
we describe the present state of the art and summarize
present performance standards.
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Fig. 1. Elevation view of the CAPRICE-2we source. (1) shows
the sextupole magnet. (2) shows the solenoid magnets. (3) shows a
inner elipse where the ECR resonance condition is met. On the
outer elipse the magnetic field is twice as great. (6) shows RF
waveguide which feeds into a transition section. (10) shows the
end of the coaxial coupling.

Figure 1 illustrates the main features of the CAPRICE
source from Grenoble.2 The 10 GHz version of this source
called CAPRICE-2w¢e produces very large currents of
intermediate charge state ions such as 06+, Arll+ and
Krl7+ It is compact in size with a plasma chamber 16 cm
long and 6.6 cm in diameter, simple in design, and has
excellent stability. Three features make this source different
from other 10 GHz sources. First, it operates with a very
high axial mirror field of about 1 T. Second, the radial field
is also very strong with a value at the wall of 0.8 T, more
than twice that need to maintain a closed ECR zone at 10
GHz. Third, the microwave power is coupled into the plasma
chamber through a coaxial feed, while most other sources
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Table 1
Applications of high charge state ECR sources with accelerators. OP indicates the source is
opcrational with the accelerator. TE indicates the source is being tested. PR indicates the

project is in the proposal stage.
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Lab Name Country Status | Source Name, Type or Comments
Cyclotrons
Louvain-la-Ncuve | Belgium OP OCTOPUS (8.5 GHz)
Lanzhou China OP CAPRICE (10GHz)
Jyviiskyla Finland OP Derived from RT-ECR at MSU(6.4GHz)
Ganil France OP ECR3, ECR4 (14 GHz)
SARA France OP Minimafios, CAPRICE
Jiilich Germany OP 1SIS, (14 GHz) superconducting
Karlsruhe Germany OP LISKA, lithium source
VECC India TE Derived from CP-ECR at MSU
Catania Italy PR Plans for superconducting ECR
RIKEN Japan OP RIKEN ECRIS (10GHz)
INS Japan Op SE-ECR (10 GHz)
JAERI, Takaski Japan OP OCTOPUS
KVI, Groningen The Netherlands OP Minimafios, KVI-ECRIS-2
NAC S. Africa TE Minimafios (10GHz)
Uppsala Sweden op Derived from RT-ECR at MSU
PSI Switzerland To operate in 1993
LBL USA oP LBL-ECR (6.4 GHz), AECR (14 GHz)
MSU USA OP CP-ECR,RT-ECR, SC-ECR
Texas A&M USA oP 6.4 GHz
Dubna Russia TE
Heavy-ion Linacs
GSI Germany OP CAPRICE
Argonnc USA OP PI-ECR (10 GHz)
Lcgnaro [aly TE Alice(14 GHz)
RIKEN Japan OP Ncomafios (§GHz)
Svnchrotrons
NIRS-HIMAC Japan Medical Acc., NIRS-ECR{10GHz)
GSI Germany oP CAPRICE (14GHz)
CERN Switzerland OP Minimafios (14 GHz)
Storage Rings
Uppsala Sweden OP Derived from RT-ECR at MSU(6.4GHz)
INS-TARN?2 Japan
GSI Germany OP CAPRICE
Radioactive Beam
TRIUMPH Canada TE TISOL, Isotope Scparator
ISN, Grenoble France PR ERIC, Reactor 1o Cyclotron
Louvain-la-Ncuve | Belgium OP 6.4 GHz
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launch the RF from a rectangular or circular waveguide.
Pumping is provided by a small turbomolecular pump in the
injection region. A 14 GHz version of CAPRICE has
recently been installed at GSI. Another 14 GHz source called
ECR4 has been built at GANIL,3 which differs in
engineering design, but follows the general features of
CAPRICE.

LBL AECR

kon Yoke Nd-Fe-B Sextupole Plasma Chambec

Fig. 2. Elevation view of the LBL AECR. This Nd-Fe-B sextupole
has radial slots for pumping the plasma chamber. RF power is fed
by a transition from rectangular to round waveguide.

Figure 2 illustrates the design of the AECR built at
Bcrkcley.4 This source operates at 14 GHz and differs in
design from CAPRICE in several features. The plasma
chamber is 30 cm in length and 7 cm in diameter. In place of
an RF driven first stage, the AECR has an electron gun
which can inject up to 100 ma of electrons into the plasma
chamber. It also has 6 radial slots in the plasma chamber to
provide pumping to the second stage. This also allows solid
materials to be injected from ovens located radially. The
main drawback is that the sextupole strength at the wall is
only 0.6 T because the radial slots limit the achievable field.
The peak performance of this source is high, but it has
proved difficult to maintain the performance for the long
periods required for operation with the cyclotron.

The SC-ECR built at Michigan State University is the
newest ECR to use superconducting coils to produce the
magnetic field.5 The only other superconducting ECR source
still in operation is ISIS at Jiilich.% The plasma chamber of
the SC-ECR is relatively large with a length of 45 cm and a
diameter of 15 cm, which is characteristic of super-
conducting sources. The superconducting coils are designed
to reach fields sufficient for the source to operate up to 35
GHz. The sextupole magnet can be adjusted independently,

which allows the detailed study of how radial field strength
affects source performance. The source has been operated at
6.4 GHz and performs better than the MSU RT-ECR.

Extensive testing at 14 GHz is planned for the near future.’
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Fig. 3. Cutaway view of the MUS SC-ECR. This source operates
in the vertical position. An iron yoke strengthens and confines the
magnetic field produced by superconducting coils.

In Tables 2a and 2b, the current performance of ECR sources
is summarized for elements as light as oxygen and heavy as
uranium. These tables are not meant to be all inclusive since
the field of ECR sources is so large and diverse and data was
selected from published results only. It does illustrate how
ECR sources perform for various ions at frequency from 6 to
18 GHz and in two modes: (CW) continuous operating and
(AG) a pulse mode using the plasma after glow. For lighter
elements we have quoted the performance for gases only,
while the very heavy elements are by necessity produced
from solids. The performance of ECR sources with metal
ions and the techniques for their production was recently
reviewed!4 and will not be repeated here. If we compare the
values in the tables to those produced a decade earlier it is
clear how much progress has been made. For example, 0b+
is up from 15 to 800 epA, Arl2+ is up from 0.3 to 80 epA,
and instead of 0.1 epA of Kr16+ 1.0 epA of Kr26+ can now
be produced.
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Table 2a
Representative beams for various ECR sources for oxygen to
krypton . CW indicates continuous power. All currents in epA.

ION 6.4 GHz 10 GHz 14 GHz 18 GHz

(CW) Cw) (CW) (CW)
06+ 1828 3852 47510 80012
o+ 1209 452 13110 18012
A3+ 11068 5002 50011
A+ 728 2602 30011
Arli+ 1188 602 14110 13013
Arl2+ 138 322 7810 8013
Ar13+ 58 112 3410 4513
Arld+ 1148 42 1710 2012
Arlé+ 1‘410 1.413
Kri3+ 1218 11511
Kr]5+ 168 901]
Krl7+ {78 422 5011
Kr19+ 28 3610
Kr21+ 72 1310
K23+ 1.92 6.810
Kr24+ 12 410
Kr25+ 2.210
Kr26+ 110

Table 2b

Representative beams for various ECR sources for xenon to
uranium. CW indicates continuous power. AG indicates the RF
power is pulsed and the current is measured during a short pulse
produced in the plasma afterglow. All currents in edA.

6.4 GHz [ 10 GHz[ 14 GHz | 14 GHz[ 18 GHz
ION | €W) { W) | (cw) | (A.G)| (A.G)
Xc22+ |38 342 301!
Xe23+ |28 252 1711
Xc27+ 842 1210
Xe29+ 192 |3
X3+ 110
Pb2o+ 1621301 1703
Pb27+ 10.52 2511 1903
Pb31+ 222 |8l 753
Pb3Z+ 112 553
Bi23+ 1318
Bi2>+ 1368 3.810 8013
Bi27+ |38 5.510 8513
Bi29+ | 1.68 5.710 9013
Bi3l+ 4.510 513
B4+ 1.510 3013
B30+ 1513
U2+ 282
U23+ 212 2711
25+ 142 1811
U27+ 82 1011
U9+ 352
U3+ 12
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Some general characteristics of ECR source performance can
be observed in the tables. First the intensity for high charge
state ions improves as the source frequency is increased. The
results for Minimafios-18GHz are particularly impressive.12:
13 However, as discussed below, frequency is only one of
many factors which determine source performance and at a
given frequency there is a wide range of source performance.
Second, even though uranium has 92 electrons and xenon
only 54, the intensities of U29+ and U3 are not higher than
those for Xe29+ and Xe31+. While this is in part due to the
increased difficulty in producing uranium beams since it is a
solid, it also indicates the maximum charge state attainable
increases very slowly with increasing atomic number for
very heavy elements.

3. ECR Physics and Source Design

The basic concepts for high charge state production in
ECR sources are relatively straight forward. Electrons are
heated by microwave power on a surface defined by the ECR
resonance condition

ORF = ¢B/me Eq (1)
where B is the magnitude of the magnetic ficld, ¢ the
electron charge and me the mass of the electron. The
ionization is produced largely by stepwisc electron impact
ionization and the degree of ionization is determined by netj,

where ne is the density of hot electrons and 7j is the ion
confinement time. Computer codes based on these concepts
have been developed which incorporate the cross sections for
ionization, charge exchange and other atomic physics
processes involved.15:16 These models usually require that
the plasma density, neutral density, confinement time, and
clectron temperatures be specified. With a reasonable set of
parameters these codes can reproduce measured charge state
distributions. From thesc models it is clear that for high
charge states the sources should run at low neutral pressures,
high plasma densities, with sufficiently high electron
temperatures, and long ion confinement times.

The challenge in understanding, predicting, or
improving ECR performance comes from the tenuous
connection between the set of internal variables discussed
above and the external variables of ECR sources. The
external variables available in the design stage include size,
shape and strength of the magnetic field, microwave
frequency and power, microwave coupling, plasma chamber
dimensions, and pumping. Once the source is built the
adjustable variables are axial magnetic field, gas flow, and
microwave power. During the last decade many ideas to
improve the source performance have been proposed and
tried. To increasc Tj some sources were made large. This was
not successful and the trend is to small compact sources such
as CAPRICE. To reduce the ncutral pressure increased
pumping to the plasma chamber has been used. While this
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may help when producing low density high charge state
plasmas, it conflicts with the need to increase the radial
magnetic field described below.

To increase the plasma density, sources have been built
to operate at higher frequencies. The idea is that the ECR
sources must operate below the critical density and since it
scales as f2, higher densities should be achieved at higher
frequencies.!7 In order to increase frequency, the ECR
resonance condition given by Eq. 1 requires the magnetic
field must also be increased proportionally. While increasing
the frequency has resulted in improved performance as
shown in Table 2a and 2b, the improved performance is not
as great as would be expected if the plasma density was
increasing as f2.13 Another approach has been to increase
the magnetic field of both the sextupole and axial mirrors as
with the CAPRICE source. This was based on a prediction of
improved microwave to coupling.? This approach has
produced very good performance as shown in Tables 2a and
2b for the 10 GHz Caprice source. Tests with the MSU SC-
ECR, on which the radial ficld strength can be independently
adjusted, also indicated that increasing the radial ficld
strength enhanced high charge state produclion.7 So it
appears that both higher frequency and stronger magnetic
fields improve performance although the connection to
internal variables remains unclear. The fact that the plasma
density increases more slowly than 2 indicates some other
mechanism may be limiting it. This indicates there is still the
possibility for much better performance if this limitation can
be overcome. !3

One external variable which has been largely
overlooked, is the coupling of microwave power into the
plasma. This is a complex question since most ECR sources
operate in multimode configuration. That is the microwave
modes of the plasma chamber are spaced close together and
depending on their loaded Q (Qr) several modes may be
excited at one time. In addition, the diclectric constant for
the plasma depends on the density so the cavity modes arc
shifted in frequency roughly as

02 = o2+ wp? Eq (2)
where @, is the mode frequency in vacuum and @p is the
plasma frequency given by

u)p2 = 4ne? ng/me Eq(3)
The typical loaded Q’s for ECR plasma chambers are also
not known. While the cavity Q, can be estimated for any
single mode, it is difficult to measure or calculate the plasma
loading. Measurements in Grenoble indicated that in a
stainless steel cavity only 20% of the microwave power was
coupled into the plasma.}® While the question is complex,
there is considerable evidence that microwave cavity modes
play an important role in the coupling to the plasma. Much
of the tuning done with ECR sources involves making small

changes in the magnetic field and microwave power. Small
changes in magnetic field can result in large changes in high

charge state production, total extracted current, and
bremsstrahlung radiation from the source. Other evidence
includes instabilities where the plasma jumps back and forth
between two states, suggesting the microwave field in the
chamber shifts between two modes. Finally, a hysteresis is
sometimes observed when a source is carefully tuned to peak
at high output and then jumps back to a very different state.
To recover it is sometimes necessary to reset the source
parameters and work the output back up.

Table 3

Calculated frequencies in GHz for all modes in vacuum between
9.5 and 10.5 GHz for a cylindrical cavity 16.28 cm in length and
6.6 cm in diameter.

Mode Frequency | | Mode Frequency
TE3 18 9.5539%4 | |TE 223 10.0888
TE 1.1,10 9.59107| [TM 120 10.1513
™313 9.63604 | | TM 12,1 10.1930
TES1.3 9.68456 | |TE02.1 10.1930
™216 9.71339( |TE2.1.10 10.2185
TE22.1 9.74641 | {TM 217 10.2657
™o.1.10 9.84895( I TE3 19 10.2815
TE22.2 9.87620 | TM3 15 10.3167
™ 314 9.93960 ™ 122 103172
™1.19 9.97518{ | TE0,2,2 10.3172
TE0.1.9 9.97518| |TE5 15 10.3621
TEsS14 9.98665( |[TE224 10.3791
TE417 10.0400| [TE 1.1.11 10.4793
TE12.7 10.0556

If we accept for the moment this picture of cavity
modes, then can techniques be developed to determine which
modes couple efficiently to the plasma at the ECR surface
and then control those modes? For a simple cylindrical
cavity it is easy to calculate the distribution of modcs
without plasma. In Table 3 a set of modes are listed for a
CAPRICE size cavity operating at 10 GHz. The average
mode spacing is 37 MHz not counting mode degencracies.
The half power points for cavity modes are given by

Af/f =1/Q, Eq (4)
Substituting the average mode spacing into this cquation
gives Qp of 270. So if the cavity modes have Q's
significantly higher that this they will not necessarily
overlap, while if the Q's arc lower then there would be a
significant overlap. Tt remains to be experimentally or
theoretically determined what the typical Q's are for ECR
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sources. To determine if a cavity mode will couple well to
the plasma, calculations could be made to evaluate the
coupling of the RF electric fields to the transverse energy of
the electrons. By integrating this over the ECR surface the
relative coupling strength could be determined. These
calculations could indicate whether it is advantageous to
excite TE or TM type modes. Some modes will couple only
weakly to the clectrons because their electric field patterns
don't overlap the ECR surface strongly. Techniques to
experimentally control the modes include using coupling
schemes which preferentially excite one type of mode,
selectively loading unfavorable modes, using adjustable
coupling, or even dynamically tunable cavities. The coaxial
coupling developed for CAPRICE has an adjustable tuning
short in the waveguide to coaxial transition section, which
may allow some mode control.19 Some of these techniques
have been used for low charge state ECR sources for
commercial applications. In these sources, they adjust both
the cavity frequency and the coupling strength and report
significant improvements in the transfer of microwave
energy to the plasma.20

4. Special Techniques

There are several special techniques which have been
developed recently to boost ECR source performance.
Surface coatings with high secondary emission coefficients
such as SiOp, Mb, Ca and Th have been applied to the walls
of ECR plasma chambers.17-21 Very recently Alp0O3 has
also been shown to be very effective in enhancing high
charge state production.?? Direct injection of electrons into
the plasma chamber was developed with the LBL AECR and
it can result in an increase of 2 or more in extracted
intensitics.4 A similar technique using a bias disk to
intercept plasma and feed electrons back in has also proved
effective.2324 The optimum bias voltages and currents for
the disks are similar in magnitude to those for the electron
gun. Short intense pulses suitable for synchrotrons have been
developed by utilizing the beams extracted during the plasma
afterglow.3:13 Some data is given in Table 2b for afterglow
currents and it appears that for heavier elements this can
produce much higher intensities than continuous operation.
The typical pulse lengths are on the order of 1 ms,

5. Conclusion

As we have indicated, the field of ECR sources
continues to grow and diversify. New applications such as
radioactive beam accelerators are appearing. With ECR
sources now operating in 14 countries, the effort has truly
become international. It is difficult to predict where the next
major step will come from. It could come from higher
frequencies, stronger magnetic fields, better coupling
systems, or specialized techniques. However there are ample
indications that there is still room for better performance
from ECR sources.
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