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Abstract 

A review is presented of the new techniques which have 
been proposed for use in particle accelerators. Attention is focused 
upon those area.:; where significant progress has been made in the 
last two years.-.- in particular, upon two-beam accelerators, wake- 
field accelerators, and plasma focusers. 

I. Introduction 

Although novel methods for acceleration have been consi- 
dered for a very long time, it was at Los Alamos in 1982, at the fist 
Workshop on The Laser Acceleration of Particles’, that efforts were 
made to systematically ch,ar:tcterize the various concepts. Subse- 
quent workshops in that series, at Malibu2, at Madison3, and at 
Lake Arrowhead4 have detailed the very large progress made, 
during the decade, on advanced accelerator concepts. During the 
same$iod, a series of workshops was held in Europe: at Oxfords, 
at Frascatie, and at Orsay’. The interested reader will wish to study 
much in these seven volumes. 

I want, in this review, to discuss the present state of novel 
concepts. I must do that with only a minimum of repetition, while 
making my presentation accessible to many. Not egsy ! Rather than 
work within the general framework developed at Los Alamos I 
simplv list, in Table 1, the concepts that still remain viable at this 
date. The Table has many references; not a complete list, but enough 
as to allow the reader to enter the original literature without too much 
difficulty. (As a result, detailed ideas will not be further referenced 
in this review.) Into the list in Table 1 has been built my personal 
pi-ejudice, for I have ordered concepts, with.the r;ost interesting 
devices, the most likely ideas to come to fruItIon, 111 my oplmon. 
listed first in each Category. (Naturally the concepts that I work on 
are high on tin: list, hut any other ordering wo:~ld be less than 
honest.) 

Some of the concepts are receiving very little work (such as 
I-5, I-7, I-X, 1-9) while a few are receiving good effort, but have not 
yet yielded to this effort (such as I-6). Let me leave aside Category 
II, on the grour.ds that the work is not sufficiently “new”, although 
we well-realize that often significant progress, really important 
progress, is made on things which aren’t considered novel. In the 
first Category considerable work, and considerable progress over 
the last two vears, has been achieved on I-l to I-4; we shall go into 
these four c&cepts in some detail in Sections II and III. Category 
III consists of devices which aid in accelerator technology, but are 
not concepts for acceleration. (Back in 1982 we didn’t even consider 
this Category.) Some of the most likely prospects for early reali- 
zation are in this Category and we shall go into III-1 and III-2 in 
some detail in Section IV. 

II. Two-Beam .4ccelerators 

The Two-Beam Accelerator (TBA) was first proposed in 
19X2. Since that time a great deal of work has been done on the 
concept. Basically, an intense low-energy beam is employed to 
repeatedly produce microwaves which ,are then used to accelerate a 
beam to-high energy. The concept is shown schematically in 
Figure 1. 

Four versions have been developed; two employ a free 
electron laser (FEL) as the power converter (from electron beam 
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Table 1. New Techniques for Particle Accelerators 

Accelerator Concepts 

1. Two-Beam Accelerator (Relativistic Klystro~l)* 
2. Two-Beam Accelerator (Free-Electron I.aser)g 
3. Plasma Wake-Field Accelerator1o 
4. Wake-Field Accelerator (Cu structures, 

dielectrics)11 
5. Switched Power Accelerator’2 
6. Plasma Beat-Wave Accelerator’3 
7. Plasma Implosion Accelerator14 
8. Inverse Free-Electron LaserlS 
9. Inverse Cherenkov Accelerntorlh 

1. Power Sources 

I. Klystrons’~ 

2. Crossed Field Amplifiersi 
3. Hinary Pulse Compression”) 
4. CARMs20 
5. tiyroklystronz?’ 
6. Gyrocon&? 

[I. Fotxing. Compr~N~:ion. LXnnping 

I. 1~13smn Len9 
2. Adiabatic Compressor3 
7. Plasma Compensation25 
4. Plasma Damper% 

power to microwaves) (TBA/FEL), and two employ a relativistic 
klystron (RK) as the power converter (TBA/RK). Two replenish the 
beam power with induction acceleration, and two with super- 
conducting cavities. 

‘I’hr: heart of the Two-Beam AcceJerator is the power gene- 
ration unit, These units could be used, individually. as power 
sources. Generally, the units seem too expensive (although that may 
not really be the case; the units. Relativistic Klystrons or Free- 
Electron Lasers, have the advantage that they are known to work). 
One can imagine putting a few units together, even mixing them up 
(the “after burner” concept); if one uses a large number of units then 
one arrives at a TBA. 

Illgt~.gradlenl tl sl~uclur~s 

and 
lesccelersllorl 

UllllS 

Fig. 1. Schematic of a Two-Beam Accelerator. The low energy 
drive beam provides power to the high energy beam. Reacceleration 
is provided by induction units or with superconducting RF cavities. 
Conversion of beam energy to microwaves is provided by either 
relativistic klystrons or free-electron lasers. 



I would like to first, very briefly, review the status of the 
power generation units, and then turn to some TBA concepts. 

1. Free-Electron Laser 

The first experiment was done by the LLNIJLBL group in 
1986. I remind you that, operating at 35 GHz, and using 850 A of 
3.5 MeV electrons, they generated over 1 GW of peak power corre- 
sponding to an efficiency greater that 34%. Recently the KEK gnup 
has started an experimental program to generate 11.4 GHz radiation 
with an FEL. 

2. Relativisric Klystron 

A great deal of work has been done on the Relativistic 
Klystron (RK), with perhaps the most interesting results those of 
th; LLNL/SLAC/LBL group. They have been able, operating al 
11.4 GHz, and using a 550 A, 1.3 MeV electron beam sent through 
a multi-cavity klystron, to extract 290 MW of peak power in a pulse 
of about SO ns, corresponding to an efficiency of 40%. The CERN 
group is building a facility for studying the generation of 
microwaves at 28 GIlz. 

3. concepts 

In the RK version of the TBA the microwaves may be easily 
transferred from the drive structure to the high gradient structure 
(IIGS). The FEI. is a very effective source of microwaves, but the 
extraction is non-trivial. On the other hand an RK can only be madz 
to work up to some critical frequency (which seems to be close to 
the experimental studies at 1 1.4 GIIz). Operation at higher frequen- 
cies has distinct advantages of economy in capital cost and operating 
cost, but seenls t,j require an FIX.. 

The most straightforward method of extracting microwaves 
is with a “septum coupler”. However, this approach, in a ver> 
restricted experi:nental study, was observed to be limited by break- 
down at low microwave intensity. Theoretical studies of microwave 
extraction have resulted in a number of possible configurations, no 
one of which is ideal. 

An interesting method for removing microwaves, in a RK, 
has been proposed by H. Henke. This method employs a drive 
cavity and a high gradient structure in close resonance, so that beats 
between the two structures result in transfer of energy from the 
driver structure to the HGS. In the coupled cavity version of the 
TBA/FEL, the method proposed by Helike (for an RK) is used in 
the FEL version. In addition, the coupled cavity TBA can be oper- 
ated in a mode where the energy of particles is close to constant, 
which is quite advantageous as has been emphasized by R. Pantell. 

In order to employ beats between the drive structure and the 
HGS there musr be cavities that “hold” the microwave field for a 
significant fraction of the beat cycle. In the usual FEL the 
m&wave field is travelling with robghly the same velocity as the 
particles, but it is possible to have a phase velocity that allows for 
slippage of one wave while traversing one period of the wiggler (the 
well-known FEL resonance conditionj and yet have a group velocity 
that is zero, i.e. allows the electromagnetic pulse to remain station- 
nrv in space. In short, one can operate an FEL in the “strong 
slippage” regime, and that is just what is employed in the coupled 
cavity scheme. 

Putting all these ideas together, wc arrive at the configuration 
sho%,n irl Figure 2. Experiments are being done at Northstar, md 

are being considered by UCLA, MIT, and LLNL. 

III. Wake-Field Accelerator 

Wake-field accelerators employ a large charge (the “drive 
beam”) or a photon pulse (the “drive pulse”) to create fields in a 
struct&e. w&h fields are. then emp];yed to accelerate a small 
charge to high energies. Typically, the small charge is just a few RF 
cycles behind the drive beam, and the structure is either made of 
conventional materials or is a plasma. Equivalently. one can think 

that the drive particles leave behind a wake which accelerates the 
following group of particles. In short, an intense beam of low 
energy drives a few charges to high energy. 

Clearly, conservation of energy requires that the accelerated 
charge must be smaller than the drive charge. The wake-field 
theorem, also based only upon conservation of energy, has m11cl1 

stronger implications. It says that if a point charge is sent through a 
passive structure on the same trajectory as the drive charge, also 
assumed to be a point charge, then the accelerated particles can gain, 
at most, twice the energy of the drive particles. This tends to defeat 
the whole concept. All wake-field schemes attempt to circumvent 
the theorem either by shaping the drive beam or by employing 
different trajectories for the drive and accelerated beams. (In addition 
“staging” is employed.) A measure of the degree of circumvention 
of the theorem is the “transformer ratio”, which typically is designed 
for structures made of conventional materia!~ to be IO. or so, r3thL’I 
than 2. 

Another general throrcm is the Panofsky-Wcntrel thcorcm 
which relates the-radial variation of the longitudinal wake (the accel- 
erating force) to the longitudinal vuiation of the transverse wake 
j&e focusing, or defocusing, force). This theorem must be carefull) 
observed when making a structure which will provide acceleration 
and (only modest) focusing. 

1, Copper Structures and Dielrctric Structures 

A wake-field transformrr, of copper, and with ihc dnvc 

beam a circular beam and the accrlcrated beam on axis, as shown ir, 
Figure 3, has been developed by the DESY group, i\ drive beam 01’ 
6 bunches, each of S nC, and separated by 2 ns, resonantly excited 
the structure and accelerated psrricles. The inferred gradient was 1 .? 
hleV/m over 16 cm. The DESY group has plans to build a largr 
transformer driven by 90 bunches and with a transformer rario of 
35. 

The Argonne group has explored the use of a dielec:ric tuhc. 
which has the distinct advantage of simplicity and compactness. III 
Figure 4 is shown the tube used in an exneriment. the mensursd 
w&e, and the theoretical wake. A drive b&m of 2 ;I(‘, and Irngth 
25 ps, was driven through a tube of length SO cm with radius 1.7 
cm. The dielectric, having a constant of 6, had an inner radius of 0.6 
cm. The measured grudie,nt was 0.3-0.5 MeVim. which is in rucrl- 
lent agreement with the theory 

‘l‘hrrc has been controversy. over the last ye:?r. about tr,ul<- 
verse wakes in a dielectric structure, but al! parties now agree in th;it 
there is a wake whose value is about the s:unc as in a copper accel- 
erating structure. Nevertheless, dielectric structures may be 01 

interest. They must be resonantly sxcited (because the heating ih 
excessive in regular, resonant, excitation) and hence must be 
emploved as wake-field structures. A mnior concern is electric 
breakdown, and that remains to be studied experimentally, but it 
seems unlikely that a gradient in excess of a few hundred MeV/m 
can be attained (but that value is nevertheless of interest). A second 
major concern is that of transverse stability of the accelerated beam, 
which must be very good if micron size beams are to be hroqght inro 
collision. The Argonne group has plans to build a large dielectric 
wake-field transformer having a transformer ratio of I .S and 
attaining 1 GeV. 

2. Pl:~sInas 

\Vake-fields in plnsmns h:ivs been oh>cr\rtl at Arlronn? 
where with a plasma of 30 cm length and density of 1013 WI-~, md 

a beam of 5 ~10” cm-j, !hey measured a gradient of 5 MeV/m. 

Subsequent work at KEK was done in a plasma of 2-9 x 
10” cm-3, and length of 75 cm. Using a 5 bunch comb of 1 nC 
pulses separated by 10 cm. they measured an acceleration, at the lasl 
bunch, of 7 hleV/m. 
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rig, 2. Schsmatic of a Coupled Cavity version of the Two-Beam Accelerator with re-acceleration by induction 
units and microwave generation is by means of a free-electron laser. The coupling to the high gradient 
structure is by means of waveguide>. 

In order 10 obtain a high transformer ratio, one can conten- 
plate drive bunches which are shaped so that the bunch intensity 
ramps up and then drops to zero quickly (in less than the y;’ time). 
‘llu~s plasmas p ive the hope of achieving very large gradients (of the 
order of 10 GeV/m) and transformer ratios of tens. An experiment 
LO achicvc l(X) MeV. in 7 cm (gradient of I GeV/m) and a tranc- 
i;u-rncr ratio of?, is king considered by CC1 ,A. 

Fig. 3. The wake-field accelerator developed by the DESY group. 
A drive beam of 6 bunches, each of 5 nC, and separated by 2 ns. 
resonantly excited the structure and accelerated particles. The 
infcrrcd gradi,znt was 1.2 MeV/m over 16 cm. (Rialowons, et al 
1987) 

TV. Plasma Focusing 

Plasma lenses, and the adiabatic focuser, both focus rela- 
tivistic beams ~KXUSC the pliIsm;i shields out the beam’s electric 
iield. Since the electric and magnetic forces cancel, LO order + in a 
freely propagating beam, shielding of the electic force leaves the 
magnetic force to focus the beam This force can TV very large; in a 
collider (where the beam is intense and focused to a very small 
radius) the resulting force is many orders of magnitude greater than 
can bc achieved with conventional focusing elements. 

At low density a plasma shields the electric forces, and not 
the magnetic. At high density it can shield both, which is the basis 
for the proposal of a plasma cotnpensator tttat can reduce beam- 
strablung. This idea will not he discussed here. (Item 111-3) 
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Fig. 4 . The dielectric wake-field experiment of the Argonne. group. 
A drive beam of 2 nC, and length 25 ps, was driven through a tube 
of length SO cm and a=l.3 cm, WI.6 cm, and dielectric constant 6. 
The measured gradient was 0.3-0.5 MeV/m. (Gai, et al 1988) 
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The plasma density can either be higher than the beam den- 
sitv (overdense case) or lower than the beam density (underdense 
case). In the first case, since the beam is a perturbation, the plasma 
dyn&nics (which is the hard part of ihe problem) is- easy. 
Furthermore. beams of both signs of charge experience almost the 
same behavior, for plasma elertrons either move a bit in (so as to 
compensate the beam charge when the beam is positive) or they 
move a bit out (again to compensate the beam charge when the beam 
is negative). The plasma ions hardly move, since they are massive. 

In the underdense case, and for a negatively charged beam, 
the plasma electrons get blown out of the beam. and even beyond 
that, so as to make a channel of ions. The motion of the plasma is 
clearly non-linear, and it is hard to analyze. A representation of the 
phenomena is shown in Figure 5. Because, in the laboratory frame, 
the focusing is simply due to the plasma ions, this is often called ion 
focusing. It has been shown, in many experiments, to be effective. 
Perhaps the most dramatic demonstration of ion focusing has been at 
Livermore, where a beam of electrons, of 10 kA, has been twns- 
ported for more than SO m. 

In the underdense case the behavior of the beam ver;v much 
dencnds uDon the sign of charezs in the beam. At first sight, the lens 
w(;uld se;m not toIbe effecti;e for positively charged-beams, but 
numerical simulations show that plasma elrcn-ons are pulled in to the 
beam. make a very non-linear lens, but still provide some focusing. 

1. Plasma Lenses 

In the overdense case, the focusin g frotn a p1asm;i ICllS 
depends upon the beam current. Thus there are strong spberic:il 
aberrations as well as a longitudinal variation of the focusing. Both 
effects limit the degree of focusing possible; i.e., the beam spot size 
which is achievable. All in all, and especially remembering that the 
bsckgrouncl will be greater in this case, an ovci-dense phctna seems 
less attractive than an underdense phsm. 

In the underdense case, the focusing force does not depend 
upon the beam density (provided, only, that the plasma channel 
radius is larger than the beam radius), and hence the lens has fewer 
aberrations. (The beam pulse must be short enough so as to avoid 
ion motion.) A numerical example, for the SLi\C linear co!lider, 
SLC’, has 9 lens of only 0.6 cnl with a focal length of 1 .D C11t. It GIli 
fozur a beam of electrons. of initial radius 6 pm, down to 0.5 pm 
and a beam of positrons, of initial radius 6 pm, down to 1.2 pm. It 
produces a luminosiry in excess of tile design luminosity. 
Background is, of course, an element of the lens, but perhaps it is 

not excessive; i.e.. detectors Can br designed 10 opcrnte despite th? 
background. 
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Fig. 5. A drawing showing the behavior of a pre-ionized plasma 
channel down which a beam of electrons is sent. The drawing repre- 
sents an underdense situation. The plasma electrons move out of the 
beam, forming a plasma channel inside of which the plasma ions 
focus the beam. The plasma focusing can be very strong. 

2. Adiabatic Focuser 

The adiabatic focuser is a variation of an underdense plasma 
lens in which the focusing is ever-increasing along the beam trajec- 
tory. This has the consequence that the beam is focused down to an 
ever-smaller size. In fact, the focuser is remarkably insensitive to 
particle energy; a consequence of the fact that the focusing is contin- 
uous. Thus it is oossible to focus beams down to verv small sizes: 
in fact sizes that are unobtainable with discrerc lenses. The fact that 
there is a limit for discrete lenses, and evaluation of this limit, is due 
to Oide. 

If the beam is large then. while oscillating in the adiabatic 
focuser, it radiates its energy away before it is compressed to a smn!I 
size. If it is small enough, then it can be compressed beyond the 
Oide limit. The critical size is given in terms of a critical normalized 
emittance, which only involves fundamental constants, and is 
(3112 153 I,)/(23 42 22 ax), where h, is the Compton wavelength 
and (L is the fine structure constant. Nurnericallv the critical 
emittance is 6.17 x 10-h m, which is a very attainable value. 
Numerical examples of adiabatic focusers have been produced, but 
no experiments have yet been done. 

V. (‘onclusion 

The Two-l3eam Accelerator (1‘13A) iu rather close to having 
“mv off”. Two forms of the central elements (conversion of h?am 
e&gy to microwaves) have been established, and experiment;11 
studv of re-acceleration will he done in the ne;ir future. Consitierahlr 
eff&t, both theoretical and expeI-imental, is being put into the ‘I’I3A 
by a number of different groups, and we can look forw,ard to further 
progress. 

Wake-field iiCC~klXtOrS l1:lve ken built and the central 
concept shown to be correct. Conventional material structures would 
seem to have limited applicability. although there is interest in pur- 
suing this work in a number of places. Plasmas have considerable 
potentiality, but clearly the time scale is long. Further work would 
ap;>enr to be merited, and may be done at ;I number of places. 

Plasma ftxcusir,g Jrvi~es have hrrn studied theorctiully. and 
shorvn to have considerable promise. The effect has been cxpcri- 
mentally observed, but only as a side effect in wake-field studies. 
One would hooe that a sirrnificant exnerirnent:ll nroeram will s~oti 
be mounted sc;as to stutiv?tie manv f<:irures theo~eticall5~ described, 
but I know of none &nned. I db know of talk at LGL, Uc’l,,r\, 

’ ANL. and KEK. 

Finally, there are many new techniques for particle accele- 
rators and, even a decade after formalization of the field, many old 
concepts still remain viable, while new concepts appear at a steady 
rate. It is important to note that some concepts have the suggestion 
of early promise, while others-requiring very much longer devel- 
opment-have the potentiality of significantly advancing our capa- 
bilities. We can look forward lo ever-more progress as a good 
number of investigators (even more would be welcome) work on, 
and a good amount of support iof cows:“, not enough) goes into. 
these activities. 

I am pleased to acknowledge the wmk of 1!1y rna11~ 

colleagues upon which this review is based. 
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