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Abstract 

The new Advanced ECR (AECR) source is being 
developed [l] for the 88-Inch Cyclotron at Lawrence Berkeley 
Laboratory. It operates at 14.5 GHz, compared to 6.4 GHz for 
the present LBL ECR source [2]. An electron gun [3] injects 
electrons into the plasma chamber to increase the production of 
high charge state ions. The first AECR beams were injected 
into the cyclotron in June of 1990 and since then a variety of 
ion species from the AECR have been accelerated, including 
beams from oxygen at 32 MeV/u to bismuth at 4.6 MeV/u. 
A Xe32+ beam of 1054 MeV or 8 MeV/u was accelerated. 

I. INTRODUCTION 

The system used to inject beams from the ECR sources 
into the cyclotron is shown in Fig. 1. Either the LBL ECR 
or the AECR can be used to inject the cyclotron, There arc 
several advantages of adding the AECR source. The new 
AECR source operates at 14.5 GHz, compared to 6.4 GHz for 
the LBL ECR, to take advantage of the demonstration by 
Geller’s group in Grenoble that both higher intensities and 
higher charge states could be produced by operating at higher 
frequency. A higher charge state, Q, produces higher cyclotron 
energy as Q2. Also the flexibility of the system is increased 
by having two sources and analyzing systems, because one 
source can be used for cyclotron injection while the other is 
used for development, maintenance or atomic physics 
experiments. The LBL ECR source has injected beams for 
regular operation since 1985. The AECR source was 
completed in Dec. 1989 and is now undergoing testing. This 
paper describes the AECR source, its high charge state beam 
performance with an electron gun, the injection system into 
the cyclotron and the acceleration of beams from the AECR 
through the cyclotron. 

II. THE AECR SOURCE 

Figure 2 illustrates the design of the AECR. A single 
14.5 GHz 2.5 kW klystron supplies microwave power to the 
source. The independent coils make it easy to vary the axial 
magnetic field. An iron yoke around the coils increases the 
axial field at each end while the iron plates between coils 2 and 
3 reduce the axial field in the center to achieve the required 
mirror ratio. Pumping for the plasma chamber and extraction 
regions is provided by a 240 l/s and a 500 I/s turbomolecular 
pumps, respectively. In May 1990, WC developed an electron 
gun 131, which injects cold electrons on axis into the plasma. 

The electron gun is shown at the left side of Fig. 2. As 
shown in Table I, the AECR can produce much higher charge 
state ion beams than the LBL ECR, and the maximum ion 
currents are much higher than those from the LBL ECR for the 
same charge state ion beams. The best results to date were 
obtained with electron currents between 20 and 100 mA at bias 
voltages between 50 and 150 V. With the electron gun, the 
optimum microwave power and total extracted currents were 
typically 2 kW and 2 to 3 mA, respectively. The lifetime of 
the first LaB6 cathode was about 600 hours. To improve the 
operational stability of the AECR source a new sextupole 
magnet is being built, with stronger field at the chamber 
walls. 
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Fig. 1. Schematic view of the injection beam transport lines 
for the 88-Inch Cyclotron, from the LBL ECR and the AECR 
sources. Either of these two ion sources can inject beams into 
the cyclotron. 
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Fig. 2. Schematic drawing of the AECR. The axial magnetic 
field is produced by copper coils in an iron yoke. The iron 
plug on the injection side was added to increase the axial 
magnetic field. Electrons from a LaB6 filament flow along the 
axial magnetic field lines into the plasma chamber. 

III. THE INJECTION SYSTEM 

The LBL ECR source uses 10 meters of horizontal 
beamline for injection, Fig. 1. The AECR is placed opposite 
the LBL ECR, and uses 7 meters of horizontal beam line. The 
two horizontal beamlines meet in a common 4 meter long 
vertical transport line to the cyclotron. Magnetic rather 
than electrostatic bending, focusing and steering elements were 
chosen because of better space charge neutralization, fewer 
vacuum penetrations and better long term reliability. 
Focusing is done with quadrupoles and Glaser lenses (magnetic 
solenoids with iron return yokes). Coils mounted on the beam 
pipe provide steering. To minimize beam steering due to the 
stray field of the cyclotron, nickel plated magnetic steel beam 
pipes were used where possible. 

The AECR and LBL ECR sources use the same design 
for analyzing systems. A Glaser focuses the source beam at 
the analyzing system entrance slits. The beam is then 
analyzed and focused by the initial 90 degree magnet. The 
resolution is l/l00 in mass for full transmission, and l/200 
with narrower slit settings. The new section of horizontal 
bcamlinc for the AECR, from the analyzing magnet to the 
vertical line, uses a Glaser and a quadrupole doublet to match 
the beam through the 90 degree bend into the vertical line. 
The sections of the beamline between the source analyzing 
magnets and the vertical axial injection line are commonly 
powered for the LBL ECR and the AECR beamlines, which 
not only reduces the cost but also simplifies the control 
system. 

The vacuum system uses cryo-pumps and turbo-pumps 
and all metal seals. The typical beam line pressure is 5 x lo- 
8 Torr which is sufficiently low so that beam loss due to 
charge exchange with residual gas is negligible. 

Table I. Comparison of ion currents in epA from the AECR 
and LBL ECR sources. All measurements reported were done 
with a source extraction aperture of 8 mm diameter and 10 kV 
of beam acceleration. 

* Isotopically enriched gas used. 

Beam diagnostics along the injection beam line consist 
of fixed four jaw collimators with beam readouts before each 
set of lenses, where the beam is large. Beam current can be 
read on several Faraday cups along the line. 

A gridded buncher is placed 2.1 m above the cyclotron 
midplane. At the cyclotron center the beam from the injection 
system is bent through 90 degrees by a gridded electrostatic 
mirror with a transmission of 90%. Beam current can be read 
on the mirror with the voltage off, a useful diagnostic for low 
lcvcl beams. 

In our non-scaling mode of operation the requirement 
for beam centering is that the dee voltage should be 
approximately 5 times the injection voltage. The usual 
operating values are 10 kV for the injection voltage and 50 kV 
for the dce voltage. The advantage of operating in this non- 
scaling mode is that the dee voltage can bc operated near its 
maximum for all beams, giving the minimum number of 
particle turns and thus high center region acceptance and low 
beam loss due to stripping during accclcration. Also, keeping 
the injection voltage high reduces the emiltance in the 
transport line to increase tmnsmission. 
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IV. PERFORMANCE OF THE 88-INCH CYCLOTRON 
WITH THE AECR 

The cyclotron accelerates protons to 55 MeV, ions with 
Q/A = 112 to 32.5 MeV/u, and heavier beams to E/A = K 
Q2/A2 , where the maximum K = 140. The transmission from 
source to external beam has been typically 3-20% with the 
LBL ECR source. The loss of beam due to charge exchange 
during acceleration ranges from 10% for highly stripped light 
ions to over 50% for heavy ions such as xenon. 

With the higher charge state ion beams produced by the 
AECR, the performance of the 88-Inch Cyclotron has been 
greatly enhanced. The AECR source can inject beams of 
higher intensity and higher charge state than those available 
with the LBL ECR source. Table II shows the ion beams 
injcctcd from the AECR and accelerated by the 88-Inch 
Cyclotron. The “BS” column indicates the first beam stop for 
external beam. A wide variety of ions at high charge states 
has been accelcratcd, including Ar16+, Kr25+, Xe32+ and 
Bi38+. The low temperature oven was used for bismuth 
production. 

These high charge state ions have a large electron pick- 
up cross-section at the low energy region in the center of the 
cyclotron. Although the pressure is 1-2~10~~ torr near the 
vacuum tank outer wall, it is higher in the center region and 
there is still significant beam loss during acceleration for these 
beams. For the xenon beams of Table II the beam loss is a 
factor of 2-5, for pressures in the above range. For the 
bismuth beams the loss is a factor of 5-40. So a better 
vacuum is very important for higher transmission of these 
beams. 

The injection efficiency has been similar to that with 
the LBL ECR, with about 10% transmission from source to 
external beam for typical first harmonic beams. The 160 

Table II. AECR Beams Accelerated by the 88-Inch Cyclotron. 

Ion 
Charge E/A 
State K E (MeV) (MeV/u) BS (nAl 

‘60 6 71 160 10 6200 
160 8 130 520 32 200 
2ONC 10 130 650 32 90 
40Ar 14 140 686 17 320 
40‘4r 16 140 896 22 30 
86Kr 23 140 861 10 60 
wcr 25 140 1017 12 8 
136Xe 29 140 865 6.4 30 
136X, 30 140 926 6.8 20 
136X, 31 140 990 7.3 8 
136X, 32 140 1054 7.8 3 
209Bi 35 138 809 3.9 1.4 
209Bi 36 138 856 4.1 1.1 
209Bi 37 138 904 4.3 0.3 
209Bi 38 138 954 4.6 0.1 

MeV oxygen beam of Table II is a typical high intensity 
beam, with 6 PA on the beam stop. The maximum K of 140 
was used for most of the beams to study the performance at 
maximum energy. The beams use first harmonic acceleration, 
except for those below 6 MeV/u, which use third harmonic. 
Fig. 3 shows the best performance of the cyclotron with the 
AECR and the performance with the LBL ECR. 

A useful technique for rapid charge state and energy 
variation [4] has been used for runs with both the LBL ECR 
and AECR sources. The charge state from the source is 
changed, and the injection voltage is also changed to keep it 
proportional to charge state, so the injection line magnet 
settings are unchanged. The cyclotron K is constant, which 
eliminates the settling time of the main magnet. This 
technique was useful for changing charge states of the high 
charge state beams in Table Il. 
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Fig. 3. The best performance of beams accelerated by the LBL 
ECR and the AECR sources in the 88-Inch Cyclotron. 
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