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THE RADIO-FREQUENCY QUADRUPOLE LINEAR ACCELERATCR*

T. P. Wangler and R. H. Stokes
Los Alamos Scientific Leboratory, Los Alamos, NM B7545

Summary
The radio-frequency quadrupole (RFQ) is a new

linear accelerator concept in which rf electric fields

are used to focus, bunch, and accelerate the beam, Be-

cause the RFQ can provide strong focusing at low veloc-

ities, it can capture a high-current dc ion beam from
a low-voltage source and accelerate it to an energy of
1 MeV/nucleon within a distance of a few meters. A re-
cent experimental test at the Los Alamos Scientific
Laboratory (LASL) has confirmed the expected perform-

ance of this structure and has stimulated interest in a

wide variety of applications. We review the general
properties of the RFQ, and present examples of applica-
tions of this new accelerator.

Introduction

Two years ago LASL's Accelerator Technology
Division initiated e program to investigate the prop-
erties of the RFQ accelerating structure, a concePt
originally proposed by Kapchinskii and Teplyakov.

The nperation of an RFQ system in the USSR has been
described previously.?
ture, the first outside the USSR, has culminated in a
successful experimental test® of the RFQ principle. We
conclude that the RFQ is an attractive ion accelerator
for many applications in the energy range below about

2 MeV/nucleon. Papers have been presented that have
describea the general properties of the RFQ," the RFQ
beam dynamics,”»® anu the RFQ resonator.” Applications
of the RFQ as an injector into conventional drift-tube
linacs have been presented for 1) high-energy acceler-
ator facilities,* 2) a high-intensity ncutron genere-
tor,’ 3) a plon generator for cancer therapy,” 4) a !
heavy lon accelerator concept,'® and 5) heavy lon in-
duced fusion.!'! However, the RFQ need not be regarded’
exclusively as an injector for cnnventional Urift-tube !
linacs. For certain lon beam spplications in the
1-MeV/nucleon range, the RFQ itself may be en attrac- i
tive small accelerator. In this paper we describe the
properties of the RFQ and we preseni some exsmples of
RFQ designs both as l-MeV/nucleon e&ccelerators, and as'’
injectors for drift-tube iinacs in an accelerutor
system.

“Work periormed under the auspices of the US Dept.
of Energy, Office of Energy Research, Office of
Fusion Energy, and the US Dept. of Health, Education,
and welfare, and National Cancer Institute.

Our development of this struc- °

General Properties of the RFQ

The RFQ uses rf transverse electric fields to
focus lons traveling along its axial region. Figure 1l
is a schematic section of the RFQ resonator. It oper-
ates in a modified TEp)g mode in which the currents
flow transversely to the z-axis. The current flow re-
sults in + - + - polaritiec on the pole tips at a cer-
tain time, thus producing a quadrupole focusing, or
defocusing, force in a given transverse plane. One-
half cycle later these forces reverse sign to produce
an overall strong focusing effect. The focusing force
at a given time is spatially continuous along the
z-axis. If the pole tips have a constart radius, only
a radial focusing force is present. 1In Fig. 1 the pole
tips have a sinusoidal-like variation in radius. Be-
tween the x-plane and y-plane pole tips this variation
in radius is shifted by 8A/2. This pole-tip modulation
produces longitudinal accelerating fields in addition
to the transverse focusing fleld.

In conventional drift-tube linacs the focusing
force, which 1s obtained from magnetic quadrupoles
within the drift tubes, becomes Loo small at low veloc-
ities to confine the beam, especially at high beam
currents. The RFQ can operate at a velocity below
that of conventional linacs because the focusing is
obtained from the velocity-independent electric
force. The operation of a linear accelerator at low
velocities permits adiabatic bunching af the dc input
beam within the linac structure, resulting in high
capture and trensmission efficiencies (>30%). Adis-
batic bunching is not restricted to low energy in prin-
ciple, but its application at high energies becomes too
costly in length, If the bunching and accelerating
functions are combined so that the adiabatic bunching
ls done while the beam 1s simultasnwously eccelerated,
the space-charge limit can be raised significantly,
compared with the conventional approach in which the
beam is first bunched before injection into a linac
accelerator. Furthermore, the high capture efficien-
cles obtained with the RFQ make efficient use of the
ion source output beam.

The strong focusing from the electric field, to-
gether with the combined- tion adiabatic bunching,
results i1 a high space-charge limit, even though the
dc injection voltege may be as low as 30 to 50 kV. An
outpyt ion beam energy in the l-MeV/nunleon range is
typically obtained within a few meters.

In comparison with 3 dc accelerator at the same
beam cuirent and output energy, the RFQ frequently
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Schematic Drawing of an RFQ Resnnator.



of fers the advantage of a much reduced size. The
strong focusing forces in the RFQ allow large beam
currents with good output beam quality; the beam-
current capacity of the RFQ appears to be greater than
most dc accelerators. The RFQ offers greater flexi-
bility than dc accelerators in the use of ion sources.
A physically large and complex ion source for either
positive or negative charge can be used as an injector.
For convenience in operation of the ion-source, 1t is
pcssible to apply a bilas dec voltage to the RFQ, so that
the icn source is at ground potential. Also, because
the rf amplitude is the only physical parameter to be
adjusted, the RFQ is relatively simple to operate as
comnared with most other ancelerators. Some disadvan-
tages of the RFQ are (1) the RFQ is probably less flex-
ible than dc accelerators for output energy variatlon
and (2) fcr energles greater tharr about 2 Mev/nucleon
the average acrelerating field is less than that for a
conventional linac. However, extending the operation
of the RFQ to higher energies does not degrace the beam
performance, and for low duty factor applications can
result in less total power consumption than for a con-
ventional linac with dc iocusing magnets.

Thus, an RFQ can be designed to accept an in-
tense low-velocity unbunched lon beam from a low-
voltage dc injeccor; then it will provide radial focus-
ing, bunchiny and acceleration to about 1 meV/nucleon
in a few meters. In applyling tne RFQ in a specific
case, It 1s possible to optimize its characteristics in
a flexible way to nbtaln the desired comprcmise between
transmission efficlency, emittance growth, beam current
capacity, overall length, and pow=r dissipation.

Techniques to provide rf power to RFQ systems
have been described by Potter, et al.’ A rour-vane
resonator similur to Fig. 1 can be used for frequen-
cles gragter than abhout 50 MHz, where the outer diam-
eter {s about 1.2 m. with lo=zr frequencies, a widerbe
resonant  stem could be used; or with very low fre-
quencies |1tab1e for heavy lons sn externally reso-
nant structure'?! may become useful A multlple beam
channel RFQ has been suggested by Swenson.'? If the
cursent capacity of a single RFQ channel is not suffi-
cimn{ a multichannel RFQ array and the furneling tech-
nique’? could be used to increase the total current to
higher values,

Beam Dynamics Analysis anc Pole-Tip Design

As a basis for beam dynamics simulation calcu-
lations and for construction of RFQ pole tips we use
the lowest-o: '=r potentlal function. Figure 2 summa-
rizes our procedure. Electric fields obtained from the
potantial function were used to construct trensforma-
tions for the beam dynamics simulation program
PARMTEQ." :* This program, which includes space-chatge
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Flg. 2. Beam Dynamics Simulation and Pole Tip Geomstry

effects, analyzes speclfic RFQ designs to obtain trans-
mission efficiency, radial emittance growth, onc radial
and longitudinal characteristics of the output beam.
From an appropriate isopotential surface, we oblain the
radial variation of the pole tips and the variation of
the radius of curvature in the transverse plane, both
as a functio of 2. Fligure 1 shows the unit cell of
length BA/2, through which the radius varies from ma to
a. In the center of the unit cell, the pole tips have
quadrupolar symmetry and the radius ro. The pole tips
are constructed by generating a data ?ile on magnetin
tape that 1s used as input to a numerically controlled

. milling machine.

» value in ~58..

. sonator tuning.

Beam Dynamics Design Procedures for RFQ Systems

The methods used to synthesize RFQ systems to
meet specific objectives have been described® previ-
cusly. Flgure 3 shows how the design procedures can be
divicded into four separate sections. The imbunched
beam from the dc injector first goes Into the radial
matching section, where the radial focusing strength
is increased from a low initial value to a higher final
This allows the beam to adapt itself
adiabatically to the time-varying focusirg forces. The
next section is the shaper where we start to ramp both
¢s and Eg, the average longitudinal field. The phase
angle ¢ starts at -20° and increeses linearly with z.
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Fig. 3. RFQ functional Block Disgram,
E, starts at zero and is slowly turned on by increasing
tge amplitucle of the pole-tip modulation. If tne pa-
rameters are chosen correctly, we can "shape" the par-
ticle distribution at the outfut of the shaper to
occupy the desired level in the phase stable region of
the bucket. Next is the gentle buncher where two con-
ditions are imposed, as suggested by Kapchinskii. The
average z-length of the bunch is held constant and the
small amplitude longitudinal freguency is he.d at s
fixed value. This allows the final value of ¢¢ to be
attelned at the end of the gentle buncher and preserves
the particle distribution throughout. In the accelers-
tor section, the lons are accelersted to their final
energy at a constant value of ¢g.

A design constraint is imposed that mekes the
nvernge radius of the pole tips r, constant, except
in the radial matching section. - This keeps the dis-
tributed ceapacitance nearly constant for easier re-
Also, the quantity v/rg Is held

| constant, where V is the intervane voltage, allowing

1

|

control of the peak surface field, which occurs neer
the point where the poles have mindmum separation.

' These constraints are consistent with a constant
voltage along the vanes and with a constant value of
the focusing strength B.

Properties of the RFQ Four-vVae Resonator

The RFQ resonutor can be understood in terms of
the modes of a waveguide with unf{form four-folrd symmet-
rical cross section. The vene-tip potentials are as-
sumed to be constant, independent of the z-coordinate.
For heavy capacitive lcading by the vanes, two families
of modes are necessarv for s ressonable approximation
of the fleld distribut’ .y, the TEz1n and the TEj)p
modes. The TMymn designation refers to the FFQ modes
analogous ta the modes of a right circular cylinder,
The mode with uniform vene potentisls and gquadrupolar
fialds is the TEp)g, which is the RFQ operating mode.
To coamle powsr 1n o the PFQ without disturbing the
field distribution, a coaxial menifold is used.’ The



manifold 1s a TEM-mode resonator with angled coupling
slots into each RFQ quadrant at each manifold magnetic
1 1eld maxiinum.

Radio-Frequency Quadrupole Experimental Test

Beginning in February 1980, we conducted a full-
scale experimental test’ of the RFQ principle. The
test linac was designed to accept protons from a
100-keV dc injector and to focus, bunch, and
accelerate to & final er=vgy of 640 keV. The RFQ test
reconator vanes had a length of 1.1 m and an o.d. of
C.15 m., Radlo-frequency power was furnished by a
425-MHz klystron that was coupled to the resonator
through a coaxial manifold and coupling slots. The
beam dynamics design for this test and the calculated
performance have been described previously.®

The rellability and the simplicity of operzticrn
of the test linac were outstanding. After an initial
conditioning period, the RFQ operated continuously,
accelerating a 20-mA beam current for more than a
month at a duty ractor of 0.1%. Also, the test has
shown that the RFQ is tolerant of both constructional
errors and errors in the rf resonator tuning.

Applications of the RFQ

The great flexibility inherent in the RFQ
concept suggests its use in a wide varlety of acceler-
ator systems, Recently we have made preliminary beam
dynamics designs for a large number of cases where the
requirements were wicely different. we will 1lllustrate
these by describing four systems. Each example will be
discussed briefly, and most of the details will be pre-
sented 1In tabular form. The currents listed in the
tables are the micrnscopic averaged electrical current
and thus correspond to the average current for 100%
duty factor. The current limit listed was calculated
from the formulas given by wangler.!® The emittances
are normalized values and are to be multiplied by n to
obtain the ellipse area in cm-mrad units. The quantity
Es Is the assumed maximum surface electric field; L is
the cumulative RFQ length from the input. The diameter
of the RFQ resonant cavity is inversely proportional to
frequency and has a value of about 32 cm a. 70 MHz,

RFQ for Nuclear Physics

An RFQ-based accelerator for s nuclear physics
research facility is presented in the first example,
The Physics Division at LASL has expressed an interest'®
in 8 low-energy accelerator in which two modes of oper-
ation are possible; one for /A = 1/4 beams and the
other for q/A = 1/2, where ¢ is the charge state and A
is the mass number. The RFQ design is determined by
the requirement for g/A = 1/4 ecceleration. The aame

Tahle 1

accelerator then provides even better perrvormance for
all larger values of q/A, Inciuding a/A = 1/2.

Table 1 gives the design parameters and summa-
rizes the results for q/A = 1/4. All beam currents
listed should be interpreted es electrical current.

‘The nominal electrical current of 10 mA is contingent
upon the capability of the lon sources to provide this
amount. An injection voltage of 50 kV is required for
q/A = 1/4 and a final energy of 1 MeV/nucleor is
reached in a distance of 4.24 m. F;r q/A = 1/4 a PIG
source generates ion beams'3 up to at least neon at
beam currents of a few tenths of an electrical milliam-
rere. A more complex and expensive EBi5 source!®

could extend the operation to heavier lons through
uranium., Figure 4 shows the results of analyzing this
RFQ with PARMTEQ; beam characteristics are nlotted
versus cell nuaber. In Fig. .(a), the x- and y-
projections of 360 particles are plotted at the point
1n each cell where the beam is circular. The upper and
lower dotted lines give the bore dimensions. The top
of Fig. 4(b) shows the bunching of 360 particles ini-
tially distributed unifarmly in phase (unbunched). The
ordinate is the particle phese minus che synchronous
phase. At the bottom, the particle energy minus the
synchronous energy is plotted. In the phase and
energy plots, the dotted lines gyive the location of

the zero space-charge separatrix. The full width at
half maximum energy spread of the output beam is

5 kev/nucleon, which gives &W/W = 0,005. This energy
spread could be reduced if necessary by using a de-
buncher cavity after the RFQ. The addition of sose in-
dependently phased cavities after the RFQ would allow
energy variation both above and below the nominal
1-Mav/nucleon output value.

Table 2 glves the results for q/A = 1/2 opera-
tion at a nominal current of 25 mA, The injectlion vol-
tage for q/A = 1/2 is 25 kv and the final energy is
still 1 Mev/nucleon, In this mode of operation the RFQ
could accelerate a high-intensity deuteron beam as o
possible low-energy neutron generator. Another possi-
bility is to use a commercially available positive pol-
arized deuteron source'’ to accelerate polarized de-
tarons with beam currents ss high as a tenth of a mil-
ilcnpere or more. The use of a low-frequency buncher
between the i 1 source and the RFQ couid provide one
means of gener.ting short beam pulses that would allow
time-or-fiight experiments for polarized reutron-
induced reactions. High-intensity polarized proton-.
are also obtainable from suck an ion source and ciuld
be accelvrated in the same RFQ to an energy of 1 Mev,

200 MHz RFQ for Proton Linac

Many high- or medium-enerqy facilitles have a
low-energy accelerator system that uses a 200-MHz pro-
ton dilft-tube linac. The conventional injection

RFQ for Nucl:ar Physicm; q/A = /4 Beamn

+ +
Tona: Hv+. (3‘" 4 , ?

, 077, Ne i B o IR LU o IO o
Frequency: 200 Mz W(MeV/A)  0.0125 0,0125 0.027 0.17 1.0
Nominal Current: 10 mA . . F..(HV/n) 5.1 28.7 28.7 3.7 28,7
Current Limit: 30 mA n 1.00 1.00 1.10 1.90 1.90
PARMTEQ RESULTS a(cam) 1,53 0.37 0.3 0.25 0.2
Input Current: 10 mA I'“((‘I) 1.5%3 0.7 0.7 0.37 0.37
Output Current: 9 mA Ol(dvl) -90 -6\ -26 -26
v Input (90X): 0.0 I"."(HV/-) 0 0 0.%97 2.69 1.26
guu:pm (90X): 0, 04\ V(kV) 78 L] 78 78 74
o Input (RMS): 0.0083 B 0.20 3.43 3.41 3.4 3.4)
a Output (RMS): 0.0092 L(m) v 0.046 0.71 1,00 4.24
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Table 2

RFQ for Nuclear Physics; q/A = 1/2 Beams

Tons: d*, net',... —~{ w8} o8 }o{ A -

Frequency: 200 MHz W(MeV/A)  0.0125 0.0125 0.027 0.17 1.0
Nominal Current: 25 mA E'(MV/m) 5.1 28.7 28.7 28.7 2B.7
Current Limit: 99 mA m 1.00 1.00 1.10 1.90 1.90
PARMTEQ RESULTS a(cm) 1.53 0.37 0.35 0.25 0.25
Input Current: 25 mA ro(cm) 1.53  0.37 9.37 0.37 0.37
Output Current: 23 mA 0'(deg) =90 -76 -63 -63
b laput (90X): 0.035 EO(MV/m) [V 0 0.57 2.69 1.6
EOutput (90%): 0.049 V(kV) 78 78 78 78 78
% Input (RMS): 0.0083 B 0.40 6.86 6.86 6.86 6.86
H oueput (RS): 0.0109 L(m) 0 0.04 0.71 1.4C 4.2

Table 3

RFQ for 200 MH:

Ion: Proton m{ﬁ*
Frequency: 200 MH:z W(MeV) 0.025 0.025 0.030 0.34 0.75
Nominal Curvent: 60 mA !.(Hvln) S.7 29.5 29.5 29.5 29.5
Current Limit: 107 mA ] 1.00 1.00 1.15 2.46  2.46
PARMTEQ RESULTS a(cm) J.68 0.53 0.50 0.30 0.29
Input Current: 60 mA ro(cn) 3.68 0.53 0.53 0.53 0.5
OQutput Current: 59 mA Q.(deg) - -90 ~83 ~30 -30
¢| Input (90%): 0.042 EO(HV/n) 0 0 0.63 3.91 2.6¢6
8| Output (90%): 0.066 _ V(kv) 113 113 113 113 113
- Input (RMS): 0.010 B 0.2 9.68 9.68 9.68 9.68
Output (RMS): 0.015 L(cm) 0 5.5 n 73 93



Table 4

High Current Proton RFQ

Ion: Proton <= { s {8 I 2}
Frequency: 100 MHz W(MeV) 0.10 0.10 0.115 1.26 2.00
Nominal Current: 300 mA ED(HV/m) 3.4 22.9 22.9 22.9 22.9
Currcnt Limit: 500 mA n 1.00 1.00 1.11 2.50 2.50
PARMTEQ RESULTS a(cun) 12.1 1.83 1.74 1.00 0.98
Input Current: 320 mA ro(cm) 12.1 1.83 1.83 1.83 1.83
Output Current: 315 m* 0'(deg) =-90 -83 =30 -30
'é Input (90%): 0.35 ED(HVID) 0 0 0.44 2.64 2,16
Bioutput (90%): 0.4) V(kV) 306 306 306 306 306
i Input (RMS): 0.083 B 0.20 8.8 a.8 8.8 8.8

Output (RMS): 0.104 . L(m) 0 0.22 1.30 3.55 4.09

Table 5
RFQ for Plasmn Niagnostics .

Ion: Ou1” (=T o } i}
Frequency: 50 MH:z W(MeV) 0.10 0.10 (.11 1.11 6.00
Nominal Current: 100 mA ER(HV/m) 3.6 18.0 18.0 18.0 18.0
Current Limit: 171 mA m 1.00 1.00 1.10 1.78 1.78
PARMIEQ RESULTS a(cm) 8.47 1.68 1.61 1.20 1.17
Input Current: 110 mA rn(cm) B.47 1.68 1.68 1.68 1.68
Output Current: 102 mA en(deg) =90 -81 +30 =30
zilnput (907): 0.21 EO(HV/m) 0 0 0.2 1.67 0.82
:fOulpul (90%): 0.24 V(kV) 223 229 221 223 221
'Eilnpul (RMS):  0.050 ) 0.2 5.03 5.0, 5.03 5.0%
[~}

Output (RMS): 0.0%6 L(m) 0 0.18 1.V 4.47 11.54

system for this linac consists 0. 8 750-kv Cockcroft-
walten generator, followed by systems for both bunching
and low-energy beam transport. This example illc
strates how the RFQ could replace the conventional
injection system. The RFQ, shown in Table 3, bunches
and accelerates a 60-mA dc beam of either H* or H-

fron 25 keV to 750 kev in a length of only 92 cm.

High-Current Proton RFQ

hAn example of a protun RFQ that accelerates
J00 mA of beam current to 2 MeV 1s given in Table 4.
It operates at (00 MHz 4nd usns 8 dc injection voltuge
of 100 xV. Such ar. FQ might be suitebly applied 4s an
injector to a drift-tube linac for a prot:m spallation-

type neutron generator such as is under consideration
at the Chal< River Nuclear Laboralory.'®

RFQ_for Plasma Disgnostics

Table 5 gives the design parameters for an RFQ
to accelerste 100 mA of ‘L1 to 1 Mev/iucleon. If the
output Jeem 1s stripped of one electron to make a neu-
tral atom, it could be injected into s magretically
conflned nlasma, The double-charge exchange reaction
of the beam with helium ions in the plnsma provides
the basis for a technique'' to measure a velocity
spectrum of the helium.

For tiils spplication, aperation at a few dis-
crete snergic-« may be all that is necessary. As was
discussed previously, s continuous snergy variation
could ve obta)neo by adding independently phased
cavitles afte; the RFQ. For a nonresonant RFQ con-.
figusation, anuther possibility for continuously

changing the encrgy is to change the frequency A
change in frequency would affect both the injection
and final erergles. Alsn, witn separate drives to
separate sections of the RFQ, a number of discrete
energies could be produced by simply lowering the
excitation of one or more downstream sectinns to about
80% of the design excitetlon. This would drop the
particles out of the acceleration process but still
would contaln them radially in the quadrupole fields.
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