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* SURVEY OF EXTERNAL INJECTION SYSTEMS FOR CYCLOTRONS 

D. J. Clark 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720, U.S.A. 

ABSTRACT 

UCRL-18980 

Internal cyclotron ion sources produce large currents of light 

ions such as protons, deuterons, and a-particles. But for many other 

ions an internal ion source is either impossible or of low intensity. 

Sources of polarized ions are much too large to put in the center of a 

cyclotron. To make heavy ions with the high charge states necessary for 

high cyclotron energy, the ion source needs high arc power input, which 

is supplied more easily in an external source. ~or negative ion accelera-

tion, high gas flow and low pressure are needed, indicating the advantage 

of an external source. For these ions a number of groups have built or 

are planning injection from external sources. For polarized beams a few 

installations have used neutral beam injection. However, most polarized 

beam systems and all heavy ion and negative ion systems use ion injection 

because of better beam control during transport, and no loss of beam in 

charge exchange. The ion beams are brought in either axially through the 

magnet pole, or radially along the median plane. The larger cyclotrons 

being planned for 200-500 MeV provide adequate space in the usuaily 

* Work performed under the auspices of the U. S. Atomic Energy Commission. 
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crowded center region, for transport and inflection of beams from 

external injection systems. This paper compares and summarizes the 

various external injection systems operating or under construction for 

cyclotrons up to 500 MeV. 
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l. INTRODUCTION 

The first external injection systems were designed to bring pol-

arized beams to the center of the cyclotron from external sources, since 

these sources were much too large for the cyclotron center region. At 

CERN a source was built by Keller's group1 •2 to inject polarized hydrogen 

atoms into the CERN 600 MeV synchrocyclotron. This method was tested on 

a model cyclotron but never used on the large machine. The first injec-

tion of ions irito a cyclotron was reported at the UCLA Cyclotron Conference 

by Powell's group at the University of Birmingham3 in 1962. They obtained 

excellent results with an rf source, getting a transmission of 3% from 

source to accelerated beam, without bunching. This work demonstrated 

the possibility of obtaining high intensity polarized beams by injection 

of polarized ions from one of the recently developed sources described 

at the Basel Conference in 1960. 4 At the CERN Conference in 1963 Thirion 

reported5 the first successful acceleration of polarized particles in a 

cyclotron, injecting a polarized atomic deuteron beam in the median plane, 

and ionizing at the cyclotron center. There was fortunately no depolari-

zation observed during acceleration, in agreement with calculations for 

. 6 7 . 8 
other AVF Cyclotrons by Khoe and Teng, Kim, and Baumgartner and Kim. 

After these initial successful injection tests, other methods of 

inj ecticm, and improved sources were proposed and tested, as illustrated 

in Fig. l. Some of these have been reviewed previously by Powe119 at the 

FIGURE l 

:II 
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10 Karlsruhe Conference in 1965 and again by Powell at the Gatlinburg 

Conference in 1966. A review Of polarized sources was given by Craddock
11 

in 1966. Heavy ion injection systems will be reviewed by other papers at 

this conference. In the following sections the various types of external 

injection systems for cyclotrons up to 500 MeV will be briefly discussed, 

to point out the principles of each. The Separated Orbit Cyclotron will 

be omitted, since it has special injection requirements. Finally, the 

relative success of each type of system will be summarized in the last 

section of the paper. 

2. NEUTRAL BEAH INJECTION 

2.1 Thermal Velocity Beams 

The earliest systems of polarized beam injection injected neutral 

beam from a polarized source in the cyclotron median plane. This pro-

vided a simple transport method through the strong cyclotron magnetic 

field to the center region, where the atoms were ionized by electron 

bombardment. The atoms were of thermal velocity, formed in an rf 

dissociator. 

1 2 The first proposal was by Keller's group at CERN ' for injecting 

polarized hydrogen atoms into the 600 MeV synchrocyclotron. The principle 

was tested in a 4.5 MeV model cyclotron, but not installed on the 600 MeV 

machine. The problem of reducing the hydrogen background below the atomic 

beam pressure at the cyclotron center was difficult in this method. 

This principle was successfully used by Thirion's·group at Saclay 

to inject and accelerate polarized deuterons in the 22 MeV classical 

. \ 

i 
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cyclotron, This system is shown in Fig. 2. The source was placed in 

FIGURE 2 

the cyclotron vault at median plane leve1. 12 The atomic beam was ionized 

in the center of the cyclotron by a magnetron type of ionizer. For deu

terons the background problem is much less serious than for protons, and 

a good polarization of 55% was obtained, with a current of 0.03 nA of 

deuterons on target. Although the transport was easy in this system, the 

ionization efficiency was low, compared to an external ionizer. 

Recently an arc type ionizer was installed by Maillard and 

Papineau in the center of the deuteron cyclotron at Saclay. 
13 They report 

a factor of 100 increase in beam intensity to 5 nA, with about the same 

polarization, 0.5. Despite this great improvement, the intensity is a 

factor of ten lower than can be obtained with injection from an external 

ionizer on. the same source. The deuteron source was removed from this 

cyclotron in early 1969. 

2. 2 Fast Neutral Beams 

Another system of neutral beam injection is being installed on 

a U-120 Cyclotron at the Nuclear Research Institute in Rez, Czechoslovakia.
14 

This system is shown schematically in Fig. 3. A beam of polarized protons 

FIGURE 3 

or deuterons is formed in a weak field ionizer, accelerated to 40 kV, 
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focused, bunched, and neutralized in a hydrogen chamber placed in a 2.5 kG 

magnetic field. At the center of the cyclotron, a stripping foil between 

the dees produces ions again, for acceleration. As in the Saclay system, 

this me.thod has the advantage of requiring negligible space and modifica-

tions in the cyclotron. This system has an advantage in beam focusing 

over the thermal velocity method. Also protons ·can be used as easily as 

deuterons, since there is no ionizer at the cyclotron center to ionize 

background gas. 

. 3. AXIAL ION INJECTION 

The first external ion injection system was installed on the 

Birmingham cyclotron by Powell in 1962. 3 The system was developed with 

15 an rf source. 

shown in Fig. 4. 

Later a ~olarized deuteron· source was installed9 as 

The system contains six einzel lenses guiding beam down 

FIGURE 4 

the axial hole in the upper pole. The beam is bent into the median plane 

by a 45 degree gridded electrostatic mirror as shown in Fig. 5. Special 

FIGURE 5 

center region electrodes provide narrow gaps to accelerate the beam 

ar.ound the mirror at the rather low dee voltage of 25 kV. These are 

shown also in Fig. 6. Vertical grids increase the accelerating fields 

FIGURE 6 

. ' 
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and adjust vertical focusing. The 45 degree mirror is shown in more 

detail in Fig. 7. The molybdenum wires are wound in a square mesh, 

FIGURE 7 

giving 65% transparency after two traversals. The system performed well 

with the rf source,15 giving 21 ~A accelerated to full radius, and a 

transmission of 3.5% from source to full radius without bunching. 

For the polarized source, the transmission is now 10% to full 

16 
radius, and 2% to extracted beam, with a buncher. A careful analysis 

of the injection optics was given at the Gatlinburg Conference. 
10 

After the success of the Birmingham injection "system, many other 

groups began planning axial injection systems. Only a few features of 

the other systems will be mentioned here. 

The transport systems are generally composed of einzel lenses, 

electric or magnetic quadrupoles. The inflectors are usually gridded 

mirrors, as at Birmingham. However, at Grenoble, a helical channel is 

d 
17 h . F" 8 use , as s own ~n ·~g. . This channel has the possibility of 100% 

FIGURE 8 

transmission. Another channel is described by Muller.
18 

Various beam optics calculations have been done for these sys-

terns. A region which is peculiar to the axial system is the half-solenoid 

lens formed at the bottom of the entrance hole, where the magneti.c field 

rises from nearly zero to its median plane value of up to 17 kG in some 
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cyclotrons. At the Berkeley 88-Inch Cyclotron some calculations of beam 

trajectories through this "hole lens" were done by Luccio. 19 A typical 

beam envelope given by these calculations is shown in Fig. 9. In this 

FIGURE 9 

").. mode" the beam is transformed from a waist outside the lens to a 

similar waist in the median plane. By scaling the injection energy pro-

portional to cyclotron energy (magnetic field squared) one can stay on 

this mode, as shownin Fig. 10 for the Berkeley case. 20 In practice 

FIGURE 10 

several modes are used, because of various limitations such as inflector 

clearance, maximum dee voltage and minimum injection,energy from ion 

sources. 

A point of interest. in the beam optics is the behavior of the' 

beam at high intensities where space charge forces are important. In 

systems where there is no compensation of this charge by neutralization, 

the beam size increases and lens strengths must be increased to produce 

the same waists. This is illustrated by a calculation by Resmini at 

. 21 4 Berkeley in Fig. 11. The beam profiles are shown for 100 ~A, 00 ~. 

FIGURE 11 

and 800 ~A for a 10 keV proton beam. More work of this type would be 



-9- UCRL-18980 

useful in the hole lens and inflector regions. Groups such as the 

. 22 
Rutherford Laboratory report use of space charge compensation, which 

should permit high current transmission without blow-up. 

Other systems now operating or under construction include one by 

the Cyclotron Corporation for H 
23 

injection into a compact cyclotron, a 
.· 24 

Phillips system for a compact cyclotron, a system for polarized ion 

. 25 -
injection into ORIC at Oak Ridge, and H injection into the 500 MeV 

.TRIUMF cyclotron. 26 

4. RADIAL ION INJECTION 

4.1 Trochoidal Injection 

The earliest of the radial ion injection systems is that of the 

Lebedev Institute in Moscow. 27 Here the hill-valley magnetic field dif-

ference of an AVF cyclotron is used to send the beam on a trochoidal 

path to the center region as shown in Fig. 12. This is an "anti-spill 

-- - -·- -~--·~ ---·- _..,~ - - --4 

FIGURE 12 

beam" system, the inverse of a commonly observed instability of AVF 

cyclotrons. At the center an electrostatic channel is used to inflect 

the beam into a centered orbit, as shown in Fig. 13. The injection 

FIGURE 13 

energy is 30 keV, 10% of the 300 keV cyclotron energy, so the loops are 

well separated, giving adequate space for the inflector. The beam. 
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focusing is good and the transmission of 20% from external source to 

accelerated beam at full radius is excellent. 

An example of this method applied to a larger cyclotron is shown 

by a calculation by Blosser's group at Michigan State28 in Fig. 14. Here 

FIGURE 14 

injection is at 250 keV for a 42 MeV proton cyclotron field. The injec-

tion energy is now only 0.6% of the cyclotron energy. The loops overlap 

and the inflection is more difficult. The stability and optical quality 

28 are excellent. 

4.2 Electric Field Cancelling Magnetic Field 

In 1965, a new method of radial ion injection was suggested by 

Beurtey and Thirion at Saclay. 29 This system was designed to transport 

polarized protons from the source through the median plane to the cyclo

tron center, 30 as shown in Fig. 15. It uses a system of electrodes, 

FIGURE 15 

shown schematically in Fig. 16, shaped to provide a horizontal electric 

FIGURE 16 

field to cancel the force from the magnetic field on a 5 keV proton 

beam, and to focus it on its path to the cyclotron center •31 •32 The 

magnetic field profile to be cancelled is shown in Fig. 17. By the use 

i 
'i 
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FIGURE 17 

of four bars, the voltages can be adjusted to give an electric field with 

a linear portion as shown in Fig. 18. This shape provides transverse 

FIGURE 18 

focusing of the ion beam. The results obtained with this system33 show 

transmission from polarized source to accelerated beam of 4% and to 

extracted beam 1.4%. The external beam intensity is 70 nA, an excellent 

result due to the fine source performance and good injection transmission. 

4.3 Linac Heavy Ion Injection 

A third method of radial ion injection was. proposed by Cabrespine's 

34 group at Orsay. Figure 19 shows the system with a linac injecting 

FIGURE 19 

heavy ions into the median plane of the cyclotron. The ions have a 

charge/mass ratio of 0.1 and an energy of 1 MeV/nucleon from the linac. 

The radius of curvature is large enough to bring this beam into the 

center of the cyclotron in about a half turn, as shown in Fig. 20. Here 

FIGURE 20 

it is stripped in a foil placed at a position to give a centered orbit 

at the higher charge state. This two-stage device gives final cyclotron 

'·' 
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energies of up to 370 MeV for krypton. For the heaviest ions final 

energy is equal to that of a single cyclotron of 2.5 times the radius 

of this one. 

4.4 Injection into Separated Sector Cyclotrons 

For higher energy cyclotrons, a separated sector design is often 

used. The first project of this type was the 500 MeV SIN Cyclotron at 

Zurich. This.cyclotron is now under construction and was described at 

the Tokyo Nuclear Structure Conference in 1967, 35 and at this conference. 

Figure 21 shows the injection beam line for bringing 68 MeV protons 

FIGURE 21 

through a bending magnet and an electrostatic channel into the initial 

orbit. Sin.ce the magnetic field is nearly zero between sectors and in 

the center, there is adequate space for the inflection channels. 

The 200 MeV final stage and 15 MeV injector stage Indiana 

Cyclotrons, 36 now under construction, are also of the separated sector 

design. The injection here is similar to that of Zurich. There are 

also a number of new proposals for separated sector cyclotrons, which 

will be described at this conference. 

.A I 
I 

... 1 
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5. SUMMARY 

To collect information on the various external injection systems 

now operating or under construction, questionnaires were sent to groups 

doing work in this area.· The information received was sorted and is 

partially displayed in Table I. Since several systems are operating now, 

TABLE I 

the last columns are used to show the transmission and beam currents, 

measured or predicted. Both axial and radial ion injection work well, 

with overall transmission from source to extracted beam in the region 

of 1-5%. In the larger machines being built, the higher injection 

energies and smaller phase space areas promise efficiencies of up to 

30%, starting with a DC beam. This is very encouraging since the increase 

in beam current can come from an increase in acceptance, as well as the 

greater output of the external source, compared to an internal source. 
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TABIE I. EXTERNAL INJECTION SYSTEM3, SPECIFICATIONS 

TRANSMISSION 
CYCLOTRON INJECTOR SOURCE TRANSPORT CYCIDTRON BEAM SOURCE TO: 
ENERGY STATUS TYPE ENERGY(kVJ POL. CURRENT M)DE FOCUSING INFIECTOR BUNCHER ACCEL. EXTERNAL ACCEL •. EXT. COMMENTS 
(MeV) 

ATOMIC BEAM 

Sac lay 

Czech. 

22d 

l2d 

Shutdown 1969 Pol. Thermal 

4o p,d 

·5 d 

AXIAL ION 

Birmingham l2d 

Cycl. Corp.l5 H-

Inst. 1969 

Oper. 

Shutdown 

Oper. 

Duke 15 u-,8 H2 Oper. 

Grenoble 60 p,.. Oper. 

Oper. 

Philips 14 p, 7. 5 d Testing 

Berkeley 55 p,65 d Oper. 

Oper. 

Harwell-VEC 53 p,4o d Inst. 9-69 

Groningen 70 p,.. Inst. 1969 

ORNL-ORIC 65 p,4o d Inst. 11-69 

TRIUMF 500 u- Inst. 1972 

UCLA 48 p Const. 

Manitoba 48 p,24 d Const. 

c.s.F. 
A,E,G, 

RADIAL ION 

Lebedev 

Model 

Model 

Study 

Study 

.15 p, .3 dOper. 

56 p, •• Study 

Oper. 

Const. 

Pol. 

Pol. 

rf 

Ehlers 

Ehlers 

Pol. 

Duoplas. 

Penning 

Pol. 

Duoplas. 

P..I.G. 

Pol. 

Ehlers 

Ehlers 

Duoplas. 

Penning 

Pol. 

Linac 

l2d 

l2d 

10~14· u-

.3 d .3 I-lA 

-55 d .2 I-lA 

0 6oo I-lA 

0 2.5 mA 

17 u-,1o H2o 2.5 mA 

13 p • 78 p 1.9 I-lA 

13 p 

7.5 d 

l2p 

10 p 

30 p,l!e 

15 p,d 

3oo u-
15 1!-

0 3mA 

0 5mA 

.7p 1.4~-~A 

0 40 J.!A-p 

0 200 mA 

.9 p 5 I-lA 

0 5mA 

0 2 niA 

u-,n- o 
0 

10 0 

15 p,30 d 0 

250 p 

5 p 

1 MeV /A 

·9 p 

0 

5I-lA 

5I-lA 

M.s.u. 
Sac lay 

Or say 

Zurich 

27 p, .. 

14o w5, .. 

585 p !nat. 1973/74 AVF Cycl. 70 MeV p 0 100 I-lA 

50 I-lA 

10 I-lA 

Indiana Inj. 15 p, •• !nat. 3-70 

Indiana Fin. 200 p, •• Inst. 3-70 

*Buncher used. tDesign goal. 

' 

Duoplas. 500 p 0 

AVF Cycl. 15 MeV p 0 

"<.t'-.;:· 

).-. 

('f,). ('f,) 

Radial None 

Radial None 

Axial E in. Lens 

Axial Elec. Quads 

Axial 

Axial 

Axial 

Axial 

Axial 

Axial 

Axial 

Axial 

Axial 

Axial 

Axial 

Elec. Quads 

Mag. Q.+ Ein.L. 

Elec. Quads 

Elec. Quads 

Miog. Quads 

Mag. Lens 

Elec. Quads 

Elec. Quads 

Else. Quads 

Elec. Quads 

Axial Quads 

Ionizer 

Stripping 

NO· 

rf 

.03 nA 

Grid-mirror rf 20 nA* 4 nA* 

21~-~A 

Grid-mirror rf 120 I-lA* 4o I-lA* 

Grid-mirror rf 80 I-lA* 

Channei rf(study) 23 nA 

20 I-lA 

Grid-mirror rf(const.) 30 I-lA 

30 I-lA* 

7nA 

4.2 I-lA 

10* 

3 
5* 

3* 

1.2 

2 

Grid-mirror rf(const.) 50 nA 20 nA 3.5 

Mirror No 

Mirror 

Grid-mirror Sawtooth 

Channel 

Mirror 

Grid-Mirror 

Mirror 

Channel 

rf 

3;6 I-lA 1.8 I-lA 9 

1.5 mA*t 1.5 mA*t 30*t 

Troch. Sector gradient Channel 

Troch. Sector gradient 

·No . l.Oj.IA 20 

E .1.. B Ein. Lens 

Radial 

Radial Mag. Quads 

Radial Elec.,Mag. Q. 

Radial Mag. Quads 

Strip. 

Channel 

Channel 

Channel 

rf 

No 

rf 

No 

200'nA* 

100 J.!At 

10 I-IA*t 

10 J.!At 

70 nA* 

100 J.!At 

10 I-IA*t 

10 J.!At 

4* 

90t 

.1 nA external beam pred. 

2* Grids in center region 

1962 tests only 

1.5* Sold to LRL Livermore 

1.5* Built by Cycl. Corp. 

.4 22 Mag. Quads + 8 Ein. L. 

Space Charge oomp. 

Prelim. results 

1.5 Old line tested 1966 

4.5 New duoplas. since 1966 

Space Charge comp. 

90'1> transm. in inj. line 

Heavy-ion Source planned 

.30*t Polarized source planned 

1.4* 

90t 

Electron Model Tests 

Ion model tests. 

Operating ·1964 

Good optical quality 

Heavy ion source-constr. 

Proj. complete 1974 

Building pol. He3 source 

Cyclotron complete 1-72 

'--

I 
I-' 
0\ 
I 

c:: 
0 

~ 
I 
I-' 
():> 
\() 
():> 
0 
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FIGURE CAPTIONS 

Fig. l. View of the cyclotron as seen by various external injection 

systems. 

Fig. 2. Plan view of Saclay classical cyclotron showing polarized deu

teron source 'used to inject atomic beam in median plane. 

Fig. 3. Block diagram of Czechoslovakian system to inject 40 kV polarized 

hydrogen or deuterium atoms in median plane. 

Fig. 4. Birmingham axial injection system for polarized deuterons. 

F:l.g. 5. Birmingham center region showing :mirror and focusing grids in dee 

and dummy dee. 

Fig. 6. Photo of Birmingham center region. 

Fig. 7. Cross-section of Birmingham mirror inflector. 

Fig. 8. Photo of Grenoble channel type electrostatic inflector for 

axial injection. 

Fig. 9. Beam envelope calculation in "A.-mode" through "hole-lens" in 

Berkeley axial injection system. 

Fig. 10. Regions of allowed (unshaded) operation, and mode lines for 

Berkeley system. 

Fig. 11. Beam envelope calculation, including space charge, through 

Berkeley quadrupole triplet. 

Fig. 12. Radial trochoidal injection in median plane at Lebedev Insti

tute, Moscow. 

Fig. 13. Lebedev radial injection center region, showing channel 

inflector. 

Fig. 14. Michigan State claculated trochoidal injection at 25o keV. 

Inflector is not designed yet. 
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Fig. 15. New Saclay radial system for injecting polarized ions into 

AVF cyclotron.· 

Fig. 16. Schematic layout of new radial ion injection at Saclay. 

Fig. 17. New Saclay injection system, showing magnetic field behavior. 

Fig. 18. Electrodes to produce an electric field which cancels mag-

netic field. 

Fig. 19. Orsay heavy ion radial injection from a linear accelerator. 

Fig. 20. Orsay center region, showing heavy ions from linac being 

stripped, to bring them into a centered orbit. 
!" •• 

Fig. 21. Center region of Zurich separated sector cyclotron, showing 

magnetic and electrostatic inflection channels. 

,. ': 
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nl£ CYCLOTRON AS SEEN BY TilE.. 
EXTERNAL INJE.CTION SYSTEM. 

Fig. 1 

UCRL-18980 

XBL 698-1230 



-20- UCRL-18980 

Aimants 

Source de deutons' 

~ 

SALLE du CYCLOTRON 

XBL 698-1205 

Fig. 2 
l: 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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