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Experimental Demonstration of Wake-Field Effects in Dielectric Structures
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We have measured the wake fields induced by short, intense relativistic electron bunches in a slow-

wave structure consisting of a dielectric-lined tube, as a test of the dielectric wake-field acceleration

mechanism. These fields were used to accelerate a second electron bunch which followed the driving

bunch at a variable distance. Results are presented for diA'erent dielectrics and beam intensities, and are

compared with theoretical predictions.

PACS numbers: 41.80.—y, 29.15.—n, 52.75.Di

Recently, several wake-field acceleration methods have

been proposed' to increase the accelerating gradient of
future linear colliders for high-energy particle-physics
research. One of these schemes is the dielectric wake-

field accelerator, in which an intense, low-energy rela-
tivistic charged bunch excites electromagnetic wake

fields (Cerenkov radiation) in a dielectric-loaded struc-
ture, which are then used to accelerate a second, less in-

tense bunch to high energies. This method can be alter-
natively described as high-gradient rf acceleration with a
Cerenkov maser as the microwave power source. One
notable advantage of the dielectric wake-field accelerator
is that the radial wake fields, which are potentially
deleterious in all wake-field schemes, can in principle be
made quite small. It is also worth noting that ferrite-
loaded wake-field devices have been proposed. In this
Letter we report on experimental studies of acceleration

by the dielectric wake-field acceleration mechanism.
The experimental technique uses the Argonne Ad-

vanced Accelerator Test Facility' to generate two elec-
tron bunches, a 21-MeV "driver" and a 15-MeV "wit-
ness. " These bunches travel along the axis of the struc-
ture under study, and into a momentum-analyzing mag-

netic spectrometer. The distance between the two
bunches is varied by extending the path length traversed
in the Advanced Accelerator Test Facility by the witness

beam, and the change in the energy of the witness bunch

as a function of the separation between the two bunches
is measured. The witness-beam energy change is propor-
tional to the longitudinal wake field induced by the
driver beam.

The geometry of a dielectric cavity is shown in Fig. 1.
It consists of a cylindrical metallic tube partially filled

with a dielectric material with dielectric constant e.
There is a hole in the center of the dielectric through
which the driver and witness bunches pass. As the driv-

ing bunch travels through the center hole it excites
modes in the cavity through the Cerenkov radiation
mechanism. All the excited modes have a phase velocity
equal to the velocity of the bunch, in our case -c. The
amplitudes of these modes depend upon the pulse length
and a profile of the driving bunch. For a driving pulse of
N particles, whose longitudinal profile is a Gaussian with

rms bunch length a„the excited longitudinal electric
field E, at a given delay distance zp in the hole can be

t

expressed as follows ":
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The wave numbers s~ are the roots of

J 1 (sib)Np(saba) —Jp(saba )N ~ (sib ) =0, (2) Perfect Conductor

where J„andN„are the nth orders of the Bessel func-
tions of the first and second kinds, respectively. The res-

onant frequencies are thus

cog =sgc/(e 1 ) (3) C
Witness Beam Driving Beam

and the wake potential, the most important experimen-
tally measured quantity in this experiment, is simply
defined as the energy change of the witness bunch,

Dielectric
I

r L

W, =BE=—eJ E, dz, (4) FIG. 1. Sketch of the dielectric cavity.
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TABLE I. Ex erixperimental cavities and beam d'm con itions.

Material

Polystyrene
Steatite
Nylon

Length
(cm)

51
51
51

(cm)

1.27
1.27
1.27

b

(cm)

0.63
0.63
0.63

Driver
charge
(nc)

—2.6
-2.0
-2.6

Driver
length

FWHM
(ps)

—23
—23
-30

where L is thethe structure length, equal to 51 cm
present experiments.
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FIG. 4. Nylon scan: Wake potential measured as a function
of witness-bunch delay.

in several different dielectric-loaded structures. We have
found that the experimental results agree reasonably well
with theoretical predictions. In our experiments, no ap-
parent nonlinear effects were expected or observed. We
plan to do further studies of nonlinear effects in different
materials, such as ferrites, using this type of structure.
We hope to experimentally address the questions of
shock wave formation' and the potential of nonlinear
dielectric properties to compress wake-field pulses in

time, thus raising the amplitude of the fields available
for accelerating particles.

The authors would like to acknowledge helpful discus-
sions with R. Keinigs, and the assistance of C. Jonah and
the Chemistry Linac staff'. This work is supported by the
U.S. Department of Energy, Division of High Energy
Physics, Contract No. W-31-109-ENG-38.

The data for the steatite scan is shown in Fig. 3(a),
and shows the period to be =160 ps, with an amplitude
of 100 keV. Because of the larger dielectric constant,
one would expect that the wake field would have a longer
wavelength in steatite than in polystyrene, as is shown in

the data. The Fourier transform of the data indicates
that the fundamental wake field is excited at 6 6Hz and
a strong second mode at 17 GHz, as theoretically expect-
ed. Figure 3(b) shows the calculated wake field, which
shows very good agreement with the experimental data
when e =5.9.

A third scan, with nylon for the dielectric, is shown in

Fig. 4. The wake field had a period of 130 ps and an
amplitude of 80 keV. In this experiment, the measured
driver pulse length (FWHM) was 30 ps, longer than in

the previous experiments. When this was included in the
calculations, the experimental results agreed well with
the theoretical predictions, both in wake amplitude and
period, for e=3.9. It should be noted that transverse
deflections were small for all dielectrics tested, in con-
trast to the large transverse wake fields measured in
structures' and plasmas. '

Because of limited driving-beam current and rather
large transverse emittance of the beam, the observed ac-
celerating gradients were modest, with maximum ob-
served amplitudes of 0.3-0.5 MeV/m. In fact, accelerat-
ing devices based on this technique may achieve gra-
dients useful for future high-energy machines. An ex-
ample is given in Ref. 4, where by use of a linearly
ramped driver bunch with a peak current of 5 kA in a
20-GHz dielectric structure, an accelerating gradient of
100 MeV/m is predicted.

In summary, we have experimentally demonstrated the
principle of dielectric wake-field acceleration. We have
accelerated a low-intensity electron bunch using the
wake field induced by an intense driving electron bunch
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