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ABSTRACT

We present in this paper a review of the application of pulse power
technology w the development of high gradient electron accelerators.
Intense pulse technology limits pulse durations to about 100 nsec
Conseyuently, if we are to use these sources we will require the use
of high group velocity structures. We desciibe in the following sec
tions two approaches to electron acceleration which meet this
requirement. The first of these uses high power microwave adiation
generated from a pulsed beam in a phase slip acceleratm
contfiguis ation, and the second is a collective accelerator approach in
which electrons are acvelerated in a fast Doppler shifted upper
hybrid mode wave carried on the primary beam. In both approaches
one may obtain very high average electric fields for acceleration,

P INIRODUCTION

S;i;xg‘ke pulse high powesr, election beam generators were first developed at the 30 GW level in
1962°, Since that time the technology has been developed to the point where seliable 1 kHz repei
tion 1ate operation has been achieved using magnetic switching to control the pulse development®’,
From the point of view of particle accelerators, using pulse power souices as the primary eneigy
source, today’s technology exceeds that likely to be required by at least an order of magnitude.

We consider in this paper the use of pulse power technology to generate weakly selativistic
kiloampere beams for the generation of high power microwaves for use in a ‘conventional’ electron
acelerator, We also review a new collective accelerator scheme for electrons in which the weakly
relativistic intense electron beam is used to support the fast Doppler shifted upper hybrid mode of
the beam guide system. In both cases the pulse duration is short and we need to use high group
velovity structures or beam modes to efficiently use the prisnary beam energy for electron accelera
o,

The use of high power intense pulsed election t s for mictowave generation has been
remarkably successful from the first expes imc:xtﬁfn 196977 to the most recent FEL experiments in
which 1.6 GW powers were obtained at 35 GHz . It yay well be through this medium that pulse

power technology is first used for particle acceleration™,

It is worth commenting on the differences between conventional microwave souices and those
atilizing pulsed power, Most of the pulse power souces developed to date have pulse durations of
aboul 50 to 100 nsec. and consequently will contain only a limited number of cycles of the of,
wave, Natuial bandwidths of the 1.f, due to the finite pulse dutation, are of order 002/ (GHz)
where the frequency is given in gigatlertz. Detailed studies have not yet been made of the phase
siability of these souces and it is not clear that they will be suitable for the needs of particle
accelerators. However, if we acvept for the moment the potential suitability of these 1.f. souices,
then we must still address the types of structures in which they might be used. The shott pulse
dutations imply that we will either have to use low Q or high gronp velocity stiuctuies if the
filling time ( 2Q/a) is to be made short compared to the pulse duration. Current structures typically

use group velovities of order 0.03¢ and it woyld be desireable to inciease this value by about an
order of magnitude. For cavity Qs of order 107 the filling time requitetent implies operating fire
guencies in the 30 GHz 1ange. A second and perhaps equally fmmportant factor in the design of suit
able structures arises from the desire to keep the 1.f. field from the walls so the accelerated pas ticles
sample the maximum field region whereas the wall felds, which can lead to breakdown, are held as
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low as possible. This criterion is met in collective beam accelerators where the accelerated particles
travel in the region of maximuwm field and the wall fields are small. A similar class of structures
exist fen externally diiven devices, however the particles must then sample the radial fields within
the mpde. The phase slip accelerator configuration described below meets both of these reguire
ments™’.

We have already indicated in the introduction the main requirements imposed by pulse powes
techinology on par ticle accelerator development. It is worth commenting also on some of the advan
iages afforded by fhis technology. All 1.f, accelerators use two beams, a low voltage beam for
microwave generation and the accelerated beam, These sre typically physically separated from each
other and coupled by waveguide, The accelerated beam is driven by the fields generated by the con
pling of the rf. generated to a slow wave structure. Fields are usually a maximum at the boun
daties of the slow wave structure which typically allow waves to propagate at very low group
velocities (~0.03¢). Since the typical r.f. pulse duration is 124 sec this presents no problem in filling
the structure. In the scenario’s teviewed in this paper we consider r.f. pulse durations of order 50
100 nsec. If the module lengths of the structures are not going to be prohibitively short, especially
at the highe: operating frequencies expected to be used, the wave group velocity must be about of
preferably greater than an order of magnitude higher than those in use today. The shorter durations
should lead to an increase in the breakdown field strengths and the higher group velocities o a
greater separation between the beam and the walls, and hence perhaps, to a reduction in the wake
fields. The negative side of this is a possible reduction in the efficiency of the accelerator, Calcula
tions of the elastance of certain novel structures suggest however that it might be possible to obtain
elastance figures comparable to those of the scaled SLAC structure.

An apmoach to the use of high group velocity structures that is of interest for further investi
gation is the phase slip accelerator. In this device the beam trajectory is rectilinear while the struc
ture, ‘which has a uniform cross section, gently undulates with a sinusoidal or helical variation of
the tube axis. In this configuration the particle samples the radial variation of the axial acceles ation
field and hence the average field gradient felt by the particles is less than the peak field in the
wave. Un the other hand in such a device the electric fields maximize in the guide and not at the
wall so the flashover problems are minimized. The phase slip accelerator described has a very large
aperture compared 1o more conventional slow wave structures so. this should lead tw reduction in
wake feld effects although the non axial propagation of the beam suggests that the wake fields may
be worse than those found in cylindrically symmetric systems of comparable dimensions.

High group velocities also can be obtained with axisymmetric systems in a synchronous
accelerator system. Such a device has all of the advantages of the phase slip accelerator configuration
indicated above, i.e. fields a maximum at the beam location, wall fields low, and large aper ture sys
tens, and, in addition, does not require mictowave plumbing to connect the 1.f. souice 10 the
arcelerator a8 the acceleration fields are generated at the accelerated beams location, The
configuration proposed uses the Doppler shifted upper hybiid mode of a beam in a finite diameter
guide. This mode may be closely approximated by Doppler shifted cyclotron oscillations. This is the
only eigenmode of an electron beam in a bounded guide which cuts the light line and hence can be
used for the acceleration of electrons to ultra high energies without the use of complex phase slip
sections. In this device the group velodity of the wave is close to the speed of light and hence well
matched to the short duration of pulse power generators. In the following section the basic ideas
underlying this device will be preseuted and specimen parameters presented for an acceleratol,
Work is currently in progress in first attempts to excite the required mode

3 A HIGH GRADIENT ELECIRON AUCELERATOR

In this section of this report we outline a proposal for a pasticle accelerator stiucture which
satisfies the criteria presented earlier, namely we have a structure with a short filling time, a high
group velocity, and the fleld is a maximum away from the walls of the devive. The accelerated par
ticles sample the field at varying radii throughout the accelerator and the average field is a fraction
of the peak (on axis) field in the device. In the particular device proposed one might also expect the
wake field efferts to be reduced compared to those in other stiuctures due to the overnmoded guide
used and the relative absence of stiucture close to the beann In the proposed device the peak field s
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off the walis and hence should be better fiom the point of view of heakdown. The issue of struc
ture design for shon t duration, high power 1.f. pulses is open and the merits of the various compet
ing sthemes still have to be evaluated.

The new accelerator configuiation proposed uses a periodic nndulating waveguide. It &5 very
similar in prineiple to the IFBL in as much as the elections slip one ¢yele of the 1., wave every
petiod of the struciure. The interaction is however thiough a TM mode and hence is longitudinal
and not subiect to prohibitive synchiotron radiation losses. The interaction may also be described as
a special case of a high group veladity slow wave stincture,

We consider a smooth bore wavegnide operated in the TMO2 maode. The guide axis varies
sinuscidally as a function of its position with period ' and amplitude R . Ideally the guide axis will
have a helical vatjation, however, for the sake of simplicity we rest it ourselves to the sinusoidal
vatiation case. We also ignore changes in the waveguide fields due to the curvature of the guide
relative to the paiticle trajectory. This vaiiation is readily included in the analysis and does not
alter the basic results significantly. For a guide having an axial variation

Riz)= Rasiﬁi’g%azi

we comptite the force on an electron due v a’I'M wave taversing the structure as
Flz)= eE J, (k R, sin(2mwz/1Tkoslwt kz)
which averages to zero unless

B, = e

* = W TR ke
whete K is the wavenumbe: of the iipple in the guide. If this synchionisin condition is satisfied
then the force on the election becomes

Flz)= eE,J,lk,R,sin ‘3?’ eos 42

and is plotted in Hgure 1. The average of the acceleration field over a period of the stiuecture is
shown inBigire 2. In compatison with the [FEL the periodicity of the stiucture s almost constant,
independent of the beam energy, since the wave phase velocity exceeds the speed of light. The same
acoeleration prineiple may be invoked using standing waves in 2 cavity, The use of the synchronism
condition leads to an effective field of ’

E(z)= Eg J,lk, R, sin( g%ﬁ)hﬁ{ %z Jod(k + 2K )z,

The value of the acceleration field averaged over the cavity length is plotted inFigure 3.

We have computed the zero~order effects of the wave following the guide geometiy jather
than tiavelling in a straight line and the changes are relatively unimpor tant, The synchrotion radi
ation has been estimated using the n.f. fields in the actual guide as sampled by the electrong but
without including the effects of the wake fields due o the varying proximity of the guide walls. In
this approximation radiation losses are unimpottant nntil election enesgies in excess of 1 [eV have
been achieved,

‘Table 1 shows un optimized values of the vatious accelerato ;@;amztmsvf‘er a 3‘5 i}ﬁz wave at
the 1 GW power level in the tiavelling wave case. For a standing wave we obtain fzzmpaxablﬁ:
acceleration field gradients to those shown at a power level about one zgzdg& of mzf‘gmmﬁeviawm
than that given alove. The scaled value of the elastance "’f tim stiuctuse is about 6 times kxv?ex, for
the travelling wave case shown in fable [, than the SI AC disk aded guide. In the cavity case the
elastance is only 3.5 times smaller than that for a scaled SLAC structuse.
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Fig. 1 Lacal field, normalized to the peak axial field for the TMO1
mode, felt by an electron in traversing a period of the undulator. The
solid line is for the TMO! mode and the dashed line for the TMO2
mde.
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Fig. 2 Average acceleration field in travelling wave accelerator at 35
(GHz as a function of the guide curvature R _/a. The three cutves are
for powers of 1, 0.5, and 0.2 GW respectively,
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TABLE |
Parameters for phase slip accelerato
Frequency (GHz) 35
Guide cut off frequency in TMO2 mode (GHz) 33
Module length (m) 3
Power (GW 1
Pulse width (ns) 50
Peak field on axis (MV/m) 310
Average Acceleration field (MV/m) 100
Undulator Period (om) 28
Wall Modulation (Ro/a) q.&
Particles per macrobunch 6 x 10,
Elastance m”
220
200

180
160
140
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Fig 3 Acceleration field averaged over a cavity length for TMO2p
mode at 0 5 and 0.1 GW as a funcuon of the guide curvatie,

We contlude this section by noting that the same principle may be used to accelerate an high
average cutrent beam {(~ 10 Amperes) by running at a lower frequency {~ 15 GHz). The latter
configination may be especially useful in the future development of high power t.f sources.
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CTRON. ACCELERATUR

Up until now efforts to collectively accelerate particles have been limited to situations where
the required paiticle energy T is less than

Moo

where M and m are the jon and election masses respectively and v, the drift eneigy of the elec
trons in the primary. beam. This requirement arises since acceleration has only been congidered in
negative enetgy (slow) waves carried on beams. To accelerate elections to ultta high energies using
the collective modes of an election beam in a guide requires the use of waves having phase veloi
ties greater than the electron velocity in the primary beam (fast waves). Such a wave will have a
positive enet gy and will require the use of a poweiful external source of free energy to diive the
wave. It is only inn the past two years that we have recognized a way around this problem and have
demonstiated the %ﬁf of a successful excitation technique, albeit for a space charge wave rather than
the required mode™". The technigue relies on the simultaneous excitation of slow and fast waves so
that each may grow at the expense of the other. This process is familiar in the excitation of jadia
tive modes in a free electron laser. We now examine a possible eigenmode For electron aceeleration
using a weakly relativistic electron beam as the active medium,

We restiict our analysis o the case where the upper hybrid frequency is lower than the cut off
frequency fur the guide In this condition we can approximate the fields by use of a scalar potentigl.
The full electromagnetic case is currently being studied in both the linear and non linear regimes’’,
‘The analysis assumes a relativistic rigid rotor equilibrium. The relativistic bulk rotation Frequency
@, is given by

: 2

&

&« M:
Op= 5 |1 |t - 4

w

To obtain a stable equilibrium one requires that (?/w? 2 2 and preferably that the ratio exceeds 3
o prechide the excitation of unwanted surface modes, The analysis uses a two-mass appproximation
and the linearized continuity and momentum equations together with Gauss’ law. The dispersion

relation follows from matching the jump conditions at the beam vacuum boundary and from set
ting the wave potential on the wall to zero. For axisymmetric waves we obtain

1o(ka)K okb) ~ 1 fkbIK glka) Jolk ta) N
TIEORGS) TR e = A0k s t Bk

where
(w2 + vo? o) (w*-o?
Al k)= | A EYY @) )
(wf~ g

and
m Yola,
ka (wf—ofoy
and k, w,, and w,, the varticity frequency are defined by
kA i) (0F—od)
(Yool +wi- of

Blw k)=

£ =

fy, = w ~ kvy

wl= OF @ = (G - 26,7

respectively, Figuie 4 shows a plot of the dispersion reladonship together with the space charge
waves for a particular set of parameters.
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Fig 4. Dispersion relation showing the beam modes. The dashed lines
represent the election diift velovity, the light line and the asymptotic
(large wand k) form for the fast upper hybrid mode.

in this plot the input voltage is 500 kV and the beam current L9 kA, The beam radius is one quar
ter of the tube radiug and the cyclotion and plasma frequencies are 11,6 and 6.3 Gz respectively.

We can obtain further information about simple scaling processes if we recognize that the
hytid wave modes may be well approximated by Doppler ghifted oscillations at the eyclotion fre
quency

w= kv, * L.
Seiting the fast wave phase velocity equal to the speed of light we find that the wave frequency
should be approximately given by

_ 8o 1+8 "
m Imﬁ

Within the framework of this approximation one can obtain an estimate of the fields achievable in
the Raman {wollective) regime. it should be noted that this is not neccessarily the optimum regime
and that two wave interactions, such as those employed in the free election Laser work of Sessler et
al may vield substantially higher acceleration fields.

Assuming that both the slow and fast waves are grown simultaneously and at the same fre
guency the conser vation of wave energy and momentum reqguire that

24

Wp gt = Qow A X 140w = K jipan | -
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For a thiee-wave interaction self trapping of the primary beam electrons in the slow wave will
serve to limit the wave growth. The trapping field is given in the electrostatic approximation by
k,me?
3‘)@
whete o is a factor by which the trapping field may be exceeded and represents the effect of the

time taken to obtain wave breaking after the threshold field has been exceeded and v, the election
energy measuied in wave frame is
va = ypk1~BBg).

We combine the last four equations to obtain an estimate of the self Gapping field

2+ B~ %w B2

Nuste that this field is for the slow hybrid mode and that the acceleration field at this condition will
be greater than this value by about 40 %. This result follows from a detailed examination of the
wave powes flow, based on equal power exchange between the fast and slow waves.Typical parame
ters for two sets of conditions are given inTable 1L

Table I
Beam parameters for hybid wave accelerator

(y,~1)

E pp =

*

Electron Drift Velocity (¢) 0.5 0.6
Injection Eneigy (kV) 275 500
Magnetic Field (kG) 6.2 5.4
Trapping Field (slow wave) 94 94
Limiting current (kA) 0.9 1.9
Cyclotron Prequency (GHz) 173 150
Plasma Frequency (GHz) 9.2 9.6
Beam Power (GW) 0.25 0.93
Wave Frequency (GHz) 30 30
Maximum Field Gradient (MV/m) 125 228
(accelerated beam) 16 15
Elastance 2% 10 63 10

The final figures in the table are elastance figures for the proposed devices. In this case the eneigy
stored per unit length also includes the kinetic energy of the primary electrons. The elastances are
equal to o1 greater by about a factor of thiee than those in a scaled SLAC structure.

5 DISCUSSION

We have,iu this papes, reviewed some possible approaches to high gradient accelerators for ultra
high energy applications. The approach considered is the use of pulse power technology for the
generation of weakly relativistic election beams at about the one to ten gigawatt level. Pulse power
technology imposes limits on the duration of these beams, although at the modest powers needed it
seems possible o extend the pulse dusations to perhaps a miciosecond. In this review we have
asstmed that pulse power beams may be used 1o either generate high power microwave signals with
a high efficiency o1 may be used to directly generate the wave used to accelerate the electrons in the
same location as the beam. In either case we require the use of high group velocities for the waves.
‘This has the advantage of making the structwie walls more 1emote from the beam and piobably
decreasing the wake fields. In the configurations described in more detail we also find that the wave
fields are maximized at the beam location and reduced at the walls, These effects combine to give an
enhanced field capability in the accelerator without causing breakdowns.

The trade off for these good effects could be a reduction in the efficiency compared to that in a
scaled SLAC structure. We have examined this figure for both approaches and have found that it is
possible to obtain scaled elastances of within a factor of 4 for the phase slip accelerator and approxi
mately equal to o1 even gieater than the SLAC figute for the hybrid wave device,

Experiments and fui ther calculations are in progiess for both of these approaches to high field
gradient accelerators,
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Discussion
M.4. Tran, EPFL

1} Whal is the electvonic effiriency npy of Lhe device?
2} Lould one consider this concepl For amplifiers?

Reply

1) A convient measure of lhe efficiency is the distance § = ;5% where (Fz} is the
aversge accelerabion field and w the enprgy stored/m lenglh  In this case | use the d.u
input, rather than the usua) +f energy This figure in the example given is 6 x 10> and
is about a Facior of 3 larger than that for a scaled SLAL structwre

2y Inis is a difficult gquestion to answer. the problem is similar to that in an FE
dr iven twn bheam accelerator e presumably woulil have 1o tarry the same modulation
through {or a portion of it) from stage to stage in order to phase back the siynal along
the accelerator  Mueh work s needed to demonstrate the acteleration minciple This ig
ane item as vet unresplved

M. Allen, SLAL

Yaur example of a 800 kV 2 kA beam i in microwave tube language a high perveanie beam
which usually means luw efficiency, Hould this be the case with yowr proposed devices?

Reply

No, the low efficiemty you refer o usually resulls From shuwhwe coupling o a
beam, In this case the Fields are a maximum at the beaw However, lhe self ifrappiug Field
will decrease as the parveanie decreases. Ihe change is fahvly rapid hul there should
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still be a wide range of useful perveance for operation. The more difficult initial issue
ts the excitation of this axjally symmetric mode which has, I helieve, nol been previously
studied exper imentally.

F, Chen, UCLA

What is the advantage of using the uyclolron mode when a fast plasma wave in the case

we < Wy can be used instead? In particular, wouldn't the By of the beam cause w¢
ta be non-uniform?

Reply
For a non-neutral beam the fast plasma wave with we < wp does not exist,

Stability requires wcz » 2up,  The Bé of the beam accounis for abhout an 8% varialion
in the total B and should not be a ser ious problem.



