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New developments relating to compact X-band, SLED-I type pulse compressors being developed at
CERN for testing high gradient structures are described. Pulse compressors of interest take rf pulses from
one or more high power klystrons with duration typically>1.5 μs and deliver up to 5 times the input power
for a shorter duration <250 ns. Time domain models for pulse compressor operation with low level rf
(LLRF) control have been developed. Input drive amplitude and phase for each pulse is evolved with a
control algorithm from the pulse compressor output for previous pulses. The goal is to deliver precise
amplitude for pulses to test stands and precise amplitude and phase for pulses to accelerator systems.
Control algorithms have been developed and validated experimentally.
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I. INTRODUCTION

Linear accelerators (LINAC) provide multi-GeV scale
charged particles for three purposes: (i) high energy physics
experiments; (ii) impacting targets to produce x rays,
neutrons or other elementary particles; and (iii) to feed
free electron lasers (FELs) or undulators with electrons.
The LINAC community has a requirement to test accel-

erating structures at very high gradients requiring short
high power rf pulses [1]. LINACS for protons typically
operate at rf frequencies up to 1.3 GHz. LINACS for
electrons typically operate at rf frequencies between 1.3
and 12 GHz. The acceleration gradient of a LINAC is the
amount of voltage it can add to a charged particle per meter.
Increasing gradient reduces length and this may reduce cost.
Studies suggest that capital cost for high energy electron
LINACS is minimized for rf frequencies near 12 GHz [2].
CERN is currently developing test stations for condition-

ing and breakdown rate testing of high gradient 12 GHz
accelerating structures [3]. A goal for the development of
these test stations is to reduce their cost whilst improving
the peak amplitude flatness of the compressed pulse and
amplitude repeatability. The LINAC accelerating structures
of primary interest to CERN require testing at power levels
up to 120 MW. The maximum pulse length required is
250 ns. Whilst pulses with this duration and power level can

be produced by deaccelerating high current bunched electron
beams, this solution is not affordable or practical for test
stations [4]. The only electronic device that can generate
appropriately controlled rf power at near the required power
level is the klystron. State of the art X-band klystrons such as
the XL5 are only able to produce 50 MW power and have
much better cathode lifetimewhen the power level is reduced
by 30% or more [5]. These klystrons are able to produce
1.5 μs pulses at their maximum power level. Short pulses
with lengths between 30 and 250 ns at power levels above
100MW can be produced by compressing longer pulses. An
established technique for compressing rf pulses is to feed rf
energy into pairs of cavities or transmission lines with a 3 dB
hybrid coupler and then once a set level of energy has been
stored, the phase of the feed is switched by 180° so as to
discharge the stored energy into the device under test in a
much short period [6–8]. Since their inception a small
number of high power rf pulse compressors have been
developed. There is still much scope for engineering
improvements to their design [9–15]. Section II of this
paper describes the development of high power compact
X-band pulse compressors at CERN. Section III sets out
the equations applicable to modeling compact SLED-1 type
pulse compressors. Section IV derives the envelope equation
for time dependent analyses. Sections Vand VI consider low
level rf (LLRF) control strategies for pulsed systems. The
methods are applicable to SLED-1 type pulse compressors
utilizing two primary cavities and possibly a few additional
pairs of secondary cavities [10,15]. Section VII discusses
tuning issues. Sections VIII and IX give implementation
details and experimental results.
The accelerating structures of interest when providing

accelerating gradients of 100 MV=m have surface electric
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fields in excess of 200 MV=m and electric current densities
in excess of 400 kA=m [15]. In order to get a copper
structure to run with these levels of surface electric field
and current, the power level and pulse length must be
increased gradually from significantly lower levels
allowing small vacuum breakdown events to gradually
remove surface defects that would give damaging arcs at
higher power levels. This process is known as conditioning.
The breakdown rate for a typical CLIC or NLC copper
accelerating structure increases with electric field raised to
a power that is usually in the range 18 to 35 [1,16–18]. In
order to minimize damaging arcs during the conditioning
process it is very important that at its maximum, the
amplitude of the pulse does not vary with time i.e. has a
“flattop” and is accurately controlled to the required
fixed level.
As part of the conditioning process new algorithms are

being developed by CERN to minimize conditioning time
whilst maximizing final performance. These algorithms
dictate the way that power is reduced and then subsequently
raised after a single breakdown event or a sequence of
breakdown events. Due to the very high power levels in the
pulse compressor, changes of power level significantly
change temperatures, as a consequence the tune and the
match of the rf cavities and couplers in the pulse com-
pressor also change. This alters the pulse height and flattop
performance. This theory set out in this paper encompasses
the case when cavities are slightly detuned.
Variation of the rf input phase to the pulse compressor

with a particular profile can generate a flattop amplitude
output for some limited period. Variation of the rf input
amplitude and phase with particular profiles can hold the
amplitude and phase of the rf output at set points, again
for a limited period. This paper simulates two types of
controller. In Sec. V, simulation gives evolution of the I and
Q input components necessary to deliver constant ampli-
tude and phase output during the high power compressed
pulse. In Sec. VI, simulation gives evolution of the input
phase ramp necessary to deliver constant amplitude output
during the high power compressed pulse while output
phase is allowed to drift. The controller uses errors on
the previous pulse to determine inputs for the next pulse.
Giving a test station the ability to reoptimize the rf input
after the conditioning algorithm has made significant power
variations enables the system to continue high gradient
testing without the intervention of an operator.
CERN has three high power facilities for testing 12 GHz

CLIC structures known as XBOXs. XBOX-2 and -3 have
identical pulse compressors whilst XBOX-1 has an earlier
design. XBOX-1 and -2 are powered by SLAC XL5
klystrons delivering 50 MW for 1.5 μs. XBOX-3 combines
power from multiple Toshiba E37113 klystrons delivering
6 MW for 5 μs. Section IX gives results for the perfor-
mance of the XBOX-3 pulse compressor before and after
the implementation of a controller.

II. COMPACT SLED-1 PULSE COMPRESSOR

A SLED-I type rf pulse compressor uses two storage
cavities and a hybrid 3 dB coupler as shown in Fig. 1. The
function of the 3 dB hybrid coupler in a pulse compressor is
to separate the wave from the klystron at port 1 that fills the
pulse compressor cavities from the wave that leaves these
cavities at port 4. This is possible because the cavities are
filled with a relative 90° phase shift. A pulse compressor
might also be formed with a circulator and a single cavity
however circulators do not operate at the extremely high
power levels of interest.
For the 12 GHz XBOX installations at CERN, the

intrinsic quality factor Qo is made as high as possible
by filling the cavity with a cylindrical TE01 mode. An
intrinsic Q value of 1.80 × 105 was achieved for XBOX-2
and -3. The external quality factor Qe is chosen so that the
cavity can be filled to its maximum stored energy within the
rf pulse time that the klystron can deliver. The 50 MW
klystron used at XBOX-2 delivers a 1.5 μs pulse, Qe was
set at 30,000.
Figure 2 shows the XBOX-2 pulse compressor being

tested at low power. At XBOX-3 the klystrons deliver
longer pulses and Qe was set at 40,000.
The feature that allows the new SLED to be compact is

the design of the storage cavities using adiabatic tapers at
each end ensuring that unwanted modes are not produced
[19]. This allows a pure TE01-like mode to exist in the
cavity and simplifies the task of the mode converters.
Additionally the mode converters have a very compact
design.

FIG. 1. Pulse compressor layout.

FIG. 2. SLED-I pulse compressor.
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Figure 3 shows the adiabatic tapers at each end of the
cavity that reduce coupling of the TE02 mode to −60 dB at
the operating frequency. The TE03 mode is below the
cutoff frequency.
Figure 4 shows the compact couplers to the pulse

compressor cavities. The TE10 mode is first transformed
into the TE20 mode using a shorted piece of waveguide and
a right angle bend. The TE20 mode is passed into the
circular waveguide with vertical posts for matching pur-
poses. The method was devised at KEK [21] and SLAC
[22] and adapted for XBOX pulse compressors at CEA
Saclay.

III. THEORY OF OPERATION

The theory of pulse compression can be determined by
the consideration of forward and emitted waves from a
single cavity. Each pulse compressor cavity is modeled as
an inductor, capacitor and resistor (LCR) parallel circuit.
The real, time dependent, cavity voltage is given by taking
the real part of the complex time dependent voltage V
which is determined by

1

L

Z
Vdtþ C

dV
dt

þ
�
1

Rs
þ 1

Zwg

�
V ¼ 2F

Zwg
expðjωtÞ; ð1Þ

where Zwg is the impedance of the transmission line into the
cavity, Rs is the cavity shunt impedance and F is the phasor
for the forward wave into the pulse compressor cavity. The

phasor F is given a time dependence to modify the output
as required by the application. The phasor of the outgoing
wave R at the port of each pulse compressor cavity is
determined from

VðtÞ ¼ fFðtÞ þ RðtÞg exp ðjωtÞ: ð2Þ

The outgoing wave is the sum of the reflected and the
emitted waves.
Using the definitions ωo ¼ 1=

ffiffiffiffiffiffiffi
LC

p
, Qe ¼ ωo ZwgC,

Qo ¼ ωo Rs C, 1=QL ¼ 1=Qo þ 1=Qe then (1) can be
written in the familiar form (3) used for analyzing the
response of a cavity:

d2V
dt2

þ ωo

QL

dV
dt

þ ω2
o V ¼ 2ωo

Qe

d
dt

fFðtÞ expðjωtÞg: ð3Þ

For modeling of the real system, separate equations are
written for each cavity and then inputs and outputs are
combined with the S matrix for the hybrid 3 dB coupler. For
identical cavities and a perfect coupler, the output at port 4
can be discussed by consideration of a single cavity where
ingoing and outgoing waves can be separated.
Form (1) is useful as it relates to the analysis given by

[23] where a differential equation is determined whose
solution gives a phase variation with time for a drive phasor
F of constant amplitude that generates a flattop amplitude
output for a perfectly tuned pulse compressor.

FIG. 3. Electric field pattern inside of the storage cavity of the new SLED-I [20].

FIG. 4. (Left) Inner geometry and electric field of the mode launcher. (Right) Photograph of the compact mode converter.
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A key output from this paper is the real time determi-
nation of functions F that generate flattop amplitude output
when the pulse compressor is not perfectly tuned and
components contribute to reflections. This section covers
aspects of the underlying theory.
An exact solution for the cavity voltage phasor is easily

determined from (3) when the ingoing phasor F is time
independent. Equation (2) then determines the time inde-
pendent outgoing phasor R as

R ¼
�
2F

QL

Qe
K expðjφÞ − F

�
; ð4Þ

where

K ¼ ωωo

. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2

Lðω2
o − ω2Þ2 þ ω2ω2

o

q
ð5Þ

and

tan ðφÞ ¼ QLðω2
o − ω2Þ= ðωωoÞ: ð6Þ

The outgoing wave R can be considered as the output at
port 4 for an input at port 1 in Fig. 1.
An exact solution giving the time dependent outgoing

wave RðtÞ is also possible after a step change in the forward
wave phasor from a steady value of F1 to a steady value
of F2. It is convenient to write a more compact solution by
neglecting terms that are a factor 1=QL smaller than others.
Assuming the phasor changes at t ¼ 0 and that the cavity
has been filled before t ¼ 0 then this compact solution for
the outgoing phasor is

RðtÞ ≅ 2
QL

Qe
ðF1 −F2ÞK exp

�
− ωot
2QL

þ jφ

�

× expf j ðωo −ωÞ tg þ
�
2F2

QL

Qe
K expðjφÞ−F2

�
:

ð7Þ

If ω ¼ ωo giving K ¼ 1 and ϕ ¼ 0 then at t ¼ 0 when
the drive phasor changes from F1 to F2 one has

Rðt ∼þ0Þ ≅
�
2F1

QL

Qe
− F2

�
for ω ¼ ωo: ð8Þ

For the XBOX pulse compressors under consideration
QL=Qe ∼ 0.83 → 0.87. After the drive phasor is switched
the output R determined by (7) decays exponentially from
the values given by (8) back to its steady state level. The

loaded QL is made large to increase stored energy and to
limit the decay time of the pulse. The external Qe is made
large so that the instantaneous power delivered after the
phasor is changed is large. Table I computes instantaneous
amplitudes of the outgoing wave R using (8) at the instant
that the phasor changes from F1 ¼ 1 to selected new
phasors F2. Note that for QL=Qe ∼ 0.85 the steady state
output R is 0.7 of the input.
When the initial phase change of the ingoing phasor is

less than π its phase can be further increased with time and
indeed increased in such a way that the amplitude of the
outgoing amplitude stays constant. If the amplitude of the
ingoing phasor is reduced initially then the outgoing
amplitude can also be maintained by increasing the ingoing
amplitude. If only the phase of the input is varied then
whilst constant amplitude can be maintained on the out-
going pulse, the phase of the output will vary. If constant
phase and amplitude is required simultaneously on the
output then both phase and amplitude must be varied on the
input. Higher power gain can be achieved for a fixed length
pulse of constant amplitude when only the phase is varied.

IV. ENVELOPE EQUATIONS FOR TIME
DEPENDENT ANALYSIS

For modeling and analysis it is convenient to have a
differential equation for slowly varying phasors rather
than using (1). In Eqs. (4) and (7) the outgoing wave is
recovered as RefR expðjωtÞg, where ω is the angular
frequency of the ingoing wave. In a real situation the
resonant frequency of the cavity will have an offset to the
frequency of the ingoing wave. When the phase of
the ingoing wave is permitted to change then we choose
its frequency so that the phase stays between −π and π. To
obtain a simplified equation for the phasors we consider
deviations of the cavity voltage from the resonant fre-
quency ωo rather than the Klystron frequency ω. Assume a
solution of (3) of the form

V ¼ VcðtÞ exp ðjωotÞ; ð9Þ

hence Vc satisfies

V̈c þ ωo

�
2jþ 1

QL

�
_Vc þ j

ω2
o

QL
Vc

¼ 2ωo

Qe
ð _F þ jωFÞ expfjðω − ωoÞtg: ð10Þ

TABLE I. jRðF2Þj after a change in the drive phasor from 1 to F2 for QL=Qe ∼ 0.85.

jRðF2Þj ∠F2 ¼ π ∠F2 ¼ 2π=3 ∠F2 ¼ π=2 ∠F2 ¼ π=3 ∠F2 ¼ 0

jF2j ¼ 1 2.700 2.364 1.972 1.480 0.700
jF2j ¼ 0.5 2.200 2.044 1.841 1.574 1.200
jF2j ¼ 0 1.700 1.700 1.700 1.700 1.700
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This manipulation is useful when VcðtÞ is slowly varying
in time.
If ingoing wave phasor F is slowly varying then the

cavity phasor Vc will also be slowly varying hence in (10)
one can ignore its second derivative. As QL is of the order
of 30000 then its reciprocal is negligible compared to 2j. If
F is slowly varying with respect to the frequency ω then
j _Fj ≪ jωFj. With these three approximations (10) becomes

2QL

ωo

_Vc þ Vc ¼
2ωQL

ωoQe
F expfj ðω − ωoÞtg ð11Þ

which can also be written

2QL

ωo

_Vc expfj ðωo − ωÞ tg þ Vc expfj ðωo − ωÞ tg

¼ 2ωQL

ωoQe
F : ð12Þ

In this expression Vc is the phasor for exp ðjωotÞ and F
is the phasor for the signal expðjωtÞ.
Using (2) and (9) the outgoing phasor referenced to ω is

now given as

R ¼ −F þ Vc exp fjðωo − ωÞtg: ð13Þ

Eliminating Vc from (12) using (13) gives

_Rþ
�

ωo

2QL
− j ðωo − ωÞ

�
R

¼ − _F þ
�
ω

Qe
− ωo

2QL
þ j ðωo − ωÞ

�
F: ð14Þ

This is equivalent to Eq. (8) in [23] with the addition of a
complex term to address the case when the pulse com-
pressor cavity is not perfectly tuned. Previous analyses
[24,25] of the CTF3 pulse compressors and the FERMI
linac also include the case when the pulse compressor
cavities are not perfectly tuned.
For numerical solution it is convenient to decompose

(13) into its real and imaginary components with the
substitutions R ¼ Rx þ jRy and F ¼ Fx þ jFy to give

_Rx þ
ωo

2QL
Rx − ðω − ωoÞRy

¼ − _Fx þ
�
ω

Qe
− ωo

2QL

�
Fx þ ðω − ωoÞFy ð15Þ

_Ry þ
ωo

2QL
Ry þ ðω − ωoÞRx

¼ − _Fy þ
�
ω

Qe
− ωo

2QL

�
Fy − ðω − ωoÞFx: ð16Þ

Simulation results in the subsequent sections have
assumed the layout in Fig. 1 where the output from the
klystron is split with a hybrid 3 dB coupler so that the two
pulse compressor cavities are filled with a 90° phase shift.
Equations (15) and (16) are then integrated forwards in time
for each cavity which may have differing natural frequen-
cies, Q factors and couplings. Recombination of outputs
from the two pulse compressor cavities in the hybrid
coupler gives the phasor transmitted to the accelerator
structure under test. The hybrid coupler shifts the contri-
bution of each cavity by 90°, one cavity gets the shift on the
way in and the other gets the shift on the way out. For the
discussion on control (but not for the simulations) we
consider the control of an individual cavity by manipulating
F in response to an error on R. In practice the control must
be applied to the whole compressor. Corrections to the
pulse compressor input, based on error measurements on
the pulse compressor output must be rotated by 90° in phase
space with respect to R in (15) and (16).

V. IQ CONTROL DELIVERING STEADY
AMPLITUDE AND PHASE

For short pulse applications such as CLIC where the pulse
length is only 200 ns there is insufficient time to measure the
output R and then make an adjustment to the input F to
maintain a steady output. Were it possible to make feedback
on the time scale of nanoseconds then Eqs. (15) and (16)
nominally predict how to change F when R is to be
maintained at its current values so that _R ¼ 0. For a real
system the natural frequencies of the cavities will have slight
variations with temperature and vibration and therefore
cannot be assumed to be known precisely. This means that
the solution of (14) is not a good way to determine the
necessary input. Instead a controller that looks at output
errors is used to determine the input. When there is no time
to make corrections during a pulse the error must be recorded
during a pulse and corrections made for the next pulse.
For continuous wave and long pulse applications one

would measure Rx and Ry which are the I and Q
components of the outgoing wave at port 4 and then adjust
Fx and Fy with a real time controller. If the aim is to keep
the Rx and Ry at fixed set point values Sx and Sy then the
error terms are (Rx − Sx) and (Ry − Sy). The initial values
of Rx and Ry at the start of the compressed pulse are
determined by the instantaneous changes in the drive inputs
Fx and Fy. If the initial value is the desired value then for
the duration of the pulse one only needs to keep _Rx ¼ 0 and
_Ry ¼ 0; hence, the error can be regarded simply as the
derivative of the output. For a feed forward controller we
seek functions H that determine inputs for the next pulse
from inputs for the current pulse, i.e.

Fxðnþ 1; tÞ ¼ Fxðn; tÞ þHxf _Rxðn; tÞ; _Ryðn; tÞg ð17Þ
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Fyðnþ 1; tÞ ¼ Fyðn; tÞ þHyf _Rxðn; tÞ; _Ryðn; tÞg; ð18Þ

where Fxðn; tÞ and Fyðn; tÞ are inputs for the nth pulse.
The input-output relationship for the in-phase compo-

nent of the pulse compressor as given by (14) is of the form

_Rx ¼ − _Fx þGðRx; Ry; Fx; FyÞ: ð19Þ

Phasors Fx, Fy, Rx and Ry must be continuous functions
of time as neither the klystron nor the pulse compressor
cavities can instantly step change their fields. This means
that if the current value of _Fxðn; tÞ in (19) results in _Rx ≠ 0
then it can always be changed (within the limits of the
klystron maximum output) to bring _Rx ¼ 0. Stated another
way an error in the time derivative of R can be instantly
corrected with an opposite change in the time derivative
of F. This means that the controller for making corrections
on the next pulse is simpler than that of (17) and (18) as one
only requires

_Fxðnþ 1; tÞ ¼ _Fxðn; tÞ þ _Hxf _Rxðn; tÞg ð20Þ

_Fyðnþ 1; tÞ ¼ _Fyðn; tÞ þ _Hyf _Ryðn; tÞg: ð21Þ

Numerical simulation and experiment show that rapid
convergence to flattop output for I and Q components is
found with a proportional, integral controller applied to
each component, i.e.

_Fðnþ1;tÞ¼ _Fðn;tÞþαp _Rðn;tÞþαifRðn;tÞ−Sg; ð22Þ

where αp is the proportional coefficient and αi is the
integral coefficient. The coefficient αp is designated

the proportional coefficient as the correction to the time
derivative of the forward wave is proportional to the time
derivative of the error of the outgoing wave.
Considering now the pulse compressor with two storage

cavities as shown in Fig. 1, take F as the input phasor,
define T as the output phasor and then accounting for the
90° rotation in the hybrid coupler then the controller
becomes

_Fxðnþ 1; tÞ ¼ _Fxðn; tÞ − αp _Tyðn; tÞ þ αi½Tyðn; tÞ − Tysp�
ð23Þ

_Fyðnþ 1; tÞ ¼ _Fyðn; tÞ þ αp _Txðn; tÞ − αi½Txðn; tÞ − Txsp�;
ð24Þ

where coefficients αp and αi are positive, Txsp and Tysp are
set points for the I and Q components of the output.
Application of this algorithm must be delayed until the
amplitude has risen in direct response to the phase switch.
This rise time is determined by the bandwidth of the
klystron. The set points might be taken from the maximum
amplitude near the start of a pulse.
Figure 5 shows amplitudes and phases for input voltage

F and transmitted voltage T as determined by solving
envelope Eqs. (15) and (16) for each cavity for the split
input, combining voltages with the hybrid coupler and
then applying controllers (23) and (24). The calculation is
repeated with the iterative controller until the transmitted
wave no longer has an observable variation with iteration
number.
The pulse compressor cavity data used corresponds to

the system shown in Fig. 2, Qo ¼ 180; 000, Qe ¼ 40; 000.
The input rf pulse from the klystron starts at −1850 ns and
lasts until 280 ns hence is on for 2130 ns. The initial input

FIG. 5. Simulated pulse after application of the feed forward algorithm for several iterations until convergence is achieved.

WOOLLEY, SYRATCHEV, and DEXTER PHYS. REV. ACCEL. BEAMS 20, 101001 (2017)

101001-6



amplitude was taken as 120 so amplitudes could be plotted
on the same scale as degrees. The phase flip occurring at
t ¼ 0 is a smooth clockwise rotation of 90 degrees with a
reduction in amplitude to 76 in a time permissible by a
0.3% bandwidth, i.e. IQ goes from (120, 0) to (0, 76). In
this example the output amplitude is shown in green and the
output phase shown in purple, they are controlled perfectly.
The output amplitude for the compressed pulse is 170.8
hence the power increase is a factor of 2.025. The
computational time step was one rf period at 12 GHz.
When the control coefficients were chosen as αp ¼ 1.0 and
αi ¼ 1.2 × 10−4 the average error on the derivative of the
outgoing wave was being reduced by 1 order of magnitude
per iteration. The figure gives signals after the seventh
iteration. The source code used for this simulation has been
made open source [27].
Figure 6 shows how convergence depends on the

proportional and integral coefficients. In this figure con-
vergence is monitored by observing the amplitude at a time
near the end of the pulse. For computational solutions
without measurement errors, taking αp ¼ 1.0 and αi ¼ 0.0
gives excellent convergence. Increasing the proportional
term slightly above 1.0 improves convergence on the

second iteration but not on subsequent iterations. In an
experimental situation one requires an integral term in
case the set point amplitude is not achieved at an identical
time on each pulse. The proportional term gives a flattop
only with respect to the amplitude of a chosen measurement
near the start of the pulse. A reduced proportional term will
reduce the chance of over voltage in the presence of
measurement errors.
Figure 7 shows the convergence sequence for the output

amplitude using a suboptimal choice of control coefficients
with αp ¼ 0.5 and αi ¼ 0.0. Iteration 1 in Fig. 7 shows
the natural decay of the output for a steady input after the
phase flip.

VI. USING A PHASE RAMP TO CONTROL
ONLY THE AMPLITUDE

For applications such as structure conditioning and testing
there is no requirement to maintain a steady phase during the
high power rf pulse. In this instance one can achieve higher
compression with steady amplitude by varying just the phase
of the input. It is also possible to achieve a steady output
amplitude by just varying the input amplitude after a phase

FIG. 6. Convergence of pulse amplitude as a function iteration number at time 266 ns after the phase flip for differing controller
coefficients.

FIG. 7. Amplitude during pulse for successive iterations with control coefficients αp ¼ 0.5 and αi ¼ 0.0.
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switch [26]. This possibility is not considered here as the
X-band klystrons in use have a very nonlinear response to
large amplitude variations on the input.
The phase program to generate a flat amplitude for

an ideal pulse compressor has been computed by [23].
Here a controller that determines the phase program for
an imperfect pulse compressor whose properties may vary
with time is needed. From (23) and (24) in Sec. V the
errors in the I and Q component of the transmitted wave
determine corrections to the I and Q components of the
ingoing wave. In this section an error in the transmitted
amplitude determines a correction to the phase of the
ingoing wave. The amplitude of the ingoing wave is held
constant and the phase of the transmitted wave varies
without any control constraint.
Defining θ as the phase of the input F whose magnitude

is kept constant then (23) and (24) suggest a controller of
the form

_θðnþ 1; tÞ ¼ _θðn; tÞ þ αp
djTðn; tÞj

dt
− αi½ jTðn; tÞj − Tsp�:

ð25Þ

This is a nonlinear controller hence stability and con-
vergence is more difficult to predict than for the IQ
controller of the last section. Figure 8 shows amplitudes
and phases for input voltage F and transmitted voltage T
as determined by solving envelope Eqs. (15) and (16) for
each cavity after splitting, then combining with the hybrid
coupler and applying controller (25). Results are given after
the controller has converged.
At time t ¼ 0 the input phasor rotates with constant

amplitude from 0° to 122°. This initial phase change just
permits an output pulse of length 150 ns which maintains
constant amplitude; it can be seen that the input phase is
just short of 180° at the end of the pulse. Overall power gain
is 3.93. Parameters for the cavities were identical to the case
of Fig. 5 where control provided constant amplitude and
phase on the output, but with a much reduced power gain of
2.025 and for a much longer time of 280 ns.
Figure 9 shows power output associated with Fig. 8. This

plot can be compared with experimental results to be given
later. The source code used for this simulation has been
made open source [27].
Figure 10 shows how the algorithm for the phase/

amplitude control converges for differing controller

FIG. 8. Simulated performance for amplitude control using a phase ramp.

FIG. 9. Simulated power output for amplitude control using a phase ramp.
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coefficients. The figure only considers the amplitude of the
outgoing wave at a time near to the end of the pulse. The
controller converges far more slowly than the IQ controller
of Sec. V. Optimal choice of αp and αi allowed the average
error on the derivative of the outgoing wave to be reduced
by about a factor of 2 per iteration. The integral controller
(αp ¼ 0) was quite poor leaving a small persistent ripple on
the flattop that needed hundreds of iterations to damp away.

VII. PULSE COMPRESSOR TUNING

At the first X-band test stand set up at CERN known as
XBOX-1, the pulse compressor was an earlier design than
described in Sec. II. The pulse compressor cavities had
tuning plungers. A flaw in the design was that the tuners
moved differentially with respect to the pulse compressor
cavities as they changed temperature. The pulse compres-
sor temperature changes after forward power is reduced. It
is frequently necessary to reduce power after multiple rf

breakdown events in close succession. The design flaw was
eliminated for the XBOX-2 facility but to get satisfactory
performance from the XBOX-1 facility an algorithm to
retune the cavities was developed. The XBOX-2 and -3
pulse compressors have no tuning pistons but use a cooling
system to maintain temperature at the level of 0.1 °C.
Tuning is possible by changing the temperature set point.
Solving the envelope Eqs. (15) and (16) determines

the effect of detuning. Figure 11 gives solutions for the
computed response for nine detuning possibilities. In this
figure the two pulse compressor cavities A and B either
have their natural frequency increased by 100 kHz, left the
same or decreased by 100 kHz. There are nine possibilities
but three pairs are identical therefore only six responses
are plotted. The phase program in each case is that which
would give a flat response when cavities A and B are tuned
exactly to the drive frequency. This case is plotted with the
key A, B. The figure shows that a flattop compressed pulse
might alternatively be achieved by changing the cavity tune

FIG. 10. Convergence of pulse amplitude as a function iteration number at time 142.5 ns after the start of the pulse for differing
controller coefficients.

FIG. 11. Simulation of the effect of changing the natural frequency of the pulse compressor cavities. In the key, Aþ and Bþ means
cavities A and B have had their frequency increased by 100 kHz respectively, A− and B− means natural frequencies decreased by
100 kHz and A and B means that natural frequencies stayed the same.
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rather than by applying a controller to the phase program.
The figure shows that if the pulse top starts high and then
reduces then the cavities need to be tuned to a higher
frequency and if the pulse top starts low and then increases
then the cavities need to be tuned to a lower frequency. This
situation does however reverse depending on whether the
phase jump at the start of the compressed pulse is positive
or negative.
Figure 12 gives measured transmitted output from the

XBOX-3 facility when the pulse compressor cavities are
detuned by changing their temperature. Comparison with
Fig. 11 shows that increasing the temperature from perfect
tune reduces the frequency as expected. The tune is more
easily determined by looking at either reflected power on
the input to the pulse compressor or the phase of the
transmitted power during filling as this does not depend on
the phase program being used to get a flattop.
Figure 13 shows that if the cavity is below the optimum

temperature the transmitted phase will initially decrease
during filling and if above it will increase. The output pulse
shape in Fig. 12 corresponds to the average frequency of
the two cavities. Consideration of reflected power gives
the frequency difference between the pulse compressor
cavities. Energy reflected back to the klystron in the pulse
up to the phase switch and beyond the phase switch is
measured separately and divided to obtain a ratio. The ratio
is related to the sign of the natural frequency mismatch

between the two cavities. Table II gives the fuzzy logic
tuning algorithm employed.

VIII. IMPLEMENTATION OF MEASUREMENT
AND CONTROL

The precise CLIC frequency is 11.994 GHz rather
than 12 GHz but frequencies quoted will be rounded to
three significant figures. Measurement of the in-phase and
quadrature components of the 12 GHz rf from the pulse
compressor is made after mixing with an 11.6 GHz LO.
After low pass filtering the down mixed signal at 400 MHz
is digitally sampled. The minimum intermediate frequency
is set by time scales and frequencies of interest in the
output. Sampling is performed by a National Instruments
PXI system. A NI 5772 analog-to-digital converter (ADC)
provides 12 bit samples at 1.6 GS=s. Mixing to 400 MHz
allows quadrature sampling so that in-phase and quadrature
field components and their negatives are given on four
consecutive samples. The effective number of bits (ENOB)
for the NI 5772 card is reduced by noise to 9.5 hence,
sample to sample, I and Q cannot be measured to better
than 0.14%. Measured amplitudes determined from adja-
cent samples (0.625 ns spacing) for the actual system have
a typical variance of 0.4%. Effects that degrade perfor-
mance beyond the ENOB contribution include ADC clock
jitter, channel cross talk and a noisy electrical environment.

FIG. 12. Measured pulse shape at XBOX-3 when pulse compressor cavities are detuned by heating above or below the temperature
from perfect tune.

FIG. 13. Measured transmitted phase at XBOX-3 when pulse compressor cavities are detuned by heating above or below the
temperature for perfect tune.
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The initial generation step for the input rf signal with
phase and amplitude ramps is performed using a NI5611
card to vector modulate a 2.4 GHz signal. The modulated
signal is then mixed with a 9.6 GHz LO generating the
modulated 12 GHz input. I and Q inputs for the vector
modulator are digitally generated with a 16 bit, 200 MS=s,
NI5450 arbitrary signal generator. The inputs to the vector
modulator are low pass filtered at 100 MHz hence rf
applied to the Klystron has its bandwidth restricted to
�100 MHz. The LO oscillators at 11.4 and 9.6 GHz are
derived by multiplying 2.9 and 2.4 GHz signals by 4. The
2.9 and 2.4 GHz signals are locked together with a 10 MHz
reference. Full details are provided in [20].

IX. PERFORMANCE AFTER IMPLEMENTATION
OF CONTROLLER

The XBOX-1 and XBOX-2 LLRF systems were initially
configured to accept predetermined phase ramps. The
first automatic controller employed utilized the algorithm
defined by (25) with αp set to zero. The coefficient αp
multiplies a derivative of the output. When αp is nonzero,
noise on the amplitude measurement at the level of 0.4% in
0.625 ns requires smoothing before this term can enhance
control. With αp ¼ 0 the controller defined by (25) was
found to be unstable. On activation there can be some
flattening of the high power compressed output, but after
time, flattening deteriorates. For high power testing a
temporary solution was to allow the algorithm to partly
evolve the input phase ramp to the point of deterioration,
then with the automatic control off minor adjustments made

by hand. The system then operates with this fixed pre-
determined phase program.
The IQ controller defined by (23) and (24) has not

been considered for use at XBOX. This is partly because
controlling the phase of the output pulse is of no interest to
the high gradient testing program. There is an additional
issue in that the nominal bandwidth for the klystrons only
applies for small changes in the amplitude and transients
after switching get significantly worse for large changes in
the amplitude. One should note that the analysis of Sec. V
did not include the klystron transfer function. IQ control
has yet to be implemented. In order to avoid disruption
of the high power testing program further development of
the controller has been undertaken at XBOX-3 during its
commissioning phase. XBOX-3 combines power from two
smaller E37113 klystrons. Operation at 7 MW for 2 μs and
with a pulse power gain factor of 5 makes very short output
pulses (140 ns) with a peak power of 70 MW achievable.
Figure 14 plots measured input amplitude and phase

from a single klystron to the pulse compressor and plots
output amplitude and phase from the pulse compressor into
a load at XBOX-3. Smoothing of the raw sampled data has
been applied prior to plotting. With respect to results in
Fig. 14, the drive signal to the preamplifier has a constant
amplitude, the phase switches by þ120° at 1840 ns after
which there is a perfectly linear phase ramp until 180° is
reached. The output from the klystron which is the input to
the pulse compressor has huge transients after the phase
switch. It should be noted that the XL5 klystron used at
XBOX-1 and -2 has smaller transients after the phase
switch. Associated with the amplitude transient is a much

TABLE II. Fuzzy logic tuning algorithm for pulse compressor cavities at XBOX-1.

High refection ratio Correct reflection ratio Low reflection ratio

Fill minimum late Reduce frequency cavity A Reduce frequency both cavities Reduce frequency cavity B
Fill minimum correct Small increase frequency B Do nothing Small increase frequency A
Fill minimum early Increase frequency cavity B Increase frequency both cavities Increase frequency cavity A

FIG. 14. Measured input and output to and from the pulse compressor at XBOX-3 when a phase switch of 120°, followed by a linear
phase ramp is applied to the drive signal to a 7 MW klystron.
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smaller but significant phase transient. The output phase is
difficult to measure near to 1120 ns as the amplitude goes to
zero and hence the plot has significant noise at this point.
For the linear phase ramp it can be seen that the output
pulse does not have the desired flattop for high gradient
testing. The power is determined as the square of the
amplitude therefore the power variation is larger as a
fraction than the amplitude variation.
Figure 15 looks at the performance of the optimizing

controller using the algorithm of Eq. (25). The set point
used in Eq. (25) has taken the average power of the
compressed pulse for the linear ramp. The starting linear
ramp gave an output with a 3 MW variation in 30 MW. The
optimized ramp takes a few tens of pulses to evolve and has
a flattop variation of about 0.6 MW in 30 MW.
For an ideal pulse compressor and transmission system

where there are no unwanted reflections, a smooth phase
ramp on the input will give a smooth amplitude output.
Furthermore, a flat amplitude output can be achieved with
an input phase ramp following a low order polynomial.
Feedback control is applied to the input on the supposition
that the output should be smooth. For the control perfor-
mance presented in Fig. 15 derivatives of the output
amplitude during the compressed pulse have been deter-
mined by fitting a fifth order polynomial through points
occurring 1.25 ns or more after the amplitude has reached
90% of its peak value; this peak value is as determined by a
∼10 ns rolling average.
This phase program gives a peak amplitude just after the

center of the compressed pulse. Before the controller is
applied, the phase jump is adjusted to get the required
average amplitude. If the peak amplitude must not exceed a
set value then initial adjustment can use the peak value.
The compressed pulse power output for the linear ramp

curve shown in Fig. 15 has undulations on a time scale of
15 ns along what should be a smooth, curved peak. Part of
the unevenness comes from sampling errors. The biggest
contribution comes from the klystron transient seen in
Fig. 14 as the curve labeled “input amp linear.” One might
have hoped that the controller could compensate for the

klystron transient. The nonlinear nature of the klystron
response makes perfect compensation very difficult to find.
The optimized ramp in Fig. 15 has a variation at the level of
1% from the desired value. This performance is adequate
for high gradient testing. Were this pulse to be fed to a
traveling wave accelerator cavity then it is the average
power over the transit time for a disturbance to propagate
through the structure at its group velocity that matters. This
averaging process would reduce gradient variations below
input power variations. A smoother flattop can be achieved
at XBOX-2 as transients on the input after phase switching
are smaller. Transients on the E37113 klystron can be
reduced by reducing the rate of phase change demanded on
the phase ramp.

X. CONCLUSION

Improvements in the design and control of CERN’s high
power 12 GHz test stands has enabled better control of
the conditioning procedure for high gradient structures. As
acceleration structures are easily damaged during condi-
tioning it is important that the procedure can be automated
for repeatability when structures are to be produced on an
industrial scale. This paper has established a theoretical
framework for feed forward controllers applied to SLED-1
pulse compressors. The work has demonstrated by simu-
lation and measurement that the control algorithms pro-
posed work effectively and robustly.
The demonstrated use of X-band pulse compressors to

generate accurately controlled, high output powers from
multiple low power klystrons makes affordable, high
gradient, X-band linacs a feasible option for future user
facilities.
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