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The aim of the CLIC Test Facility CTF3 at CERN is to demonstrate the feasibility of the key points
of the two-beam acceleration based compact linear collider study. In particular, it addresses the efficient
generation of a drive beam with the appropriate time structure of the electron bunches in order to
produce high power rf pulses at a frequency of 30 GHz. This time structure requires a high bunch
repetition frequency. It is obtained by successive injections of bunch trains into an isochronous ring
using transversely deflecting rf structures. The major goal of the now completed first phase of the CTF3
was to achieve the bunch train combination at low charge. In this paper, we give a description of the
project and summarize the experimental results, with a focus on the successful bunch frequency

multiplication for various factors up to 5.
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L. INTRODUCTION

The compact linear collider (CLIC) study [1] aims at a
multi-TeV (0.5-5 TeV center-of-mass energy), high-lumi-
nosity (2-8 X 103 cm~2s7!) electron-positron collider
for particle physics. The CLIC scheme is based on a
two-beam acceleration concept where a high-frequency
(30 GHz) high-gradient (150 MV/m) linear accelerator is
powered by a low-energy (2.1 GeV), high-intensity drive
beam running parallel to the main beam.

One major challenge of the CLIC two-beam accelera-
tion scheme is the generation of the drive beam electron
pulses with the required high-current (150 A) and high-
frequency bunch structures needed for 30 GHz rf power
production. The required drive beam cannot be obtained
directly from an electron source with the present tech-
nology, in particular, in terms of bunch repetition fre-
quency and beam pulse length. Furthermore, a highly
efficient drive beam acceleration is required.

Therefore, a long electron pulse is accelerated by low-
frequency (937 MHz), normal conducting traveling-wave
cavities, working with strong beam loading. The struc-
tures are relatively short to minimize rf losses in the
copper. Because of the strong beam loading, 97% of the
power is given to the electron beam, with virtually no
power sent to rf loads. The long drive beam pulse is then
subdivided into subpulses by means of transverse rf de-
flectors, working at half the bunch repetition frequency.
The subpulses are then recombined in stages, multiplying
the current and the bunch frequency at the same time. The
main manipulation for bunch frequency multiplication
consists of sending the beam through an isochronous
combiner ring using rf deflectors to inject and combine
the electron bunch trains.
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The aim of the CLIC Test Facility 3 (CTF3) project is
to demonstrate the technical feasibility of the key con-
cepts of CLIC. CTF3 is scaled down from CLIC, working
at a frequency of 3 GHz with lower beam current (35 A)
and at lower energy (180 MeV). CTF3 will also provide a
30 GHz rf source with the CLIC nominal peak power and
pulse length for component tests. It is being built in stages
over several years from 2001 to 2007.

A low current test of the bunch train combination was
performed during 2001/02 in the first phase of CTF3 (the
so-called Preliminary Phase), where the injection by rf
deflectors into an isochronous ring and the multiplication
of the bunch repetition frequency were demonstrated
with short pulses. This paper describes the Preliminary
Phase of CTF3 and presents the results of the experiments
that were performed.

IL. DESCRIPTION OF THE CTF3 PRELIMINARY
PHASE

The Preliminary Phase of CTF3 made maximum use
of the existing hardware of the former LEP Pre-Injector
(LPI) complex [2] at CERN, composed of a 3 GHz linear
accelerator and an accumulator ring. The aim of the CTF3
Preliminary Phase was to accelerate several electron
pulses in the linac and combine them in the ring using
the injection scheme with rf deflectors described in detail
later. Some major modifications had to be performed in
order to adapt the former LPI installation to the require-
ments of CTF3. In particular, a new thermionic gun
allowing a multipulse operation was designed and built
by LAL-Orsay [3]. A matching section was included at
the end of the linac, and both the injection line and the
ring were modified to be isochronous. Two rf deflectors
were installed in the injection region of the ring. The
general layout of the facility is shown in Fig. 1 and a more
detailed description can be found in Ref. [4]. The mod-
ifications were performed between April and September
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FIG. 1.

2001, after which the CTF3 Preliminary Phase was com-
missioned and operated between September 2001 and
October 2002.

A. Layout and beam structure

The front end of the linac consisted of a thermionic
gun, a single-cell prebuncher, and a standing wave
buncher structure. The thermionic gun operated at 90 kV
and delivered a train of up to seven electron pulses with an
adjustable length between 2 and 10 ns FWHM, with a
repetition frequency up to 50 Hz. The pulses were spaced
by 420 ns, corresponding to the revolution period in the
ring, as needed for the bunch frequency multiplication
process. The 3 GHz bunching system brought these pulses
to an energy of about 5 MeV and subdivided them into
bunches spaced by 333 ps. For the nominal pulse length of
6.6 ns FWHM, there were approximately 20 bunches per
pulse with a charge per bunch of about 0.1 nC, corre-
sponding to a current of 0.3 A. This charge was chosen in
order to limit the beam loading in the accelerating struc-
tures, which were reused from LPI and not adapted to the
high-current operation.

The linac was made of eight 3 GHz traveling-wave
accelerating structures, powered in groups of four by
two 45 MW klystrons. The whole electron pulse train
(2.5 ps) was accelerated within one klystron rf pulse of
up to 4.5 us, taking into account the filling time of the
structures (1.5 us). The design energy at the end of the
linac was 350 MeV.

A matching section of five quadrupole magnets was
located at the end of the linac to match the transverse
Twiss parameters of the beam to the injection line optics.
A spectrometer line was also located in the same area, in
order to measure the energy and the energy spread.

The injection line linked the linac to the ring. The ring
circumference C has to fulfil the condition
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N

where N is the combination factor, B the relativistic beta
B = v/c, Ay the rf wavelength in the linac and in the
deflectors, and n an integer. With a given ring circum-
ference, the frequency can be slightly detuned in order to
switch between different combination factors. The nomi-
nal rf frequency is 2.99855 GHz corresponding to a
wavelength A = 0.099 979 m.

A circumference C = 125.647 m was chosen, as this
was the average length for combination factors 3 and 5
closest to the existing ring circumference [with n = 1257
and a minus sign in Eq. (1)]. Thus, the existing accumu-
lator ring had to be shortened by 17 mm by realigning the
elements.

Synchrotron radiation ports were located next to three
of the four bending magnets of one ring arc. At these
different sources, the dispersion function ranges from
zero to almost maximum value. The observation of the
emitted light with a streak camera allowed a direct
measurement of the time structure of the electron beam.
This was the main instrument used for the demonstration
of the bunch train combination process.

An extraction line was located at the opposite side of
the injection region. A kicker magnet was used to deflect
the beam into the extraction septum and send it into a
beam dump.

B. Bunch train combination by rf deflectors

For the bunch train combination, the injection into the
ring is performed using two horizontally deflecting rf
structures. They are located in the ring with a horizontal
betatron phase advance of 7 between them to create a
time-dependent local closed bump of the reference orbit.
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FIG. 2. (Color) Bunch train combination by injection with rf deflectors for a multiplication factor 4. The images show the injection
region of the ring for four successive turns of injected bunches and the corresponding bunch distribution on the rf field of the

deflectors.

The deflection varies rapidly with time, allowing the
interleaving of the bunches in the ring. The combination
is possible for various combination factors. CLIC is based
on two stages with a factor 4 each, while CTF3 with
nominal current has a factor 5 in the ring. For didactic
reasons, the principle of the injection with rf deflectors is
explained in the following for a frequency multiplication
factor 4 and shown in Fig. 2.

(1) The bunches of the incoming train always receive
the maximum kick from the rf deflector and are deviated
onto the closed orbit in the ring.

(2) With the condition of Eq. (1) fulfilled (for the
combination factor N = 4), the bunches pass the deflec-
tors after one turn at the zero crossing of the rf field and
stay on the unperturbed closed orbit. The second train is
injected into the ring.

(3) After a second turn, the first-train bunches are
kicked in the opposite direction and follow a closed
bump between the deflectors, the second-train bunches
arrive at the zero crossing, and the third train is injected.

(4) After the third turn, the first-train bunches arrive
again at the zero crossing, the second-train bunches are
kicked away from the septum, the third-train bunches are
also at the zero crossing, and the fourth train is injected.
The four trains are now combined into one single train
and the initial bunch spacing is reduced by a factor 4.

For combination factors other than 4, the phase of the
deflecting field at the passage of the bunches and hence
the trajectories between the two rf deflectors change
accordingly (see Fig. 3 for a combination factor 5).

The rf deflectors are short resonant, traveling-wave,
iris-loaded structures with a negative group velocity. In
order to obtain the nominal deflecting angle of 4.5 mrad
for injection with a beam energy of 350 MeV/c, a power
of about 7 MW is needed in each of the deflectors. They
are powered by a common klystron with a phase shifter
and a variable attenuator in one of the rf-network
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branches in order to allow relative phase and amplitude
adjustments.

The first bunch train combination experiments were
performed with already existing rf deflectors built by
CERN. They were later replaced by newly designed struc-
tures, with a bigger iris aperture (43 mm instead of
23 mm). The latter were built by INFN-Frascati [5] and
will be reused in a later phase of CTF3.

As a consequence of the rapid change of the deflecting
field inside the deflectors, not only do the bunches on
different turns experience different deflections but also
the head and the tail of individual bunches are deflected
more or less, as shown in Fig. 4.

This enlarges the transverse size of the circulating
beam in the region between the two rf deflectors and
represents the main contribution to the beam size at the
septum location. Figure 5 shows the envelope of Gaussian
bunches in the injection region.
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FIG. 3. (Color) Fifth passage of the first injected bunch train in
the injection region for a combination with a multiplication
factor of 5.
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FIG. 4. (Color) Kick amplitude for injected and circulating

bunches for a combination factor 5. The longitudinal extension

corresponds to *2¢ for a bunch with a Gaussian distribution with 3 ps rms bunch length. The circles indicate the centers of the

bunches.

To limit the transverse extension, the bunches have to
be kept short in length, and simulations have shown that
about 6.5 ps rms is the maximum acceptable length for a
combination factor of 5.

C. Beam optics and simulations

The constraint on the bunch length has major implica-
tions on the beam optics in different parts of the CTF3
complex. In particular, this implies that both the injection
line and the combiner ring have to be isochronous, which

0.04 ' x [n]
0.03 |

0.02 f

0.01 f

required several changes of the former LPI hardware. A
complete description of the beam dynamics in the CTF3
Preliminary Phase can be found in Ref. [6].

1. Linac

The former LPI linac had been shortened. A matching
section and a spectrometer line had been installed at the
end of the linac. A redesign of the optics was carried out
using the MAD program [7] without changing the existing
quadrupole locations. Nevertheless, a few quadrupoles

nominal length bunch
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FIG. 5. (Color) Simulated beam envelopes of the bunches of Fi

rf deflector

g. 4 in the case of an infinitely short bunch and of a bunch length of

3 ps rms. Both bunches have a normalized rms emittance of 1577 mm mrad and are located at 277/5 on the rf deflecting field.
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FIG. 6. (Color) Design optics of the linac and the matching section between the exit of the bunching system and the injection line.
The horizontal (solid line) and vertical (dashed line) B functions are shown.

were powered independently in order to provide flexibil-
ity. The matching section was made of five quadrupoles in
order to adapt the Twiss parameters to the optics of the
injection line. Figure 6 shows the optics along the linac.

2. Transfer line

The transfer line contained both horizontal and verti-
cal bending magnets, allowing injection from the inside
of the ring. It had to be achromatic to first order to fulfil
the dispersion matching in both planes (D, =D, =0
and D} = D, = 0) at both ends. In this case the linear
6 X 6 transfer matrix R has vanishing elements Rs;, Rs,,
Rs3, and Rs,. As a result, the path length difference cAt of
a given highly relativistic particle with a relative momen-
tum offset Ap/p with respect to the reference particle
reduces to

cAt = RscAp/p. (2)

This implies that Rss = 0 to keep the bunches short for
the combination process. Furthermore, the horizontal and
vertical B functions must be kept reasonably small, while
allowing for matching at both ends. The solution found
for the linear optics is shown in Fig. 7.

Even though first order isochronicity is very small, a
second order effect remains. However, simulations have
shown that this effect is small and does not lead to a
significant bunch lengthening in the line.

3. Combiner ring

The optics of the combiner ring must also be isochro-
nous to preserve the bunch length and spacing over up to
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five revolutions of the bunches for the combination. This
means that the momentum compaction factor &, must be
zero. Simulations have shown that the condition |a, | =
10~* was sufficient in practice. In addition, the optics was
designed to have D, = 0 in the injection region and small
B functions at the location of the rf deflectors in order to
have a small beam size there. Some quadrupole families
had to be decoupled and four quadrupoles were physically
moved. One sextupole family was split in two to allow
path length control up to second order for off-momentum
particles. Tracking studies with this configuration have
shown that the nonlinear effects are small and do not lead
to any significant bunch lengthening. The corresponding
optics is shown in Fig. 8.

In addition to the isochronous optics («,. = 0), another
nonisochronous optics with a, = 0.034 has been de-
signed. This optics allowed the rf system to keep a stored
beam circulating in the ring for diagnostics purposes, like
closed orbit or tune measurements.

The injection using the rf deflectors had been modeled
with MAD, where the rf deflector is described as a thin
element with transfer matrix elements up to second order
[8]. A particle distribution with realistic properties
(transverse normalized rms emittance of 157 mm mrad,
rms bunch length of 3 ps, relative energy spread of 0.2%
rms) had been tracked to simulate the combination pro-
cess for a combination factor 5 in the ring. Figure 9 shows
the particle distribution after five turns at the extraction
point.

The energy spread induced by the rf curvature in the
linac leads to a variation of the deflection kick and results
in an effective emittance blowup in the horizontal plane.
This effect is illustrated in Fig. 10 which shows the phase
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FIG. 7. (Color) Design optics of the injection line. The horizontal (solid line) and vertical (dashed line) B8 functions are shown on
the top graph, design dispersion functions for the horizontal (solid line) and vertical (dashed line) plane on the bottom.

space after five turns at the extraction point in compari-
son to an ideal injection.

Nevertheless, the statistical calculation of the emit-
tance indicates a growth by 40%, which is still acceptable
for the demonstration of the bunch train combination.

III. EXPERIMENTAL RESULTS
A. Commissioning with beam and measurements

The linac and the combiner ring were commissioned in
2001 [9]. The rf deflectors were installed in the beginning
of 2002. Several measurements were performed in order
to prepare the bunch train combination [10]. The energy
was measured after the bunching system and at the end of
the linac. The beam optics was measured in the linac and
found in good agreement with the design. The dispersion
of the injection line was determined and optimized em-
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pirically to render the line isochronous. The betatron
tunes of the ring were determined for different operating
conditions and were in excellent agreement with the MAD
machine model. The dispersion of the ring was measured
for a nonisochronous optics and showed to be very close
to the model.

1. Beam energy measurements

During the CTF3 operation, two series of energy mea-
surements were performed, one at the exit of the bunching
system and one at the end of the linac.

At the exit of the bunching system, the energy was
measured by changing the current in two steering coils
and by recording the data from a beam position monitor
(BPM) downstream. This led to a measured momentum
of about 6.5 MeV/c at the buncher exit.

040101-6
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FIG. 8. (Color) Design optics of the isochronous combiner ring starting from the injection point. The top graph shows the horizontal
(solid line) and vertical (dashed line) B functions, the bottom graph the design horizontal dispersion function. The vertical

dispersion is zero.

At the end of the linac, the beam energy was measured
with different methods. It was derived from the measured
rf power feeding the accelerating structures, it was di-
rectly measured in the spectrometer line in the matching
section, and by using the injection line as a spectrometer.
Some discrepancy between these three methods was
found but not investigated in detail since the precise
knowledge of the energy is not crucial for the bunch train
combination. The linac was operated at an energy slightly
lower than nominal as this turned out to be more stable.
An energy of 332 MeV (with about 1% uncertainty)
was used during operation and for the subsequent
calculations.

040101-7

2. Transverse beam dynamics

Wire beam scanners (WBS) were widely used to mea-
sure the Twiss parameters in the linac. For this purpose,
the current in a linac quadrupole was varied while ob-
serving beam transverse profile in a downstream WBS.
The rms beam size was computed from the transverse
profiles, and the Twiss parameters were derived from
the data.

In general, scans performed during the operation in
2002 [10] were very similar to the ones obtained in
December 2001 [11], which demonstrated the reproduc-
ibility of the machine.
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FIG. 9. (Color) Horizontal transverse versus longitudinal posi-
tion for a combination factor 5 in the combiner ring with
realistic energy spread for the injected bunches.

Two sets of quadrupole scans were performed at differ-
ent locations in the linac. Using the MAD model of the
linac, the measured Twiss parameters of the downstream
scan were backpropagated to the quadrupole used for the
first set of scans. The data fit well the results of the
upstream scans (see Fig. 11), showing the validity of the
MAD model that includes the acceleration.

The optics of the matching section was adapted accord-
ing to the measured Twiss parameters in order to ob-
tain the nominal Twiss values at the entrance of the
injection line.

3. Dispersion measurements in the injection line

Dispersion measurements were performed in the injec-
tion line, in order to verify that the optics model corre-
sponds to the measured dispersion pattern. For this
measurement, three scintillator screens with their associ-
ated cameras, as well as two-beam position monitors,
were used. The currents in all magnetic elements were
changed in order to simulate relative energy variations
between —2.7% and +2.7%, while the corresponding
beam positions were recorded in each diagnostic tool.
Figure 12 shows a comparison between the dispersion
curves given by the MAD model and the measured values.
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FIG. 11. (Color) Transverse beam size measured by a wire
beam scanner as a function of the quadrupole current. The
measured data points (squares) are compared to a simulated
scan (circles) that is based on the initial Twiss parameters
backpropagated from a downstream measurement.

In the horizontal plane, there is very good agreement
between the measured and the simulated values of the
dispersion at each measurement point.

In the vertical plane, the agreement is also good, except
for a discrepancy between the measured and expected
values of the dispersion in the last scintillator screen.
The measured values in both planes could be reproduced
in the model by changing the gradient of one quadrupole,
indicating a possible current calibration error.

4. Measurements in the ring

Tune measurements in the combiner ring using two
different methods were compared in various conditions.
The first method uses the former standard LPI measure-
ment system, which consisted of a pickup electrode com-
bined with a spectrum analyzer. The other method is
based on a Fourier transform analysis (performed with
a digital oscilloscope) of the horizontal and vertical
signals of beam position monitors in the ring at injection.
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FIG. 10. (Color) Horizontal phase space at the extraction point after five turns. The left plot corresponds to the case of a perfectly
uniform kick at injection; the right plot is obtained when using rf deflectors for a bunch combination factor of 5.
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FIG. 12. (Color) Dispersion measurements in the injection line. The full squares are the experimental points in the horizontal plane
and the solid curve is given by the model for the corresponding current settings. The open circles and the dashed line are
measurements and expectations from the MAD model in the vertical plane, respectively.

The Fourier transform analysis has the advantage that it
does not require a stored beam in order to perform the
tune measurement: it could thus be used with the isochro-
nous configuration as well, contrary to the spectrum
analyzer system that could only be used with a stored
beam due to its long integration time.

These two methods and the MAD model were cross-
checked with a stored beam in the nonisochronous accu-
mulation mode. The current settings of several quadru-
pole families were varied and the measured tune was
compared to the model (see the example in Fig. 13).

The agreement between the two measurement
methods was very good, typically of the order of
0.01 which coincides with the resolution of the Fou-
rier method. Therefore, we validated this method and
used it for further measurements with the isochronous
optics.

The MAD model also agreed very well with the mea-
surements. For both the accumulation and the isochronous
modes, the differences between the expected and mea-
sured tune values were typically 0.01 to 0.02, comparable
to the precision of the measurement.
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FIG. 13. (Color) Vertical tune measurements in the ring in accumulation mode as a function of the current in one quadrupole family
and comparison between two methods and the MAD model. For clarity, the error bars on the measurement points ( = 0.01) are

omitted.
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FIG. 14. (Color) Measured horizontal closed orbit difference (black points) for a change in frequency from 19.089942 to
19.083229 MHz. The solid line corresponds to the expected closed orbit difference, proportional to the dispersion calculated

from a model with the measured magnet currents.

For a further validation of the ring optics, closed
orbit measurements were performed in the accumula-
tion mode at various frequencies of the rf cavity in
the ring, in order to determine the dispersion func-
tion. Figure 14 shows an example of the measured
horizontal closed orbit difference, proportional to the
dispersion, for a change in frequency from 19.089 942
to 19.083 229 MHz.

The agreement with the curve calculated with
MAD using the experimental quadrupole currents is quite
good. Consequently, we believe that the model gave a
good estimate of the momentum compaction factor «,
which needs to be smaller than 10~* for the isochronous
operation.

5. Bunch length and isochronicity measurements

As mentioned before, the bunch length is a critical
issue for the combination process. The bunches must be
kept short in order to limit the variation of the injection
kick strength and the transverse extension in the injection
region. With the rf deflector injection scheme, simulations
have shown that 6.5 ps rms is the maximum acceptable
bunch length for a combination factor 5.

Experimentally, the bunch length was first measured at
the end of the linac, using a transition radiation screen in
conjunction with a streak camera. Taking into account the
measurement resolution, a value of the order of 3 ps rms
was found.

Another method to measure the bunch length at the end
of the linac with a higher precision was used to confirm
the streak camera measurements. It is based on the rela-
tionship between the energy spread and the phase of the
accelerating rf wave. Provided the charge is low enough,
beam loading is negligible, and the energy spread for a
given bunch length depends on the position of the bunch

040101-10

on the rf cosine wave. During the measurement, the phase
between the buncher and the accelerating structures is
varied, while the energy spectra are monitored down-
stream in a spectrometer. Assuming a Gaussian longitu-
dinal profile for the bunches, the expected energy spread
can be calculated and compared to the experimental
values in order to assess the bunch length. A constant
contribution was added in quadrature to the calculated
energy spread to take into account several effects influ-
encing the resolution (8 function, uncorrelated energy
spread from the buncher, beam jitter). The results
are presented in Fig. 15 which shows that the mea-
sured energy spread is compatible with the simulations
for a bunch length of 2.0 ps rms with a precision of
*0.4 ps rms.

T T T T
s b 0  Experimental points _

Energy Spread rms [MeV]

-60 -40 -20 0 20 a0 60
Phase [deg]

FIG. 15. (Color) Energy spread as a function of the rf phase
shift for the accelerating structures and simulations for a bunch
length of (2.0 = 0.4) ps rms.
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FIG. 16. (Color) Longitudinal intensity profile as measured with the streak camera. The top profile is taken during the second turn
for the nonisochronous optics. The bottom image shows the distribution in the 60th turn for the isochronous optics.

The same measurement was repeated with different
charges per bunch (ranging from 0.075 to 0.1 nC) and
gave similar results, i.e., a bunch length of 2 to 3 ps rms.
The measured values of the bunch length and energy
spread were compatible with those obtained with the
streak camera measurements in the linac and also with
previous measurements made in the LPI complex, where
the same bunching system was used [12,13]. The upper
limit for the bunch length at the end of the linac is
therefore around 3 ps rms, well below the limit of 6.5 ps
rms.

The results of these measurements were used in the
simulations presented in Sec. IIC and allowed us to
determine the level of isochronicity required in the in-
jection line and in the ring.

There was no possibility to measure the bunch length
directly in the injection line. So the isochronicity had to
be estimated indirectly from dispersion measurements in
the line or bunch length measurements in the ring. The
isochronicity in the ring could be carefully optimized by
observing the time structure of the synchrotron light
emitted in a bending magnet of the ring with the streak
camera. The longitudinal bunch profile broadens quickly
for a nonisochronous optics due to the energy spread
within the bunch. Figure 16 shows an example of a profile
taken at the second turn with the nonisochronous optics
compared to a profile taken after 60 turns for a well-
optimized isochronous optics.

As shown in Fig. 17, the transition from a positive to a
negative momentum compaction factor in the isochronous
optics is clearly visible on the streak camera images when
changing the current in one quadrupole family. Indeed,

040101-11

Ap
p

.
%

5
-

> Time

FIG. 17. Transition from positive to negative momentum
compaction factor a, seen on streak camera images for differ-
ent settings of one quadrupole family. The images are taken
during the tenth turn at a location with nonzero dispersion. The
horizontal position x is dependent on the energy, so the time-
momentum correlation becomes apparent.
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the nonzero momentum compaction factor introduces a
time-momentum correlation in the bunches which de-
pends on the sign of «..

After careful optimization, the bunch length measured
on the streak camera profiles was of the order of 4 ps rms,
not changing over several turns and comparable with
the one obtained at the end of the linac. Thus, within
the resolution limit of the streak camera, no significant
bunch lengthening was observed, neither in the injec-
tion line nor in the ring, proving that the isochronicity
was obtained at the required level for the bunch train
combination.

B. Bunch train combination results

A first demonstration of the bunch train combination
process, for a combination factor N = 4, was obtained in
June 2002. However, the performances were still limited
by losses in the rf deflectors. The ring transverse accep-
tance was indeed not sufficient to avoid losses at injec-
tion, even for the standard injection procedure, and the
setting up of the combination process was difficult. In
August 2002, the CERN deflectors were replaced with
new ones, built by INFN-Frascati, which have an almost
twice larger aperture. The increased transverse accep-
tance and a better transverse beam matching allowed
the losses to be reduced right away and it became possible
to change the beam orbit in the first turns after injection
over a large range. This in turn allowed for the develop-
ment of a reliable setting-up procedure for the bunch train
combination (described in the following) and the losses
were rapidly brought to zero. The bunch train combination
for N =5 was then set up, and again in this case the
efficiency was almost 100%. A combination factor 3 was
also obtained, but was neither optimized nor studied in
detail. During the last operation period, the combination
performances were studied in more detail, with particu-
lar attention to the critical issues of bunch phase and
transverse position stability.

10 T T T

NAVARY AL G

-s—a- Mean trajectory (closed orbit)

Horizontal Position [mm]

——— First turn trgjectory

rf deflector injection
! ! L
0 5 10 15 0

1. Injection with an rf deflector

The first step in the bunch train combination process
was to demonstrate the injection process with one rf
deflector. This process is analogous to a single-turn in-
jection with a fast kicker. In this scheme, the beam is
deflected by the injection septum towards the closed
orbit, which is reached at the kicker location. The kicker
then compensates the residual kick (of the order of 4 mrad
in our case) so that the beam follows the closed orbit.
When the kick is provided by an rf deflector, it changes
rapidly in time, but all bunches in a train, having the same
repetition frequency as the rf in the deflector, arrive with
the same phase and experience the same kick.

In CTF3, one of the two deflectors (called first deflec-
tor or injection deflector in the following) was installed
in the ring injection straight section, after the septum and
close to the existing fast kicker. The latter was kept in
place, in order to allow for standard single-turn injection.

A single train was produced by the gun and accelerated
in the linac. It was injected into the ring using the
standard single-turn injection scheme. The fast kicker
was then switched off, and the injection deflector was
powered. Since the filling time of the rf deflectors is
smaller than the revolution period (about 50 ns with
respect to 420 ns), a proper choice of the rf pulse length
and timing results in a kick at the first passage only. The rf
phase was then tuned in order to obtain the maximum
deflection (i.e., the bunches arrive at the crest of the rf
wave). The kick amplitude and the injection angle pro-
vided by the septum could then be adjusted. The latter
indeed had to be modified in order to compensate for the
small difference in the betatron phase advance between
the injection deflector and the fast kicker.

After optimization, the injection performances were
the same as for the standard single-turn injection. In
particular, the beam could be kept circulating in the
ring for more than 100 turns with no measurable losses
and the residual oscillations around the closed orbit were
close to the limit of the beam position monitor resolution
(see Fig. 18). It should be noted here that the closed orbit
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FIG. 18. (Color) Reference closed orbit and first turn trajectory in the isochronous ring in both planes. The reading in the first BPM

shows the beam position at injection, before the deflector kick.
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itself showed large oscillations. Because of a limited
number of orbit correctors (four horizontal, two vertical),
the orbit could not be well corrected.

In standard operating conditions, the power required
to inject the beam was about 7.2 MW at the structure
input. This value is in very good agreement with our
expectations.

2. Bunch train combination setting-up procedure

The bunch train combination process is controlled by
five parameters: the amplitudes and phases of the rf field
in each of the two rf deflectors and the common rf
frequency for the linac and the deflectors. In order to
close the time-dependent bump, the rf field must have
the same amplitude in both deflectors and the same phase
when the beam passes. Since the path length in the iso-
chronous ring is constant, the rf frequency must have a
precise value for a given combination factor, as expressed
in Eq. (1).

A procedure was developed in order to optimize the
five parameters. This procedure minimizes the injection
error with respect to the closed orbit of the ring and is
described in detail in Ref. [14].

The following procedure describes the bunch train
combination for a multiplication factor of 4. In this
case, it is simplified because the beam arrives after one
turn at the zero crossing of the deflecting field in the
second rf deflector and it is therefore not deflected. This
procedure is based on the use of only one bunch train in
the linac. Once completed, the four trains are sent in the
machine for the combination.

Initially, one deflector only is used in order to inject the
beam on the ring closed orbit. To do so, the rf pulse length
and timing are adjusted such that there is no rf power in
the second deflector when the beam, after one turn,
passes through it.

The five parameters that control the bunch train com-
bination are adjusted as follows:

The phase in the first deflector is varied while record-
ing the horizontal beam position in a BPM located down-
stream of the deflecting structure. The horizontal position
of the beam describes a cosine curve corresponding to the
rf field in the structure, and the phase corresponding to
the crest can easily be identified.

The kick amplitude in the first deflector is varied until
the beam passes in the ring beam position monitors at the
same positions as for the closed orbit. The closed orbit is
calculated from an average over ten successive turns to
average out betatron oscillations. Figure 18 shows the
mean trajectory which defines the closed orbit and the
trajectory at the first turn when using the rf deflector for
injection.

The rf frequency is adjusted by looking at the second
turn in the ring with only the first deflector in operation
(i.e., with a maximum attenuation in the rf-network

040101-13

branch feeding the second deflector). After one turn,
for a combination factor 4, the bunches must arrive in
the deflector at the zero crossing of the rf field, so that
they are not deflected. The frequency of the whole com-
plex is therefore tuned so that the second turn trajectory is
the same as for the first turn.

In the case of a multiplication factor of 4, after one turn
in the ring, the injected bunches must also arrive in the
second rf deflector at the zero crossing of the rf field. The
attenuation is thus set to its minimum value so that the
second rf deflecting structure is fed by the maximum
available power. The phase in the second deflector is
then varied until the beam does not experience any de-
flection at the second turn and therefore follows the
closed orbit. A difference in the kick amplitudes of the
two deflectors is not important at this stage. On
the contrary, having the maximum available power in
the second deflector enhances the sensitivity to the phase.

After two turns in the ring, the bunches arrive in the
deflectors at the crest of the rf wave, with the opposite
kick compared to the injection. At this point, they are
deflected by the second deflector away from the septum
and the injection deflector must close the bump. The
amplitude in the second deflector is varied until the
beam follows the closed orbit in the ring (outside the
injection region) during the third turn, after the bump.

It must be noted that one or two iterations of the
procedure were often necessary to achieve the best opti-
mization since, for instance, tuning the frequency of the
complex can induce small changes in the rf phase of the
klystron, which then needs to be optimized again. Once
this procedure is completed, it is possible to inject four
pulses in the ring, as required for the combination.

3. Bunch train combination efficiency

The combination factor 4 was obtained with a fre-
quency f, = 2.998 585 GHz. After the optimization, the
bunch train combination showed a 100% efficiency. The
charge multiplication could be observed on the intensity
signal of beam position monitors in the ring. Figure 19
shows that the charge increases each time a new train of
bunches is combined with those already circulating in the
ring. The increase is not exactly linear due to pulse-to-
pulse variations of the beam current delivered by the
thermionic gun.

The evolution of the time structure of the electron pulse
was observed with the streak camera. Figures 20 and 21
show typical images and their corresponding intensity
profiles. Also in this case, the bunch-to-bunch variations
shown in the intensity profiles are due to variations in the
charge and the longitudinal profile of the pulses, already
present in the linac.

For a combination factor 5, the frequency was changed
according to Eq. (1) and further optimized experimen-
tally to f5 = 2.998 715 GHz. Again, a 100% combination
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FIG. 19. (Color) Intensity signal of a beam position monitor in
the ring for a bunch combination with a factor 4.

efficiency was obtained. Figure 22 shows an example of
an intensity profile of the combined bunch trains.

4. Bunch train combination performances

The bunch train combination performance was further
studied in order to assess the limitations of the process for
high-frequency rf power production in the following
phases of the CTF3 project. The most relevant parameter
for rf power production is the bunch length. Within the
resolution limit of the streak camera, no bunch length-
ening was observed (see Sec. IITAS). In order to obtain a
good flattop in the rf pulse produced by a drive beam, the
current along the combined pulse must be constant. As
discussed previously, this was not the case in the CTF3
Preliminary Phase, but the origin of bunch-to-bunch
charge variations was tracked back to the gun current
and timing jitter. In the following phases of CTF3, a new
gun will be used, with longer pulses and designed for a
much more stable current.

Other important effects that can spoil the power pro-
duction efficiency are the following:

Bunch-to-bunch variations in transverse position.—
The aim of the combination process is to put the pulses
onto the same orbit. Variations in transverse position are
equivalent to an effective emittance growth. They can
complicate the transport of the beam after extraction
from the ring and give rise to transverse instabilities.

Bunch-to-bunch distance variations.—The distance
between consecutive bunches after combination must be
constant and equal to the rf wavelength to be produced
(or an integer multiple). Variations will cause a loss of
efficiency.

These variations were studied with the streak camera
analyzing the synchrotron radiation emitted in the ring.

Bunch-to-bunch variations in transverse position were
observed in the streak camera images, especially before
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FIG. 20. (Color) Bunch train combination with a factor 4, as
observed with a streak camera. The horizontal axis represents
time; the vertical axis corresponds to the horizontal position.
The images from top to bottom are taken over four consecutive
turns.

having established a reliable setting-up procedure for the
combination process. In all cases, bunches belonging to
the same train have strongly correlated positions. This is
visible, e.g., in Fig. 23, which shows a streak camera
image of the beam after combination (factor 5), observed
at a location where the dispersion function is maximum
(1D, =3 m).

The presence of train-to-train energy variations,
caused by phase and amplitude fluctuations along the rf
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FIG. 21. (Color) Longitudinal intensity profiles for a multiplication factor 4. The two images correspond to the injection of one and
four bunch trains, respectively. Amplitude variations are due to bunch current variations already present in the linac.

pulse, was identified as the main cause since the largest
oscillations were observed at the observation point with
the largest dispersion. The energy difference gives rise to
a position difference because of the nonzero dispersion.
For large dispersion, the horizontal beam size is domi-
nated by the energy spread, and it can be seen from Fig. 23

that the train-to-train energy difference is smaller than
the single bunch energy spread. This kind of variation
vanishes in regions with zero dispersion and does not
correspond to an increase in transverse emittance.
Another source of fluctuations was injection errors, in
position or in angle. The injected bunches oscillate around
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FIG. 22. (Color) Longitudinal intensity profiles for a multiplication factor 5.
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FIG. 23. Streak camera image of a combined beam (factor 5),

showing bunch-to-bunch variations in transverse position. The
dispersion function at the observation point is |[D,| ~3 m. A
periodicity corresponding to the combination factor is clearly
visible.

the closed orbit and their position at the observation point
then varies from turn to turn. Since different trains reach
the observation point after a different number of turns,
their bunch position appears to be different on the streak
camera image. This phenomenon can be observed even at
a point in the machine where D, =0 and is indeed
equivalent to a growth of the overall transverse emittance.
However, these oscillations were strongly reduced when
the setting-up procedure was systematically applied,
which implies a minimization of turn-to-turn orbit dif-
ferences. The residual oscillations were then typically
only a fraction of the rms beam size.

Initially, the main concern was caused by the observed
variations in bunch spacing. Figure 24 shows a streak |

1 C 1 S
@) ek )
LJ.p(s) LJLp(s)
where C(s) and S(s) are the cosinelike and sinelike solu-
tions of the equation of motion, respectively, and p(s) is

the bending radius. This condition includes two integrals
multiplied by the initial conditions x, and x{, of the beam

ds>x6 +

camera image of a bunch combination with a factor 5
observed during the fifth turn. The bunch spacing, which
should be 67 ps, is clearly not constant at that point. This
image was taken before the injection optimization; also in
this case the effect was significantly reduced afterwards.

Since the precision of the bunch spacing after the
bunch combination is a crucial issue for the CLIC drive
beam scheme, a specific experiment was carried out to
measure the bunch spacing variations and compare them
with the expectations from the model of the ring. Two
bunch trains were injected and combined in the ring, and
the bunch spacing was observed turn after turn, from the
second turn to the fifth turn. This was first done with an
optimized injection. Then, the current in the septum
magnet was changed slightly in order to cause an injec-
tion missteering. Figure 25 shows two streak camera
images of the bunches observed during the second and
the third turn in the case of an injection missteering.

The bunch spacing indeed varies from 50 ps at the
second turn to 85 ps at the third turn, whereas it should
be constant and equal to 67 ps for a combination factor 5.

The bunch-to-bunch distance variations were therefore
linked to injection errors. An explanation of this effect is
given below. The distance between the bunches is closely
related to the isochronicity of the ring. Although the
isochronicity condition simplifies to a zero momentum
compaction a, in the case of achromatic lattices and
high-energy electrons, the most general condition for
which the time of flight variation between particles van-
ishes is given by

(o= 52)7
ac__2 —

Y/ p
in the horizontal plane. These integrals are in fact the two
elements R5; and Rs, of the transfer matrix of the ring
evaluated at the observation point for one turn and are
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FIG. 24. (Color) Longitudinal intensity profile for bunch train combination of factor 5 showing bunch spacing variations. Here, the

correct bunch spacing should be 333/5 =~ 67 ps.
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FIG. 25. Turn-to-turn bunch spacing variations during the
combination of two pulses with injection errors. The bunch
spacing changes from 50 ps at the second turn (top panel) to
85 ps at the third turn (bottom panel).

therefore easily calculated. In the case of achromatic
lattices where D = D' = 0 at the observation point, these
integrals vanish and the isochronicity is reduced to o, —
1/v* = 0. In the case where D # 0 and D' # 0 at the
observation point, the integrals evaluated over one turn
are not zero.

Indeed, some of our observation points had a nonzero
dispersion. During the first combination experiments, the
injection process was not optimized, resulting in bunch
oscillations around the closed orbit. The orbits were there-
fore different turn after turn, which implied different
conditions x, and x{ at the observation point for each
turn. According to Eq. (3) with nonzero integrals, the
orbit variations were then transformed into variations in

time of flight for the particles of the bunches. This delay
in the time of flight was visible in the streak camera
during the combination, for which subsequent bunches
travel a different number of turns.

Figure 26 shows a comparison between the measure-
ments and the model predictions for the bunch spacing
observed at two different observation points for large
injection errors.

For each turn, 15 streak camera images were recorded,
and the error bars on the measured bunch spacing show
the extreme measured values.

The solid curves are obtained when using the ring
transfer matrix given by the model and by using the
initial conditions x, and x{, as free parameters to fit the
measurements in one of the observation points. For the
same initial conditions (x, = 0.8 mm, x{, = 0.6 mrad),
the model predicts exactly the bunch spacing measured
at the second location, showing that the mechanism lead-
ing to the variable spacing is well understood.

Figure 27 shows a comparison between the measure-
ments and the model predictions for the bunch spacing at
one point as a function of the number of turns in the case
of small and large injection errors.

The fit parameters are xo = —0.2 mm, x{, = 0.2 mrad
in the case of the optimized injection. Both cases show a
very good agreement between the model and the mea-
surements. In addition, the optimized case shows that it is
possible to reduce the variations to very low levels (2 ps
peak to peak, within the measurement resolution) by
minimizing the injection errors.

This study shows that the variations of the bunch
spacing observed on the streak camera images after the
combination are understood and explained by the non-
achromatic lattice at the streak camera observation point.
By definition, this effect is dependent on the observation
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FIG. 26. (Color) Bunch spacing variations after the combination of two pulses as a function of the number of turns observed from
two different synchrotron light ports (squares and circles, respectively) in the case of large injection errors. The solid curves

correspond to the model predictions in both cases.
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FIG. 27. (Color) Bunch spacing variations after the combination of two pulses as a function of the number of turns for large
(circles) and small (squares) injection errors. The solid curves correspond to the model predictions in both cases.

point. In the injection (or extraction) region of the ring,
where the achromatic condition is true, the correct bunch
spacing is restored in first order, and the effect vanishes.
In addition, it has been experimentally demonstrated that
this effect can be well controlled already at an observa-
tion point with a nonachromatic lattice. Therefore, the
variations should be even smaller for the extracted beam,
so that this effect does not deteriorate rf power production
at all.

5. Measurements with a bunch frequency monitor

An alternative method, based on beam frequency
spectrum analysis, was used to monitor the frequency
multiplication [15]. A coaxial pickup and its readout
electronics were designed and mounted in the CTF3

combiner ring in order to allow comparison of the am-
plitudes of five harmonics of the fundamental beam fre-
quency (3 GHz) while combining the bunch trains.

The signal from this pickup was transported to the
readout electronics, amplified and split into five channels
with bandpass filters to select the harmonic of interest (9,
12, 15, 18, and 21 GHz). Each channel was rectified by a
diode used in the square law region to produce the enve-
lope of the rf signal and analyzed with an oscilloscope.

Before making measurements with the beam, a cali-
bration was performed to check the frequency response of
the readout electronics and to measure its amplitude
response at each frequency of interest. It turned out that
the amplitude of the output signal was strongly dependent
on the length of the rf pulse at the input of the readout
electronics. In particular, for an rf pulse of a few ns (the
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FIG. 28.
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Bunch frequency monitor signals at 15 GHz, while a bunch train combination with a factor 5 occurs (left panel) and

amplitude of the five harmonics of interest measured on the oscilloscope at the end of the bunch frequency multiplication (right

panel).
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FIG. 29. Bunch frequency monitor signals at 12 GHz, while a bunch train combination with a factor 4 occurs (left panel) and
amplitude of the four harmonics of interest measured on the oscilloscope at the end of the bunch frequency multiplication (right

panel).

length of a bunch train in the CTF3 Preliminary Phase),
the readout electronics did not reach a steady state and the
peak amplitude of the output signal was thus smaller than
in the case of a long input rf pulse. Amplitude fluctuations
in the measurements could thus be expected due to the
uncertainties on the shape and the length of the bunch
trains in the ring.

The commissioning of this bunch frequency monitor
with beam was a successful proof of principle. When
combining five bunch trains, a clear increase of the
15 GHz signal was observed, see the left plot of Fig. 28,
while other harmonics disappear. At the end of the bunch
frequency multiplication process, most of the power is
found in the 15 GHz harmonic, as shown in the right plot

~ 400

of Fig. 28. Similar results were also obtained for a bunch
frequency multiplication with a factor 4; see Fig. 29.
However, a few limitations were also identified dur-
ing the commissioning of the bunch frequency monitor.
In particular, some signal was received by channels at
frequencies other than 15 or 12 GHz after the bunch
frequency multiplication, with a pattern that is not con-
sistent with a systematic phase error at injection. Also, a
few discrepancies were found between the expected and
measured signal amplitudes during the bunch train com-
bination. This is probably due to the short length of the
bunch trains and to the fact that the longitudinal overlap
between the bunch trains is not perfect. Indeed, a time
domain analysis of the signal coming from the pickup
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FIG. 30. Time structure of the signal induced in the pickup by the passage of a bunch train in the CTF3 ring after combination.
The signal up to 4 ns is mainly a 3 GHz signal induced by one train; the high frequency signal from the combination is present
mainly between 4 and 8 ns. The signals later than 10 ns are attributed to parasitic waveguide modes.
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showed that the bunch frequency multiplication mainly
occurs in the core of the final pulse and not at the edges,
because of the pulse-to-pulse variations in length; see
Fig. 30. Another reason for these discrepancies may be
the presence of parasitic waveguide modes, which can be
excited along the beam path and propagate together with
the bunch train. Depending on their phase, they can
induce either an increase or a decrease of the output signal
amplitude. These parasitic modes could also clearly be
seen in the time domain measurements.

IV. CONCLUSIONS

The CTF3 Preliminary Phase has successfully demon-
strated the electron beam combination with a multiplica-
tion of the bunch repetition frequency and the beam
current. It validated the principle of injecting and com-
bining several bunch trains in an isochronous ring using
rf deflectors.

After initial commissioning of the installation, optics
measurements were performed in the different parts of
CTF3 and showed, in general, a good agreement with the
expected performance. In particular, streak camera mea-
surements showed that the bunch length could be kept
constant over several turns in the isochronous ring and
that it was comparable to the one measured at the end of
the linac (in the range of 3 ps rms). This proved the
isochronicity of both ring and injection line, as required
for the bunch train combination. Trains of 6 ns length with
a bunch charge of about 0.1 nC were successfully com-
bined with multiplication factors up to 5 and studied in
detail for factors 4 and 5. A procedure was then developed
to optimize the combination performance, and a combi-
nation without measurable losses was established. This
procedure minimized simultaneously bunch-to-bunch
variations in distance and transverse position, which are
well understood and explained. In addition, an alternative
instrumentation, based on beam frequency spectrum
analysis, was successfully commissioned for monitoring
the combination process.

This proof of principle experiment constitutes a crucial
step in the CLIC study. In the next stage of CTF3 [16], the
bunch train combination will have to be proven at higher
bunch charge (2.3 nC) and with longer pulses (140 ns), as
required for CLIC.
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