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We report results from an experiment that demonstrates the successful superposition of wakefields
excited by 50 MeV bunches which travel�50 cm along the axis of a cylindrical waveguide which is lined
with alumina. The bunches are prepared by splitting a single laser pulse prior to focusing it onto the
cathode of an rf gun into two pulses and inserting an optical delay in the path of one of them. Wakefields
from two short (5–6 psec) 0.15–0.35 nC bunches are superimposed and the energy loss of each bunch is
measured as the separation between the bunches is varied so as to encompass approximately one wakefield
period (� 21 cm). A spectrum of�40 TM0m eigenmodes is excited by the bunch. A substantial retarding
wakefield (2:65 MV=m � nC for just the first bunch) is developed because of the short bunch length and the
narrow vacuum channel diameter (3 mm) through which they move. The energy loss of the second bunch
exhibits a narrow peak when the bunch spacing is varied by only 4 mm (13.5 psec). This experiment is
compared with a related experiment reported by a group at the Argonne National Laboratory where the
bunch spacing was not varied and a much weaker retarding wakefield (� 0:1 MV=m � nC for the first
bunch) comprising only about 10 eigenmodes was excited by a train of long (� 9 mm) bunches.
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I. INTRODUCTION

Wakefield accelerators are generally attractive because
no external source of energy is used in the structure itself,
and all the accelerating fields are generated from only
bunches themselves. The source of power required for
acceleration of the drive bunches can be provided by an
efficient conventional rf linac. High acceleration fields are
believed to be possible in the dielectric because it is
exposed to intense fields for only a very short time. The
breakdown limit of the wakefield structure is not deter-
mined by the slow filling time of the structure by electro-
magnetic energy, but rather by the much shorter time of the
passing field pulses set up by the short bunches which build
up the wakefields.

In 1999, some new refinements were proposed to boost
the acceleration gradient in dielectric-lined waveguides
[1]. Comparatively short drive bunches were suggested,
so that excitation of a large number of high-amplitude
TM0m eigenmodes would form a high-amplitude wake-
field. The waveguide design [2] would be chosen so that
the wakefield 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 dielectric wakefield apparatus
(DWA), the Ez field at the test bunch (a bunch that under-
goes acceleration) location will have a much higher am-
plitude than that which would be set up by only one bunch.
The use of a train of colinear bunches is helpful when it is
not possible to form a bunch which has the aggregate
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equal to the wakefield period. In our case, the bunch
spacing is changed, and the difference in energy losses
between the second and first bunches is observed. This
allows one to compare theory and experiment when the
bunch spacing differs from the wakefield period, and to
observe thereby the spatial profile of the wakefields on the
axis following the bunches.

We use a cylindrical dielectric structure to test these
physical principles. However, it has been pointed out that
a rectangular structure made from slabs of dielectric is
superior to the cylinder in that the mode dispersion is
smaller and that the stability of the bunches is better;
thus a longer train of bunches may be used to construct a
larger wakefield than in the example of the cylinder.
Rectangular structures for wakefield acceleration have
been recently analyzed [9–11].
II. MONITORING THE ENERGY LOSSES OF
CONSECUTIVE BUNCHES AS A TOOL FOR

OBSERVATION OF CONSTRUCTIVE WAKEFIELD
SUPERPOSITION

First, a brief summary is presented of analysis of the
interaction between electron bunches and wakefields in a
cylindrical dielectric-lined waveguide. The theory has
been thoroughly developed in recent years [3–7]. The
wakefield is assumed to be excited by passage of a train
of N drive bunches which moves with the velocity � � c�
along the axis (z direction) in a dielectric-lined waveguide.
There is vacuum in the region r < A, a dielectric material
with constant dielectric coefficient " everywhere between
A < r < R, and a metal conducting pipe at r � R, where A
is the inner radius and R is the outer radius. In cylindrical
geometry, the wakefield can be described as a superposi-
tion of orthonormal wave functions which separate into TE
and TM classes for axisymmetric excitation, and into
hybrid modes with mixed polarization otherwise [3]. The
contributions from transition radiation localized near axial
boundaries of the dielectric insert are neglected (an un-
bounded structure approximation) [12].

Assuming that all bunches have the same longitudinal
shape, but different charges, the power (computed through
the modified Poynting vector [3]) which is radiated by N
bunches is

PN �
c�
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where Sij � zi–zj is the spacing between the ith and jth
bunches. The coefficient �m � ��1
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��!m;�z� depends weakly on the bunch shape [13,14]
but is determined by and sensitive to the rms bunch
length. Using this fact, one can assume that the bunch
longitudinal shape is always Gaussian; then �mC �
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In Eq. (1), Qi is the charge of the ith bunch; zi is the
position of the ith bunch on the z axis; the rms length is

defined as �z � 2
���������������
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q
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0�, where function Fi describes the longitudinal

shape of the ith bunch, and �hvis the Heaviside function.
Equation (1) clearly demonstrates that the radiation is

emitted in a coherent fashion.
Every drive bunch loses a very specific amount of energy

per unit of length

W�N� � �PN–PN�1�=c�QN: (2)

For the first bunch (N � 1), the energy loss is

W�1�=Q1 � �4�"0A2��1
X
m

��!m;�z�: (3)

Since ��!m;�z� weakly depends on the bunch shape, the
first bunch energy loss is negligibly affected by the bunch
shape. The bunch energy loss is directly proportional to the
bunch charge. For the second bunch (N � 2) one obtains
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where W�1�=Q1 is given above, and S12 is the distance
between bunches (bunch spacing), and we assume that both
bunches have the same rms length.

The behavior ofW�2�=Q2 vs the bunch spacing is shown
in Fig. 1. It shows an enhancement in magnitude when the
bunch spacing is in the vicinity of JL (where L is the
wakefield period and J is any integer), which can be used
as an indicator of the constructive wakefield superposition
happening when S12 ! L. We should point out that the full
width of this peaking curve is the same as the wakefield full
footprint 2�wake [14]. In general, if every subsequent
bunch enhances the wakefield produced by the first bunch
(constructive wakefield superposition), the energy losses
are always such that

W�N�=QN >W�N � 1�=QN�1 > . . .>W�2�=Q2

>W�1�=Q1;

where it is assumed that all bunches have the same rms
length.

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 to measure the difference
W�N�–W�1� vs the bunch spacing. Because usually QN �
. . . � Q2 � Q1 and �zN � . . . � �z2 � �z1, this differ-
ence must be positive whenever the constructive superpo-
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FIG. 2. Schematic of the experimental setup an

FIG. 1. The behavior of W�1�=Q1 and W�2�=Q2 vs the spacing
between two bunches. W�1�=Q1 is determined by Eq. (3) and
does not depend on the bunch spacing (marked by ‘‘first
bunch’’). W�2�=Q2 is determined by Eq. (4) and changes with
the bunch spacing (marked by ‘‘second bunch’’). If the
bunch spacing, S12, is close to JL=2 the value of W�2�=Q2 is
significantly different from W�1�=Q1. In particular, when S12 !
L=2 [see (a)] the second bunch is accelerated; but when S12 ! L
[see (b)] the second bunch is decelerated, and consequently,
enhances the wakefield produced by the first bunch. (Here
2�wake � 1:6 mm is the full wakefield footprint, the wakefield
period L � 0:210 22 m, A � 1:5 mm, R � 19:31 mm, and
" � 9:65).
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sition of fields occurs, and therefore an enhancement of the
wakefield must occur whenever the bunch spacing S12 �
Sbunch is varied in the vicinity of the wakefield period, L.

III. EXPERIMENT

This experiment has been run on beam line #2 at ATF.
Figure 2 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 DWAw � 2A=3 (where A �
1:5 mm 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.
Numerical simulations show that an electron bunch prop-
agating along the axis of the apparatus is negligibly dis-
torted by the transverse wakefields [14]. Upon leaving the
DWA, this bunch will therefore have the same transverse
size as a bunch that moves in free space (i.e., the transverse
dynamics will be accurately described as if there was no
dielectric insert). Diagnostics available at ATF permit
measuring the horizontal and vertical emittances [typi-
cally, the non-normalized emittance is in the range
�0:85–2:6� � 10�8 m rad at charges Q � 150 pC– lnC]
and initial Twiss parameters so that the transverse bunch
sizes in the free-space approximation can be calculated at
any point along beam line #2. The measurement of trans-
verse size after the bunch leaves the DWA demonstrates
excellent agreement between the measured and expected
values (�x;y � 250–300 �m) as soon as the bunch is
aligned, and serves as a criterion to confirm that the bunch
deviates negligibly from the apparatus axis.
d the dielectric wakefield apparatus (DWA).
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FIG. 3. (a) The ATF laser system schematic with the optical
stage, and (b) the optical stage schematic. Percentages refer to
the mirror reflectance.
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Diagnostic information, such as bunch charge and rms
length, is obtained routinely from the permanent ATF
facility hardware available to all users. The bunch charge
is measured by a Faraday cup. To measure the rms bunch
length, a variable phase shift is introduced for the second rf
linac section. A particle located at the head of the bunch
thereby gains a different energy than one located at the tail.
Thus the bunch profile along the time axis is mapped onto
an energy axis. After passing through a dipole (the first
dipole in the transport line [not shown in Fig. 2]), the bunch
trajectory experiences a transverse shift for every energy
shift. Using a slit followed by a monitor, one can scan the
charge profile of the bunch as the linac phase is varied
(about 0:973 psec= deg).

In the experiment, the first bunch is used as a reference
bunch. A part of the transport line allows measurement of
the initial energy difference between bunches, �Wini �
Eini�N�–Eini�1�. The beam position monitor installed after
the dipole #2 [see Fig. 2] is used to measure the final
energy difference �Wfin � Efin�N�–Efin�1�. Thus, the dif-
ference in energy losses,W�N�–W�1� � ��Wfin 	 �Wini,
caused by interaction with the wakefield in the DWA is
determined.

To produce several electron bunches, the single laser
light pulse (FWHM � 7 psec) delivered to the ATF photo-
cathode gun with the repetition rate 1.5 Hz is split into
several pulses with the separation between them close to
700 psec (21 cm). The optical stage [Fig. 3] can produce up
to four pulses (the separation between the third and fourth
ones is close to 350 psec), and is used to adjust the bunch
spacing.

In the experiment described, the wakefield period cannot
be adjusted, but there is also a finite dispersion function at
the DWA location. Because of the finite dispersion, the
bunch spacing cannot differ much from an integer of the
period of rf, which drives the electron gun and LINAC,
because otherwise the bunches would have an energy
difference, and that energy difference would cause them
to propagate along different trajectories inside the DWA.
As a result, if the first bunch propagates along the DWA
axis, the second bunch trajectory would deviate from the
apparatus axis. For instance, with the typical dispersion
function obtained in the ATF experiment (Dx � Dy �

0:7 cm), the second bunch would deviate from the appara-
tus axis by less than �x;y (where �x;y � 250 �m) only if
the drive bunch spacing Sbunch differs from an even integer
of the rf period 2J�rf by no more than 7 psec (i.e.,
jSbunch � 2J�rfj 
 7 psec, where J is any integer and �rf

is the rf period.)
If the wakefield period is different from 2J�rf , only a

limited number of drive bunches whose wakefields add up
constructively can be transmitted through a DWA. It will
be demonstrated later that for this experiment, constructive
superposition occurs if Sbunch � JL � J�2�rf 	 3:7 psec�
[e.g., see Eqs. (5a) and (5b)]. One finds, then, that the total
01130
number of drive bunches N cannot exceed N 
 J	 1 

7 psec

3:7 psec	 1 � 3, with acceptance of the 3rd bunch being

marginal. Thus in what follows, we discuss observations
that arose when we adjusted the spacing of only two
bunches, using the optical delay, to superimpose the
wakefields.

The bunch spacing Sbunch � 700:28 psec	�Sbunch is
varied by changing the laser pulse spacing Slaser �
700:28 psec	 �Slaser. All distances (in units of time)
and corresponding measurement/calibration errors (which
include the accuracy of establishing the frequency) are
measured/evaluated from 700.28 psec, which is double
the rf period at 2856 MHz.

�Slaser is usually changed by � several psec and can be
directly measured with the optical stage. To relate
�Sbunchwith �Slaser one constructs the 1D phase-energy
space mapping [14–16], and convolves it with the initial
1-4
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longitudinal bunch distribution at the gun cathode. The
initial bunch charge distribution is determined by the dis-
tribution of the laser pulse energy delivered to the cathode.
The phase-energy mapping depends upon the gun maxi-
mum electric field Egun, the LINAC electric field Elinac that
is set to achieve the final bunch energy of 50 MeV, the gun
operational phase ’gun, and the corresponding LINAC
phase ’linac which minimizes the energy spread. The map-
ping should be applied to bunches with a relatively low
charge [e.g., see Figs. 5(a) and 5(b)]. The criterion of
validity of the mapping is that the calculated rms bunch
length (and/or FWHM) is, within the measurement accu-
racy, the same as the measured rms length. The energy loss
data were gathered for two cases, for which the relationship
between �Sbunch and �Slaser is shown in Figs. 4(a) and 4(b).
In Fig. 4(a) (first case), with �Slaser changing from �1:39
to 	5:07 psec, �Sbunch changes from �1:24 to
	4:88 psec. In Fig. 4(b) (second case), with �Slaser chang-
ing from �4:87 to 	4:47 psec, �Sbunch changes from
�5:75 to 	6:62 psec.

Enough data have been collected to demonstrate the
enhanced wakefield amplitude behavior of W�2�–W�1� vs
the bunch spacing for both cases. The bunch charges
(measured in the experiment) change from one data point
FIG. 4. Bunch spacing vs the laser spacing for (a) ’gun �
59:4� (measured), ’linac � �17:9� (adjusted to minimize the
energy spread), Egun � 100 MV=m (measured), and Elinac �

7:6 MV=m (adjusted to achieve the final bunch energy of
50 MeV). (The corresponding difference in bunch energy losses,
W�2�–W�1�, is shown in Fig. 6(a), and the bunch charges are
shown in Fig. 5(a)]; (b)’gun � 57�, ’linac � �88:5�, Egun �

51 MV=m, and Elinac � 7:94 MV=m. (The corresponding dif-
ference in bunch energy losses,W�2�–W�1�, is shown in Fig. 6(b)
[the bunch charges are shown in Fig. 5(b)]).
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to another as shown in Fig. 5(a) (first case) and Fig. 5(b)
(second case).

Figure 6(a) (first case) presents the measured difference
in energy losses (marked by bars) between the second and
first bunches, W�2�–W�1�, versus �Sbunch when both

bunches have the same rms length �z � 2
���������������
z2 � �z2

q
�

5:4� 0:2 psec. The solid curve connects the points which
give the best theoretical fit which happens if the wakefield
period is taken to be

L � 700:28 psec	�L � 700:28 psec	 3:6 psec; (5a)

where �L is determined with an accuracy �10:5% (i.e.,
the wakefield period is determined with an accuracy
�0:38 psec � �115 �m). The solid curve has a piecewise
character because the bunch charges change from one
experimental point to another [see Fig. 5(a)].
FIG. 5. Charges of the second and first bunches (the accuracy
� �3%) for which the difference in bunch energy losses,
W�2�–W�1�, is shown in Fig. 6(a); (b) Charges of the second
and first bunches (the accuracy � �5:5%) for which the differ-
ence in bunch energy losses, W�2�–W�1�, is shown in Fig. 6(b).
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FIG. 6. Measured difference in energy losses (marked by bars;
normalized per 1 m) between the second and first bunches,
W�2�–W�1�, vs the bunch spacing: (a) both bunches have the
same rms length �z � 5:4� 0:2 psec. The bunch charges are
shown in Fig. 5(a). The solid line represents the best theoretical
fit which occurs if the wakefield period is assumed to be L �
700:28 psec	 3:6 psec (or, equivalently, L � 20:994 cm	
1080 �m); (b) both bunches have the same rms length �z �
6:0� 0:43 psec. The bunch charges are shown in Fig. 5(b). The
solid line represents the best theoretical fit which occurs if the
wakefield period is assumed to be L � 700:28 psec	 3:7 psec
(or, equivalently, L � 20:994 cm	 1110 �m).
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Figure 6(b) presents the second example. The measured
difference W�2�–W�1� vs �Sbunch is given for bunches that
have �z � 6:0� 0:43 psec. Again, the solid curve con-
nects the points which give the best theoretical fit which
happens if the wakefield period is taken to be

L � 700:28 psec	�L � 700:28 psec	 3:7 psec; (5b)

where �L is determined with an accuracy �10:2% (the
wakefield period is determined with an accuracy
�0:38 psec � �115 �m).

Equation (5a) agrees with Eq. (5b) within the measure-
ment accuracy.
01130
IV. SUMMARY AND DISCUSSION

The data presented in Figs. 6(a) and 6(b) confirm expec-
tations, and thus, demonstrate that constructive superposi-
tion of wakefields occurs as expected (taking the dielectric
coefficient to be independent of frequency [17]). From the
frequency measurement [2,18], one finds that the wakefield
period for the DWA at ATF is L � 700:28 psec	�L �
700:28 psec	 4:08 psec, where �L is determined with an
accuracy�10%. This agrees with Eqs. (5a) and (5b) within
the measurement accuracy. The frequency measurements
and Eqs. (5a) and (5b) establish that the wakefield period is
L � 700:28 psec	 �L � 700:28 psec	 3:8 psec (with
an accuracy of �0:56 psec � �170 �m.) Numerical
simulations show [14] that to achieve constructive super-
position of wakefields in a DWA similar to the one at ATF,
the wakefield period must be maintained with an accuracy
better than �0:7 psec � �200 �m. Thus, the wakefield
period is established with sufficient accuracy.

It was described in the previous section how the lack of
adjustability of the wakefield period together with the finite
dispersion at the DWA location limits the number of
bunches whose wakefields add up constructively. One
way to overcome this limitation is to further reduce the
dispersion function at the DWA location. Regarding the
ATF facility, the best DWA location is in the ‘‘H line’’
where the dispersion function is about 10 times or more
smaller than in the second experimental line. However, a
more comprehensive approach to overcome the limitation
on the number of drive bunches is to maintain the bunch
spacing equal to an integer of the rf period, but adjust the
wakefield period, L, so that L � J�rf . Then, the number of
drive bunches N can be large. Finding a reliable and
straightforward way to tune the wakefield period in a
DWA is one of the challenges which must be overcome
before the practical realization of the DWA can occur.

Constructive superposition of wakefields produced by
several bunches also has been observed by a group at
Argonne National Laboratory [8]. In their experiment,
the wakefield is excited in a channel with a large radius
by long bunches (see Table I) and consists of �10 eigen-
modes. This yields a lower peak value of the Ez field. In
contrast, in the experiment conducted at ATF the wakefield
having �40 modes is excited in a channel with a smaller
radius by much shorter bunches. The advantage is that the
Ez field has a high peak value: for just the first bunch, we
observe a decelerating wakefield �980 kV=m � nC,
whereas Argonne has reported �32 kV=m � nC. Thus, in
our experiment, electron bunches excite �30 times more
energetic wakefields [see Table I]. The increase in the
wakefield is accounted for in part by the good emittance
of the bunch (which permits a smaller diameter vacuum
channel) and its shorter length, whereby more modes are
excited.

Our scanning technique is different from that of the
Argonne group. In their case, the measured energy spec-
1-6



TABLE I. Comparison of the experiments.

Peak
Drive bunch Number Wakefield full accelerating

Inner rms length, of footprint, field after
radius 2

���������������
z2 � z2

q
, excited 2�wake, one bunchc

" (mm) �psec�=�mm� modes �psec�=�mm� (MV=m � nC)

Argonne 38:1a 5 30
9 �10 74

22 0.09
This experiment 9:65b 1.5 6

1:8 �40 13:5
4 2.65

aMaterial CaTiO3–LaAlO3.
bMaterial Al2O3.
cThe theoretically predicted accelerating gradient for a short (�z! 0) test bunch, after the decelerating wakefield acting on the first
drive bunch have been measured (� 32 kV=m � nC for Argonne and 980 kV=m � nC for this experiment).
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trum of the drive bunches was compared with a computed
energy spectrum, while the bunch spacing was fixed and
equal (within a certain accuracy) to the wakefield period
(i.e., Sbunch � L). In the experiment conducted at ATF, we
observe the difference in energy losses vs the bunch spac-
ing with the bunch spacing varying in the vicinity of the
wakefield period: this revealed the expected behavior [see,
e.g., Fig. 1]. This observational technique has two impor-
tant advantages: the wakefield period can be established
with excellent accuracy; and agreement between theory
and experiment can be verified when the bunch spacing
is different from the wakefield period (i.e., Sbunch � L).
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