
Ch.l: INTRODUCTION 

or MOD 12, which also include the higher-order 
field harmonics for a number of different vanetip 
geometries of constant and variable transverse ra­
dius. The variable transverse radius geometry de­
livers more accurate fields but is more difficult to 
machine than the constant-transverse radius ge­
ometry, which can be cut with a form cutter. 

Most of the codes mentioned above are avail­
able from the Los Alamos Accelerator Codes 
Group (LAACG). 

RFQs have been constructed of OFE cop­
per, copper-plated mild steel and aluminum and 
of Glidcop, an alumina-dispersed copper mate­
rial with high strength at brazing temperature 
(Sec.5.10.6). Joining techniques include brazing 
and electroformed junctions between cavity sec­
tion, and various high-pressure spring and C-seal 
contacts in demountable RFQs. The trend of ad­
justable vane tip positioning in early RFQs has 
given way to high-precision machining of cav­
ity parts brazed or electroformed into monolithic 
structures. 

Pitfalls The design process is difficult, as many 
design parameters are available, but inextricably 
linked together. High quality design codes auto­
mate the process to some extent but must be used 
with care and to evaluate performance under off-
tolerance conditions. 

Mechanical tolerances are tight. The reso­
nant frequency is sensitive to thermal expansion 
of the difficult-to-cool vanes. High duty-factor 
RFQs may use many active tuners and/or an addi­
tional cooling circuit for the vane, separate from 
the body of the RFQ. 

The RFQ is a one-parameter accelerator: only 
the if gradient is easily adjustable during opera­
tion. Several RFQs have exhibited poor perfor­
mance when the two-term potential is used to set 
the vanetip geometry. Modern codes correct the 
two-term potential automatically, avoiding this 
problem. 

Due to the strong focusing, transverse beam 
match in and out of the RFQ requires accommo­
dating large beam envelope divergences. The ex­
ternal focusing systems must be in close proxim­
ity to the RFQ to maintain small beam size and 
avoid aberrations. 

RFQs operate close to the vanetip sparking 
limit. Clean production procedures and clean vac­
uum systems must be used, and rf conditioning 
times may be long. Significant erosion of the 
vanetip has not been observed, even after a decade 

of operation. 

Examples Approximately two dozen RFQs are 
in advanced planning or operation as of late 1997 
[18], with several others having been decommis­
sioned. Roughly half are 4-vane structures, one-
third are 4-rod and the rest various low-frequency 
geometries. About one-third are heavy-ion RFQs, 
the rest accelerate protons, H~ or deuterons. Two 
proton and two heavy-ion RFQs operate c.w. 

CERN Linac-2 Injector This is the highest in­
tensity proton RFQ, operating at 202.56 MHz and 
has accelerated over 200 mA from 90 to 750 keV. 
It is a 4-vane structure 1.8 meters long operating 
at 2.5 kilpatrick with an rms normalized accep­
tance of 1.27T mm-mrad. Significant sparking due 
to a dirty vacuum system was later remedied, al­
lowing operation at a slightly high gradient for 
87% beam transmission [19]. 

BNL AGS Proton Injector This typical 
201.25 MHz, 750 keV RFQ replaced a 750 kV 
Cockcroft-Walton. Built by LBNL, this 4-vane 
1.6-m RFQ accelerates a 35 keV, 65 mA H~ 
beam with a normalized rms acceptance >0.47r 
mm-mrad [20]. 

Bevatron Heavy-Ion Injector This 199.3 
MHz RFQ accelerates a Q/A > 1/7 beam 
from 8.4 to 200 keV/n with a normalized rms 
acceptance of 0.57T mm-mrad. The RFQ is 2.24 
m long and requires 150 kW with a vanetip field 
of 1.83 kilpatrick [21]. 

LEDA RFQ One of the most ambitions RFQs 
to date is the Low Energy Demonstration Acceler­
ator (LEDA), a prototype of the injector of the Ac­
celerator Production of Tritium (APT) linac. This 
c.w. RFQ accelerates 100 mA of protons from 75 
keV to 6.7 MeV. The normalized rms input accep­
tance is 0.27T mm-mrad with a peak surface field 
of 1.8 kilpatrick at 350 MHz. It is 8.01 m long, 9.3 
free-space wavelengths. To reduce the field uni­
formity sensitivity to construction errors, the RFQ 
is built in four independent modules, each stabi­
lized by quadrupole mode killers, rods which ex­
tend from the ends of each section into the struc­
ture, perturbing the dipole mode frequency, mov­
ing it away from the near-degenerate quadrupole 
mode frequency [22]. 

ISAC Heavy-Ion RFQ The Isotope Separator 
and Accelerator (ISAC) RFQ is a 4-rod structure 
operating at 35 MHz, accelerating a Q/A > 1/30 
beam from 0.15 to 1.5 MeV/n over its 8 m length. 
The 4-rod design allows a small 1 m tank diameter 
with a power requirement of 100 kW to drive the 
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vane-vane voltage to 85 kV. The normalized rms 
acceptance for <1 îA beam is 0.557T mm-mrad. 
The vanes are supported by a set of 19 rings along 
their length [23]. 

Antiproton Deceleration RFQ This unusual 
RFQ is a 4-rod, 202.5 MHz device, similar to that 
used for a proton injector, but instead turned end-
for-end. A 202.5 MHz bunched antiproton beam 
is decelerated from 2 MeV to 200 keV over the 
1.45 m length with the stable phase varying from 
-160° to -126°. A power of 220 kW excites the 
vane-vane voltage to 115 kV, with a normalized 
acceptance of 5n mm-mrad [24]. 
Future Developments In the quest for high 
duty factor, low Q/A accelerators, superconduct­
ing RFQs are of current interest (Sec.7.3.9). The 
Positive Ion Accelerator for Very-low Energy (PI-
AVE) complex requires c.w. acceleration of a 
Q/A > 1/8.5 beam from 41 to 578 keV/n. Two 
SC RFQs in tandem 135 and 76 cm long using a 
hybrid structure combining features of 4-vane and 
4-rod structures will operate at 80 MHz with 150 
and 280 kV between the vanes. The tank Q-value 
is expected to be > 7 x 108 with a power dissipa­
tion at 4°K of < 7 W per tank [25]. 

More RFQs operating at 100% duty fac­
tor will undoubtedly be produced, as radioactive 
beam pre-accelerators or tandem afterburners, or 
as powerful beam sources. 
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1.6.17 Spallation Sources 
H. Lengeler, CERN 

In spallation sources [1] neutrons are produced 
by the interaction of high energy (GeV) protons 
with a heavy metal target. The high energy neu­
trons are subsequently moderated to energies suit­
able for n-scattering experiments (neV to eV). 
The number of neutrons produced by protons is 
proportional to the proton energy in range 0.2-10 
GeV; in a typical lead target a 1 GeV proton pro­
duces 20 neutrons. 

Because of the weak interaction of neutrons 
with matter, n-scattering is an intensity limited 
field. There is a strong interest in more power­
ful neutron sources. In contrast to reactor sources, 
which are essentially c.w., spallation sources have 
the advantage that they can be pulsed. The 
high peak neutron flux is of interest for most n-
scattering instruments. 

There exist three classes of spallation sources 
(Tab.l)[2,3]: 
(i) C.w. sources driven by high energy, high in­
tensity cyclotrons with their inherent small beam 
losses. Example: the isochronous-cyclotron of 
PSI, which will develop a c.w. beam power of 
0.9 MW at 590 MeV [4]. 
(ii) Sources with long (ms) pulses driven by high 
energy, high intensity linacs. Example: the 800 
MeV LAMPF proton linac planned at Los Alamos 
[1]. 
(iii) Sources with short {/is) pulses driven by a 
combination of high intensity linacs and rings. 
These sources allow time of flight measurements 
for the determination of the incident neutron en­
ergy. It avoids the monochromatisation needed 
in ms or c.w. sources which reduces greatly the 
useful n-flux. Time of flight measurements also 
ask for small repetition rate (< 50 Hz), in or­
der to avoid the overlap of slow neutrons from 
one pulse with fast neutrons from the next pulse. 
For beam powers ~ many 100 kW or MW, this 
goal cannot be realized today by a proton linac 
alone. One needs a pulsed linac combined with an 
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Table 1: A few existing and planned spallation sources [l]-[5]. 

Name 

IPNS, ANL [1] 

ISIS, RAL [5] 

SINQ, PSI [4] 

LANSCE 
LANL[1] 
LANSCE II, 
LANL[1] 
ESS Europe 
[6] 
NSNS, ORNL 
[7] 

Status 

Operat. 
1981 
Operat. 
1985 
Operat. 
1996 
Operat. 
1977 
Planned 

Planned 

Planned 

Accelerator energies 

50 MeV linac 
500 MeV RCS 
70 MeV linac 
800 MeV RCS 
590 MeV cyclotron 

800 MeV linac 

800 MeV linac 

1.33 GeV linac 
2 accumulators 
1 GeV linac 
accumulator 

Average 
beam 
power 
(MW) 
0.0075 

0.16 

<0.9 

0.08 

1 

5 

1(5) 

Rep. 
rate 
(Hz) 

30 

50 

CW 

20 

30 

50 

60 

Protons 
per pulse 
(1013) 

0.3 

2.5 

" 

3 

~ 

47 
(2 rings) 
10 

Ills
 

0.1 

0.45 

" 

0.27 

1,200 

1 

0.55 

Linac The linac has to be optimized for low loss 
injection into the ring. Charge exchange injection 
H~-H+ is used. H~ sources with adequate peak 
currents (up to 100 mA), duty cycle (up to 10%) 
and low emittance (~0.1 7r mm-mrad) are at the 
limit of present day technology (Sec.7.1.4). 

H~ sources are followed by high duty RFQ's 
(Sec.1.6.16) and a DTL (Sec.7.3.4) or CCDTL. 
Acceleration to high energy is done in a CCL; the 
use of superconducting disk loaded cavities has 
also been considered. 

In order to keep linac losses low (typically 
1 nA/m at 1 GeV) emittance growth has to be 
carefully controlled at all stages of the linac. Low 
loss injection requires new ways of halo contain­
ment of the H~-beam. Extensive Monte Carlo 
simulations (including nonlinear space charge 
forces) have to be applied with up to 107 parti­
cles for a realistic layout between H~ -source and 
ring injection [8]. 

The ultra low injection losses also require the 
injection line between linac and rings to have a 
precise control of energy and momentum bite (by 
ramping and rotator cavities) and a removal of 
halo particles by betatron and momentum scrap­
ing. Compensation of space charge forces and im­
age forces for the low emittance (linac) beam of 
H~s are essential. At high injection energies, low 
magnetic fields have to be used to avoid magnetic 
stripping (Lorentz stripping, Sec.7.1.7) of H~s. 

o) D»rzaizzi 'i i i 

i(t) 

(b) 

-*\ 
tPr+t 

20 ms 20 ms 

Figure 1: (a) Schematic of a pulsed neutron source. 1) 
H~ source, 2) RFQ, 3) chopper, 4) DTL or CCDTL, 5) 
nc or sc high energy linac, 6) accumulator ring or RCS 
with H~ -H+ charge exchange injection, 7) beam trans­
port to target, 8) target with moderators and reflector, 
9) neutron channels, (b) Time structure of beams at 
linear accelerator and at target. 

accumulator ring or a rapid cycling synchrotron 
(RCS) filled by multiturn injection and emptied 
by fast one-tarn extraction (Fig.l). Kaon-factory 
type accelerators and induction linacs have also 
been considered. Existing and planned spallation 
sources use a proton energy range 0.5-10 GeV. 
Depending on the beam power level, different op­
tions for linac and ring energies have been used or 
proposed (Tab.l) [1,2]. 

A dominant design criterion is ultra low beam 
losses for avoiding component, air, and tunnel ac­
tivation and for allowing maintenance and repair 
on short notice. 
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Rings [9] New generation rings of short-pulse 
spallation sources require a large extrapolation of 
existing accumulator rings or RCS's, in particular 
for the needed high proton intensity. At very high 
beam power the use of multiple rings may become 
mandatory. 

The low loss charge exchange injection using 
a stripping foil is an issue. Elaborated painting 
schemes with correlated 4-D or 6-D phase space 
operations have been worked out for filling the 
ring acceptance as uniformly as possible. Large 
ring acceptance (typically 300 7r mm-mrad) are 
needed for keeping space charge forces and parti­
cle losses at a tolerable level. Stripping foils have 
an efficiency of about 98-99% so that a high in­
tensity of partially stripped H° particles has to be 
handled in the injection region. This low emit-
tance beam presents an interesting source of high 
energy protons which can be used e.g. for the pro­
duction of radioactive beams or muon beams. 

The ring lattice is generally based on a high 
periodicity and transition energy should not be 
passed. Long straight sections are used for rf, 
injection, extraction and scraping systems. The 
efficiency of rf trapping can be increased by a 
low frequency dual rf-system (h = 1, 2) and by 
chopping the injected H~-beam (at the linac front 
end) at the ring revolution frequency. Bunched 
beam instabilities are most relevant for ring oper­
ation; sometimes an e-p instability has been ob­
served. Low impedance beam lines are essential; 
for RCSs with ceramic vacuum chambers rf-cages 
are used. 

Very fast kicker magnets (< 200 ns) (see 
Sec.7.2.6) are needed for avoiding beam losses at 
extraction. Particles are brought to the target sta­
tions with large acceptance transfer lines which 
may contain multipole elements for giving the 
beam a definite density profile at the target. 

Safety issues are a major concern. Adequate 
shielding, beam dumps and fast beam loss moni­
toring acting on a bunch to bunch basis are essen­
tial. 

Large spallation sources have to supply neu­
trons to a large number of experiments (typically 
1000-2000/year). Its design has to be based on 
high availability, high reliability and short down­
times. 

Spallation targets [1] Water cooled heavy 
metal targets (Ta, W, Pb, depleted U) with hori­
zontal or vertical injection are in use, but for the 
next generation of sources in the MW range, liq­

uid metal (Pb, Pb-Bi, Hg) targets are planned. 
Targets have to contain the nuclear cascade pro­
duced by protons, which results in a typical length 
of ~50 cm and a diameter of 14-20 cm. 

Targets are surrounded by a moderator-
reflector layout matched to an efficient production 
of neutrons in the desired energy range (cold, ther­
mal, epithermal). Neutron beam channels, some 
equipped with multiple neutron guides, bring 
moderated neutrons to the experiments surround­
ing the heavily shielded target station. Targets 
have to withstand high radiation damage. For 
MW targets this can become comparable to the 
range expected in Tokamak fusion reactors (> 
100 d.p.a. - displacements per atom - produced 
by p and n knock on, and 10,000 appm - atomic 
parts per million - of He produced by transmu­
tation). For short pulses an additional load stems 
from shock/stress waves produced by the high en­
ergy content (up to 100 kJ) of proton pulses. This 
combined load and the absence of corrosion and 
tritium production linked to cooling water circuits 
are the main reasons for developing liquid targets. 

Additional applications Besides neutrons, the 
high energy proton beam of spallation sources can 
provide a variety of other particles: muons (e.g. 
for surface and thin layer studies), neutrinos, and 
radioactive beams. Its uses as irradiation facilities 
are also considered. 
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1.6.18 Synchrotrons and Storage Rings 
E.J.N. Wilson, CERN 

The synchrotron principle Oliphant, who in­
vented the synchrotron in 1943 [1], described it 
thus: 
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"Particles should be constrained to move in a 
circle of constant radius thus enabling the use 
of an annular ring of magnetic field ... which 
would be varied in such a way that the ra­
dius of curvature remains constant as the par­
ticles gain energy through successive acceler­
ations by an alternating electric field applied 
between coaxial hollow electrodes." 

In concept, the synchrotron is closest to the be­
tatron (Sec.1.6.2). A short pulse is injected and 
the field rises as the particles are accelerated un­
til they have reached sufficient energy to hit an 
internal target or to be extracted. Unlike the be­
tatron, the acceleration is not by induction but by 
fields in an rf resonator fed by a radio transmitter. 
Particles return to the resonator at each turn of the 
synchrotron. Fig.l shows how field and frequency 
are programmed to maintain a constant radius. 

momentum or time 

Figure 1: Field and frequency rise together in a syn­
chrotron. 

Unlike cyclotrons and betatrons, the syn­
chrotron needs no magnetic field within the cir­
cular orbit of the beam. The guide field can be 
provided by a narrow ring of magnets. Such a 
magnet system could be scaled to radii and ener­
gies far above the cyclotron whose magnets are 
already bulky and expensive at 100 MeV. 

Phase stability It was not clear to the inven­
tor whether particles would remain in synchro­
nism with the accelerating fields but Veksler [2] 
and McMillan [3] independently discovered the 
principle of phase stability which proved the so­
lution to this problem. If orbiting particles are 
timed to ride on the rising edge of the voltage 
wave in the accelerating cavity, they receive more 
energy if they are late and less energy if they are 
early so that they oscillate about the stable, syn­
chronous, phase. For all particles, the time aver­
age of their energy gain matches the rising mag­
netic field. Fig.2 shows this principle and how the 
locus is an ellipse in longitudinal phase space. 

Figure 2: Cylindrical coordinate system rotates with 
beam, demonstrates meaning of rf phase angle in lon­
gitudinal phase space. 

Weak focusing (n-value) Cyclotron builders 
had discovered that the beam could be prevented 
from hitting the upper and lower pole pieces by 
adding vertical transverse focusing. A field with 
a gradient in the range 

r dB, 
0 < n < 1, where n = —-=-«— W 

B or 
would provide some vertical focusing without de­
stroying the natural radial focusing from centrifu­
gal forces. Early synchrotron builders exploited 
this principle and magnet poles had a constant 
gradient. Such focusing was weak and the excur­
sions of the beam large [4]. Pole widths and gaps 
in some constant gradient machines were large 
enough for people to crawl through. 
Strong focusing Strong focusing changed this. 
It was invented at the Cosmotron, a weak focus­
ing synchrotron with C-shaped magnets open to 
the outside. The upper energy of the Cosmotron 
was limited by the extra negative radial gradient 
caused by saturation which made n > 1. Liv­
ingston and Courant wanted to compensate this 
by reinstalling some C-magnets with their return 
yokes towards the outside and calculated that the 
focusing improved as the strength of the alternat­
ing component of the gradient increased. Courani 
and Snyder explained this with an optical analog) 
of alternating focusing by equal convex and con­
cave lenses. 

This alternating gradient focusing was an 
nounced in [5], but the idea had actually beei 
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patented earlier [6]. Alternating gradient, or 
strong focusing, greatly reduces the beam's ex­
cursions and the cross section of the magnet 
gap can be much smaller. Its discovery enabled 
Brookhaven and CERN to build the AGS and CPS 
to reach 30 GeV (> 5 times the most powerful 
weak focusing synchrotron). 

Components of modern synchrotron In a 
modern synchrotron the lenses are quadrupole 
magnets. The current in the quadrupole windings 
is programmed to keep their strength in step with 
that in the bending magnets and with the beam en­
ergy. In a modern machine many MW of power 
flows back and forth between these magnets and 
the electricity supply grid (Sec.7.2.1). 

The rf system for protons is usually a rela­
tively modest series of cavities excited by trans­
mitter tubes or, at higher frequency, klystrons. 
Programming the frequency in a low energy pro­
ton machine is achieved by loading the cavities 
with ferrite discs which depress the resonant fre­
quency at low energy. Increasing the current in 
a winding around the ferrite causes it to progres­
sively saturate allowing the resonant frequency to 
rise to match the increasing velocity of the accel­
erated particles (Sec.7.3.6). 

Boosters Fig. 3 shows a typical synchrotron en­
ergy profile during the pulse. Conditions are most 
critical at injection where space charge repulsion 
of the circulating particles can seriously modify 
both longitudinal and transverse focusing forces 
(Sec.2.5.3). 

2.4 sec. 

Figure 3: Typical energy cycle of a synchrotron. 

One solution is to dilute the beam by increas­
ing its cross section. This is expensive and in­
volves rebuilding the ring with a larger aperture. It 
is more economical to build a low energy booster 
with this large aperture and inject into the syn­
chrotron. Some synchrotrons have several such 
boosters. 

Further reading For an introduction to syn­
chrotron, see [3] for electrons, and [8] for protons. 
For more detailed treatment, see [9, 2, 11, 12]. 
Some applications of synchrotrons are discussed 
in Secs.1.6.3, 1.6.12, 1.6.14, and 1.6.17. 
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1.6.19 Two-Beam Accelerators 
A. Sessler, G. Westenskow, LBNL 

Two-beam accelerators have been proposed as a 
power source for high-energy e* linear collid­
ers. In the TBAs, a high-current, low energy 
drive beam is used to generate rf power that is 
applied to a high-gradient acceleration structure, 
where a low-current beam is accelerated to high 
energy (Fig.l). Many variations of the TBA con­
cept have been investigated, with early work [1] 
centered on using FELs to extract rf power from 
the drive beam. However, most rf extraction con­
cepts (FELs, klystrons, gyrotrons, wake-field) can 
be configured into a TBA. There are also several 
choice options for the drive beam source, and the 
method of drive beam acceleration. The TBA has 
the advantage of high efficiency for power con­
version from the drive beam to rf power. In ad­
dition, TBAs scale [2] favorably to high frequen­
cies (> 11.4 GHz) and high accelerating gradi­
ents (> 100 MV/m). 
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Figure 1: Conceptual layout of a two-beam accelerator. 
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Figure 2: Layout of the TBA reacceleration experiment. 

Presently, the two main lines of TBA research 
are to either accelerate the drive beam with rf 
structures, or to use induction modules. Both ap­
proaches propose using an extraction technique 
that couples a monopole mode in an extended 
extraction structure to a beam which has been 
bunched along the drive beam axis. 

Two main approaches One of the main ap­
proaches to TBAs is being studied by the Com­
pact Linear Collider Project (CLIC) at CERN. 
They start with an ultra-relativistic drive beam 
(several GeV) and have no reacceleration of the 
drive beam (to avoid active elements in the main 
tunnel). Several methods of drive beam genera­
tion are under consideration. Their current "refer­
ence" scheme [3] uses a low-frequency (~1 GHz) 
fully-loaded normal-conducting linac to acceler­
ate the drive beam to ~ 1 GeV. All the bunches 
used to accelerate a given high-energy bunch 
train are first generated with a uniform spacing 
(~64 cm). After acceleration, the drive beam 

is funneled into combiner rings that arrange the 
bunches into a number of groups (~20) with a 
tighter bunch spacing (~2 cm). The different 
groups are then routed to different decelerator sec­
tions where 30 GHz rf power is extracted and sent 
to the main linac. The layout of the elements are 
arranged so that rf power is available in each main 
linac section at the appropriate time to acceler­
ate the high energy bunch train (~30 m long). 
The previous versions [4] used rf photoinjectors 
to generate the drive bunches which were then 
combined at low energy and accelerated to sev­
eral GeV by SC rf linacs. The primary challenges 
are with the degradation of the drive beam from 
wakes of earlier bunches, which is severe at 30 
GHz, and the creation of the intense drive beam. 

The second approach [5], which uses induc­
tion acceleration of the drive beam and maintains 
its energy at 10 MeV through most of the device, 
is being studied by LBNL and LLNL. They use 
klystron-like output structures to extract power at 
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11.4 GHz from the drive beam. This scheme is 
referred to as a relativistic klystron two-beam ac­
celerator (RK-TBA). The primary technical chal­
lenge in this approach lies in propagating the in­
tense drive beam (hundreds of amperes) over long 
distances. 

Theoretical issues In both approaches, drive 
beam dynamics is the primary matter that needs 
to be addressed. There are issues of longitudinal 
stability and transverse stability. 

In a TBA the drive beam is longitudinally 
bunched and energy is repeatedly put into and ex­
tracted from the beam. During this process it is 
necessary that the drive beam maintains its bunch­
ing. At the high energy envisioned by CLIC, the 
beam is sufficiently rigid that it can propagate a 
long distance without debunching. In the RK-
TBA the rf extraction structures are "detuned" 
to form buckets which maintain the drive beam 
bunching. 

Transverse stability, and beam break-up 
(BBU, Sec.2.5.1) has been studied by the 
LBNL/LLNL group for the RK-TBA. BBU in­
stability is driven both by the low-frequency 
impedance of the accelerating induction cells, 
and the high-frequency impedance of the ex­
traction structures. Proper design of the in­
duction cells combined with the Landau damp­
ing that occurs naturally because of the energy 
spread in the rf buckets is adequate for control­
ling the low-frequency BBU. The high-frequency 
impedance effect can be greatly reduced by de­
tuning extraction structures. However, this is not 
enough to achieve acceptable performance and 
the LBNL/LLNL group has proposed a "betatron-
node" scheme. In this scheme the betatron period 
is made exactly equal to the spacing between ad­
jacent extraction structures, therefore leading to 
minimal beam offset at these locations and thus 
reducing the BBU. The betatron-node scheme im­
poses constraints on the accuracy of the focusing 
fields and beam energy which can be met. Com­
puter simulations show that a RK-TBA can be 
built with acceptable longitudinal and transverse 
beam stability. 

Similar work on transverse beam dynamics 
has been done independently by the CLIC group. 
There the problem is simpler because mere are no 
reacceleration gaps and the beam has higher en­
ergy, but the problem is more severe because the 
operating frequency (30 GHz) is higher and drive 
beam is tightly bunched. Nevertheless, CLIC has 

been able to make an attractive design of a TBA. 

Experiments The earliest TBA experiment [6] 
- were performed on ETA-I addressing issues of 

power extraction. Work on the RK version started 
shortly after, using the ARC facility. These ex­
periments [7] used a 1-MeV 1-kA 70-ns induction 
accelerator beam to produce 300 MW of rf power 
level at 11.4 GHz. 

Reacceleration experiments [8] were per­
formed on ATA that demonstrated bunched beam 
transport through two reacceleration induction 
cells and three traveling-wave extraction cavities 
(Fig.2). These experiments resulted in a total rf 
output of >200 MW, with phase and amplitude 
stable over a significant portion of the beam pulse. 

CLIC has performed [9] experiments to study 
the production of short, intense electron bunches 
from photocathode rf guns and to generate high 
power 30 GHz rf pulses. In single pulse opera­
tion they produced 35-nC low-emittance bunch as 
well as a 450-nC 48-bunch train. This bunch train 
was used to generate 76-MW 30-GHz if power of 
27 ns duration which, when applied to their accel­
erating structure, produced 94 MV/m accelerating 
gradient. 

Present and future activities A number of pro­
grams are being initiated. At LBNL a RK-TBA 
version [10] was designed as a power source for 
a linear collider with 1.5-TeV CM collision en­
ergy, representing a possible upgrade phase of 
SLAC's proposed NLC. An experimental pro­
gram has been initiated to build a 4-MeV 600-A 
drive-beam with 8 stages of reacceleration. The 
experiments could lead to a test where it is used to 
power the NLCTA accelerating structures. CERN 
will be building and testing their TBA modules, 
aiming to produce 480 MW of peak power at 30 
GHz. The group is also studying the possibility of 
creating the bunch drive beam using FELs. 
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1.6.20 Wakefield Accelerators 
J. Simpson, ANL 

Wake field (also called "wakefield" or WF) accel­
eration is one of the older ideas put forth as an 
"advanced acceleration" technique [1]. The con­
cept drew considerable theoretical attention in the 
early 1980s, and since then has been the subject 
of several experimental programs [2]. 

The underlying principle of beam driven WF 
acceleration is that a short, relatively low energy, 
but high current beam pulse can be used to cre­
ate high accelerating fields "directly" which can 
then be used to excite a second beam pulse to 
high energy. Although many acceleration systems 
use low energy electron beams as a power produc­
ing source [e.g. klystrons, Two Beam Accelerator 
schemes (Sec. 1.6.19)] to drive conventional ac­
celerating structures, it is the "direct" use of beam 
induced fields which distinguishes true WF accel­
erators. A variation of this scheme which uses 
short laser pulses as the power source is described 
below. 

Types of WF devices Two general types of 
WF devices can be defined. The first, plasma 
based, relies on the fact that an appropriate laser 
or beam pulse (call this the drive pulse) passing 
through a plasma can organize the plasma to pro­
duce plasma waves. The plasma waves will have 
phase velocities equal to that of the drive pulse 
and can have large internal field gradients which 
can accelerate beam. The mechanism by which 
die laser pulse excites the plasma wave is the Pon-
dermotive force produced by the laser's electric 
field. Referred to as a laser wake field accelera­
tor (LWFA), it should not be confused with the 
plasma beat wave accelerator (PBWA) concept 
[3](SeeSec.7.3.12). 

The second type is based on the principle that 
a short bunched charged particle beam passing 
through a slow-wave structure can excite wave 
guide modes in the structure. These modes will 
have the phase velocity of the drive pulse and 
can be used to accelerate a trailing, less intense 
beam pulse to high energy. Several slow wave 
structures have been studied, including iris loaded 
wave guides [4] (similar to conventional cavities), 

dielectric loaded wave guides [5], and concen­
tric dielectric tubes [6] (driven by a "ring beam" 
pulse). 

A variation of the structure based concept is 
the infilicitously named "coupled wake tube ac­
celerator" (CWTA) [7]. The rf fields produced 
by an intense drive beam can provide very high 
power rf. In a CWTA, this rf power is transferred 
from the beam driven device into a second device 
having different rf properties where the accelerat­
ing field is increased several-fold. This concept is 
thus a variation of a TBA. 

Accelerating gradients Different mechanisms 
suggest limitations to achievable acceleration gra­
dients for the various WF devices. Fields in 
plasma are determined by charge density and a 
maximum characteristic charge separation dis­
tance of order the plasma wave length. Electrical 
breakdown is not a problem because "the plasma 
is already broken down". A frequently used lim­
itation is set by the "wave breaking" point, when 
the accelerating field is « ^ n j [V/cm], where ne 

is the plasma electron density in units of cm - 3 . 
For example, a 1014 cm - 3 plasma could provide 
an accelerating field of order 1 GV/m. 

Structures introduce the possibility of strong 
field breakdown at material boundaries. This is 
particularly a problem in iris loaded structures, 
where accelerating fields are limited to those of 
conventional linac structures operated at similar 
frequencies. If a dielectric liner is inserted in­
side a circular wave guide, a slow wave structure 
is produced which promises improved breakdown 
limits. Although the limit of a DWFA have yet to 
be explored, it is predicted to exceed 100 MV/m 
for devices now under study. 

There is a fundemental relationship between 
the maximum energy gain per unit length per par­
ticle in the accelerated bunch and the average en­
ergy loss per unit length per particle in the drive 
pulse. It is, that for any longitudinally symetri-
cally shaped drive pulse, including a point charge, 
the ratio of the per particle acceleration rate and 
the per particle deceleration rate cannot exceed 
two. This ratio is often referred to as the "trans­
former ratio". It can be shown that very asymmet­
ric charge distributions, particularly those with a 
slow rise and a sudden fall-off, can produce larger 
ratios. However, the difficulty in producing such 
pulse distributions with intense beams has pre­
cluded experimental tests thus far. 

Beam dynamics issues Inappropriate beam fo-
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Table 1: Various WF acceleration approaches. 

WF Device 
LWFA 

PWFA 

Iris loaded 
WFA 

DWFA 

CWTA 

Max. Grad. 
multi-GV/m 

wGV/m 

50 MV/m 

100 MV/m 

500 MV/m 

Advantages 
Hi-gradient 

Hi-gradient. 

Simple and well 
understood. 

Very simple. 
Deflection modes 
can be damped. 

Stepped up grad-
iants. Transverse 
beam-beam effects 
small. Simple 
extention of accel­
eration possible. 

Disadvantages 
Requires powerful 
short pusle laser. 
Poor efficiency. 

Requires difficult 
drive beam, alignments. 
Same focus problem 
as with LWFA. Ali­
gnments are critical. 
Low grad. Requires 
good beam-beam 
alignment. 
Requires difficult 
drive beam. 
Extending length 
requires complicated 
"staging". 
Requires efficient 
coupling of rf power. 
Drive beam less 
difficult than that 
required by DWFA, 
but still 'not easy'. 

Experimetal Status 
Preliminary expts. 
underway. To date, 
only electrons 
captured from 
background have 
been accelerated. 
Accel, of injected 
beam demonstrated 
at 5-7 MV/m level 
using few nC 
drive beam. 
Same as PWFA 

Same as PWFA 

Experiment under 
construction. 

cusing and deflection, including single bunch 
BBU, are serious concerns for WF accelerators. 
The production of strong accelerating gradients 
by a driving beam carries with it the result that 
even small misalignments can excite unaccept-
ably large deflecting fields. In the case of plasma 
based acceleration, care must be exercised to en­
sure that the drive and driven beam are well 
aligned, and that parameters are such that focus­
ing of the accelerated beam is linear. 

Dielectric loaded wave guides have an inter­
esting and potential advantage over other struc­
tures in that extremely large damping of deflection 
modes can be built into the device. If the beam 
to be accelerated rides several wave lengths be­
hind the drive pulse, drive beam induced deflec­
tion modes can be sufficiently damped that they 
are not detrimental. 

Tab. 1 summarizes perceived characteristics of 
the various approaches and the status of related 
experiments. 
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1.7 COMPUTER CODE LIBRARY 

A library of many of the frequently used ac­
celerator design codes is supported by the 
U.S. Department of Energy and maintained by 
the Los Alamos Accelerator Code Group, Los 
Alamos National Laboratory. The address is 
http://laacgl.lanl.gov 
The compendium includes codes in beam dynam­
ics, electrodynamics, structural design, radiation 
and transport, controls, and others. 
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