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ECR ION SOURCES FOR CYCLOTRONS*
C. M. LYNEIS
Nuclear Science Division, Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720, USA

Introduction

In the last decade ECR (Electron Cyclotron Resonance) ion sources have evolved from a
single large, power consuming, complex prototype into a variety of compact, simple, reliable,
efficient, high performance sources of high charge state ions for accelerators and atomic
physics. The coupling of ECR sources to cyclotrons has resulted in significant performance
gains in energy, intensity, reliability, and variety of ion species. Seven ECR sources are in
regular operation with cyclotrons and numerous other projects are under development or in the
planning stage. At least four laboratories have ECR sources dedicated for atomic physics
research and other atomic physics programs share ECR sources with cyclotrons. An ECR
source is now installed on the injector for the CERN SPS synchrotron to accelerate 0%+ to
relativistic energies. A project is underway at Argonne to couple an ECR source to a
superconducting heavy-ion linac. Although tremendous progress has been made, the field of
ECR sources is still a relatively young technology and there is still the potential for further
advances both in source development and understanding of the plasma physics.

Five main topics will be covered in this paper. First the development of ECR sources will
be reviewed. Second, the important physics mechanisms which come into play in the operation
of ECR Sources will be discussed, along with a discussion of various models for charge state
distributions (CSD). Third, the design and performance of several ECR sources will be
compared. Fourth, we will use the 88-Inch Cyclotron and the LBL ECR as an example of
cyclotron+ECR operation. Finally, we will look to the future of ECR sources.

Development of ECR Sources.

The field of ECR ion sources has its roots in the plasma fusion developments in the late
1960's and early 1970's. The use of ECRH (Electron Cyclotron Resonance Heating) in plasma
devices to produce high charge state ions was suggested in 1969 1 and the first extracted beams
from these devices were reported in 1972.23 Although these devices, which used solenoid

*This work was supported by the Director, Office of Energy Research, Division of Nuclear
Physics of the Office of High Energy and Nuclear Physics and by Nuclear Sciences of the
Basic Energy Sciences Program of the U.S. Department of Energy under Contract

DE ACO03-76SF00098.



magnetic mirror configuration were capable of producing plasma densities on the order of
1x1012 cm=3 and keV electrons, typical operating pressures were 104 to 1073 Torr and the ion
confinement times were 10”4 s or less. This resulted in CSD for nitrogen peaked on N2+ and
for argon peaked at Ar2+.

In 1973 Geller converted a large mirror device (CIRCE) used in plasma fusion research
into an ion source (SUPERMAFIOS).4 Unlike the earlier ion sources using ECRH, the
magnetic field of SUPERMAFIOS used a hexapolar field in addition to the usual solenoidal
mirror field. This produced a minimum B magnetic field configuration which stabilized the
plasma against MHD instability. This effect was first demonstrated in a plasma fusion device in
19615 Several configurations of the ECR source SUPERMAFIOS A, Triple-MAFIOS, and
finally SUPERMAFIOS B were tested between 1974 and 1977. The second major innovation
during the development of SUPERMAFIOS was the addition of a first stage which operated at
higher pressure and produced a dense cold plasma which flowed into the second stage.6 As
discussed later, both the minimum B configuration and two stages appear to be crucial for
optimum high charge state performance. Except for the large size (length 100 cm and diameter
35 cm) and large power consumption of the normal conducting solenoids and hexapolar coils (3
MW), the SUPERMAFIOS B machine had all the essential characteristics of all recent ECR ion
sources. In SUPERMAFIOS B the ngt; was ~3x10° cm‘3s, which is sufficient to produce
some fully stripped light ions. The INTEREM device at Oak Ridge was another plasma fusion
device converted into an ion source. It used a combination of solenoid and quadrupole coils to
produce a minimum B geometry. Although this device succeeded in producing a nitrogen CSD
peaked on N3+ with a small amount of N+, the extraction geometry was very inefficient and
the resulting currents were too small for practical use.’

The success of SUPERMAFIOS resulted in new efforts to develop a practical ECR
source for use with cyclotrons and in atomic physics. In Louvain-la-Neuve a project to build a
large superconducting ECR similar in size and configuration to SUPERMAFIOS was
undertaken.8 In the meantime, MICROMAFIOS a small ECR source utilizing SmCog
permanent magnets to produce the hexapolar field was developed and tested.? In Karlsruhe a
large source utilizing superconducting solenoids and a SmCog hexapole was built.10 As shown
in Table 1, since these pioneering efforts, the number and variety of ECR sources has grown
rapidly. MINIMAFIOS sources built in Grenoble by Geller's group are in regular operation
with cyclotrons at KVI in Gronnigen, SARA Grenoble, and GANIL in Caen.

The performance of the ECR ion sources has increased steadily and there are a number of
ECR sources built in different laboratories, that are producing excellent results. At the most
recent ECR Ion Source Workshop, similar performance was reported with gases such as
oxygen and argon for the following sources: MINIMAFIOS-10GHz, the ORNL-ECR, the
LBL-ECR, OCTOPUS, the MSU-ECR, ISIS, and ECREVIS. The plasma chambers of these
sources range in size from a length of 30 cm and a diameter of 7 cm in MINIMAFIOS to a
length of 120 cm and a diameter of 32 cm in ECREVIS and the second stage RF frequencies
range from 6.4 GHz for the LBL-ECR to 14.3 GHz for ISIS. The similarity in the CSD and
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SOURCE
SUPERMAFIOS
MICROMAFIOS
MINIMAFIOS

p-HISKA
GSI-ECR

ECREVETTE
HISKA

Pre-ISIS 1

Pre-ISIS II
ECREVIS
LISKA
ONRL-ECR
LBL-ECR
MINIMAFIOS-
16GHz
CAPRICE
ECR2
MSU-ECR
OCTOPUS
ISIS

MINIMAFIOS-
18 GHz

TABLE 1

ECR ION SOURCES

LAB 1stOp. L D F
(cm) (cm) (GHz)

Grenoble 1974 100 35 16,8
Grenoble 1979 30 7 10
Grenoble 1980 30 7 10
Karlsruhe 1980 28 7 14.5,7.5
Darmstadt 1980 15 2.5 14.3
L-L-N 1981 40 12 14.7,8.5
Karlsruhe 1982 70 10 14,75
Jiilich 1981 25 5 2.5
Jiilich 1982 25 5 5
L-L-N 1982 120 32 14.7, 8.5
Karlsruhe 1984 25 7 7.5
Oak Ridge 1984 40 85 10.6
Berkeley 1984 33 9. 9.2,6.4
Grenoble 1984 30 7 16.6
Grenoble 1984 135 8 10
RIKEN 1985 30 8 2.52.5
E. Lansing 1985 50 14 6.4,6.4
L-L-N 1985 70 18 14.3,8.5
Jiilich 1985 70 20 14.3,14.3
Grenoble 1986 30 7 18

COMMENTS
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coils,SmCo
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Compact,SmCo

Single stage, Iron
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Large s.c. ECR
Lithium ECR
Compact,SmCo

Open sextupole

Pulsed source
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extracted ion intensities of these sources seems to indicate that they are are all operating with
similar ngT; products.

Physics of ECR Ion Sources

Although the basic concepts involved in ECR ion sources are straight forward,
developing an accurate model to predict their performance requires detailed understanding of a
variety of atomic physics and plasma physics processes. The atomic physics processes include
electron impact ionization, ion-ion charge exchange, ion-neutral charge exchange,
electron-electron scattering, electron capture by ions, and electron-ion scattering. The plasma
physics processes include magnetic confinement, stochastic heating of electrons by ECRH,
plasma potentials, microinstabilities, and wave propagation in plasmas.

The basic figure of merit for an ECR ion source plasma is n.T; where n, is the plasma
density and 7; is the ion confinement time. The equilibrium CSD in an ECR ion source is
determined by the balance between the ion production rate (proportional to ne) with the ion
loss rate (proportional to T; ). The high charge state ions are generated by sequential ionization
from electron impact. The rate at which ions of charge i are produced by electron impact
ionization is given by

Rprod,i =Ne(0i-1 jVeli-1 Eq(1)

where n,, is the electron density, <°'i-1,i"e>’ the rate coefficient is the product of the electron
impact ionization cross section from charge state i-1 to i times v,, the electron velocity averaged
over the electron energy distribution, and n;_; the density of ions of charge state i-1. The loss
rate for ions charge state i is given by

Rioss,i = Mo <"o,i"i mj + 1 'ci-l Eq(2)
where ng, is the density of neutral atoms in the plasma, Oo.i is the ion neutral charge exchange

cross section, v; is the ion velocity. The brackets indicate an average over the ion energy
distribution function. Combining the ionization and loss rates gives the rate of change for ion

charge state i
d—ni‘ n (o} .V .
Tt = "e(Ci-LiVe )Ny +1o (Bi1¥ir D) Miyg
Ny
- Mg (G541 Vo) 0y - Mo{0,ivpn; - — Eq(3)

1

In equilibrium the rate of change is zero and Eq(3) gives a set of coupled equations for i=1 to

Zmax Which can be solved for the CSD assuming the plasma density, electron temperature, ion

m



temperature, neutral density, ion confinement time, and the appropriate cross sections are
known. '

Solutions to these equations have been developed by a number of authors.11-15
BALANC developed by J ongen14 is one of the computer codes which simulates the CSD and
has been used by the author to fit the CSD of the LBL ECR. This code evolved from a

t15, and

preliminary attempt by Chan-Tung13, was developed by Jongen, improved by Wes
then further modified by Jongen. A rather complete description of the physics and the formulas
used in the code is given by West.15  The weak point of all of these models is in the
calculation of T;. In BALANC the ion confinement times are computed using a model

incorporating diffusion along the source axis and an electrostatic potential which gives

* Vm zi2 zsz“i
T, X Eq(4)

T5,/2 (1+ ziV)
i Ti

where L is the plasma chamber length, m the ion mass, z; the charge state, z ¢ an effective

mean charge in the plasma, nj off an effective ion density, T; the ion kinetic energy, and V the
plasma potential. V is function of the source geometry and plasma parameters. Although this
model clearly has some flaws it is interesting to note that it predicts that the ion confinement time
increases a ziz and Vm . Geller suggested earlier that the ion confinement time was determined
by ion-ion scattering along the axis which gives an expression similar to Eq(4) without the term
in brackets.4 In West's code (ECRCSD) the confinement time was based on a plasma potential
trap model developed for the plasma fusion mirror devices. This predicts a slower increase in
Rt
parameter independent of charge state.16 Unfortunately, none of these approaches is free from

with increasing charge state than Eq(4). Wiesemann's approach is to treat t; as a fit

questionable assumptions, but it may be possible to test the dependence of T; on ion charge state
by comparing the CSDs calculated using each model to experimental charge state distributions.
Measurements on the LBL. ECR using a mixture of 160 and 180 showed the CSD for 180 was
enhanced relative to 100. This enhancement was approximately consistent with an 7; increasing
as Vm. Since this measurement was made for both isotopes in the same plasma, it clearly points
to a mass dependence for T;.

Now we will examine how well the various cross sections, velocities, and densities can
be calculated or inferred from measurements. Considerable experimental data on electron impact
ionization cross sections already exists and the use of ECR sources by atomic physics groups
will extend these measurements to higher charge state ions. Crandal reviewed the cross section
data and models in 1981 and found that the semi-empirical Lotz formula was the best general
model.17>18 For low Z atoms single step ionization is the dominant mechanism, whereas for
high Z atoms such as xenon multi-step ionization becomes important as Miiller pointed out



recently. 19 He showed that assuming Lotz cross sections for xenon can result in significant
errors in the CSD for an EBIS and this is also true for ECR source calculations. In Fig. 1, two
calculated CSD using different electron impact ionization cross sections are compared to a
measured CSD for oxygen from the LBL ECR. The Lotz cross section give a much better fit
than the Miiller-Salszborn cross sections. This is not surprising since the Miiller-Salzborn
formula was developed specifically to model argon and should not be expected to give accurate
cross sections for other elements.2%21 In Fig 2 ionization cross sections for argon calculated
using MS are illustrated.22 Experimental CSD for argon from the LBL ECR are better fit using
MS than Lotz cross sections. Figure 1 illustrates that the detailed shape of the CSD depends
strongly on the electron impact ionization cross sections.

Another uncertainty in determining the electron impact ionization cross sections concerns
the electron energy distribution in the plasma. Three electron distribution functions have been
used in modeling the CSD from ECR sources. They are a Maxwellian distribution,14 a two
component distribution with cold electrons and a Maxwellian hot electron distribution,15 and a
power law distribution function.10 In principle, the electron distribution function can be
determined by measuring the x-ray bremsstrahlung spectrum from the plasma. These
measurements are made difficult by the high energy x-rays produced by hot electron collisions
with the chamber walls and by experimental difficulties involved in measuring x-rays below 2
keV. Bernhardi et al23 found a power law dependence for the electron distribution function
measured on their simple mirror ECR source. They used careful shielding so that the Ge
detector saw only the bremsstrahlung from the plasma for energies above 2 keV and used a
retarding field analyzer for lower energy electrons. It is not clear that this data from this simple
mirror device which operated at pressures a factor of 10 higher than a typical ECR source
applies to one with a minimum B geometry. At M.LT. extensive electron distribution
measurements have been made on Constance-B, which is a plasma fusion device used to
explore ECRH.24 1t is a minimum B structure using a baseball coil structure to produce a radial
quadrupole field and an axial mirror field. They used an intrinsic planar Ge soft x-ray detector
to measure the bremsstrahlung x-ray spectrum between 2 keV and 150 keV. The measurements
indicated that the the spectrum was Maxwellian down to 2 keV. Although the Constance B
operating parameters are similar to that of an ECR source, the differences in geometry and lack
of a first stage make these results difficult to apply. In any case, without such elaborate
measurement being made in coincidence with the measurements of the CSD the electron
temperature must be treated as a free parameter in modeling.

The plasma density can be determined by RF transmission measurements across the
plasma or by measuring the plasma diamagnetism. An upper limit to the plasma density, at
least in the second stages of existing ECR sources is given by the plasma critical density

Nec = 1.24 x 1078 2 Eq(5)

where f is the microwave frequency. For example, at 10 GHz the critical density is 1.24x1012
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em3. Although'there are numerous examples of overdense plasmas in the literature attempts to
use them in ECR sources have not yet been successful. Relatively little has been published
about experimental determinations of the second stage plasma density of ECR sources. The
density in TRIPLEMAFIOS was measured to be ~2 x1011em™3.4 The plasma diamagnetism is
proportional to the n.T, where T, is the kinetic energy of the electrons in the plasma. The
diamagnetism must be measured outside the ECR zone to avoid destruction of the measuring
loop or probe and therefore the resulting density inferred depends on the assumptions made
about the radial distribution of the plasma. Measurements on OCTOPUS using a Hall probe
were consistent with a density of 3x10*11 ¢cm3 at an energy of 4 keV. 25  Extensive

measurements have been made on the Constance B plasma device,22

where they found a hot
electron density of 1x1011 ¢m=3 and a cold electron density of 2 x 10! ¢cm™3 . The measured
hot electron density in INTEREM was 3x1011 cm3.7

In contrast to the uncertainty in the electron temperatures, two groups have measured the
ion energies recently. Meyer found that the ion temperatures in the ORNL ECR were Tj/q; <5
eV where q; is the ion charge state.20 H. Kohler et al 27 found the ion energy distribution of
the extracted beam to be consistent with an accelerated Maxwellian distribution again with T;/q;

on the order a a few eV depending somewhat on what gas was used.
Design and Performance of ECR sources

Although the structure of this paper with a theoretical discussion prior to the practical
section might seem to imply that the theory is more important to the development of ECR
sources than experiments, most of the progress has come from systematic testing and
development. In this section we will discuss the configurations, operating frequencies, and
pumping speeds of several sources and compare their performance.

To illustrate some of the practical aspects of ECR sources we will first compare three
different "mature” ECR sources, MINIMAFIOS,28 ECREVIS, 29 and the LBL ECR.30-32
Then we will discuss the recently developed MINIMAFIOS-16GHz ECR source. Each source
represents a different design philosophy and different design features. MINIMAFIOS is
designed to be compact, economical, and easy to operate. ECREVIS is a large superconducting
source patterned after SUPERMAFIOS. The LBL ECR is similar in size to MINIMAFIOS but
designed for maximum pumping speed in the second stage. In spite of the design differences,
each source has been used successfully for cyclotron and atomic physics applications.

The design of MINIMAFIOS is illustrated in Fig. 3. This source evolved from
MICROMAFIOS and has been developed for reliable operation and uncritical tuning. It has a
single RF feed for both stages located in the axial field maximum between first and second
stage. Feeding in the RF power at this point reduces RF transmission problems which can take
place in a plasma between the location of the upper hybrid mode and the ECR zone. Both stages
have magnetic mirror configurations. The axial magnetic field is produced by water cooled
copper coils which use ~100 kW. The radial magnetic field is produced by a SmCog hexapole.
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resonances on axis. A single RF feed for the first and second stages is located between coils
S2 and S3. XBL 8611-4405




Turbo-pumps provide pumping for each stagé of the source.

Figure 4 illustrates the large superconducting ECR source, ECREVIS, which was
patterned after SUPERMAFIOS. This source provided beam for the Louvain-la-Neuve
cyclotron for 3 years before it was replaced by a smaller room temperature source, OCTOPUS.
ECREVIS had separate klystrons and separate RF feeds for the first and second stages. The
first stage operated on the downhill gradient of the magnetic field at an RF frequency of 14
GHz. The second stage RF frequency was 8.5 GHz and the typical operating power was 3 kW.
Both the second stage solenoid field and hexapole field were supplied by superconducting coils.
The cryostat was very efficient using only .25 Vhr of liquid helium and had a 500 1 helium
capacity. This meant that it could operate for more that 2 months on a single liquid helium
transfer. The pumping for each stage is provided by second generation diffusion pumps.

Figure 5 illustrates the basic design features of the LBL ECR. Two distinguishing
features of the LBL ECR are the relatively low second stage frequency and high pumping speed
in the plasma chamber. The first stage uses a 1 kW 9.2 GHz klystron (typical power 100 W)
and the second stage uses a 3 kW 6.4 GHz klystron (typical power 400 W). The first stage
operates on the uphill gradient of the axial magnetic field as shown in Fig. 6. The radial
magnetic field is produced by a SmCog sextupole with radial slots which allow radial pumping.
The axial magnetic field is produced by tape wound edge cooled copper coils, each powered by
an individual supply for maximum flexibility in magnetic field configuration. Typical magnet
power is 30 kW.

The performance of these three sources for neon and argon is illustrated in Fig. 7 and Fig.
8, respectively. These curves represent published values for the analyzed currents from these
sources.28,29,34 They represent a summary of measurements on the sources with various
tunings to optimize individual charge states and therefore are not actual charge state
distributions. The measured intensities depend on the acceptance of the analyzing system and
the emittance and intensity of the ECR sources. The three analyzing systems are similar, so the
measured intensities should be a reasonable gauge of source performance. Figure 7 shows that
for intermediate neon charge states MINIMAFIOS produces higher intensities and for high
charge state neon the LBL ECR produces slightly higher intensities. The neon intensities for
ECREVIS are remarkably similar considering ECREVIS is about 4 times as large in all
dimensions as the other two sources. F'igure 8 shows MINIMAFIOS produces higher
intensities of intermediate charge state argon, while ECREVIS and the LBL ECR produce more
very high charge states. This may reflect the relatively low pressure, low plasma density mode
in which ECREVIS and the LBL ECR operate. Jongen suggested that ECREVIS operated best
at a low pressure (~5 x 10-7 Torr) in the second stage because the large plasma volume resulted
in a relatively low plasma density. To produce the best Ar_l"'+ currents with the LBL ECR
requires operating at low second stage pressures (~3 x 10”7 Torr) and in a mode with reduced
total extracted current. It also requires mixing a high percentage of oxygen with a very small
percentage of argon. Good first stage performance seems critical for the production of the very
high charge state ions and having independent control of the first stage parameters makes it

10.



I

ECREVIS DESIGN
o]
|
Aluminium radiation shields \
0 mm lead shielding
Adjuslable extraction 8.5 GHZ.5KW_
T column T ) Liquld heli 210" Torr
quid helium T 14 GHZ-15KW
HMagnetic lens | ] T .
[ e Phexdbolenagndl windinf& | ﬂ ]]]Lm
% 00 )
L N . 2 Y e DR

_B3mm lead shielding.

| Superinsulation_

\ -

[CTlcryo pump ~
. 10001/s
—

I L
Diff_pumps- 2000 I/ s

Ditf. pump. 1200 I/s

Fig. 4 Design of the large superconducting source ECREVIS in its final configuration. The
lead shielding around the plasma chamber and outside the cryostat was used to attenuate a large
XBL 8611-4406

x-ray flux generated by the source.

T

‘1T



LBL ECR

EXTRACTION

SECOND STAGE

FIRST STAGE

IRON PLATES

K<)
sih

D%

%

2
| tteteteters

MICROWAVES J
6.4 GHZ

o
k-
[- 9
MIIVmo
2 7
e
o & B
g £2
2W8
]
mn.m
=)
: 5
o
R o 8
X 3 9
2 &
2 o
Q @m
S—» @ 2
2 - 5D
m 8
-2
g g
-
St
Oe
Sm
m.m
s 5
& g
o
‘F 3
E 2
L &0
s g
on
e L
.mm
e 28
= o
«©“ Q9
8 5
£ £
~ Z S
by g @
S—> 2 5
= 2 =
o
o &
£ 5
(9]
A O
w 2
& 3
[+

12.



13.

B —»

ECR1
ECR2
\ //\\ 3.29 kG
\/\ 229 kG
1
100 cm

Pt ey

prwevren - ast camswosned

Fig. 6 Axial magnetic field distribution and schematic view of the LBL ECR showing the
location of the sblenoid coils, sextupole, extraction, and ECR zone. ECR1 is the location of
the ECR zone in the first stage, ECR2 shows the locations of the zone on axis in the second

stage. XBL 8611-4407
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easier to optimize the first stage output. -

Recently, Geller et a133 have developed an upgraded version of MINIMAFIOS called
MINIMAFIOS-16GHz. This source illustrated in Fig. 9 differs from the classical
MINIMAFIOS in four main respects. First, it operates at 16.6 GHz rather than 10 GHz.
Second, it has no pumping in the first or second stage, relying solely on plasma pumping.
Third it has a new SmCos hexapole which produces .8T at the poles. Fourth, it is operated in a
pulsed mode with a pulse length of 150 ms and a repetition rate of 1 Hz. One goal of this
project was to show that by increasing the RF frequency from 10 to 16.6 GHz it is possible to
increase the ng by ~(1.66)2 and thereby increase n.T;. Therefore the source was designed to
operate at either 10 or 16.6 GHz. Even though its hexapole was optimized for the higher
frequency mode, its operation at 10 GHz was quite similar to the classical MINIMAFIOS. At
16 GHz they found that the total extracted current increased 3 fold as predicted, that the currents
for intermediate charge state neon increased 3 fold and the current for fully stripped neon
increased ~200 fold to 1 e A. The large increase in the fully stripped neon current indicates an
increase in net;. The analyzed currents for neon from MINIMAFIOS-16GHz are compared to
those for the classical MINIMAFIOS and the LBL ECR in Fig. 10. After the 15 kW 16.6 GHz
klystrons failed, the source was modified to operate with an 18 GHz klystron and is now called
MINIMAFIOS-18GHz. One of these sources is being developed for installation on the injector
linac for the SPS at CERN and will be used to produce ~40 eptA of S12+ i the spring of 1987.

Operation of the LBL ECR with the 88 Inch Cyclotron.

The LBL ECR source, injection beam line and cyclotron center region have performed
reliably since coming into regular operation in January 1985. Since then about 80% of the
cyclotron operating schedule has been with the ECR source. The light-ion filament source is
used only for runs of two or more shifts in length using proton, 3He, or alpha beams.
Occasionally the polarized ion source is used. The heavy-ion PIG sources are no longer used.
The operating experience with the Cyclotron+ECR has been highly successful in terms or
reliability, stability, production of high charge state currents, and in the range of ions which can
be produced. The improved operation of the accelerator has resulted in a significant increased
demand for beam time. Many new beams have been developed which has enabled the
physicists to do experiments previously impossible at the 88-Inch Cyclotron. For example: a
32.5 MeV/u 1608+ was used in a nuclear structure experiment, a 36718+ with a total energy
of 1.08 GeV was used to test the response of scintillator materials to intermediate energy heavy
ions, and a 48Ca beams between 200 and 400 MeV were used used in fission cross section
measurements with gold and lead targets. _

The performance of the LBL ECR is summarized in Tables 2 and 3. All results are given
for an extraction voltage of 10 KV and 12 mm analyzer slit widths except for xenon where 6
mm slits were used to improve the resolution . The currents represent the best results taken

from many tests. Larger currents can be obtained at higher extraction voltage. For example,
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Fig. 9 Schematic drawing of the new MINIMAFIOS-16GHz ECR source and the axial
magnetic field distribution. S1 through S7 are solenoids, 1 is the first stage, 2 the second
stage, 3 the RF feed, 4 gas injection, 5 hexapole, 6 extraction, and 7 heat radiator. The only
pump used is in the extration rcgion.31 XBL 8611-4410
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Fig. 10 Comparison of extracted Ne currents from the new MINIMAFIOS-16GHz,
MINIMAFIOS, and the LBL ECR. The curves represent a summary of measurements on the
sources with various tunings to optimize individual charge states. The largest fractional
improvement with the 16 GHz source occurs for fully stripped neon. XBL 8611-4411
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TABLE 2
Currents for the LBL ECR: Hydrogen through Silicon

1q 3He 12¢ 14N 16 19 20Ne 24Mg 28g;4
CS
1+ 300 300 27 82 118
2+ 200 37 117 143 43 51 32 20
3+ * 106 152 55 63 34 33
4+ 31 110 * 53 78 28 69
S5+ 6.5 93 96 - 37 58 44 72
6+ 19 82 17 45 34 47
7+ 14 11 21 18 30
8+ 0.95 1 11 8 17
9+ 0.05 1.1 6.3 7
10+ 0.04 22 2.7
11+ 0.1 0.5
12+ 0.2
TABLE 3
Currents for the LBL ECR: Sulfur through Xenon
328 ¥K 4W0AF 40y 43Ty 84Kr 1271 129% e
CS
3+ 10 4 38 23
4+ * 4.5 82 24
S5+ 20 5 * *
6+ * . 85 60 37 9
7+ 63 11 66 38 24 12
8+ * 18 106 36 * 22
9+ 36 37 72 31 12 25 4.1
10+ * 22 * * 10 22 4.2 4.7
11+ 5 12 18 22 8 19 4.9 5.1
12+ * 24 13 11 * * 5.7 52
13+ 4 5 3.2 1 21 7.5 5.2
14+ * 14 1.1 * 8.5 5
15+ .001 * * 16 11 43
16+ 0.03 0.03 8 * 4.6
17+ 7 12 43
18+ * 15 4.4
19+ 2 15 4.8
20+ 0.9 14 4.8
21+ * * 4
22+ 0.1 11 35
23+ 10 3.1
24+ 8.3 27
25+ 5.6 2
26+ 2.1 1.1
27+ 0.83 0.34
28+ 0.2
29+ 0.05
30+ 0.009

All currents in et A measured at 10 kV extraction voltage.

* Indicates not measured because a mixture of two ions with identical charge to mass ratios were
present.

Natural isotopic abundance source feeds were used except for *He and 22Nel0+



the current for ArS* increased from 106 MA at 10kV to 140 HA at 14 kV. This is due in part to
a decrease in the transverse emittance at high voltage. The 84K r and 129Xe currents were
produced using natural krypton and xenon, respectively, so higher currents could be obtained
with mono-isotopic gases. To a large extent the ion beam development has been dictated by the
needs of the cyclotron users. For elements such as nitrogen, oxygen, and argon that have been
frequently used the values in the tables are well optimized. Other beams such as fluorine,
sulfur, and titanium have been infrequently used and the performance will probably improve
with further development.

Several different techniques have been used to produce beams from the LBL ECR and
these techniques are summarized in Table 4. Elements which exist in gaseous form are most
easily used in the ECR source. A flexible gas manifold system which allows up to three gases
to be used simultaneously has been installed on the LBL ECR. The gases can be injected into
either the first or second stage of the source. The best proton and alpha beams are produced by
feeding the gas directly into the second stage and turning off the first stage. For all elements
heavier than oxygen, gas mixing is used to enhance the high charge state performance of the
source. Although it remains a point of discussion why, all ECR sources seem to benefit from
gas mixing. In all cases adding a light mixing gas enhances the high charge states of the heavier
gas. The presence of heavy ions in the plasma also acts to depress the charge state performance
of light ions. For example, a very small percentage of xenon in the plasma decreases o7+
currents by as much a factor of 10. Prior to the installation of a new first stage, which is
described in more detail elsewherc,34 ‘thc high charge states of oxygen and nitrogen could be
enhanced by the addition of helium. After the installation of the new first stage, the high charge
state performance for oxygen and nitrogen was considerably better and mixing helium no longer
helped. In general oxygen works better as a mixing gas in the LBL ECR than nitrogen. One
possible reason is that the first stage performance is better with oxygen than nitrogen. A CSD
for oxygen measured on the LBL ECR is shown in Fig. 11. For this measurement the source
was tuned to maximize O’+. The main impurities in the CSD are hydrogen, carbon, and
nitrogen.

Beams from elements such as carbon, sulfur and silicon can be produced using gaseous
compounds such as CHy, SO, and SiHy, respectively. In general to take advantage of gas
mixing effects, compounds with lighter atoms bonded to the desired element are chosen. For
the LBL ECR geometry injecting the compound gases into the second stage and the mixing gas
into the first stage produces the most consistent results. The pressure in the first stage cavity is
relatively high (~3 x1074 Torr) and using compounds in it may result in plating the walls which
can affect first stage performance. Also, since operation with the cyclotron frequently requires
several different beams in a week and only a few hours is allowed for beam changes,
contamination of the first stage would cause operational problems. An additional advantage to
injecting the gaseous compounds into the second stage comes from the reduced gas flows
required. Typically the first stage requires about 15 std cc/hr of gas, while the second stage
requires at least an order of magnitude lower flow. Particularly when corrosive gases are used,
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Beam

Protons
Alphas
Carbon
Nitrogen
Oxygen
Fluorine
Neon
Magnesium
Aluminum
Silicon
Sulfur
Potassium
Argon
Calcium
Titanium
Krypton
Niobium
Iodine
Xenon

Bismuth

TABLE 4

20.

Techniques Used to Produce Beams from the LBL ECR

Starting Material

Hj gas

He gas

COy or CHy gas
N, gas

O, gas
CHF5 gas
Ne gas

Mg metal
AlyO3 rod
SiHy gas
SO, gas
KCl & Ca
Ar gas

Ca metal
TiF4 powder
Kr gas

Solid rod

I crystals

Xe gas

Bi metal

Stage/Oven* Temp °C

Oven

Into plasma

Oven

Oven

Oven

1

Into plasma
Oven

1

Oven

400

450

480-570

100

25

525

Mixing gas (stage)#

none

none

oxygen (1)

none

none

oxygen

oxygen or helium (1)
oxygen or nitrogen (1)
oxygen(1)

oxygen (1)

oxygen (1)

oxygen (1)

oxygen (1)

oxygen or nitrogen (1)
oxygen

oxygen (1)

oxygen(1)

oxygen (1)

oxygen (1)

oxygen (1)

* Indicates whether the primary gas was injected into the first or second stage or if the oven was

used.

# Indicates if a mixing gas was used and if so into which stage it was injected.
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it is a significant advantage for pump lifetime to minimize the gas throughput. Other advantages

of injecting compounds into the second stage are easier source tuning and better long term

stability. To avoid handling problems associated with fluorine gas, Freon 23 (CHF3) is injected
into the second stage.

A variety of metallic ion beams can now be produced from the LBL ECR using a simple
resistance heated oven as shown in Fig. 12. The oven is inserted radially into the second stage
so that vaporized metal atoms stream through the ECR plasma and are ionized by electron
impact. Typically with oven operation, the plasma is maintained by running either oxygen or
nitrogen as a support gas in the first stage. This is similar to the use of a mixing gas when
operating the source with gases heavier than oxygen. The amount of metal in the plasma is
adjusted by varying the oven temperature. A proportional temperature controller is used to keep
the oven temperature constant. The beam stability with the oven is quite remarkable. A number
of cyclotron runs lasting several days have used the metal ion beams from the ECR source.
During some of these runs no adjustment of the ECR source or oven was required. This is quite
important from the point of view of operations, since the cyclotron is run by a single operator
per shift and no one is available to make frequent source adjustments during the night.

For calcium the measured usage was found to be in good agreement with the mass flow
rate calculated using the conductance of the oven nozzle and the vapor pressure of calcium at the
operating temperature. Typical operating conditions to produce 10 pA Ca!l* beam from the
ECR are an oven temperature of 507 °C which corresponds to a calcium vapor pressure of
1x10-3 Torr and a calcium usage rate of 2.1 mg/h. Similar results were obtained with
magnesium using oven temperatures cdrresponding to Mg vapor pressure of 1 to 3 x1073 Torr.

For many nuclear physics experiments only very low intensity beams are necessary. An
experiment to study the cross sections for fission using 43Call* beams from 200 to 400 MeV on
197 Au and 298Pb was recently completed at the 88-Inch Cyclotron. The oven was operated at
476 °C and was loaded with a piece of enriched calcium (54% 48Ca). In 68 hours of operation
only 10 mg of the enriched calcium were consumed, which corresponds to 0.15 mg/h. During
the run the 48Ca!l* beam from the ECR was .6 LA and the beam extracted from the cyclotron
was typically 25 nA depending somewhat on energy and cyclotron tuning.

In Fig 13 the CSD for iodine and bismuth are plotted. Both bismuth and iodine are

mono-isotopic which makes the measurement of the CSD easier than using multi-isotope

elements such as xenon. 299Bi was chosen to explore the performance of the LBL ECR source
for very heavy elements because it is mono-isotopic and its vapor pressure temperature
characteristics are appropriate for the oven. The best results were produced with an oven
temperature of 526 °C. As shown in Fig 13 the source produced .56 epA of Bi3l* and .055
epA of Bi34*+. These charge states would be quite useful for the high K superconducting
cyclotrons at MSU, Milan, and Texas A&MU as well as the upgraded heavy-ion linac at ANL.
A slightly different technique was used to produce potassium beams from the ECR
source3> The oven was loaded with a mixture of KCI and Ca and heated to 450 °C. Inside the
oven chamber the calcium reacts with the KCl forming CaCl, and potassium vapor. This
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LBL ECR

SEXTUPOLE

Fig. 12. A cross section view showing the radial position of the oven with respect to the
sextupole structure. The source material is loaded into the tantalum crucible, which inhibits
liquid film flow. The oven temperature is monitored and controlled using a type K
thermocouple and a commercial proportional temperature controller. XBL 867-2604
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Fig 13 Performance of the LBL ECR with 1271 and 209Bi. The best iodine beams were
produced from iodine adsorbed on the walls after the oven was removed. The bismuth beams
were produced by running the oven at 526 °C. XBL 8611-4413



technique avoided the problems associated with handling potassium metal, reduced the chlorine
beam, and made a very stable, easily controlled potassium ion beam in the ECR. The ratio of
potassium to chlorine in the plasma was about 40 to 1. This method should work equally well
with all of the alkali metals. A stable titanium beam was produced using TiF, in the oven at
100°C to produce a molecular vapor of TiF, which dissociates in the plasma. The maximum
intensity of the titanium is limited by increase in neutral pressure caused by the accompanying
fluorine atoms. However, this technique circumvented the problems of building an oven
capable of 1500 °C, as would be required to produce a sufficient vapor pressure of titanium
from the metal.

Another technique used to produce beams from solids is to insert a rod into the edge of
the plasma.28 This technique has been used in the LBL ECR to produce Al, Fe, Ti, and Nb
beams, which have been used for test purposes and atomic physics measurements but not for
operation with the cyclotron. The solid rods are inserted radially into the second stage plasma
until they are heated to sufficient temperature by the hot electrons in the plasma to produce the
required metal vapor pressure. The heating rate is a function of plasma density, axial magnetic
field strength and RF power. With careful tuning it is possible to produce stable beams for
several hour periods. In order to use this method for operating with the cyclotron, a feedback
control system operating either the rod’s position or RF power level needs to be developed.

Operation of the LBL ECR with solids for the cyclotron involves some compromises.
Usually after solids are used there is a short term degradation in the high charge state
performance of the source. The degree of degradation and the length of the recovery time
depends on the type and amount of material injected into the source. Two mechanisms appear to
cause the degradation. First, if a high mass solid has been run it can provide a background of
heavy ions in the plasma via recirculation with the walls. These heavy ions then act as negative
gas mixing, depressing the lighter ion CSD. Second, contamination of the walls reduces the
plasma stability making it impossible to operate the source with the parameters used when it is
clean. The most effective method for cleaning the source after a metallic ion run seems to be to
run it with oxygen in a mode producing a large total current. To minimize operating problem
with metals, we keep the metal vapor density in the plasma as low as possible consistent with
producing sufficient beam intensity for the experiment. Also, when possible we schedule a
non-critical run such as O+ or light ions after the metal ion run to give the source time to
recover.

The horizontal and vertical sections of the beam transport system from the ECR source to
the center of the cyclotron are shown in Fig 14 and Fig 15. Magnetic rather than electrostatic
elements were chosen because of better space charge neutralization for high intensity beams,
fewer vacuum penetrations, and better long term reliability. Magnetic steering coils are used at
each lens. Beam diagnostics consist mainly of fixed four jaw collimators with beams readouts
before each set of lenses where the beam is largest. A movable 4 jaw collimator and Faraday
cup are provided near the top of the vertical line. Beam at the bottom of the vertical line can be
read on the mirror electrode in the midplane of the cyclotron and then on the cyclotron beam
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probe at small radius. The vacuum system uses cryo-pumps and turbo-pumps and all metal
seals. The typical beam line pressure is < 5 x 10"8 Torr which is sufficiently low so that beam
loss due to charge exchange with neutrals is negligible. To minimize beam steering due to the
stray field of the cyclotron, nickel plated magnetic steel beam pipes were used where possible
and magnetic shielding was added to stainless steel components such as bellows. A simple
gridded two gap sine wave buncher installed slightly above the cyclotron yoke provides a factor
of 3 to 5 transmission gain over an unbunched beam. A gridded mirror is used to bend the
beam through 90 degrees into the midplane.

The calculated beam profiles from the exit of the ECR source to the cyclotron midplane
are shown in Fig. 16. The currents of the focussing and bending elements are now predicted by
a small computer program based on a combination of calculations and beam line tuning
experience. The predictions are sufficiently accurate that the operator only needs to do some
fine tuning to maximize the beam. In Table 5 some examples of beams from the cyclotron+ECR
are listed. The transmission from the Faraday cup after the analyzing magnet to extracted beam
from the cyclotron varies from a few percent up to 17% depending on the cyclotron main field,
harmonic number used, and vacuum in the cyclotron tank. Usually the source is operated at 10
kV which gives good beam centering for the maximum dee voltage of SOkV.

Future of ECR Sources

The successful coupling of ECR sources to cyclotrons, a synchrotron, and soon to a

heavy-ion linac36

make it clear that continued development of ECR source technology is
essential. This is a relatively young technology and further improvements are to be expected.
These improvements may come in an incremental way as a result of refinements in extraction
geometry, first stage performance, source vacuum, or other area. They may come in a more
dramatic fashion, if higher frequencies RF sources such as gyrotrons can be successfully used

to drive ECR sources. Since the power density must rise with the plasma density, as the source

frequency increases the size should decrease. Comparison of the performances of small and

large sources give no clear indication that nt; scales with source size, although there may be a
relationship between RF wavelength and minimum plasma chamber size.30 This is consistent
with higher frequencies and smaller sources. A key issue is finding a way to increase the the
plasma density without increasing the neutral density. This is particularly important for
producing very high charge states for ions in the mass range from 50 to 238. Additional areas
for improvement include application of plasma diagnostics to ECR sources and a better
theoretical understanding of high charge state production in ECR sources. Better tgchniques
need to be developed for producing beams from solids. Ovens such as the one used with the
LBL ECR can probably not be used above 1000 °C. One possibility would be to build an
electron beam heated oven which operates in the edge of the axial magnetic field. Another
possibility would be to use a laser to evaporate high temperature materials at the edge of the

plasma.
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There are many challenges and room for new ideas in the field of ECR sources. We can
look forward to real advances in the field as new groups join in the development of ECR
sources.
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Ion

14N5+
1805+
166+
167+
22Ne6+
24Mg7+
286+
407,12+
1602+
405 9+
86k 14+
129521+
1602+

Optimized beams from the 88-Inch Cyclotron+ECR

Cyclotron Harmonic

Energy
MeV)
180

117
315
429
151
192
180
504
20

180
301
451
20

N W W W W

TABLE 5

Source
Current

(epA)
60

60
40
10
40
20
60
6

69
30
25
.8

67

Cyclotron
Ext. Current

(epA)
7

10
3
0.2
7
L5

.08
02
15

Transmission
(%)

11
17
7
2
17
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