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Abstract

We report results from an experiment, done at the
Accelerator Test Facility, Brookhaven National
Laboratory, which demonstrates the successful
superposition of wake fields excited by 50MeV bunches
which travel ~50cm along the axis of a cylindrical
waveguide which is lined with alumina. Wake fields
from two short (5-6psec) 0.15-0.35nC bunches are
superimposed and the energy losses of each bunch are
measured as the separation between the bunches is
varied so as to encompass approximately one wake field
period (~21cm). A spectrum of 40 TMy,,, eigenmodes is
excited by the bunch. A substantial retarding wake field
(2.65MV/m-nC for just the first bunch) is developed
because of the short bunches and the narrow vacuum
channel diameter (3mm) through which they move. The
energy loss of the second bunch exhibits a narrow
resonance with a 4mm (13.5psec) footprint.  This
experiment may be compared with a related experiment
reported by a group at the Argonne National Laboratory
where a ~30 times weaker wake field (~0.1MV/m-nC for
the first bunch) having ~10 eigenmodes was excited by a
train of much longer bunches [1], and the bunch spacing
was not varied.

INTRODUCTION

Wake field accelerators are generally attractive
because no external source of energy is used in the
structure itself. In 1999, some new refinements were
proposed to boost the acceleration gradient in dielectric-
lined waveguides [2]. Comparatively short drive
bunches were suggested, so that excitation of a large
number of high-amplitude TM,,, eigenmodes would
form a high-amplitude wake field. The waveguide
design [3] would be chosen so that the wake field is
nearly periodic, with the same period as that of the train
of drive bunches. If several drive bunches can be used
to excite a DWA, the E, — field at the test bunch (a
bunch that undergoes acceleration) location will have a
much higher amplitude than that which would be set up
by only one bunch. In this acceleration scheme, all drive
bunches must radiate coherently so that every
consecutive drive bunch enhances the wake field
produced by the drive bunches which have preceded it;
in this case a constructive superposition of wake fields
generated by the drive bunches occurs. Depending on
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the dielectric-lined waveguide parameters, the bunch
charge, and length, an energy gain from a hundred
MeV/m to 1 GeV/m might become available.

The interaction between the wake field and electron
bunches in cylindrical dielectric-lined waveguides has
been theoretically analysed in recent years [4-7].
However, there has been only one experimental study of
constructive wake field superposition, confirmation of
which is crucial to prove the feasibility of dielectric
wake field acceleration. Constructive superposition of
wake fields produced by several bunches has been
observed only by a group at Argonne National
Laboratory [1]. In their case, the wake field is excited by
relatively long bunches (rms length ~9mm) in a &10mm
channel, consists of ~10 eigenmodes, and has an E, —
field with a broad footprint (20 ~22mm) but a low
amplitude (decelerating wake field after one bunch ~
32kV/m:nC). In contrast, the experiment conducted at
ATF on which we report here generates a wake field
having ~40 modes and a decelerating field after one
bunch~ 980kV/m:nC. The high axial E, — field with a
narrow footprint (2 Gy ~4mm) is achieved because of
narrow bunches (rms length ~1.8mm) and a narrow
channel (J3mm). Our observation technique is different
from that used in the Argonne experiment, where the
measured energy spectrum of drive bunches was
compared with a computed energy spectrum while the
bunch spacing was fixed and equal to the wake field
period. In our case, the bunch spacing is changed, and
the difference in energy losses between the second and
first bunches is observed, which allows one to verify
agreement between theory and experiment when the
bunch spacing differs from the wake field period.

THEORY OVERVIEW

We use a cylindrical dielectric structure to test the
physical principles. The theory has been thoroughly
developed in recent years [4-7]. The wake field is
assumed to be excited by passage of a train of N driving
bunches moving with the velocity v=cf along the axis
(z- direction) in an infinite structure. There is vacuum in
the region » < A, a dielectric material with dielectric
constant ¢ everywhere between 4 < r < R, and a metal
in the region »> R, where A4 is the inner radius and R is
the outer radius. In cylindrical geometry, the wake field
can be described as a superposition of orthonormal wave
functions which separate into TE and TM classes for
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axisymmetric excitation, and into hybrid modes with
mixed polarization otherwise [4].

Every drive bunch loses a very specific amount of
energy per unit of length. For the first bunch (with the

rms length Az =2+ 2> —7% and charge 0)), the energy
loss is

w(1)/Q, = (4re,4* )" ZQ LA)

where the coefficient Q(wm,Az) weakly depends on the
bunch shape [8].(Here @, is the m™ eigen-frequency that
satisfies the dispersion relationship given in [2].) The
bunch energy loss is directly proportional to the bunch
charge. For the second bunch, the energy loss is

we)_wa . 2Q1 ;Q w,,Az)cos(@, S, / cp)
> Qe

Q2 Ql Q2

where W(1)/Q, is given above, S, is the distance
between bunches (bunch spacing), and we assume that
both bunches have the same rms-length. The behaviour
of W(2)/Q, vs. the bunch spacing is shown in Fig.1. It
always has a resonance-like character in the vicinity of
JL/2 (where L is the wake-field period and J is any
integer), which can be used as an indication of the
constructive wake field superposition happening when
S, — L [see Fig.2].

In an experiment, it is convenient to use the first
bunch as a reference bunch, because its energy loss does
not depend on the bunch spacing, and measure the
difference W(N) — W(1) vs. the bunch spacing. Because
usually On = ... O, = Q1 and Azy = ... ® Azy = Az,
this difference must be positive whenever the
constructive superposition of fields occurs and must
demonstrate the resonant-like behaviour when the bunch
spacing S|, is varied in the vicinity of the wake-field
period, L.

EXPERIMENTAL STUDIES

This experiment has been run on beam-line #2 at
ATF. Figure 3 shows the experimental setup.

HeNe-laser light is used to establish the apparatus
axis. The optical beam is focused in the middle plane of
the DWA, and has waist size at the entrance and exit of
the DWA w ~24 / 3 (4 =1.5mm is the inner radius of
the vacuum channel), so that clear transmission occurs
only if the light beam propagates along the DWA axis.
The electron bunch path is aligned with the HeNe-light
before the bunch enters the DWA. For the experiment at
ATF, numerical simulations show that an electron bunch
propagating near the apparatus axis is negligibly
affected by the transverse wake fields [8]. Upon leaving
the DWA, this bunch must have the same transverse size
as a bunch that passes through the DWA in a free-space
approximation. Diagnostics available at ATF permit
measuring the emittances (horizontal and vertical) and
initial Twiss parameters so that the transverse bunch
sizes in the free-space approximation can be calculated
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Figure 1: Examples of the behavior of W(1)/Q, and the resonance-like
behavior of W(2)/Q, vs. the spacing between two bunches. W(1)/0;
does not depend on the bunch spacing (straight, thin line). W(2)/Q,
changes with the bunch spacing (solid, thick line). If the bunch
spacing, S)», is close to JL/2 the value of W(2)/Q, significantly differs
from W(1)/Q,. (Here (a) Si» — L/2; (b) S12 = L; Gywake = 0.8mm, the
wake period L=0.21022m, A=1.5mm, R=19.31mm, € =9.65, and J is
any integer).
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Figure 2: The E, — field profile on the DWA axis with different bunch
spacing Sip. (a) Si2 = L+5mm, (b) S;; = L+0.5mm, (c) S, = L (the
wake-field period £L=0.21022m, A=1.5mm, R=19.31mm, and & =9.65;
charge/ bunch is 1nC). Constructive superposition occurs when S, is
close to L (or, in general, to JL, where J is any integer).
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Figure 3: Schematic of the experimental setup and the dielectric wake
field apparatus (DWA).

at any point along the beam-line #2. The measurement
of transverse size after the bunch leaves the DWA
demonstrates excellent agreement between the measured
and expected values (usually oy, = 250-300pm) as soon
as the bunch is aligned, and serves as a criterion to
confirm that the bunch deviates negligibly from the
apparatus axis. Diagnostic information, such as bunch
charge and RMS-length, is obtained routinely from the
permanent ATF facility hardware available to all users.
In the experiment, the first bunch is used as a
reference bunch. A part of the transport line allows
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measuring the initial energy difference between
bunches, while the beam position monitor installed after
the dipole #2 [see Fig.3] is used to measure the final
energy difference. Thus, the difference in energy losses,
W(N) — W(1) caused by interaction with the wake field
in the DWA is determined.

To produce several electron bunches, the single laser
light pulse (FWHM =~ 7psec) delivered to the ATF
photocathode gun with the repetition rate 1.5Hz is split
into several pulses with the separation between them
close to 700psec (21cm). The bunch spacing Sj, is
varied by changing the laser pulse spacing. To
connect Sy, with the laser pulse spacing, one constructs
the phase-energy space mapping [9], and convolves it
with the initial longitudinal bunch distribution at the gun
cathode. The mapping depends upon the gun maximum
electric field, the LINAC electric field that is set to
achieve the final bunch energy of 50 MeV, the gun
phase, and the corresponding LINAC phase which
minimizes the energy spread. The mapping should be
applied to bunches with a relatively low charge. The
criterion of validity of the mapping is that the calculated
bunch RMS-length (and/or FWHM) is, within the
measurement accuracy (7-11% depending on the RMS-
length), the same as the measured RMS-length [8].

Enough data have been collected already to
demonstrate the resonant-like behaviour of W(2) — W(1)
vs. the bunch spacing.
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Figure 4: Measured difference in energy losses (marked by bars;
normalized per 1 m) between the 2™ and 1 bunches, W(2) — W(1), vs.
the bunch spacing. Both bunches have the same rms-length Az. The
bunch charges are shown in Fig.5 The solid line represents the best
theoretical fit which occurs if the wake period is assumed to be a) L =
700.28psec + 3.6psec (i.e. L =20.994cm + 1080um),

or b) L ="700.28psec+ 3.7psec (i.e. L =20.994cm + 1110um).

Fig.4.a and Fig 4.b present the measured difference
in energy losses (marked by bars) between the 2™ and 1%
bunches, W(2) — W(1), versus the bunch spacing. The

solid curve connects the points which give the best
theoretical fit which happens if the wake period is taken
to be either L = 700.28psec + AL = 700.28psec +3.6psec
or L = 700.28psec + AL = 700.28psec +3.7psec
respectively. AL is determined with an accuracy ~10%
(i.e. the wake field period is determined with an
accuracy * 0.38psec ~ + 115um). The solid curve has a
piece-wise character because the bunch charges change
from one experimental point to another [see Fig. 5.a-b].
From the independent frequency measurement [3,10],
one finds that the wake period for the DWA at ATF is L
= 700.28psec + AL = 700.28psec +4.08psec, where AL
is determined with an accuracy +10%. That agrees with
previously shown data within the measurement
accuracy.
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Figure 5: Charges of the 2™ and 1% bunches [the accuracy a) =~ +3%,
and b) ~ £5.5%]. The difference in bunch energy losses is shown in
Fig.4.

Thus we have found that the data presented are fully
understood by the theory, and consequently, demonstrate
that constructive superposition of wake fields occurs as
expected.

We would like to acknowledge the help received
from the ATF personnel and the financial support of
DoE.

REFERENCES

[1] J.G. Power, et al., Phys. Rev. ST AB3, 101302, (2000).

[2] T.C. Marshall, et al., AIP Conf. Proc., 472, 27, (1999), edited by
W. Lawson, C. Bellamy, and D. Brosius.

[3] J-M. Fang, et al., Proc. of the 1999 Particle Accelerator Conf, p.
3627, (1999).

[4] S.Y.Park, J.L. Hirshfield, Physical Rev. E62, 1266 (2000).

[5] J. G. Power, et al., AIP Conf. Proc. vol. 569, p. 605, (2001),
edited by P.L. Colestock and S. Kelley.

[6] LN. Onishchenko, et al., Phys. Rev. E 65, 066501, (2002).

[7] L. Schéchter, et al., Phys. Rev. E 68, 036502, (2003).

[8] Dissertation by S.V. Shchelkunov, Columbia University, 2005.

[91 X.J. Wang, X. Qiu, and I. Ben-Zvi, Phys. Rev. E 54, R3121-
R3124 (1996), and references therein.

[10] S.V. Shchelkunov, et al., Proc. of the 2003 Particle Accelerator
Conf, vol.3, p.1924, (2003), edited by J. Chew, P. Lucas, and
S. Webber.

3611 0-7803-8859-3/05/$20.00 ©2005 IEEE



