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USE OF THE RADIO-FREQUENCY QUADRUPOLE STRUCTURE AS A CYCLOTRON AXIAL BUNCHER SYSTEM*

R. W. Hamm, D. A, Swenson, and T. P. Wangler

Los Alamos Naticnal Laboratory, AT-1, MS-817
Los Alamos, New Mexico 87545

Abstract.- The redio-frequency quadrupole (RFQ) is a new linear accelerating structure being ceveloped as

a Tow-velocity linac.

in this structure rf etectric fields are used to simultaneously focus, bunch, and

accelerate ions. The slow introduction of the accelerating field resulte in the odiatatic bunching of a
dc ifon 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 & cyclotron. A description cof
the RFQ geometry and its general properties is given. A preliminary design is presented for a variable
frequency RFQ to be used as & buncher in the axial injection system of a variable energy cyclctron. The

operating parameters for this RFQ are discussed,

1. Introduction.- Axial injection systems are pres-
entTy Useu on many cyclotrons because the space limi-
tation for internal ion sources prohibits the use of
large sources such as tnose for polarized ions. With
external ion sources the vacuum in tne cyclotron is
better because there is no gas load from the fon
source, and the ion sources have easy access during
operation anc mainienance because they can be placed
cutsiae the cycloiron vault., However, the use of
external ion sources and axial injection has disad-
vantaces: the :ons must be transported at low energy
for long cistauces and must be inflected into the
cyclotron correctly for acceleration. Also, an rf
bunching system must be used to enrance capture of
the injected uc beam into the phase acceptance of the
cyclotron accelerating system.

In addision to the buncher, the transport system
for an axial injection bremline usually contains
several electrostatic or magnetic lenses and steering
elements. The transperted fon beam i3 bent into the
median plane of the cyclotron by a gridded electro-
static rirror vr &n #lectrostatic channel., The main
obyective of thise elements is to provide a gooC
mitch frum the fon source into the cyclotron. The
matching constraints are that the beam optins should
provide minimum Aiveryerce of the beam at the inflec-
tor with maxfmum transmission, the beam energy and
tnfiection should provide a centered first orbit, and
the beum should be bumched into the phase acceptance
of the ctyciotron.

The optics of an axial injection system can be
destgned to provide the necessary transport matching,
The orbit-matching constraint can be satisfied by
scaling the fon tnjection energy with the cyclotron
output cnergy (which {s proportionsl to the frequency
squared). Such scaling of the injection energy and
matching {nto the cyclotrun has been ~cported for the
veriable eneryy cyclotron at Lawrence Berkeley Labo-
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ratory. 1) This scaling of the energy is 1inited

in practice by the variability of the ion extracticn
energy and by the maximum inflector and accelerating
voltage, because the inflector voltage must be V¢
times the injection energy to inflect the r1cns irto
the median plane and the dee voltage must be -5 times
the injection energy for a centered first orbit.

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

beaw.2) But this bunching process can fntroduce o
large energy spread in the bunched beam and requires
a large orift space.

Described in this paper is an alternate axial
tnjection buncher that employs the radio-frequency
quadrupole (RFQ) accelerating structure, a structure
presently being developed at the Los Alamos Natfcna)
Laboratory and at other Laboratories as a high-
transmission, low-velocity 1inear accelerator. In
this structure rf electric fields simultancous?)
focus, bunch, and accelerate an fon beam. Hemce, the
RFQ can replace the buncher and some of the optics
elements in the axial jnjection system of a cyclo-
tron. When operated in the axial injection system
of a varfable frequency cyclotron, the RFQ fon output
energy scales with the frequency so that the infected
fons have a constant first-orbit radius. A descrip-
tion and the general pruperties ct the RFQ will be
presented along with a discussirn of this application
of the structure. Finally, the paramcters for a pree
1iminary design of an RFQ fo:- the axial {njection
system of the variable energy cyclotron at Texas AL M
University are presented, as an example, along with
the calculeted performance.

2. Descripticn of the RFQ.- In the RFQ, the electric
fields are genérated by Tour poles arranged syemetrd-
cdlly around the beam axis, as seen in Fig. 1. In
this structure, first proposed by Kapchinski{ and



Drawing of the four pole RFQ.

Fig. 1:

Tep1yakov,3) ttese poles are excited with rf power

so that, at any given time, adjacent poles have equal
voltages of oppcsite sign. 1f the pole tips are at

a constant racius from the beam axis (designated the
Z-aris) then only a transverse electric field (mostly
quadrupole) is present. This electric field is fo-
cusing in each plane curing one-half of the rf period
and aefosusing curing the cther half, giving this
structure the properties of an alternating-gradient
focusing system with a strength independent of the
rarticle velocity., To generate a lonzitudinal asccel-
erating fiely, the pole-tip radii are pericdically
variea, as seen inFig. 1, with the pole tips in one
plane at a minimum radius when the pule tips in the
orchogonal plane are at a maximum radius. Figure 2
is 8 cut through one plane of the poles and shows the
mirror symrctry of the opposite poles. The radius
parameter a, the racius modulation parameter m, anc
th: unit cel) g2/2 (where g = v/c and » 1$ the wave-
length of the rf excitation) are defired. The longi-
tudinal electric field is generated within this cell
petween the pole-tip minima in the two orthogonal
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Fig. 2: RFQ pole-tip geometry.

plares, so the unit celY corrcepcrds to ar acCeiera-
tion gap. At any given time, aciacent unit cells
have oppousiteiy directed axial ficlos; thercfore,
only every other cell contains a particle bunch. 1t
is the gradual introduction of this axial elecuric
field that allows adiabatic bunching of the dc ior
beam with a very high capture efficicicy.

3. Beam-Oynamics Design Procedures for RFC Systers,-
The method for generating an KF{ sysiler to meet spe-

cific objectives has been described previously.4)
The electric field distribution for the RFQ is ob-

tained from the lowest order potertial function.3)
These electric fields are used to construct transfor-
mations for the bzam-dyramics simuletion program

PARMTEQ.4)  This program, which includes space-
charge effects, analyzes specific RFQ designs to ob-
tain the transmission efficiency, radial ermittance
growth, ard radial anc longitudinal characteristics
of the output beam.

The shape of the hyperbola-like pcle tips is ob-
tained from the potential functior as an equipcten-
tia) surface in the electrostatic soiution for the
structure, This isopotential surface gives the ra-
dial variation of the pole tips and the variation of
the radius of curvature in the transversc plane toth
as a function of 2. The pole tips are then cor-
structed by generating a data file on paper tape trat
is used as input to a computer-controllec vertical
milling machine.

An essential step in the development of the RFQ
was the design, construction, anc testing of a full-
scale experinental accelcrator. A test of & 47%-hiez
RFGC for accelerating protons from 100 keV to 64C keV
was completed in 1980 at iLos Alamos; the experimentel

results have been describec and compared5) with the
earlier beam-dynamics design and calculated perform-

arce.4) The success of this test has led to a
variety of RFQ applications in Los AlamosE) anc in
other Laboratories.’,8)

4. Application of the RFQ as an Axfal Injectior
System.- The RFGcan sTmuTteneousTy accelerate, fo-
ctus, and bunch an fon bean with a very high transmis-
sion efficiency; therefore, such a structure can pos-
sibly replace most of a conventicna) axial injecticr
beamline for a cyclotron. Also, because the #» pro-
file within the RFQ is fired for & given dosion, the
output energy of the RFQ is piopurtiona) to the recc-
nant frequency squared. In addition, because the
focusing force 1s also constant for a given desigr,
the sca'ing Yaws for operating a fixed RFQ structure
with different frequencies and fon species are given
by:

W
Y ok, ad L ok (1)
e IR — 2

where Wy is the final energy from the RFQ, f 15 the
frequency, q and m are the charge u..d mass of the ac-
celerated fons, V i» the intervane voltsge, and k)
and kp are fixed by the design. However, due to

the adfabatic naturc of the phase hunching used in
the RFQ, & larye energy gain is reguired for high
capture and good bunching. Because of the the upper
1imit to the injection energy fn 8 cyclotron created



by inflection and first-orbit constraints, very low,
variable energy injection into the RFQ is required.
The difficulty this creates in termms of the ion

source extraction-voltage requirements 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 was calculated
for use with the axial injection system of the Tcxas
ALl variable encrgy cyclotron polari zed-1on facil-

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

for O* and H* fons and an optically pumped source for
polari zed Hej ions. The present axial injection sys-

tem uses electrostatic auadrupole triplets and
stedrers fur transporting the ion bram an! a gridded-
gap sine-wave burcher for bunching won beam. The
beam 1s inflected 1nto the cyclotr . median plane
with an electrostatic mirror, and s movable puller
electrode is usec in connection with the dee voltage
for centering the first orbit. The transport dis-
tarce from the ion source to the injector 1s >5m,

The RFG parareters calculated for this applica-
tion are given in Tatle 1. Thke perfcrriance of this

RF( was optimized for injecting 100 LA of D* icns
into the cyclotron at 11 MHz. A length was chosen
trat would vccupy most of the distance tctween the

Tatle 1

Fa-ar ters of the Axial Injection RFQ Eremple

lons H‘. D+. anc He;
Frogquencies {lHz) 5.5 - 16.0
Cutput Energies (keV/amu) 2.7 - 22.7
Intervane Voltage (kY) 1.9 - 7.0
Final Radius, & (cm 0.75

Average Radius, r, (em) 1.5

Vane Length (m) 3.32

No. of Cells 163

Final Synchrorous amgle, 6 (deg) -18

Energy Gain, Nfllu'i 25

ion source:s ard the cyclotron mcdian plane, and the
transmission ef ficiercy within a 30" phase width was
optimized while keepiny the energy spread to a mini-
mum. The scaling constants for the final drsign were
chosen 50 that the structure would yleld a 30-keV

0* ion beam at 13 MH2, because of the dee and in-
flector voltage Yimitations in this system. The
energy gain chosen for this design was 25; therefore,
the {nput energy 13 4% of the uvutput energy. The
axigl pole-tip profile for this RFQ 1n one plane {s
shown in Fig 3. Note that the transverse scale has
been expanued relative to the longitudinal scale.
This curputer-generated plot is labeled to show the

furctional sections?) in this RFQ.
For this design the beam dynamics of 100 uA of

D* {ons sccricrated at 11.00 MHz was calculated
with PARMIEQ; Fig. 4 shows the bcam 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 260 par-
ticles is plotted at the point in each cell where the
beam is circular. The upper and Yower dotted lines
give the bore dimensions. The middle plot shows the
bunching of 360 particles, initilly distributed uni-
formly 1n phase (unbunched), with the phase of each
particle relative to the synchronous prase being
plotted. In the lower plot, the energy of each par-
ticle i1s plotted relative to the energy of the syn-
chronous particle. In the phase and energy plots,
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Axial injection RFQ Lcam dyramics.

Fig. &

the dotted 1ines give the location of the zero space-
charje separatrix. At this optimized frequency, tats
design has a total beam transmission of 90%. Ay seen
in Fig. 5, where the final beam properties are given,
the FWHM energy spread of the 21.5-keV deuteron beam
is 0.5 keV, which gives aw/w = 0.023. ‘he FWHM phase
spread of thi. beam is only 20°, and 86% of the
input bean 15 within +15° of the synchronous phase.

The scaling parameters for operating this RFQ
axial injection system are given in Fig. 6, and the
performance pararcters calculated with PARMIEQ at
several operating points along this curve are given
in Table I for"?nput currents of 10 and 100 yA, The
transmission of the {nput beam {nto a 30° phase width
at the output energy {s 1isted as T(4}5°). Calcu-
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Fig. 5: Calculated output bear properties of the
ealalinjection KFC examile for 10C uA of D*iors
et 11.00 Mz,
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Fip_._(_:: Scaling parancters for the axial injection
RFL &Xauple (D* acceleration is only up to 13 Mz
ard Hed acceleration is only up to B MHz.)

Tations with 10 uA of input current always gave more
than £5% total transmission with a phase width of
<30° FWH4, MHowever, as seen in Fig. 7, the total
transnission at higher currents is reducea at a given
frequency &3 one approaches the current 1imit of the
structure. Also, the transmission at a giver current
decreases as the frecuency is lowecred because the
current linit decreases.

Tatde 1t
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Particle f (Mw) Wolhev) Lyl A} '115.(-! LU T Lo,
W 106145 10.00 10 88.1 25 0.10
' 13.0000 15.00 10 Bn.7 % Coct
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"M 13.0000 15.00 100 72.2 (] n.G33
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b* 11.0000 21.48 10 gs.¢ 20 G0
o* 13,0000 30.00 w0 £6.1 20 0.02)
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Fig. 7: Calculated tra-snission for the axial
T‘rﬁ??c‘fion RFQ uxample.

5. Cperationa) Properties.- A diagram of how this FF(C
wouTa Tit Tnto the Texas ABM Cvclotron Institute's
axfal injection system is given in Fig. B. The RFQ
elec trodes would be mounted 1nside a vacuum housing
in the place of the present buncher and electrostatic
optics system. An accel-decuv) extraction system orn
the 1on sources anu an einzel lens in front of the
RFQ would allow matching of the beams from the ion
sources {nto the RFQ at the required energies. The
RFQ would then bunch, focus, and accel-rate the fons
through moss cf the distance from the ion sources to
the cy.iotron. The bunched beam from the RFQ would
then be match.d by an electrustatic quadrupole into
tne cyclotron. The distance from the RFQ exit to the
tnflector should be minimized because of the debunch-
ing of the beam 1 a drift space. At the 10-uA cur-
rent level this debunching 43 about 0.4 to 0.6 deg/em
for the 1ons and output energier in this example;
but because this debunching combines in quacrature
with the final phase spread from the RFQ, the phase
width would grow typically from 20° FWiM to about 35°
FWEM for a 60-cm drift distance. If a larger drift

R
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distame is necessary, & single-gap sinc-wave buncher
could maintain the phase width from the RFQ to the
inflector. No additiona) energy spread in the ion
team would be produced because the buncher could
operate in & Yinear region of the voltage wave form.

As inutcated in Fig. 8, the RFQ would be driven
as a capacitive load at fts midpoint from an ex-
ternally tunsble resunant circuit with a triaxia’
feud-through. The intervane capacitance for this
structure would be -100 pF/meter, and because the
structure lungth {s much less than the wavelength,
the voltaye variation atong the pole tips would be

mininmal. The electrooe voltace witk respect tc
ground 1s <4 kV and the rf current on the electrozes
is not high; therefore, the pcles possibly could be
constructed of aluminum.

Calculations of a tunatle coaxial resonator to
drive this structure have shown that <1 kW of rf
power dissipation in the coaxial Yine would be re-
~uired to resonate this capacitive load at the design
excitation level. For a coaxial reson:to- with a
characteristic impedance of 50{i , the length would
be ~2 m, at 13 I'Hz.* Hence, the rf souice to power
this RFQ should pose no difficult technical prcblems
and could be constructed easily.

6. Conclusions.- The RFQ structure, because of its
abiTity to focus, burch, and accelerate a low-velocity
dc 1fon beam, is a possible candidate for uze as a
varialle frequency buncher and accelerator in a cycle-
tron axial injection system. The RFQ could not only
replace the buncher, but most of the beam-cptics ele-
ments. Because the output energy scales witk the
operating frequency, the RFQ can be designed for a
constant first-orkit radius in the cyclotren, as seen
in the design exanmple presented. In adcitior, tre
con-truction of an RFQ for this application appears to
be simple and the operation appears practical. Tre
performance of such a device, as given ty %the cesign
exgmple, should inzrove the performance of tre axial
injection system by increasing the beam rurrent intn
the cyclotron as ccnpared with a conventional uxial
injection system.
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