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Introduction 

High power rf sources have historically been limited to 
frequencies at which intense electron beams could be cfi- 
ciently modulated. i’i’e have been exploring the power, fre- 
quency and eficiency limitations associated with the use 
of lasertrons[l] for generating modulated beams and using 
these beams as high power Inicrowavc sources. This effort 
is an extension of wake field accelerator development, and 
will proceed as part of the Argonne k~‘akefield Accelerator 
construction and usc.[2] 

In the lasertron the electron beam is produced from the 
photoelectric effrct at thr photocathode, thus t,hc clcctron 
pulse closely resembles the laser pulse in density and spa- 
tial estcnt. One configurat.ion for this device is shown in 
Fig. 1 where a dielectric cercnkov coupler is used to trans- 
fer p’ow~:r from the electron beam to t.hc rf field. 
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Figure 1: The Cerenkov Lasertron. 

Operation at high power and high frequencies, (-GW, 
ZTHz) seems possible using laser optics to compensate 
electron aberrations due to geometrical optics and space 
charge. In this paper we show results of simulations that 
indicate electron pulse lengths of the order of 0.25 ps can 
be produced if other aberrations are controlled, describe 
an optical system to compensate aberrations and generate 
pulse trains from a short pulse laser, discuss design con- 
straints and limitations of rf couplers, and describe con- 
straints on the system as a whole. 

Electron Optics 

The maximum frequency at. which an electron beam 
can be modulated is determined by the minimum pulse 
length associated with aberrations in electron optics. The 
primary distortions that increase axial bunch length are 
path length differences caused by transverse effects near 
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Figure 2: Laser optics conlpensate trarlsvcrse effects 

the photocnt.hod<’ due to sl>ac<’ charge or estctrnal fi~~lils. 
it% assume that these effects can 1~ compensated with 
shaped l<aser pulses as shown in Fig. 2 using a tcchniqu~~ 
described below Longitudinal space charge fields also tfi- 
rcctly widen the bun&~, however, al:d this mechanisrll 
determines a minimum pulse length which is a function of 
the bunch and cavity parameters. 

In order to study the effects of space charge and laser 
properties on the minimum bunch length, the initial stagc:s 
of the acceleration process were numerically simulated us- 

ing a one dimensional model. The evolution of the bunch 
is followed assuming a Lorentz force balance dp/dt = eF 
for each electron. The electric field can be expressed in the 
form 

Ez(z, 2) = EO sin(kf2 + 4) exp(-z2/2 1:) - E,, , (1) 

where Eo is the maximum rf electric field, I, is the char- 
acteristic length of the cavity, and f = 1.3 GIIz is the 
resonant frequency of the photocathode cavity. The fields 
due to space charge are evaluated using retarded poten- 
tials of the beam and its image, E,, - 0.36 hfV/m/nC for 
a laser spot radius rl = 1 cm. 

A large contribution to the bunch width is due to the 

nonrelativistic part of the acceleration process. At low en- 
ergies, trailing electrons see a reduced accelerating field 
due to space charge, E, - &/2, and accelerate more 
slowly, lengthening the distance from the front of the 
bunch. At relativistic energies all electrons are moving 
at nearly c so the spatial distribution is fairly well main- 
tained. If transverse effects can be corrected, electron 
bunch lengths, TV,, can approach the pulse length of the 
laser even for high currents, as shown in Fig. 3. For the 
reasons given previously, the widths of high charge pulses 
show a strong dependence on the accelerating field ot the 
photocathode and less sensitivity to the length of the cav- 

ity, roughly r, N g12 1: Is. Thus effects such as dark 
current, surface breakdown, and power limitations provide 
the ultimate limits on bunch length. 



998 

10 0 r-?-T”-T,7 

;;I ~zi-< 
I 05 1 I --* ,/’ 1 

0 ! i..--.LeuAl I -----i- 
5 10 50 100 

Charge per Bunch (nc) 

Figllri: 3: 1’111s~ length vs charge pf‘r bunch for a 0.2 jis 
Iascr pulse in the absence of aberrations. 
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Figure 4: The Optical SJ5tem. 

Laser Optics 

The optical system must create a pulse train and shape 
individual pulses in addition to stabilizing the intensity 
and position of the laser beam. A system which can pro- 
ti~~ce the required laser pulses is shown in Fig. 4. The pulse 
train is created by dividing the initial p~11sc and separately 
delaying the parts. Tt _ len a scatterer is used as part of 
the focusing system to realign the parts on axis. This can 
be done iteratively to produce p” pulses, where p is the 
number of pulses into which a single hunch is divided and 
tz is the number of times the process is rrpeated. To be 
efficient, the scatterer must scatter by small angles[3] and 
the wave front shaping, which selectively delays parts of 
the beam to form the required cup shaped geometry, can 
be done at an intermediate focus upstream of the photo- 
cathode. 

Intensity stabilization can be accomplished by means 
of a Pockels cell/polarizer system operated by sampling a 
small fraction of the laxr beam anti laser centroid stabi- 
lization follows from the action of the scattering surfaces. 

RF Couplers 

There are a number of options for rf couplers: slow- 
wave, planar slab/grating (orotrons), fields, plasmas, each 
of which can be coherent or incoherent. In all coupler 
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Figure 5: Resonant frequency for cylindrical dielectric lin- 
ers with c = 3. fi is exact solution for first radial mode, 
f2 is second radial mode, and Geom is from approximate 
expression given in the text. 

considerations the output power will scale with energy and 
current of the driving beam pulses, which will be of large 
diameter compared to the radiation wavelength. Thus, to 
accommodate t#he drive beam and high peak powers, gross 
coupler dimensions will also have to be large compared 
to radiation wavelengths. On the other hand, relativistic 
contraction effects require that the transverse dimensioIls 
of the coupler, D, must, satisfy D < yuz, where 7 and 0; 
arc the relativistic factor and bunch length, otherwise the 
fields would lose the modulation of the beam. 

The electromagnetic radiation extracted from the pre- 
bunched electron beam can be at the fundamental fre- 
quency of the bunch separation. The nominal frequencies 
considered here are 30 GIIz, 500 GlIz, and 1 TIlz. The 
lower frequency at high power is of interest to the acceler- 
ator community and the higher frequencies at moderate to 
high power is of interest to the novel rf source community 
in general. Or the several types of couplers considered, 
t,he simplest are slow-wave structures suitable to the fre- 
quency range of interest, requiring no external rf input. At 
30 GIIz dielectric-lined or iris-loaded waveguide will be ad- 
equate. At 500 GIIz and I TIlz dielectric-lined waveguide 
operating at a second or third radial mode may still be ap- 
propriate, but a planar dielectric slab or diffraction grating 
would also work well, hc easier to fabricate, and scale to 
even higher frequencics.The thickness of the dielectric lin- 
ing in the slow-wave structure or the dielectric slab in a 
planar coupler is approximately given by the geometrical 
relation for cerenkov reflections in a slab, X = 4dJG-T 
where A, d, and E, refer to the wavelength, thickness and 
dielectric constant. For thin coatings at the fundamental 
this relation breaks down and more precise expressions[4] 
have to be used as illustrated in Fig. 5. 

A wiggler has been considered as an output coupler 
in conjunction with an input signal to trap the electron 
bunch at the top of a ponderomotive bucket and allow 
the bunch to execute a half bounce. At high frequencies 
(500 GHz) the electron bunch lengths considered here tend 
to be broader than the ponderomotive separatrix, indicat- 



ing that the pre-bunched nature of the beam can not be 
utilized. At low frequencies (30 GfIz) the resonant wiggler 
wavelength tends to be prohibitively large, > 0.5 m. Thus, 
FEGtype rf extraction will be given no further considera- 
tion here. 

The output power from a slow-wave coupler will build 
up step-wise a.. each bunch p~asses through and leaves a 
fraction of its energy in a wake field moving with the group 
velocity and frequency of a chosen mode. Steady state will 
be achieved when thr first, “slug of rf’ exits Ihe coupler and 
is subsequently replaced by the wake of anothrr electron 
bunch as showr, Fig. 6. If the first electron bunch exits thr, 
coupler at time i = 0, steady-state poner will be achirvt,d 
at time 

1 J = L(1 --A) 
,o, c ’ 

where L is the length of the coupll:r, $‘g is the normalized 
forward group velocity of the particular mode, and c is 
the velocity of light.. This time, of course, must be short 
compared to the period of the photorat.ho& cavity. ‘l’hc 
number of bunches superimposing their wake energy at. 
steady stak is tht, intpger rnlirid-down of 71 = 2,f, where f 
is the frequency- of the electron bunch spacing. Neglecting 
finite bunch length effects. resistive IOSWS, and smoot.h- 
ing effects from est.rrnnl wavrguitfc plumbing, t.he output 
power at any time can then be determinrtf frown rl anij thtx 
wake potential gradient of a single bur.ch, given by 

E, = 
qw1 

2Q(l- ,B,) : (3) 

where q is the charge per bunch! w is the angular frequency 
of the mode, r is the shunt impdance, and Q is the cavit.j 
quality factor. The steady-state power is then 

po = (nW& CQ = 
ru,L3,cn’q2 

rw 4Q(l-&)?’ (4) 

As an example, listed in Table I are parameters of several 
tliclect,ric-lined waveguide couplers designed for 30 GHz, 
500 GlIz and 1 TIIz at beam energies that will be avail- 
able from the f\rgonne k\‘akefiitltl Accelerator linac. The 
power ratings in Table 1 t,ake into account a finit.e bunch 
length. Plumbing of rf from the couplx sect.ion can be 
accomplished by radiating out the end or from the side in 
a variety of geometries. 

Table I. Parameters of several dirlrctric C’ercllkov cou- 
plers for a 1 nC/pulse beam, inner radius of the di- 
electric liners 0.5 cm, d is thr thickness if the liner, 
< = 2.55, and LT is the temporal width of the bunch. 

U f L d n (T PO 7 
MeV GHz m mm Ps h1W % 

2 30 0.19 1.34 13 1 27 45 
12 30 0.49 1.28 30 1 178 49 
12 500 1.0 0.25 251 0.25 424 7 
12 1000 1.0 0.12 450 0.25 9.3 0.08 
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Figure 6: Power exiting lasert,ron slow-wave rf coupl<,r. 

Perforrnannci~ r,iIliitaticins --_--. 

By way of summary, th&? follo\ring iteirls ivill all play a 
r9le in the limits of la\crt,rc)n p~:rfrr,~~ i ,..nnc~ Th+ frqt:“ncy 
of the photocathode cavit)y which determines the tempi?- 
ritl tirnc tlurslion of the el+:ctron t>unch t.rairI Jlasimiin: 
low frctqurncy rf power into the photocat hotii~ cavily and 
linac, as well ins physical dimensions, whicl! dc~tc:rlltirii:s al- 
lowable hcam loading, or charge per pulse. A\ailablt> pulsP~ 
length and power from the laser. Success of lacer optics 
to compensate pulse broadening due to elect,ron optics. 
Dimensions of the rf coupler which will determine maxi- 
mum output power in regard t.o breakdown and charging 
of any dielectrics. Efficiency of the rf coupler rvhic!l is COII- 

strained at high frequencies by resistive losses and length 
of the coupler. The 1engt.h of the coupler is in turn limited 
by the first item above, temporal duration of the bunch 
train. These issues are receiving experimental and thee- 
retical effort as part of the Argonne TVakefield Accelerator 
program. 
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