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Abstract.- The radio-frequency quadrupole (RFQ) is a new linear accelerating structure being developed as 
a low-velocity 1 i nac. In thi s structure rf electric fiel ds are used to simultaneously focus, bunch, and 
accelerate ions. The slow introduction of the accelerating field results in the adiabatic bunching of a 
dc ion beam with a large capture efficiency. Realistic computer simulations have shown that this new 
structure could also be used as a buncher in the axial injection system of a cyclotron. A description of 
the RFQ geometry and its general properties is given. A preliminary design is presented for a variable 
frequency RFQ to be used as a buncher in the axial injection system of a variable energy cyclotron. The 
operating paramete~s for this RFQ are discussed. 

1. Introduction.- Axial injection systems are pres
ent ly used on ma ny cyc 1 otrons because the space 1 imi
tation for internal ion sources prohibits the use of 
1 arge sources such as those for pol ari zed ions. Wi th 
external ion sources the vacuum in the cyclotron is 
better because there is no gas load from the ion 
source, and the ion sources have easy access duri ng 
operati on and mai ntenance because they can be pl aced 
outside the cyclotron vault. However, the use of 
external ion sources and axial injection has disad
vantages: the ions must be transported at low energy 
for long distances and must be inflected into the 
cyclotron correctly for acceleration. Al so, an rf 
bunchi ng system must be used to enhance capture of 
the injected dc beam into the phase acceptance of the 
cyclotron accelerating system. 

In addition to the bunclier, the transport system 
for an axial injection beamline usually contains 
several electrostatic or magnetic lenses and steering 
elements. The transported ion beam is bent into the 
median plane of the cyclotron by a gridded electro
static [dirror or an electrostatic channel. The main 
objective of these elements is to provide a good 
match from the ion source into the cyclotron. The 
matchi ng constraints are that the beam optics should 
provide minimum divergence of the beam at the inflec
tor Vlith maxir,lUm transmission, the beam energy and 
inflection shoul d provide a centered first orbit, and 
the bear,1 shoul d be bunched into the phase acceptance 
of the cyclotron. 

The optics of an axial injection system can be 
designed to provide the necessary transport matching. 
The orbit-matching constraint can be satisfied by 
scaling the ion injection energy ~Iith the cyclotron 
output energy (which is proportional to the frequency 
squared). Such scaling of the injection energy and 
matchi ng i nco the cyclotron has been reported for the 
variable energy cyclotron at La~lrence Berkeley Labo-

*Work suplJorted by He US Department of Energy. 

ratory.l) This scaling of the energy is limited 
in practice by the variability of the ion extraction 
energy and by the maximum inflector and accelerating 
voltage, because the inflector voltage must be vT 
times the injection energy to inflect the ions into 
the median plane and the dee voltage must be -5 times 
the injection energy for a centered first orbit. 

Most axial injection systems presently employ a 
sine-wave rf buncher to provide the bunching of the 
dc beam extracted from the ion source. This type of 
bundler usually increases the beam accepted into the 
cyclotron by a factor of 3 to 5 over an unbunched 

beam. 2 ) But thi s bunchi ng process can introduce a 
large energy spread in the bunched beam and requires 
a 1 arge dri ft space. 

Described in this paper is an alternate axial 
injection buncher that employs the radi o-frequency 
quadrupole (RFQ) accelerating structure, a structure 
presently being developed at the Los Alamos National 
Laboratory and at other Laboratories as a high
transmission, low-velocity linear accelerator. In 
this structure rf electric fields simultaneously 
focus, bunch, and accelerate an ion beam. Hence, the 
RFQ can repl ace the buncher and some of the pptics 
elements in the axial injection system of a cyclo
tron. When operated in the axial injection system 
of a variable frequency cyclotron, the RFQ ion output 
energy scales with the frequency so that the injected 
ions have a constant first-orbit radius. A descrip
tion and the general properties of the RFQ will be 
presented along with a discussion of this application 
of the structure. Finally, the parameters for a pre
liminary design of an RFQ for the axial injection 
system of the variable energy cyclotron at Texas A&M 
University are presented, as an example, along with 
the calculated perfonnance. 

2. Description of the RFQ.- In the RFQ, the electric 
fields are generated by four poles arranged symmetri
cally around the beam axis, as seen in Fig. 1. In 
thi s structure, first proposed by Kapchi nskii and 
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~: Drawing of the four pole RFQ. 

Teplyakov,3) these poles are excited with rf power 
so that, at any given time, adjacent poles have equal 
voltages of opposite sign. If the pole tips are at 
a constant radius from the beam axis (designated the 
Z-axis) then only a transverse electric field (mostly 
quadrupole) is present. This electric field is fo
cusing in each plane during one-half of the rf period 
and defocusing during the other half, giving this 
structure the properties of an alternating-gradient 
focusing system with a strength independent of the 
particle velocity. To generate a longitudinal accel
erating field, the pole-tip radii are periodically 
varied, as seen in Fig. 1, with the pole tips in one 
plane at a minimum radius when the pole tips in the 
orthogonal plane are at a maximum radius. Figure 2 
is a cut through one plane of the poles and shows the 
mirror symmetry of the opposite poles. The radius 
parameter a, the radius modulation parameter m, and 
the uni t cell 8A/2 (where 8 = vic and A is the wave
length of the rf excitation) are defined. The longi
tudinal electric field is generated withi n thi s cell 
between the pole-tip minima in the two orthogonal 
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2 
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o 
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~: RFQ pole-tip geometry. 

pl anes, so the unit cell corresponds to an accelera
tion gap. At any given time, adjacent unit cells 
have oppositely directed axial fields; therefore, 
only every other cell contains a particle bunch. It 
is the gradual introduction of this axial electric 
field that allows adiabatic bunching of the dc ion 
beam with a very hi gh capture efficiency. 

3. Beam-Dynamics Design Procedures for RFQ Systems.
The method for generatlng an ::FQ system to meet spe-

cific objectives has been descrined previously.4) 
The electric field distribution for the RFQ is ob-
tained from the lowest order potcr,tial function. 3) 
These electric fields are used ~o construct transfor
mati ons for the beam- dynami cs s imul ati on program 

PARMTEQ. 4) Thi s program, whi ch inc 1 udes space
charge effects, analyzes specific RFQ designs to ob
tain the transmission efficiency, radial emittance 
growth, and radial and longitudinal characteristics 
of the output beam . 

. The shape of the hyperbola-l ike pole tips is ob
tal ned from the potential function as an equipoten
tial surface in the electrostatic solution for the 
structu re. Thi s i sopotent i a 1 surface gives the ra
dial variation of the pole tips and the variation of 
the radius of curvature in the transverse plane both 
as a function of Z. The pole tips are then con
structed by generating a data file on paper tape that 
is used as input to a computer-contro 11 ed vert ical 
mill i ng machine. 

An essential step in the development of the RFQ 
was the design, construction, and testing of a full
scale experimental accelerator. A test of a 425-MHz 
RFQ for accelerating protons from 100 keY to 640 keY 
was completed in 1980 at Los Alamos; the experiment al 

results have been described and compared5) with the 
earlier beam-dynamics design and calculated perform-
ance. 4) The success of this test has led to a 

variety of RFQ applications in Los Alamos6) and in 

other Laboratories. 7,8) 

4. Appl ication of the RFQ as an Axial Injection 
System.- The RFQ can slmultaneously accelerate, fo
cus, and burlch an ion beam ~lith a very high transmis
s~on efficiency; therefore, such a structure can pos
slbly repl ace most of a conventional axial injection 
b~amli~e :or a cyclo~ron: Also, because the 8A pro
flle wlthln the RFQ lS flxed for a given design, the 
output energy of the RFQ is proportional to the reso
nant frequency squared. In addition, because the 
focusing .force is also constant for a given design, 
the scallng lal-ls for operating a fixed RFQ structure 
with different frequencies and ion species are given 
by: 

and (1) 

where Wf is the final energy from the RFQ, f is the 

frequency, q and m are the charge and mass of the ac

celerated ions, V is the intervane voltage, and kl 

and k2 are fixed by the design. However, due to 

the adiabatic nature of the phase bunching used in 
the RFQ, a large energy gain is required for high 
c~p~ure and g?O~ bu~ching. Because of the the upper 
llmlt to the lnJectlon energy in a cyclotron created 
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by inflection and first-orbit constraints, very low, 
variable energy injection into the RFQ is required. 
The difficulty thi s creates in teYll1s of the ion 
source extracti on-vol tage requi rements can be over
come by the use of an accel-decel extraction system. 

To better convey the advantages of such an axial 
injection RFQ, a preliminary design l"Ias calculated 
for use with the axial injection system of the Texas 
A &t'i vari able energy cyclotron polari zed-ion facil-

ity.9) Thi s facility presently consists of a com
mercially available atomic-beam polarized-ion source 

for n+ and H+ ions and an optically pumped source for 

polari zed He) ions. The present axial injection sys

tem uses electrostatic quadrupole triplets and 
steerers for transport i ng the i on beam and a gri dded
gap sine-wave buncher for bunching the ion beam. The 
beam is i nfl ected into the cyc 1 otro n medi an plane 
with an electrostatic mirror, and a movable puller 
electrode is used in connection with the dee voltage 
for centering the first orbit. The transport dis
tance from the i on source to the injector is >5m. 

The RFQ parameters calculated for this applica
tion are given in Table I. The performance of thi s 

RFG was optimized for injecting 100 ~A of 0+ ions 
into the cyclotron at 11 ~1Hz. A 1 ength was chosen 
tha t ~lOul d occupy most of the distance between the 

Table I 

Parameters of the Axial Injection RFQ Exampl e 

Ions 

Frequencies (f¥IHz) 

Output Energies (keV/amu) 

Intervane Voltage (kV) 

Final Radius, af (cm) 

Average Radius, ro (cm) 

Vane Length (m) 

No. of Cells 

Fi nal Synchronous angl e, 0
s 

(deg) 

Energy Gain, Wf/W i 

H+, 0+, and He; 

5.5 - 16.0 

2.7 - 22.7 

1.9 - 7.0 

0.75 

1.5 

3.32 

183 

-18 

25 

ion sources and the cyclotron median plane, and the 
transmission efficiency \·Jithin a 30° phase width was 
optimized while keeping the energy spread to a mini
mum. The scaling constants for the final design were 
chose n so that the structure woul d yi e 1 d a 30-keV 
0+ ion beam at 13 ~IHz, because of the dee and in
flector voltage limitations in this system. The 
energy gain chosen for this design was 25; therefore, 
the input energy is 4% of the output energy. The 
axial pole-tip profile for this RFQ in one plane is 
shown in Fig 3. Note that the transverse scale has 
been expanded relative to the longitudinal scale. 
This computer-generated plot is labelled to show the 

functional sections4 ) in thi s RFQ. 

For this design the beam dynamics of 100 ~A of 
0+ ions accelerated at 11.00 ~IHz was calculated 
with PARMTEQ; Fig. 4 shows the beam characteristics 
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Fig. 3: Axial injection RFQ pole-tip shape. 

plotted versus cell number. At the top of the fig
ure, the radial position in the x-z plane of 360 par
ticles is plotted at the point in each cell where the 
beam is circular. The upper and lower dotted lines 
give the bore dimensions. The middle plot shows the 
bunching of 360 particles, initially distributed uni
f0Yll11y in phase (unbunched), with the phase of each 
particle relative to the synchronous phase being 
plotted. In the lower plot, the energy of each par
ticle is plotted relative to the energy of the syn
chronous particle. In the phase and energy plots, 

Fig. 4: Axial injection RFQ beam dynamics. 

the dotted lines give the location of the zero space
charge separatrix. At this optimized frequency, this 
design has a total beam transmission of 90%. As seen 
in Fig. 5, v/here the final beam properties are given, 
the FWHM energy spread of the 21.5-keV deuteron beam 
is 0.5 keY, which gives 6W/W = 0.023. The FWHM phase 
spread of this beam is only 20°, and 86 % of the 
input beam is \'/ithin 2:.15° of the synchronous phase. 

The scaling parameters for operating this RFQ 
axial injection system are given in Fig. 6, and the 
perfoYll1ance parameters calculated with PARMTEQ at 
several operating points along thi s curve are given 
in Table II for input currents of 10 and 100 ~A. The 
transmission of the input beam into a 30° phase width 
at the output energy is listed as T(+15°). Calcu-
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Fig. 6: Scaling parameters for the axial injection 
RF'QeXample (0+ acceleration is only up to 13 ~1Hz 
and He3 acceleration is only up to 8 MHz.) 

lations with 10 ~A of input current always gave more 
than 95% total transmission with a phase width of 
<30 0 FWHM. However, as seen in Fig. 7, the total 
transmission at higher currents is reduced at a given 
frequency as one approaches the current limit of the 
structure. Also, the transmission at a given current 
dec reases as the frequency is lowered because the 
current 1 imit decreases. 

Table I I 

Calculated Perfonnance of the Axial Injection RFQ Example 

Particl e 

H+ 

H+ 

H+ 

H+ 

H+ 

H+ 

0+ 

0+ 

0+ 

0+ 

0+ 

0+ 

0+ 

0+ 

He; 

He) 

f (MHz) Wf(keV) Ii n( "A) T+15 ,( %) 6(deg ) 
<I FWHM 

10.6145 10.00 10 88.1 25 

13.0000 15.00 10 89.7 20 

15.9177 22.50 10 89.7 25 

10.6145 10.00 100 56.9 30 

13.0000 15.00 100 72.2 20 

15.9177 22.50 100 84.7 20 

8.3915 13. 50 10 85.3 30 

10.6144 20.00 10 85.8 20 

11. 0000 21.48 10 85.6 20 

13.0000 30.00 10 88.1 20 

8.3915 12 . 50 100 53.1 25 

10.6144 20.00 100 74.7 30 

11. 0000 21.48 100 78.1 20 

13.0000 30.00 100 84.4 20 

6.1264 10.00 10 76.7 25 

7.5033 15.00 10 84.2 25 
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Fig. 7: Calculated transmission for the axial 
injection RFQ example. 

5. Operational Properties.- A diagram of how this RFQ 
would flt lnto the Texas AH1 Cyclotron Institute's 
axial injection system is given in Fig. 8. The RFQ 
electrodes would be mounted inside a vacuum housing 
in the place of the present buncher and electrostatic 
optics system. An accel-decel extraction system on 
the ion sources and an einzel lens in front of the 
RFQ would allow matching of the beams from the ion 
sources into the RFQ at the required energies. The 
RFQ would then bunch, focus, and accelerate the ions 
through most of the distance from the ion sources to 
the cyclotron. The bunched beam from the RFQ would 
then be matched by an electrostatic quadrupole into 
the cyclotron. The di stance from the RFQ exit to the 
inflector should be minimized because of the debunch
ing of the beam in a drift space. At the 10-~A cur
rent level this debunching is about 0.4 to 0.6 deg/cm 
for the ions and output energies in this example; 
but because this debunching combines in quadrature 
with the final phase spread from the RFQ, the phase 
wi dth \~oul d grow typi ca lly from 20 0 FWHM to about 35 0 

FWHM for a 60-cm drift distance. If a larger drift 
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Fig. 8: Schematic drawing of the RFQ in an axial 
injection system. 

distance is necessary, a single-gap sine-~Iave buncher 
could maintain the phase width from the RFQ to the 
i nfl ector. No additional energy spread in tlie ion 
beam would be produced because the buncher could 
opera te ina 1 i near regi on of the vo ltage wave fom. 

As indicated in Fig. 8, the RFQ would be driven 
as a capacitive load at its midpoint from an ex
ternally tunable resonant circuit with a triaxial 
feed-through. The i ntervane capacitance for thi s 
structure would be ~ 100 pF/meter, and because the 
structure length is much less than the vlavelength, 
the voltage variation along the pole tips would be 

minimal. The electrode voltage with respect to 
ground is <4 kV and the rf current on the electrodes 
is not high; therefore, the poles possibly could be 
constructed of aluminum. 

Calculations of a tunable coaxial resonator to 
drive this structure have shown that <1 kW of rf 
power dissipation in the coaxial line would be re
quired to resonate this capacitive load at the design 
excitation level. For a coaxial resonator with a 
characteri stic impedance of 50 D, -' the 1 ength woul d 
be ~2 m, at 13 t1Hz. * Hence, the rf source to power 
this RFQ should pose no difficult techn i cal problems 
and could be constructed easily. 

6. Conclusions.- The RFQ structure, because of its 
abillty to focus, bunch, and accelerate a low-velocity 
dc ion beam, is a possible candidate for use as a 
variable frequency buncher and accelerator in a cyclo
tron axial injection system. The RFQ could not only 
replace the buncher, but most of the beam-optics ele
ments. Because the output energy scales with the 
operating frequency, the RFQ can be designed for a 
constant first-orbit radius in the cyclotron, as seen 
in the design example presented. In addition, the 
construction of an RFQ for this application appears to 
be simple and the operation appears practical. The 
performance of such a device, as given by the design 
example, should improve the performance of the axial 
injection system by increasing the beam current into 
the cyclotron as compared vlith a conventional axial 
injection system. 
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