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Abstract. Wake function suppression is effected by ensuring that the mode
frequencies of an X-band normal conducting (NC) accelerating structure of
multiple cells are detuned and moderately damped by waveguide manifolds
attached to the outer wall of the accelerator. We report on the dilution in the
wake function suppression that occurs due to errors resulting from the fabrication
process. After diffusion bonding 206 cells a non-uniform expansion in the
cell geometry forces a substantial shift in the frequencies of select cells. We
remap all circuit parameters to these shifted cell frequencies to predict the wake
function. Experiments performed on the SLC at the SLAC National Accelerator
Laboratory indicate that the wake function is well predicted by the circuit model.
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1. Introduction

Linear accelerators for collider [1]-[5] and light source [6] applications necessitate the
fabrication of accelerating cavities, each of which consists of several cells, to provide
acceleration of the main particle beams. For the next generation of linear colliders there are two
main options under consideration, one of which consists of superconducting (SC) cavities [7]
and the other consists of normal conducting (NC) cavities [4, 5]. The SC option aims at an
operational accelerating gradient of 31.5MV m~! at an L-band frequency of 1.3 GHz and the
NC design for CLIC [4, 5] will have a gradient of 100MV m~! at an X-band frequency of
12 GHz. The higher frequency of the NC design results in a relatively compact accelerator,
which incorporates considerably smaller irises than that of the SC design. However, in order
to maintain a high beam quality with commensurate beam stability, the electromagnetic field
must be precisely maintained. The geometry of the cavity and radio frequency (RF) source
determine the electromagnetic field. Consequently, fabrication and alignment tolerance issues
are considerably more severe in NC linacs.

In addition to the main accelerating mode, the passage of a relativistic particle beam
through the accelerating cavities readily results in the excitation of parasitic modes, which if
left unchecked can dilute a quantity known as the emittance of the beam [8]. This parameter
describes the beam quality and within a given accelerator it must be preserved for linear collider
or light source applications. The collection of modes excited by the beam corresponds to the
electromagnetic field experienced by the beam. For a particle beam travelling close to the
speed of light this electromagnetic field is conveniently represented as a wake function [9],
which has both longitudinal and transverse components. The former affects the energy spread
in the beam and the latter, the transverse emittance and can result in a beam break up (BBU)
instability [10]-[12].

In this paper, we study the transverse wake function suppression in an X-band accelerating
cavity where the influence of wake functions is markedly more severe than its L-band
counterpart. In particular, we present results on an accelerating structure known as Rounded
Damped Detuned Structure version 1 (RDDS1), which was designed and fabricated at SLAC
and KEK. The structure was optimized with respect to maximizing the shunt impedance of
the accelerating mode. It was also provided with the wake function suppression obtained by
detuning each of the cells of the accelerating cavity and, by moderate wake function damping,
effected by four attached manifolds. A cross-section of this accelerating structure is illustrated
schematically in figure 1. The main features including accelerating cells and attached power
couplers and dampers are evident.

In reality, it consists of 206 cells in which the iris of each cell is carefully tapered with
an erf (error function) distribution. This tapering in the cell geometry provides a wake function
that decays with the envelope approximated by a Gaussian function [13]. Detuning the cell
frequencies succeeds in damping the wake function over a limited number of bunches until
eventually the wake function recoheres and rises at this point. The attached manifolds damp
down the wake function to prevent the recoherence and the corresponding Q is ~500. The
manifolds allow the electromagnetic field to be coupled via slots through each accelerating cell
apart from the first and last three cells, which are missing coupling slots due to mechanical
design considerations. The final X-band RDDSI, fabricated by diffusion bonding of 206 cells
that have been machined with a computer-controlled ultra high-precision lathe equipped with a
diamond point tool cutting head, are illustrated in figure 2. There are three collars, one in the
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Figure 1. Schematic CAD representation of a section of RDDS1 accelerating
linac.

Figure 2. RDDSI1 accelerator illustrated with higher order mode (HOM)
couplers attached.

middle and one at each end of the accelerator to support the structure and maintain mechanical
integrity. However, as these materials are made of stainless steel they had a different expansion
coefficient from that of the copper cells. This resulted in the cells in which the supports were
located expanding more than those in the bulk of the structure. As the cell frequencies are
strongly related to cell geometry, an expansion of the cells is liable to modify these frequencies.
Furthermore, the mode frequencies (which result from joining the cells together in a complete
structure) are also modified by geometrical errors. We performed simulations to predict the
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Figure 3. Twice the smoothed undamped kick factor weighted density function,
2Kdn/df (in blue) together with the location of individual modes (indicated by
vertical black lines).

wake function due to these frequency errors, and we made an experimental measurement in the
ASSET facility (see figure 8) of the SLAC National Accelerator Laboratory linac.

This paper is organized such that the frequency shift introduced by fabrication errors is
discussed in the next section, followed by a section analysing the wake function with a spectral
function technique and the final section discusses the theoretical prediction of the wake function
and compares it with experimentally determined values from the SLAC linac. The final section
also presents some conclusions and recommendations for the design of future structures for
CLIC and similar collider applications.

2. Fabrication errors and their influence on mode frequencies

This work deals with the implications of shift in the cell frequencies for the damping of the
transverse wake function experienced by the beam. Individual cell frequencies, together with
Kdn/df, the product of the cell kick factor (a measure transverse momentum imparted to
trailing bunches [9]) with the mode density function are illustrated in figure 3 for the structure.
As Kdn/df is designed to be a Gaussian profile, then the wake function will also decay in a
Gaussian manner. To understand the impact of fabrication errors on wake function we note that
the separation of modes is largest towards the tails of the Gaussian and is in fact larger than
100 MHz in these regions. Furthermore, the modes are more closely spaced towards the centre
of the distribution where the minimum spacing is 7 MHz. As the collars introduced geometrical
errors for a limited number of cells, a coordinate measurement machine (CMM) was used to
ascertain the changes in the outer radius of the cavity and from this the changes to the cell
frequencies are inferred. In addition to this, a ‘bead-pull’ [14] measurement was made on the
structure in order to measure the cell frequencies. The frequency shift obtained from the two
methods was consistent and the result obtained from the bead-pull measurement is illustrated
in figure 4. There are smaller shifts in the frequencies at cells intermediate to the end and mid-
cells. However, the end and mid-cell frequency shifts are clearly the largest, as they are 35 and
40 MHz, respectively. These shifts are much larger than the spacing of individual modes in the
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Figure 4. Deviation in cell frequencies from their design values obtained from
bead-pull measurements.

centre of the distribution and are likely to have a significant impact on the decay of the wake
function, which cannot be considered a perturbation to the original distribution. This flaring
of cells in the ends of the structure was largely removed by symmetrical squeezing of the end
cells. However, the flaring in the centre was not removed due to time constraints, and hence
the effect of this error on the wake function can be studied. To evaluate the wake function, a
spectral technique [13] is applied with modified frequencies. This method is discussed in the
next section.

3. Analysis of the spectral function and the wake function

In order to assess the transverse momentum imparted to the beam the wake function may
be evaluated with large-scale finite element or finite difference computer codes [15]-[17].
However, these codes necessitate large memory and long run times in order to successfully
evaluate the fields to sufficient accuracy. These methods do not readily lend themselves to a
rapid design of the accelerating structure where many parameters must be varied and the impact
of the parameter change must be rapidly assessed. In order to rapidly obtain the wake function
a circuit model of the structure is employed [13], based on the model in [18] with the addition
of manifolds attached and coupled to the accelerating cells through transverse electric (TE)
modes. The circuit model must account for the fact that a series of dipole modes are excited in
the multi-cell cavity. These dipole modes are hybrid in character and they consist of a mixture
of coupled TE and transverse magnetic (TM) modes. The model, illustrated in figure 5 for three
representative cells, takes into account this hybrid character of the modes by coupling the lower
TM chain inductively to the upper TE chain. In addition to the TM modes being coupled to their
TE neighbours, adjacent cells such as TM modes in cell # are coupled to those in cell » — 1 and
to cell n+ 1. In this model, nearest-neighbour coupling is sufficient to account for the wake
function excited in the cavity. The current of the charged particle beam, coupling directly into
the capacitance of the nth cell, is indicated by 7,,. The upper solid pair of parallel lines denotes
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Figure 5. Circuit model of dipole wake function coupled to a waveguide-like
manifold.

a transmission line model of the TE waveguide mode in the manifold. This manifold is coupled
through a slot in each cell of the accelerator and finite element simulations, conducted on single
cells coupled to a manifold through a slot, indicate this coupling is TE in nature. We represent
this TE coupling in the circuit model in figure 5 with capacitive coupling. Further details on the
manifold coupled to the TE and TM circuit chain are given in [13].

In the application of this circuit model, the parameters of a limited number of cells are
obtained from accurate simulations with finite element or finite difference codes and then the
remaining cell parameters are obtained by interpolation. In general, eight parameters for each
cell are required to characterize the interaction and this is achieved by solving eight coupled
non-linear equations from eight points on the characteristic dispersion curves. In summary, the
beam couples to the circuit through TM modes and as the modes are dipole in character, TE
modes are also excited. The dipole modes are damped by slots cut into the cells and coupled
through TE modes to the attached manifolds. The modes of the complete structure may then be
obtained from the characteristic eigenvalues and eigenvectors of the system, which the circuit
model describes. However, as the coupling is large and the shift due to fabrication errors is
also large, an eigenvalue approach is not sufficient. For this reason, we use a spectral function
method [13] that essentially consists of forming the impedance of the cavity and then taking the
Fourier transform of this impedance in order to obtain the wake function. This method is able
to accommodate large frequency shifts, Ohmic losses and strong mode coupling.

A summary of the method for obtaining the impedance and the wake function is now
provided. The equation describing the eigensystem, obtained from the circuit model applied
to all N (=2006) cells is given below:

H—-\U H 0\ [a AB
H  H-MU —-G|l|a|=]0], (1)
0 G -RrJ\4 0

where f = w/2m = 1/+/A refers to frequency, H (ﬁ) describes TE (TM) modes, H! is the
transpose of the cross-coupling matrix (between TE-TM modes), G and R are manifold coupling
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matrices and U is an identity matrix. All these individual elements are themselves matrices of
dimension N x N. The TE (TM) eigenvectors in the accelerator cavity are given by a (a) and
the TE modes in the manifold by the vector A. The beam excitation is described by the B vector.
Furthermore, wall losses are introduced into the analysis by providing a resistor in series with
each of the L—C circuits and also in the transmission line that represents the manifold. This adds
an imaginary term to the diagonals of the corresponding H-matrices, but it has the benefit of
broadening the associated resonant peaks in the spectral function and thus reduces the required
sampling of frequency points. To condense notation this is written in the form

(H—-U)a=2xB. 2)
The three elements of (2) are given by

i H H' 0 a i B

H=\H H -G|, a=|a and B=]| 0 3)

0 G -R A —A
The impedance is obtained from
1 N
Z@) = Zm: K'K"w' o™ exp[(joL /c)(n —m)]Hyp,, (4)

where the 3N x 3N matrix H is given by:

H=HU-)»"H)™", S))
L refers to the length of a single accelerating cell and K is the single-cell transverse kick factor
evaluated at the synchronous frequency wf /27 for mode n. The transverse wake function (i.e.

wake potential per unit length) for a particle trailing a distance s behind a velocity ¢ drive bunch
(per unit drive bunch charge per unit drive bunch displacement) may be written as

1
AT / [Z(0 — je) exp[(js /o) (@ — j&) |do. ©)

Here ¢ refers to a small displacement from the real axis and is introduced to broaden the
resonant peaks. In the presence of suitable damping, this offset is not required and in practice
the introduction of Ohmic damping is sufficient to broaden the resonances sufficiently to enable
the impedance to be adequately sampled. Finally, it should be noted that the circuit model
introduces a small non-physical precursor signal and in order to minimize this effect a causal
wake function is introduced. This consists of subtracting the wake ahead of the bunch, which
from causality considerations should be zero [13]. The causal wake function is defined as

We(s) =O0()[WL(s) = Wi(=9)]. (7)

W. equals W, for s > NL and vanishes for negative s. Here 6(s) is the unit step function. W, is
a more faithful representation of the wake function in the accelerating structure than the strict
equivalent circuit model. From causality for an ultra-relativistic beam there cannot be a wake
function ahead of the exciting bunch and therefore W, (—s) for s > 0 is identically zero:

o0

1
W5 =5 / Z(w+je) expl(js/0) @+je)] do, ®)

—0o0
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which leads to

W16 = W) = [ iz o) expos /) do. ©)
:%/Im{Z(a)Jrjs)}sin(ja)s/c) do. (10)
0

To include the contribution of poles on the real axis (with real residue) in (9) and (10), we
interpret

Im{(w £ je — wg) "} = F78(@ — wp) (1)

and define 4Im{Z(w +j¢)} as the spectral function S(w) of the wake function. Thus, we have

0 o
W.(s) = % / S(w) sin(ws/c) dw. (12)
T
0
We further note that the wake envelope function W(s) associated with ., representative of the
maximum excursion in the wake function, is given by

W.(s)= Q fS(a)) exp(ws/c)dw| . (13)

o0
(s
2

0
The envelope provides a measure of the worst-case wake function and this proves to be a helpful
criterion in designing accelerating structures.

It is interesting to note that the undamped case corresponds to a sum over discrete
eigenmodes [13], and is obtained by setting the coupling matrix G to zero, Z is real on the
real axis and contains a set of poles on the real axis at the modal frequencies. The spectral
function is then a sum of delta functions

S(f) =2 K,8(f — f,) =2K,dn/df. (14)
p

When the coupling is weak, the position of the resonances can be found by perturbation theory,
their distance from the real axis is small compared with their separation, and the spectral
function has sharp narrow peaks in place of the delta functions of the undamped case. As
the coupling strength increases, these resonances (poles in the impedance) move further from
the real axis, the peaks broaden, and while the peaks generally remain quite discernable, the
behaviour is relatively smooth. The spectral function can be computed as a function of frequency
by direct evaluation of equation (4). A 3N x 3N sparse matrix inversion is involved. In the weak
coupling case, it is relatively simple to determine the modal frequencies, eigenvectors and Q
values and hence to compute the damped modal sum. In contrast, a large number of frequency
points is required to adequately delineate the narrow peaked spectral function. The situation is
reversed in the strong coupling case.

We apply this method to calculate the spectral function for RDDS1, including manifold
damping and an Ohmic Q ~ 6500. The resulting spectral function is shown in figure 6 along
with the smoothed, undamped version. The latter corresponds to the idealized case of a
Gaussian distribution which although uniformly sampled is truncated at the ends of the structure.
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Figure 6. Spectral function indicated by the black solid line for accelerating
structure RDDSI1 in the absence of fabrication errors. The dashed blue
line denotes the smoothed undamped kick factor weighted density function
Kdn/df).

In practice N cells are used to produce a finite sampling of the Gaussian design and this together
with truncation of the Gaussian will give rise to a wake function with non-Gaussian properties
and for this reason the spectral function is required to provide an accurate prediction of the wake
function likely to be experienced by an accelerated beam. The corresponding wake function is
obtained using equation (13) and displayed in figure 7. Also shown are two additional curves,
which denote a structure that excludes the manifold, the detuned structure (DS) structure and a
structure that is only provided with copper losses to damp the wake function and no tuning, the
QOcy case. Beam dynamics constraints dictate that the wake function at the first trailing bunch
and thereafter, i.e. at 1.4 ns in the NLC design, should be less than 1 VpC~' mm~' m~! and this
is achieved for the RDDSI case.

However, a purely DS gives rise to a recoherence of modes that allows the wake function
to rise to about unity. The location of this recoherence is quite predicable as it is given by
the reciprocal of the minimum separation of modes in the spectral function, which in this
case is ~8.75 MHz (corresponding to ~114ns) and for the DS it is 7MHz (corresponding
to ~143 ns). Also, the maximum separation of modes, which is located towards the higher
frequency ends of the spectral function, predicts the location of the first recoherence. The
separation is approximately 111 MHz and this corresponds to 9ns and, as damping has not
acted in this interval, it is the same position for both the DS and damped DS (DDS) structure.

As pointed out earlier, fabrication errors give rise to significant frequency errors and the
implications for the wake function are analysed in the next section.

4. Fabrication errors and their influence on wake functions

Fabrication errors result in a shift in the design frequencies of the accelerating structure. In
order to predict the wake function resulting from these fabrication errors we mapped all eight
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Figure 7. Envelope of the transverse wake function in the absence of fabrication
errors. Three methods of wake function suppression are illustrated: damped and
detuned wake function (DDS), pure detuning (DS) and pure Ohmic damping
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Figure 8. Schematic representation of ASSET facility at the SLAC National
Accelerator Laboratory.

parameters for all N cells onto the new frequencies of the cells. This method allows the spectral
function and the wake function to be determined rapidly. Even though the errors introduced due
to fabrication errors are likely to dilute the damping of the wake function substantially to the
extent that it is unlikely that this will be usable as an accelerating structure for linear colliders,
we went ahead nonetheless and performed an experiment to determine the wake function. This
allows us to determine the accuracy of the circuit model and indeed to assess the influence of
experimental fabrication errors.

The wake function was measured using the Accelerator Structure Setup (ASSET) facility
in sector 2 of the 2-mile long linac at SLAC and this is shown schematically in figure 8.
This essentially consists of a drive positron bunch extracted from the South Damping Ring
that excites a wake and a witness electron bunch extracted from the North Damping Ring that
is used to monitor the transverse momentum kick. We also conducted parasitic single-beam
measurements on the wake function radiated to the manifold ports [19]. However, in this paper,
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we restrict ourselves to analysing the wake function excited. During the experiments, the 1.8 m
long RDDS1 was maintained at its design operating temperature of 45 °C. The fundamental
mode input and output couplers were terminated, either through similar cable connections or a
matched load. In the linac, the driving bunch passed through the RDDS1 and was then steered
into a dump. The magnet used for this purpose is also the first bend of a chicane that transported
electrons back onto the linac axis. The electron bunch served as the witness bunch, and was
extracted from the North Damping Ring at a later time and injected on-axis into the linac via the
North-Ring-To-Linac (NRTL) transport line. In traversing the RDDSI, the witness bunch was
deflected by the wake function generated by the drive bunch. The witness bunch then passed
though the chicane and down the linac where its trajectory was recorded by beam position
monitors (BPMs) located in each of the quadruple magnets. The transverse wake function was
determined by measuring the change in the witness bunch deflection per unit change in the drive
bunch offset in the structure. The measurement process was optimized in the vertical plane.

The angular kick imparted to the witness bunch can be obtained by considering the ratio of
the transverse to longitudinal energy:

A6y = C WL (1) Ayg/E. (15)

where W (t) is the transverse wake function at time ¢ behind the drive bunch, E,, (= 1.2 GeV)
is the witness bunch energy and Ayjy is the offset in the drive bunch from the electrical centre
of the accelerating structure. The wake function is provided with units of the transverse voltage
imparted divided by the product of the total drive charge (enq), drive offset and structure length
(Ls). These bunches are assumed to be Gaussian and the factor ¢ is given by

¢ = e*Lngexp(—w?c?/c?). (16)

Here L is the length of the structure, ny is the total number of particles in the drive charge
bunch, w/2m (= 15.1 GHz) is the central frequency of the distribution and o (= 550 pum) is the
rms bunch length. During operation 4 varied from 2 x 10'° to 3 x 10°,

The resulting experimental measurement of the wake function together with that of the
predicted wake for DS and RDDSI is illustrated in figure 9. The circuit model provides
a good prediction of the wake function as the general properties of the wake function are
reproduced. The effect of fabrication errors is clearly discernable as comparing figure 9 with
figure 7 indicates that the wake function rises above 1 VpC~' mm~'m~' due a shift in the cell
frequencies. This is understood by considering the relative size of the frequency shift introduced
from fabrication errors compared with the separation of modes and the relative location of the
shift. As there is a frequency shift of 35 MHz close to the centre of the structure where the
minimum mode separation is 8.75 MHz it is clear that a considerable distortion in the modes
will occur.

This enables us to arrive at a design strategy for the suppression of the transverse wake
using a damped and DS. To minimize the distortion in the design for wake function suppression,
the shift in mode frequencies is required to be a small fraction of the minimum mode spacing
for that particular part of the structure. The tolerances are much looser towards the ends of the
structure where the mode separation is more than 100 MHz. In practice for linear colliders, the
fundamental mode sets require a tolerance of 1 MHz and this leads to a corresponding error in
the dipole mode frequencies of approximately 2 MHz that is well below the minimum mode
spacing in the centre of the structure, typically a little more than 8 MHz. Thus, provided the
overall tolerance on random and systematic frequency errors is kept to within 2 MHz, the wake
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Figure 9. Envelope of the transverse wake function due to frequency errors
obtained in fabricating a complete 206-cell structure. The predicted wake
function is indicated by the solid black line and the red dots correspond to
experimentally determined values. The design goal of 1 VpC ™' mm~'m™! and
the limit in the accuracy of the measurement of 0.1 VpC'mm~'m™' are
indicated by dashed lines.

function will be properly suppressed with the moderate damping and strong detuning in the
RDDSI1 design and in similar accelerating structures.
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