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THE RADIO-FREQUENCY QUADKUPOLE: GENERAL PROPFRTIES AND SPECIFIC APPLICATIQONS*

R. H. Stokes, K. R. Crandall, R. W. Hamm, F. J. Humphry, R. A. Jameson, £. A. Knapp,
J. M. Potter, G. W. Rodenz, J. t. Stovall, D. A. Swenscon, and T. P. Wangler

Los Alamos Scientific Laboratury, Los Alamos, NM 87545 USA,

ABSTRALT

The radio-frequency guadrupole (RFQ) linac structure is being devel-
oped for the acceleration of low-velocity ions. Recent experimental
tests have confirmed its expected performance and have led to an in-
creased interest in & wide range of possible applications. We
review the general properties of RFQ accelerators and present beam
dynamics simulation results for their use in a variety of accelerat-
ing systems. These include the Jlow-beta sections of tre "uysion
Materials [riradiation Test Accelerator, a 200-MHz protun linear
accelerator, and a xenon g.celerator for heavy ion fusiun,

1. INTRODUCTION

Two years ago the Los Alamos Accelerator Technology Division initiated a program to
investigate the properties of the radio-frequency quadrupole (RFQ) accelerating structure.
The RFQ is a new concept originally proposed by Kapchinskii and Tepl_yakov.1 Qur develop-
ment of this structure, the first outside of the USSR, has culminated in a successful
experimental test2 of the RFQ principle. We conclude that the RFQ offers an attractive
solution to the low-velocity problems that are an intrinsic part of many accelerator

system5.3

In this paper we wili emphasize the RFQ's functional properties and briefly
discuss our methods for designing RFQ «ystems. Finally, we will describe three applica-
tions where an RFQ has been designed to solve the low-velocity problems in widely diverse
accelerator systams.

The RFQ uses rf transverse electric fields to focus ions traveling along its axial
region. Figure ] s a schematic section of the RFQ resonator. It operates in a mogified
TLZIO aooe 10 which the currents flow transversely to the z-axis. The current flow re-
sults 'n+ - + - polarities on the pole tips at a certain time, thus producing a quad
rupole focusing, or defocusing, force in a given transverse plane. ONne-half cyrle later
these forces reverse sign to produce an overali strong focusing effect. The forusing force
at a given time s spatially continuous along the z-ax1is. [If the pole tips have a constant
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Fig. 1. Schematic Drawing of an RFQ Resonator.
:u—dvl—p;;_rro;n:d under the auspices of the US Department of Energy, Office of Energy
Research, Off'ce of Fuston Energy, and the US Department of Hc+'th, Fducation, and
Welfare, National Cancer Institute,



radius, only a radial focus ' ng feorce is present. In Fig. 1 the pole tips have a
sinusoidal-like variation in radius. Between the x-plane and y-plant pole tips thisg
variation in radius is shifted by 8r/2. TYhis pole-tip modulation produces longitudina)
accelerating fields in addition to the transverse focusing field.

The operation of an RFQ system in the USSR has been described previ0u51y.4 fFarly in
1980 a highly successful experime- tal {cst at Los Alamos confirmed predicted behavior and
general capabilities of an RFQ system.

2. GENERAL PROPERTIES O THE RF{

An RFQ system can be designed to accent an rntense low-velocity unbunched ion beam
from a low-voltage dc injector; tnen it will provide radial focusing, bunching, and acce)
erdation to a velocity where a conventional linac operates efficiently. Because the elec
tric force 15 independent of velocity, the RFQ ¢ ecpecially effective in the radial! focus-
ing of low-veloCity 10ons. In typical systems that we have designed, the dc injeclor can
have a voltage of “0 kv for protons or 250 kV for Xe’l ions. Having .ontained the beam
radially, the RFQ then can pro.ide useful longitudinal fur.ticns., For example, 1t can
bunch the beam sluwly enouqh to capture a very high percentage of the injected beam. This
adrabatic bunching can be accomplished 1n a reasonable distance because of the low velrrity
of the 1ons. Tne bunching cycle alsy can be designed to 1ncrease the current capacity of
the system. Hhile the beam 1+ beir.g bunched it is also being accelerated, so that by tne
time the final synchronous phase 15 reached, the beam energy has been increased by about a
factor of ten. This allows acceptance of nigh-current beams at the input, and acceleration
with cnly minmmal amittarce growth. [n applying the RF( 'n a specific case, 1t is possible
to optimize 1ts characteristics 'n a flexiple way to obtain the dec<ired compramise betwoeen
transmission efficiency, emittance growth, bs=am cu rent capacity, overall length, and power
dissipation,

Techniques to provide rf power to RFQ systems have been described by Potter, et al.”

A 4-vane resonator similar to Fig. | can be used for frequencies greater than ahout 50 MHz,
where the outer diameter 1s ahoot 1.2 m. With lower frequencies, a8 Widcroe resonant sysytem
could be used; or wit! very low frequencies suitable for heavy ions, an externally resonant

structure® may become useful,

3. BEAM DYNAMI ., ANALYSIS AND PQLI-TIP DES!GN

As & basis for beam dynamics simulation calculaticny and for construction of RE) pole
tips we use thr lowest order putential function. Figure ¢ summarizes our procedure, | le
tric fields obtained from the potential fuiction were used to conStruct transformation- far
tre beiym dynamics simula«tion program PARHTEQ.7'B This program, wnich 1nc ludes space
charge effecls, analyzes ipecific RFQ desfgns to obtain tranimission effirciency, radi.’
enittince yrowth, and radiral and longitudira' characteristics of the output beam. from an
appropriate isopotential surface, w obtain the radial variatior nf the pole tips and the
variation of their radius of curvature in the transverse plane, both as a function of o,
Figure 1 tiows the unit cell of length ga/2, through which the radius varies fran ma to 4.
In the center of the unir cell, the pole tips have quadrupnlar symmetry and the radius
ror 'he pole tips are constructed by generatingy a data ftle on magnetic tape that s
used as input to a numerically controlled nilling machine,



RFQ POTENTIAL FUCTION
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. 4. BiAM DYNAMICS DESIGN PROCEDURES FOR
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AND RATI| OF CURVATURE)
The methods used to synthesize RFQ
systems to meet specific objec*ives heve
PARMTE v Pout Tio (omsTRuC) 100 been previously described.d Fiqure 3
e Tnem ks ot g (1arE ~omTROLLID MiLL) chows how the de<ign procedures can be

Fig. 2. Beam Dynamics Swmulation and divided 1nto fur separate sections. The

Pole Tip Geometry. unbunched beam from the dr njector first
goes into the radia’ matching se:ction,

where the radial tozusing strength is increased from a low 'nitial value to a highes fina)l

value 1n - 5s. This allows .he beam to adapt itself adiabatically to the time-varying

focusing forces The neat section is the shaper where we start to ramp both ‘s and

o'

tinearly witn 2. 'o starts &L zero and is slowly turned on by increasing the anp!itude

ot the pole-tip modula*i... 1f the parameters are chosen correctly, we can "shape" the

particle distribution at the output ot the shaper to occupy the desired leve' in Lhe phase

t the averdge long.tudinal ficld. The phase angle os start  at -90° and increases

Stable region of the bucket. Next is the gentle buncher where two <Ondgitions are impose.l.
as suqgestt ty Ka;xhinskini. The average 7-'ength of the bunch is held constant and the
small amplitude longitudinal trequency is held at ¢ fixed value. This allows the final
value ot ‘s to be attavned at the end «f the gentle buncher and preserves the particle
distributron throughout. In the acceleraror section, the jous are accelerated to their
tinal energy at a constant value of ‘s'

The design methods cescribed prev.ously
of tne pole tips o cont tant, eacept n the radial matching section., This kept the dis

8 were constrained to make the average radius

tributed capacitance nearly constant for eastier resonator tuning, Also, the quantity
V/ru 's held constant, where V 15 the intervare voltage, a'lowing zontrol of the peak
surtace ticid, which occurs near the point where the poles have minimum separation. These
constrainty are consisterl with 3 constant voltage alont the venes and with a constant
value of the ‘ocusing strength L. After erxperience in tuning RFQ resonators, we believe we
can achieve specifimad voltage distributions that vary with 7 within certain limits; there.
tore, we have developed a new design procedure that holds the bc-e radius, a, &t the same
constant value 1n both the shaper any gentle buncher. This consteant.3 method s 11lus
trated in the FMII NI design to be discussed later. One advantage of \he constant-a
des'ygn 1s that the 11 power requited to eacite the constant-a RFQ fs less than with the
cc.msunl-r0 design, We have campared the FMIT RFQ with an equivalent consunt-r“
design of the samr length and the same current capacity. The utructure power requiced for
the shaper, plus gentle buncher sections of the ccnstant-a RFEQ, was 50% of tnat required
by the t:onsunt--r0 design,



5. PROPERTIES OF THE RFQ FOUR-VANE RESONATOR
The RFQ resonator can be understocd in terms of the modes of a wavegquide with uniform

four-fold symmetrical cross section. The vane-tip potentials are assumed to be constant,
independent of the z-coordinate. For heavy capacitive loading by the vanes, two fanilies
of modes are necessary for a reasonable approximation of the field distribution, the
TEZlu and the TElln mod2s. The TE\mn designation refers to the RF) modes analoanus
to the modes of a right circular cylinder. The mude with uniform vane potentials anc quad
rupolar fields is the TEZIO' which is the RIQ operating mode.

The TE]IO mcdes are a degenerate pair of modes with dipole-like fields., The effert
of these modes is to unbalance the azimutha! field distribution, resulting in different

il
modes with n > 0, resulting in vane-tip potentials that vary with z. Contributions feom

vane-tip potentials for each vane. Longitudinal field erro-s arise from mixing in Ty,

the Tk,, modes with n > O affect both the azimuthal and longitudinal field distribu.
tions. The modes that are most easily mived by structure tuning errors are those lying
closest to the TEZlO mode . Azcidenta'! degeneracies are a serious problem. Tor example,
for a given loading there 13 a length for which the frequencies of tne Ti
modes are identical.

210 and T[“]

The RFN operating mod: can exist oniy for an open circuit Soundary conditinn.,  Thiw
boundary condition 1s simulated by the use of four end tuners that are capacitively coupled
to the ends of the vanes. Their capacity, reshnating 1 paralle! with the inductance of
the end caps, provides a high impeaance termipat on,

In & structure with a .mall apertu-e and & strongly radially dependent field, trad:
tional bead-pull techniques are difficult to use. 1o tune the experimental test mode’

RFQ, we measured the relative magnetic fields at the rescnator outer wall by ohserving the
frequency change caused by a metr! plunger inse-ten at varicus positions along the struc
ture. A uniform and symme.ric ] magretic field corresponds to the desired vane tip
powential a:stribution, if there o ¢ no large geametrical errors in the vane gap dimen
sions.  The test model RFY was sufficiently short so that 1t was possible to adjust the
average azimuthal field oistribution by tuning esch quadrant, and to adjust the longitu
dintl potentral Arvstribution using the end tuners.

To coupie power i-to the RFQ without disturbing the field distribution, a coaxial manm
fold 1s usea.5 The manifold is a TEM mode cesonatar with 457 anqled coupling «lats
Into each rf quadrant at each manifold magnetic field maximum. The cambined system i
operated n the z. ‘0 mode and tuned for minimuem slot exc tatiron,

6. RADIO-FREQUENCY QUADRUPOLE EXPERIMNTAL TEST

Beginning in February 1980, we conducted a full-scale experimental test of the Ri(Q
principle. The tes' linac was designed to accept protons from a 100-kV dc injector and to
focus, bunch, and accelerate to a final energy of 640 keV. The RFy test resonator had
1.1-m-long vanes and a 0.15-m 0.d. Radio-frequency power was turnished by a 425-MHz k!lys
tron that was crupled to the resonator through 8 coariai manifold and coupling slots.

The beam dynamics design for this test and the calculated performance have been dJescr ibed
;:trev‘m.lsl_v.B

The momentum spectrum of the ac-elerated beam was measured with a 457 magnet

analyzing system. This system confirmed an expected 640-keV energy for the accelcrated



particles and we observed no low-energy components. Adjusting the RFQ vane voltage made
it possible to rotate the final longitudinal phase space to yield a minimum energy spread
of 3% FWHM.

The transmission efficiency was measured with biased Faraday cups immediately before
and after the linac. With a 30-mA injected beam, the output beam current was 26 mA, cor-
responding to the predicted 87% transmission efficiency.

The input beam emittanre was measured ahead of the lens that matches the beam from the
dc injector into the RFQ, and the output emittance was measured immediately following the
RFQ tank. Typical measurcments for a 25-mA output beam indicate a normalized rms enittance
growth factor of ~ 1.5, We believe this to be ar upper limit, because the injected beam's
emittance is samewhat increased in the matching lens.

The reliability and the simplicity of operation of the test linac were outstanding.
After an initial conditioning period, the RFQ operated continuously, accelerating a 20-mA
beum current for more than a month at a duty factor of 0.1%. Also, the test has shown that
the RFQ 15 tolerant of both constructional errors and errors in the rf resonator tuning.

7. APPLICATIONS OF THE RFY

The great flexibility imrherent 1n the RFQ concept suggests its use in a wide variety of
accelerator systems. Recently we have made preliminary beam dynamics designs for a large
number of cases where the requirements were widely different. We will illustrate these by
describing three systems. Each example will be discusced briefly, and most of the details
will be presented n tabular form.

7.1 FMIT REQ

The first example is the Fysion Materials Irradiation Test (FMIT) accelerator
being designed by Los Alamos fer the Hanford Laboratory. The deuteron beam frum this ac-
celerator will bombard a lithium target to produce neutrons to test materials for fusion
reactors. The rinal deuteron energy 15 35 MeV, and the output curre 15 100 mA, with 100%
macroscopic duly factor. The RFQ will be used in the energy range 0.1 - 2.0 Mev, after
whi_h 3 drift-tube linac will be used for acceleration to the final enerqy. Table 1 sum-
marizes the preliminary design parameters and principal results. The current limit was
calcutated from the formulas given by Hnngler.9 The emittances are normalized values
and are to be multiplied by v tc obtain the ellipse area in rmemrad units. The quantity }

Table 1

fon: Deuteron MIT  RFQ

Frequency: 80 Mi2 LR B 1o - £ 0
Penfign Type: Conmtant-n WiMeV) 0.10 0,10 0.11 1.13 2.00
Nominal Current: 100 mA ¥ 0.2¢ 1.50  1.%0 1.%  1.,%
Current Limit: 197 mA o 1.00 1.00 1.09 2,07 1.80
PARMTEQ Results a(cm) 6.93 1,11  1.11 111 1,12
Input Curtent: 100 sA r'“(m) 6.9 115 1.6 1.74  2.4)
(utput Cur.ent: 98 sA Ol(drg) =90 -83 ~30 =30
o|Input (%0%): 0,070 !‘.nm'\'/n) 0 0 0.27 1.72 1.%
glovtput (90X): 0.194 V(kv) 129 129 1% 202 282
Slirput (RMS):  0.017 B 0.2 7.82 7.51 4.9% 3.37

ntput (RMS)t 0.045 L(m) o 0.2 1.6 3.0 5.9
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(a) Fig. 4. PARMTEQ Simulation Results. (b)

is the factor by which the Kilpatrick limit is multiplied to obtair the peak surface field
on the pole tips; L is the cunulative RFQ lennth from the input. For the operating fre-
quency of B0 MHz, the 4-vane-type resonator has ~ 0.8-m o.d. Figure 4 shows the results of
analyzing this RFQ with PARMTEQ; beam characteristics are plotted versus cell number. In
Fig. 4(a), the x- and y-projections of 360 particles are ploited at the point in 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 initially distribuied uniformly
in phase (unbunched). The ordinate is the particle phase minus the synchronous phase. At
the bottom, the particle energy minus the Synchronous energy is plotted. In the phase and
energy plots, the dotted lines give the lucation of the zero space-charge separatrix.
7.2 200-MHz Proton Linac RIQ

Many high- or medium-energy facilities have a low-energy accelerator System con-
sisting of a 750-kV Cockcroft-Walton generator plus a 200-MHz drift-tube linac. The next
exanple illustrates how an RFQ crwld perform these functions up to a 2-MeV enerqy. We have
chosen to use a dc injector operating with a 50-keV potential, Table 2 gives the results.

Table |

200-MHz Proton Linac RFQ
Particle: Proton

Frr uency: 200 MH=z " e .‘ ' -' o is oA -
Derign Type: Conlunl-rn W(MeV) 0.09 0.0) 0.06 0.58 2.00
Nominal Current: 40 mA F 0.26 1.50 1.50 1.50 1.50
Current Limit: 87 mA m 1.00 1.00 1,08 2,40  2.40
PARMTEQ Henults a(cm) .13 054 0.52  0.30 0.10
Input Current: 42 mA ro(cn) .12 0.56 0.% % 0.54 0.54
vutput Curreut: 41 mA ﬁn(drg) - =90 -A) =30 =30
u|lnput (902): 0,042 EU(HV/I) 0 0 0.34 2,16 1.20
E()utpul (902): 0.05% V(kV) 8y 85 8 85 8
G|input (RMS): 0.010 B 0.21 7.00 7.00 7.00 7.00

Aloutput (RMS): 0.013 L(cm) 0 8 53 188 324



7.3 Heavy Ion Fusion RFG

Recently, proposals to investigate the feasibility of heavy-ion 1induced fusion for
commercial power production have generated interest in large linear accelerator cystems.
The Tlow-beta part of these systems tend. to be one of the serious overall limitations.
The RFQ, which can be constructed in a special manner for Tor frequencies, agpears to
offer an attractive solution to this 'ow-beta problem. The following example is a
system10 to accelerate Xe*l ions from 0.24 to 5.0 MeV. Table 3 gives the results.

Table 3
Heavy Ion Fusien RFQ
Purticle: Xe+1
Frequency: 12.5 MMz L T o A}
Design Type: Constant—ro W(MeV) 0.24 0.24 0.25 2.50 5.00
Nominal Current: 25 mA F 0.28 1.60 1.60 1.60 1.60
Current Limit: 42 mA o 1.00 1.00 1.05 1.48 1.48
PARMTEQ RESULTS a(em) 10.5 1.1 1.77 1.45 l.44
Input Current: 30 mA ro(cm) 10.5 1.81 1.1 1.8] 1.81
Output Current: 29 mA ¢s(deg) - =90 -86 - 32 -32
8|1nput (902): 0.007 EO(HV/m) 0 0 0.15 <C°.85 0.65
ElOutput (90%): 0.031 v(kv) 200 200 200 200 200
v Input (RMS): 0.0017 B 0.09 2.85 2.85 2.85 2.85
EOutpul: (RMS) : 0.0068 L{(m) 0 0.2 3.4 21.9  27.0
" * *
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