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EFQ PREINJECTORS*

J.G. ALESSI

AGS Department, Brookhaven National Laboratory,

Associated Universities, Inc., Upton, NY 11973, USA

ABSTEACT

The Radio Frequency Quadrupole (RFQ) accelerator has become the

method of choice as a preinjector for many proton and heavy ion

linacs injecting into synchrotrons, and can al6o be used for

injection directly into small synchrotrons. In addition to its

use in most new preinjector lines being built or proposed,

several laboratories have replaced Cockcroft-Walton accelerators

with RFQs. Among the advantages of the RFQ are its simplicity

and reliability, compact size, and relatively low cost. The

fact that the ion source is located nearly at ground potential

is also very advantageous. A survey of operating RFQ

preinjectors is given, as well as the status of some RFQ

preinjectors which are presently under development.

* Work performed under the auspices of the U.S. Department of

Energy.



1. Introduction

The Radio Frequency Quadrupole (RFQ) linear accelerator has

established itself as an attractive alternative to dc

acceleration when a preinjector is required for a linac or

synchrotron facility. The principle of such an accelerator was

discovered by Kapchinskii and Teplyakov approximately 20 years

ago [1], and a first prototype RFQ was operated in 1974 [2]. It

was not until the late 1970's that this new accelerator

principle became widely known, and a program was started at LANL

to further the understanding of both the rf aspects and beam

dynamics of such an accelerator. By 1980, a proof-of-principle

RFQ was successfully operated at LANL [3]. There has since been

a very rapid growth in RFQ developments, to the point where it

is now considered by many to be a "mature" field. Several

excellent reviews have been given [4-6] which follow this

progress in the understanding of RFQs, as well as showing their

proliferation in laboratories throughout the world, and now into

commercial applications. In this paper, the emphasis 16 not on

the "state-of-the-art" in RFQs, or on the many ongoing RFQ

developments. The emphasis is instead on the use of the RFQ as

a preinjector, primarily at medium and high energy physics

laboratories. In the following, advantages and disadvantages of

the RFQ for this application are given, operating RFQ

preinjectors are described, and finally some facilities who are

in the process of adding such preinjectors are mentioned.



2. Features of an RFQ Preinjector

The RFQ, in which the electrodes can be either vanes or

rods, is at first an rf focussing channel, based on the same

principle as is used in a quadrupole mass spectrometer.

Modulations are added to the electrodes so as to provide an

axial component to the electric field between the electrodes,

allowing the structure to bunch and accelerate a beam in

addition to maintaining its strong focuesing character. The RFQ

typically replaces a high voltage platform and accelerating

column, taking a beam from the ion source at its extraction

voltage, and accelerating it to an energy convenient for

injection into a conventional linac structure. For protons,

acceleration in an RFQ becomes inefficient above 2-3 MeV, so the

transfer should be made below this energy. Ideally, the RFQ can

be placed directly in front of the linac, where this 1-2 meter

structure is a dramatic contrast to the traditional approach at

high energy facilities of a two etory Cockcroft-Walton, followed

by meters of beam transport and one or more buncher cavities.

There is at thi6 point a good understanding of RFQ beam

dynamics, with LANL playing a major role in the development of

the modeling codes. The accelerating and focussing fields are

calculable from simple electrostatics. One can then accurately

machine the desired electrode modulations, and the alignment of

the structure can be done reliably. This results in a very good

agreement between calculated and actual RFQ performance,



particularly in terms of the 6-diroensional phase space output.

This allows one to design the RFQ to produce a beam well matched

to the next accelerator in the chain. Complex beam gymnastics

in the accelerator are merely a matter of machining the

particular vane profile. The rf design of the structure ie

essentially decoupled from the beam dynamics design. The RFQ

can take a dc beam and adiabatically bunch it with essentially

100% capture efficiency. Transmission through the RFQ can be

near 100%, with almost no transverse emittance growth. To date,

RFQs used as preinjectors have been designed to operate at

conservative electric fields (< 2 Kilpatrick [7]), and required

duty factors have been low (<0.2%), resulting in very reliable

operation. The RFQ is basically a simple structure, and

maintenance demands are only on the rf power source.

A real advantage of the RFQ over a high voltage terminal is

that it allows the ion source to be located at nearly ground

potential (only the extraction voltage). At BNL, the si2e and

weight of the polarized H- source would not have allowed its

installation in the 750 keV Cockcroft-Walton terminal. Without

the option of an RFQ, compromises would probably have been made

on the selection and design of the source. In addition, the

convenience of having this complex source at ground potential

during operation is invaluable. The turnaround time for

maintenance or repairs on a source or electronics at ground

potential is also considerably reduced. Maintenance on the BNL

H- source in the Cockcroft-Walton requires venting of the high

voltage column, with considerable time for pumpdown and



reconditioning.

Due to the compact size of the RFQ, and its relatively low

cost, facilities can easily have multiple RFQs in the

preinjector area, allowing one to choose the best source for the

production of particular ions, and then building the RFQ to

match the particular source. Alternatively, as mentioned

previously, the RFQ can be located right before the linac,

leading to a very simple, well matched preinjector. The fact

that one can have a transport line between the source and RFQ

can also be used to advantage. In Brookhaven's new preinjector,

the design of a fast beam chopper [8] to allow "painting" of the

longitudinal phase space of the AGS during injection, was made

much 6impler since it could be dons at low energy.

Summarizing the above, the advent of the RFQ has given one

many more options in the design of preinjectors, in addition to

being a reliable accelerator with excellent beam optical

qualities. There are a few potential drawbacks, however. One

is the question of RFQ reliability in high duty factor or CW

applications, where experience so far is limited (Chalk River,

and FMIT at LANL). Second, the fact that the beam out of the

RFQ is bunched, a great feature when the RFQ is close-coupled to

the next linac, can be a hinderance when one has a long beam

transport line. If one merely lets the beam debunch, one is

left with an energy spread on the beam on the order of a few

percent, or much more if space charge is important. It is then

impossible to rebunch this beam into the linac acceptance with a

high efficiency. A second alternative, most frequently used, is



to maintain the bunch structure of the beam by periodically

rehunching in the transport line. At Brookhaven, the beam is

transported 5.8 in between the RFQ and linac at 750 keV, with 3

rebuncher cavities. This becomes cumbersome over greater

distances, especially if space charge is important. A third

alternative is to design into the RFQ itself a debunching

section following acceleration. This was done in the heavy ion

RFQ at Saturne [9] to reduce the output energy spread from ±3%

to ±0.8%. Again, longitudinal space charge forces would make

this less effective at high currents. The best solution at high

currents, if one needs a high capture efficiency into the linac,

is to keep the transport line reasonably short.

3. Operating RFQ Preinjector6

Institute for High Energy PhvBicB. Serpukov

A 2 MeV proton RFQ has been operating at IHEP as a linac

injector since 1975 [10], and since 1983 it has been part of the

Serpukov accelerator complex (76 GeV synchrotron) [11]. Beam is

extracted from the proton source at 100 keV in 10 JJS pulses, and

injected directly into the close-coupled RFQ, without any

additional focussing. The 2 HeV RFQ is again close coupled,

without focussing, to a 16 MeV linac, followed by a 30 MeV linac

and then a booster. The 3.5 ID long double H-resonator RFQ

operates at 148.5 MHz, and with a duty factor < 10-*. The

following two linace are also TE mode double H-resonators,



having a periodic 3-electrode, double gap arrangement with

interleaved fingers for electrostatic focussing. With 160 roA

input to the RFQ, 130 mA (81%) is accelerated to 2 MeV, and up

to 90 mA is accelerated to 30 MeV. The emittance out of the RFQ

for a 100 mA beam is £n(90%)= 2.57T mm-mrad. In 1987, the ratio

of bad pulses to total pulses for the RFQ was 5 x 10-* [12].

Brookhaven National Laboratory

An RFQ has been in use at BNL since 1984 for the

acceleration of a low intensity polarized H- beam from 20- keV to

760 keV [13]. The vane design for this RFQ was done at LANL,

and the cavity design and all construction was done at BNL. In

order to allow high intensity H~ operation from one of two

Cockcroft-Walton preinjectors, there is a 5.8 m transport line

between the RFQ and the 200 MeV linac, which then injects into

the AGS. This transport line contains two 60° dipole magnets,

quadrupoles, and three rebuncher cavities. Typically 75% of the

beam from the RFQ can be accelerated to the end of the linac.

The transport line from the source to the RFQ is approximately

3 m long, and contains two Einzel lenses and six magnetic

quadrupoles. The 1.5 m long, 4-vane RFQ operates at 201.25 MHz,

typically at a duty factor of only 2.5 x 10-«. The 110 kW peak

power is coupled to the RFQ via a one-to-eight coaxial manifold

system that distributes the power to two drive loops in each

quadrant. We have several times experienced problems with

breakdowns in the cables and connectors after the/splitter, as

well as arcing and melting at the feedloops themselves. This



occurs only during initial conditioning after the RFQ has been

up to air, when breakdowns in the cavity cause the match to

become bad. The 8-way splitter does not provide isolation

between ports, allowing a large fraction of the drive power to

appear at one loop during the arc. The RFQ has operated for a

total of~5000 hours, primarily for three AGS polarized physics

runs, and it has never failed during these runs. Transmission

through the RFQ has varied between 75-85%, and we have measured

an emittance growth a factor of two through the RFQ (£n(90%)=0.6ir

mm-mrad at the output, for 10 fxA).

Around 1986, a sudden 70 kHz shift in the resonant

frequency of the RFQ was observed. While we were able to add

tuners to get the resonant frequency back to 201.25 MHz, this

prompted us to take the RFQ offline and study the problem.

Measurements of the symmetry of the fields in the four

quadrants, initially balanced to within a few percent, now

showed an assymmetry of 20% between the highest and lowest

quadrant. A vane misalignment of approximately 1 mm was also

measured. In spite of this, the RFQ transmission was 75-80%,

and it was reinstalled without realigning since it was required

for a polarized beam run. While offline, we also measured the

performance at higher H- intensities. A transmission of 80% was

obtained at 5 mA input, with a factor of three emittance

growth.



QEBR

There are now two RFQs in operation as preinjectors for the

CERN 50 MeV Linac 1. A proton RFQ [14] firBt went into

operation in 1984 to deliver beam to LEAR. LANL did the beam

dynamics and vane fabrication on this RFQ, and CERN designed the

rf cavity. It operates at a frequency of 202.56 M?.; and

accelerates beam from 50 keV to 520 keV. It is driven by a

single rf feedloop, with no special techniques used for field

stabilization in the quadrants. When initially installed, the

RFQ was located directly in front of the first linac tank, with

only a short (~20 cm) matching section consisting of three

quadrupoles and a buncher cavity. Beam is matched from a

duoplasmatron source to the RFQ via two magnetic solenoid

lenses. With 100 mA input to the RFQ, 80 roA was accelerated to

520 keV, and of this, 65 mA was accelerated through the first

linac tank. (Subsequent tanks can not handle these high beam

currents, so beam continues to be lost further on). When a

second, heavy ion RFQ was later installed on Linac 1, the proton

RFQ had to be moved further away, and it is now located more

than 2 m from the linac. The 520 keV transport line now has two

rebuncher cavities, a 30° and 60° bend, and quadrupoles. With

this line, the beam from the RFQ can no linger be well matched

to the linac, with only about 20% of the beam falling within the

linac acceptance. In spite of this, the intensity is sufficient

for the needs of LEAR. This RFQ has operated very reliably. It

reached its nominal field (25 MV/m; 1.7 Kilpatrick) after only a

few hours of conditioning, and was able to go up to twice its



required power without problems. It typically operates a couple

months per year, and has not caused any machine downtime.

A second RFQ, designed for acceleration of oxygen in the

SPS, was installed in front of Linac 1 in 1986 [15]. This RFQ

was designed and built at LBL, and accelerates 0 8 + from 5.6

keV/u to 139.5 keV/u, before injecting into the linac which is

operated for oxygen in the 2p> mode. Oxygen ie extracted from

an ECR source at 15 keV, and transported around a 90° analyzing

magnet ~2 m to the RFQ with the use of two solenoids and a

quadrupole triplet. The transport over < 1 m from the RFQ to

the linac includes two rebuncher cavities and four quadrupoles.

The RFQ is a 4-vane structure, 0.86 m long, with a single drive

loop and vane coupling rings for field stabilization.

Transmission through the RFQ, with 80 pA injected, was 100%.

Measured emittances, energy, and energy spread were in good

agreement with calculated values. Typically, 20 jiA could be

accelerated in the linac to 12.5 MeV/u, a good result since the

linac was not designed for oxygen acceleration. S*2+ has also

been accelerated through this RFQ/Linac, and into the SPS,

although at much lower intensities from the ion source. There

is essentially no conditioning required on this RFQ, and it has

operated extremely reliably.

Saturne

Since 1984, an RFQ has been installed at Saturne for the

acceleration of heavy ione (q/A=0.25-0.f>), from 12.5 keV/u to

187.5 keV/u [9]. Ions are extracted from the DIONE source at 25



fceV, and are transported several meters to the RFQ with 100%

efficiency. Transmission through the RFQ can be as high as 95%.

The beam is then transported again a very long distance (10's of

meters) and injected into MIMAS, a booster-storage ring. The

RFQ was designed and built at Saturne. It ie a 2.3 m long, 4-

vane structure, and operates at 200 MH2. As mentioned earlier,

this RFQ has a debunching stage after the acceleration section,

in order to reduce the output energy spread before the long

*« "an sport to MIMAS. Initial conditioning took several weeks due

to serious multipactoring, which was solved by baking. It now

operates reliably and is used extensively.

Lawretice Berkeley Laboratory

The Bevatron Local Injector was upgraded in 1984 [16], and

this upgrade included the replacement of a Cockcroft-Walton by a

heavy ion RFQ [17]. Either a duoplasmatron or PIG ion source

can inject into the RFQ, which can accelerate ions with

<j/A>.0.143 from 8.4 to 200 keV/u. The matching of the beam into

the RFQ is made somewhat more difficult since the final elements

before the RFQ are a quadrupole 4-plet (the RFQ wants a

symmetric input beam). Therefore, transmission through the RFQ

is typically only 60-70%. Emittance growth through the RFQ is

1,5-2. The RFQ is bolted directly to the front of an Alverez

linac, with no extra matching elements. This RFQ, a 200 MHz, 4-

vane structure with vane coupling rings, was designed and

constructed at LBL. It has operated 24 hours a day for

approximately 8 months each year since 1984, and it has never

10



had to be opened. It does have to be reconditioned (minutes to

hours) if one goes from low gradient operation to high gradient

operation, when changing ion species.

4. RFQ Freinjectors Under Construction

At the Brookhaven 200 MeV linac injector, a 750 keV

Cockcroft-Walton ha6 now been removed, and an RFQ for H-

acceleration from 35 keV to 750 keV is being installed in its

place [18]. This RFQ was designed and built at LBL, and is very

similar mechanically to their two previous RFQs. The transport

line from the RFQ to the linac is 5.8 m long, in order to leave

the other two prelnjector lines intact (a Cockcroft-Walton and a

polarized H- RFQ). Transport from the magnetron surface-plasma

source to the RFQ is via two magnetic solenoids. The RFQ

conditioned in only a few hours, and has operated flawlessly on

a test line since October, 1987. An output current of 60 mA has

been obtained, with 85% transmission and an emittance growth of

only 10%. All measurements have so far been in excellent

agreement with the predicted performance. Operation for the AGS

physics program is planned to begin in January, 1989.

Two RFQs have been built at the University of Frankfurt for

the HERA project at DESY, Hamburg [19], one of which will inject

into a 50 MeV Alverez linac. When installed, the RFQ will be

coupled directly to the linac. Both RFQs operate at 202.56 MHz,

and accelerate H- from 18 keV to 750 keV. One ie a 4-vane

11



structure. With this RFQ, a maximum of 54 mA has been

accelerated, with about an 80% transmission. At lower currents,

the transmission is close to 100%. The second RFQ is a 4-rod

structure. This was built in order to allow a direct comparison

of the two structures with beam, since the 4-rod structure is

much cheaper and easier to build, but less well established than

the 4-vane structure. The transmission of the 4-rod structure

was lower, and a maximum current of 36 mA has been accelerated.

The beam emittance out of the 4-rod structure was also about 30%

higher than the 4-vane structure. Both RFQs have exceeded the

requirements of HERA, and are waiting for the scheduled

completion of the linac this fall.

A 4-rod RFQ, also designed at the University of Frankfurt,

is now under construction for the CRYRING facility in Stockholm

[20]. Heavy ions from a cryogenic electron beam ion source

(CRYEBIS) with q/A>0.25 will be accelerated from 10 keV/u to 300

keV/u in the RFQ, and then injected into a email synchrotron

accelerator/storage ring. Transport lines before and after the

RFQ are greater than 10 m, so a debuncher after the RFQ will

decrease the energy spread. The RFQ will operate at 108.48 MHz,

and have a length of 1.5 m. This is expected to be ready by the

end of 1988.

At GSI, Darmstadt, a heavy ion RFQ is being studied as part

of an upgrade of the UNILAC [21]. This RFQ, operating at 13.55

MHz, was designed to accelerate ions with q/A>.008 (ex. U 2 + ) ,

from 2.3 to 130 keV/u. This would be a 26 m long, 12 module

RFQ. To date, the first 5 modules have been tested, and 4.5 BA

12



of Ar+ has been accelerated to 45 keV/u. Thi6 is about half of

the expected current.

A 2 MeV proton BFQ will inject directly into a 70-250 MeV

synchrotron at the Proton Therapy Facility, being constructed by

FNAL for the Loma Linda University Medical Center [22]. This is

a commercially available RFQ, supplied by AccSys Technology,

Inc.[23]. It operates at 425 MHz, and is 1.6 m long. There is

a debuncher and -*-10 m transport line after the RFQ. The RFQ has

been delivered, and the synchrotron has been assembled at FNAL.

At LBL, te6ts are beginning on a second RFQ that has been

built for the Bevatron Local Injector [24]. This 410 MHz proton

RFQ will accelerate a nominal current of 30 mA to 800 keV. It

will be installed behind the present heavy ion RFQ, and the

proton beam will be injected into the linac by drifting it

through the existing heavy ion RFQ. The HI RFQ will be powered

to provide focuseing of the proton beam, which will not be

synchronous with the accelerating fields. This drift-through

had been previously tried successfully at LBL [17].

Longitudinally, the beam will be allowed to debunch, with a ±16

keV energy spread out of the RFQ. In 6pite of this energy

spread, they estimate a 25% capture into the linac, giving more

current than they require.

A third RFQ is being built at CERN, to deliver ~200 nA of

protons at 750 keV to Linac 2 [25]. This will have an injection

energy of 90 kV, and will operate at 150 ps, 2 Hz. The matching

from the RFQ to the linac would include two rebunchers and four

quadrupoles, in a length of approximately 60 cm. The RFQ is

13



expected to be ready for beam tests in the spring of 1989, and

will undergo extensive testing before replacing the Cockcroft-

Walton at a convenient time.

5. Conclusions

Experience ie rapidly building up on the uee of the RFQ as

a preinjector, where high reliability is required. RFQs have

prompted the removal of Cockcroft-Waltons at LBL, CERN, and BNL.

The majority have so far been 200 MHz, 4-vane, low duty factor

devices. Most report quick conditioning, and essentially

working reliably right from the first pulse. They have been

shipped between labs without any changes in their performance.

(For example, the CERN oxygen RFQ was built at LBL and tested at

GSI before being shipped to CERN for installation). Excellent

agreement between calculated and measured performance is

generally reported. In their use as preinjectors, transport

lines to the linac range from long lines as at BNL and Saturne,

in order to have multiple preinjectors, to the complete

elimination of any transport lines, such as at IHEP. Newer RFQs

are getting simpler and cheaper, such as the Frankfurt 4-rod

structure, and are now even commercially available. RFQs appear

in the designs of most new machines, such as the European and

Japanese Hadron Facilities, and the SSC. Future applications

will push the RFQ to higher duty factors, higher currents, and

14



higher electric fields, and there are R&D projects at many

laboratories studying these aspects.
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