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SummarY 

An Electron Cyclotron Resonance (ECR) heavy-ion 
source is under constrilction at the LBL %-Inch 
Cyclotron. Th;s source will produce very high charge '3 
state heavy ions, such as OS+ and Arlz+, which will > 
increase cyclotron energies by a factor of 2-4, up tc 
A = 8C. [t 1s a two-stage source urinq room tempara- 

g 

ture coils, a permanent maqret sextupole, and a 6-g GHr s 
microwave system. Design feattireS include adjustabls? w 
first to second stage plasma couoling, a variable 2 
second stage mirror ratio, high conductance radin' 0 

w 
pump:ng of the second stage, and a beam diagnostic 
system. A remotely movable extraction electrode will 
optimize extraction efficiency. The project inclunes 
construction of a transport line and imorovements to 
the cyclotron axial injection system. The 
construction period is expected to he t&o years. 

Introduction 

To increase significantly the heavy-ion beam 
energies of the %-Inch Cyclotron, a project to cor- 
struct an Electron Cyclotron Resonance (ECR) ion source 
is under way. The EC? ion soil-ce will be capable oc 
stripping heavy ions to higher charge states than can 
cur-entl;y be achieved using the internal heavy-ion PIG 
sourc2. The maximum energy of a heavy-ion heam from Fig. 1. 

the cyclotron increases as the ion charge state 
squared, so the ECR ion source is a cost-effective 
methoc for improving the cyclotron's oerformance. In 
June 1982 the decisjon to construct an ECR ion source 
was made after careful evaluatior of the results of the 
E3:S F and D program at lLBL1 and of E?R ion solirces 
developed in Europe. Basically the high dut,y factor, 
high intensity beams from the ECR source arc better 
[matched to the nlrclear physycs experimerts dsing the 
cyclotron than the somewhat lotier iitznsity, lower duty 
factor, higher charge state beams frown ESIS. The 
siccessfJ1 develooment of compact room-temperature ECR 
sources in Grenoble hv Gelle- and his associates in 
the past saveral years: led us to adopt the general 
features of his [design for olir source. The enerqy and 
mass range of the ECR so(irce injecting the 88-Inch 
Cyclotron is shown in Fig. 1. Details on the nuclear 
science jIlstificatlan are given in the proposal.3 

“W 

-_ 
The ECR Source 

Figure 2 illustrates the main design features of 
the LBL ECR source. The design is intended for 
developmental and operational flexibility. Separate 
turbopumps will be used on each stage. The injector 
stage of the LBL ECR source is still under desiqn. 
The solenoid coils can provide an axial magnetic field 
of up to 0.42 T. The injector vacuum chamber is 
relatively large so it can accommodate a number of 
possible sources. One possibility would be to use a 
Lisitano coil tz produce ar overdense plasma in the 
injector.4 I? the future metallic ion beams will be 
required From the ECR, SC enough room has been left in 
the injector to allow the installation of a metal ion 
source. 
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Energy per nucleon YS mass number for &S-Inch 
ryclotron. Cyclotron external beam intensity 
(particles/s) is shown for edch contour 
Tine. Lotier curves show performance with 
present internal PIG source. Upper c II r v e s 
give estimate for injection with EC9 source, 
assuming a transmission of 4': from scarce to 
external beam. 

MAIN STAGE -- 

lNJECTOR STAGE “Wl 
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Fig. ?. An elevation vjew of the LBl. ECR source. 
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The extractor can be moved along the axis to 
maximize the current from the ECR source. The extrac- 
tor will be operated in an accel-decel mode. The 
injector and mainstage will operate at a positive 
potential between 5 and 20 kV. The first extraction 
element will operate at a negative potential between 0 
and -5 kV, and the second element wi'l operate at 
ground potential. The combination of variable extrac- 
tor position and variable accel-decel voltage will Se 
used to optimize beam intensity and errittance. 

The axial field, summarized in Table 1, is 
p-ocuced by two sets of four coi:s in the mainstage and 
one set of three coils in the injector. The coils are 
tape-wound copper pancakes with water jackets between 
tne coils for cooling. The shape of the axial field 
can be tuned by adjusting the currents to each coil. 

The sextupole magnet is designed with an open 
configuration to allow for radial pumping of the 
mainstage. The design of the sextupoles represents 
a compromise between the desire to have a strong, ideal 
sextuoole field out to larqe radius and the need for 
sufficient pumping conductance betweer the sextupole 
m2nber s. To optimize the design of the sextupole, 
calculations were done based on the multipole expansion 
for rare earth cobalt magnets suggested by Halbach. 
The dimensions and field strengths of the sextupole 
are summarized in Table I. 

Table 1 
L6L ECR Source Parameters 

Axia‘ Maqnetic Field 
Mirror Ratio 
Yax B on axis 

SextlApole Dimensions 
Inner radius (r) 
Element height (hi 
Element width (d) 
Length 

Sextupole Magnetic Field 
Maximum BMAG (e = OOJ 
Maximum BMAG (e = 30 ) 
+emanent SmCo5 

1.3-2.0 
0.42 T 

4 cm 
3 cm 
2.8 cm 

33 cm 

0.41 T 
0.28 T 
0.94 T 

Microwave Power 
Mainstage 
Injector 

3.3 KW at 6.4 GHz 
1.0 KW at 9.2 GHz 

A second design feature of the sextupole is that 
the easy axis or magnetization axis of the rare earth 
cobalt magnets is orientec azimuthally rather than 
radially as in other ECRs,7 as sholwn in Fig. 3b. 
With this azimuthal orientation the flux lines flow out 
between the elements rather than ending OI the interior 
walls of the sextupole. The escaping plasma follows 
the flux lines so the plasma will leak out between the 
pole pieces. This has two potential advantages. 
First. since the olasma will not strike the interior 
waYi there should'be less outgassing in the center 
reqion of the source where charge exchange with neutral 
atoms should be avoided. Second, it allows the 
insertion of a probe into the recion where the plasma 
is escaping to produce ions from-solid materials. 

The results of calculations, similar to those made 
by Jonoen,8 to compare the characteristics of the 
mirror'field produced by the azimuthal and radial ori- 
entation are illustrated in Figs. 3a-3d. Only flux 
lines with mirror ratios of 1.4 or greater are plotted. 
The calculations are done with an axial mirror ratio of 
1.5 and maximum axial f;elds of 0.25 T and 0.40 T, 
corresponding to operaring frequencies of 6.4 and 
10.4 GHz, respectively. Fiqure 3a and 3b illustrate 
tnat the number of flux lines at 6.4 GHz are similar 

for the two orientations. Fiqures 3c and 36 illustrate 
that at the higher frequency where the axial field is 
stronger the flux lines are better contained by the 
field produced by the radial orientation. This 
difference is due to the non-ideal sextupole field near 
the inner radius of the sextupole magnet. With the 
radial orientation, flux lines end on the pole faces 
where Bmag is larger than between the pole pieces, 
where the flux lines go with tangential orientation of 
the sextupole elements. 

Present plans are to use a 6.4 GHz 3.3 kW klystron 
in the mainstage of the source. A 9.2 GHz 1 kW 
klystron already on hand will be used during the early 
testing stages and may later be used in the injector 
stage. The choice of 6.4 GHz is based mainly on the 
availability of a commercial klystron and power supply 
package. During the testing phase of the LBL ECR the 
source performance at 6.4 and 9.2 GHz can be compared 
at least up to the 1 kW power limit of the 9.2 GHz 
source. Driving the mainstage of the ECR at two 
distinct frequencies simultaneously is also possible. 
This would mean there would be two nested resonance 
surfaces and the electrons could adsorb energy as they 
passed through each zone. 
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Fig. 3 Plots of "good" flux lines at the symmetry 
olane of the mainstaae of the ECR source. 
The mirror rat;0 of the axial magnetic field 
is 1.5 in all four cases of this fiqure. In 
ia and 3b the axis; field maxima are 0.25 T 
and in 3c and ?d they are 0.40 T 
corresponding to operatinq frequencies of 
6.4 Ghz and 10.4 GHz, respective1.y. The 
sextupole strenqth is the same in all four 
cases'of the figure. The only di'ference in 
sextuoole field is that in 3a and 3c the 
magnetization is oriented radially ant in 3b 
and 3d it is orienteri azimuthally. 
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Axis! Injection System 

The ECR source will be placed on top of the 
cyclotron roof shielding, near the polarized ion 
source. A new g-meter long beam line will transport 
the beam to joir the 5-meter long vertical axial 
injection transport line used by the polarized ion 
source. This vertical line will be lrpgraded to obtain 
better vacuum and to provide optimum matching of the 
ECR snurce beam to cyclotron acceptance. The beam 
line vacuum system will he designed for 1 x 10-7 
torr to keep the charqe exchange losses below 5% for 
cross section of IO-14 cm2. 

'he principal focusing elements planned for the 
beam line are magnetic quadrupoles. An analvzinq 
magnet will be used after the ECR source to provide a 
mass resolution of 11200, to separate isotopes as heavy 
as xenon. The present electrostatic mirror appears to 
be satisfactory for bending the beam into the midolane. 

Present transport line studies are centered on the 
lower oart of the vertical injection line, where the 
beam enters the axial cyclotron magnetic field. This 
area presents an unusual type of beam optics,9,lD 
where the beam is strongly focused by the half-solenoid 
"hole lens" of the cyclotron field. Beam particles are 
given a rotational velocity component vo, which is 
proportional to their radial displacement r, according 
to the conservation of canonical angular momentum: 
vg = qBzr/Zm. This can lead to increase in emit- 
tance areas in 2-dimensional transverse projections. 

Beam tracking studies have been done in the hole 
lens region using the computer code AXIN (courtesy of 
G. Bellomo, Michigan State University and University 
of Mi*an, and G. Ryckewaert, University of Louvain). 
To understand the characteristics of a typical EC9 
source phase space entering the hole lens, we simulated 
the magnetic field rise by a simple linear rise, 
Fig. 4a, with a maximum value the same as for the 
highest cyclotron field level. The ernittance area in 
a Z-dimersional projection, Fig. 3h, shows periodic 
size changes with a wavelenqth h 
6~ is the beam rigidity. 

we wisi = Zn(Bo!/Bz where 
to place one of the 

minima at the median plane to avoid emittance increase 
in the beam injected into the cyclotron. Figure 4c 
shows the increase in maximum transverse divergence as 
the beam enters the hole lens, caused by the transfer 
of 'ongitudinal to transverse energy. The beam 
envelope undergoes periodic oscillations in the hole 
field. as shown in Fiq. 4d. This is due to particles 
having helical trajectories passing through the axis. 
The minimum at the median plane is a good match to 
acceptance requirements of the cyclotron center region. 
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iis I. 4. Beam tracking caicolarions for a beam with 
O/A = 0.5. E/A = 5 keV/u anu unnormalized 
emittance = 200 ir mm mrad. An initial waist 
is assumec at beginninq of the magnetic field 
rise. 
(a) Simplified hdle lens field. 
(5) The beam emittanca 7E. 
(c) The maximum transverse civergence R'. 
(d) The beam envelope i;. 
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