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ABSTRACT. The CLIC Test Facility 3 (CTF3) is being built and commissd by an international

collaboration to test the feasibility of the proposed Coaotpanear Collider (CLIC) drive beam

generation scheme. Central to this scheme is the use of Réctefl to inject bunches into a
delay loop and a combiner ring, in order to transform tha@ahbunch frequency of 1.5 GHz from
the linac to a final bunch frequency of 12 GHz. To do so, the nmaihtransverse optics must
be tuned to ensure beam isochronicity and each ring’s lecagttinally be adjusted with wiggler
magnets to a sub millimeter path length accuracy. Diage®diased on optical streak camera
and RF power measurements, in particular frequency barmg, een designed to measure the
longitudinal behaviour of the beam during the combinatidiis paper presents the diagnostics
and recent commissioning measurements.
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1 Introduction

The CLIC Test Facility 3 (CTF3)]] is being built and commissioned by an international callab
ration to test the feasibility of the CLIC drive beam genieraschemeZ]. The generation scheme
of the high current (28 A), 12 GHz drive beam in CTF3 is depldtefigurel. In the present CTF3
nominal scheme, a 1/2s train of 2.3 nC bunches, originating from the CTF3 linachvatbunch
spacing of 20 cm is phase coded in sub-trains of 140 ns each. dEdsequent sub-train differs by
180 degrees of a 1.5 GHz cycle originating from the phasechimig of the sub-harmonic bunching
system in the CTF3 injectol], as shown schematically in figute This 1.2us train from the
linac is converted into an eight times shorter train of 14@ith a 2.5 cm bunch spacing. This is
achieved by first exploiting the presence of this phase ¢pdind utilising a 1.5 GHz transverse
RF deflecting cavity in the delay loop (DL to inject only “even buckets” into an isochronous,
single turn, delay loop, see figude This produces a series of 140 ns sub-trains of 3 GHz beam
separated by a 140 ns gap. Thereafter, two 3.0 GHz transgeftgeting cavities in the combiner
ring (CR) [5, 6] are used to interleave bunches, see schematically figuoeprovide the full com-
bination factor of eight in current (28 Amps) and frequent2 GHz) after the first sub-train has
made a &' turn in the isochronous combiner ring.

A full demonstration of the combiner ring scheme was alreagtjfied in the CTF3 prelim-
inary phase 7], but with a lower bunch charge (0.1 nC) and a shorter pulsgtle (6.6 ns) than
for the CTF3 nominal phase. For the CTF3 nominal phase, thkecige is to use both the delay
loop and the combiner ring simultaneously with a higher bucitarge and a longer train length.
The delay loop scheme was tested in 208]Gahd the combiner ring scheme in 20@.[The two
rings, working together, were tested for the first time in200here a factor of eight combination
in current was achievedl)]. Recent studies have commenced to verify that the combdeadh
has the bunch structure of a 12 GHz beam, with minimal phaseserThis paper is an extension
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Figure 1. CTF3 complex and drive beam generation scheme.

of the work presented at the IPAC2010 conferericl énd introduces the diagnostics necessary to
monitor the bunch frequency multiplication process and firsasurement results.

2 Bunch frequency monitorsand supporting diagnostics

To optimise the bunch combination scheme, optical diagrobased on a streak camera and RF
diagnostics based on frequency dependent power measueensérg the phase monitor have been
developed. These diagnostics are located in and after thg d®p and in the combiner ring, see
figure2, in order to monitor the beam during the combination proc€&hks two types of diagnostics
are complementary and are both based on a single shot meesrel he streak camera provides
a phase measurement within a 200 ps - 10 ns time window of tua Ipellse train, while the phase
monitor provides a time resolved measurement along thed ulse train, with a 10.4 ns time
resolution, limited by the sampling rate of the ADC. In adtitto these two diagnostics for bunch
frequency monitoring, two other diagnostics were neededidomalisation purposes. The first is
an average measurement of the beam power spectrum, andthemtelength measurement. This
is provided by a wave guide pickup (“BPRW") and wide bandwitigh frequency diode. The
second is a beam current measurement which is provided bgra pesition monitor (BPM). The
diagnostics systems will be described in more detail in ¢flewing section.

2.1 Streak camera

Light used for diagnostics purposes is emitted as eithestsptron radiation, produced in the arcs
of the delay loop (DL.MTV0361) and combiner ring (CR.MTV@4&and CR.MTV0496) dipole
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Figure 2. Layout of the diagnostics used for the bunch combinatioasuageements.

magnets, or as Optical Transition Radiation (OTR) produaiethe end of the drive beam linac
(CT.MTV0550) which is instrumented with a movable thin Siemn, see figur@. The light is
guided over long distance&?], [13] to one of two optics laboratories outside the radiationi-env
ronment of the machine, see figuze The light is then focused onto the streak camera slit, to a
spot size of about 350m, and used for longitudinal bunch diagnostics studies. Streak cam-
era has been re-calibrated before this measurement camysiitgg the position of a bunch from

a 2.99855 GHz electron beam and a trigger with an adjustailg € 10 ps) timing delay. The
calibration factor was measured to a precision of 3% for aepvepeed of 10 ps/mm, which is most
suitable for bunch length measurements, and to a precigien1ds for 20 ps/mm and 50 ps/mm
sweep speeds which are most suitable for bunch spacing reeasuts.

The shape of the single bunch distribution was studied wighstreak camera, see figiBe
and is best described as
1 _ (‘*Ti)2

\/_T[O-b e 20€(l+asgr(t—ri)) , (21)

fbunch(t)

whereo? = (02 + 02) /2 anda = Eﬁi;;z; wherea, (o) describe the width of the left (right)
hand side of the fitted skew Gaussiaﬁ distribution. A blueshength filter was used with all streak
camera measurements in order to select a narrow frequendydbaptical photons. This reduces
effects due to longitudinal dispersion in the long optiéaélwhich can effect the temporal reso-
lution of the measurement. The narrow frequency band otabfihotons also ensures a uniform
response on the streak camera photo cathode, thus optintie@rtemporal streak camera resolu-
tion. The resolution smearing due to shot to shot jitter dreddmall transverse spot size of the
beam in focus was measured. These effects where taken iriargdn the longitudinal measure-
ment. The errors due to the calibration factor measuredcfmstreak camera and goodness of the
fit of the streak profile, using the function in equatidhlj, were also taken into account in the
bunch length and bunch spacing analysis and correspondioigestimation.
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2.2 Phase monitor

Given a skew Gaussian bunch shape measured with the stneegtazathe expected power spec-
trum, in the frequency domain, of a train of N electron bursct@n be expressed as follows

2120?12 —2rg2 2\ 2 N 2 /N 2
P(f.t) D12t | &2 Toe T X Zcos(ZnTif) + Zsin(errif) ,

(2.2)
wherer; indicates the position in time of bunch i in the train. Themalized frequency dependent
power spectrum induced by a train of identical Gauss@i=(0) bunches, bunched at 3GHz is
shown in figured. The envelope of this spectral distribution correspondseowidth of the single
bunch distribution as in equatiog.().

The phase monitors are designed to measure the magnitude béam power spectrum (see
equation 2.2)) within selected frequency bands sensitive to the spagduring bunch frequency
combination ¢;), based on the principle outlined i©4]. The monitor is made of four symmetric
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Figure5. Schematic of the phase monitor electronics.
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bunch lengtloy, along the train.

button antennas around the beam pipe, see the photograpghRoPRkup in figure2, to pick up
the beam induced RF signal. There are two such devices in @FEe3After the delay loop and the
other in the straight section after the second arc of the amnhbing, see figur@. The picked up
power is combined, to be position insensitive, and rediyioito four channels where attenuation
is applied where needed. The signals are then band pasedilfef ~ 100 MHz), measured with
a diode, see figurs, and digitised with a 12 bit ADC, proving power variationsdethan 103

to be measured. The ADC is sampled at 96 MHz. The phase manitbe delay loop monitors
the beam power at central frequencies of 7.5, 9.0, 10.5 ar@i@Rz to be sensitive to residual
1.5 GHz spacing errors in the combined 3 GHz beam. The onesindmbiner ring monitors the
frequency bands around 6.0, 9.0, 12.0 and 15.0 GHz wheneagfterfect 12.0 GHz combination,
the 12.0 GHz component should increase to a maximum in‘fheis, whilst the other signals are
suppressed.

Figure6 shows a simulation of the expected phase monitor signalsumed in the delay loop
and the combiner ring for a combination without phase emarsa uniform bunch length of 15 ps,
Op, along the bunch train.

The change in the ideal phase monitor signals of figuaee shown as a function of a phase
error in each of the two effective ring lengths respectivalpicoseconds in figur@. Figure7(a)
shows the relative change in the amplitudes of the signdigume 6(a) based on an effective ring
length error coming from the delay loop. While, figuteas an example, focuses on th&#irn of
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the combiner ring. It shows the change expected in a sigmegwonding to a perfect combination,
as shown in figur&(b), as a function of an effective ring length error in the tamer ring. Based
on the high dynamic range ADC, and a linear relationship betwthe diode detector and incoming
power, the phase monitor should be sensitive to phaseigasdess than 2 ps. To be most sensitive
to the bunch spacing, as shown in eq. 2, the phase monitalsigre normalised to the current as
measured by a BPM and the bunch length, as measured by eitlaibeated K-band RF pickup
(BPRW), as described in the following section, or by theaktreamera.

The rationale for using the phase monitor during CTF3 corsimisng is two fold. Firstly,
for the adjustments of the delay loop ring length, the 1.5 GHmmonics measured by the phase
monitor located after the delay loop (normalised to curgerd bunch length variations) are min-
imised and the corresponding 3.0 GHz harmonics are maxihaise function of the current from
the wiggler. For the first adjustment of the combiner ringglbrthere are two main tuning signal
that are used from the phase monitor signals in combiner fihg 6 GHz component (normalised
to current and bunch length variations) is suppressed ig"theirn of the combiner ring, as a func-
tion of the current in the combiner ring wiggler, and the 1283idwer measurement (normalised to
current and bunch length variations) is maximised durimg&fiturn. Secondly, the phase monitor
signals are saved as references for a good combinationtimonds measured by the streak camera.
In this way, only relative changes from this reference ateutated, and the beam conditions are
adjusted in order to fall back onto that reference. This isveaient for the operations, since the
phase monitor can then be used as an online single shot mogigystem, for the full pulse train,
while the streak camera is an expert measurement, limitedriarrow window within the beam
pulse train.

2.3 BPR wave-guide pickup (BPRW)

The BPR wave-guide pickup (BPRW), as shown by the green \gaidge port of the BPR photo-
graph in figure2, provides a measurement of the beam power spectrum in thenk-fsequency
range, and is hence sensitive to the bunch length as showguirefi. The schematic of the hard-
ware is shown in figur@. It consists of a single WR28 wave-guide pickup, attacheith¢dbeam



Box on side of girder ADC
SIS3300

2 x Horn Antenna

Wave guide 308 ’ RE
Vacuum WR28 ~1-2m Atenuaton. | @ tor |SVA
window ! T = — @ ® 2608 1o f—
AL,O -
228 Waveguide \

CL.BPR0290W attenuators DC Block

CL.BPR0475W

CT.BPR0532W

CR.BPR0505W

CC.BPR0519W L

Figure 8. Schematic of the BPRW RF-pickup electronics.

pipe separated by a thin vacuum window. The beam induced fileld to the detector box placed
on the girder of the machine where they are emitted via a pgarhorn antenna. The emitting
and receiving antenna are insulated from one another, &idsttparation carefully calibrated for
the required attenuation.

The power is detected by a fast Schottky barrier detectositiee in 26.5-40 GHz. The output
voltage is amplified and digitised with a 12 bit resolution @Rard sampling at 96 MHz. BPRW
detectors are installed at the same location as the phasigonspsee figure, for a bunch length
normalisation measurement.

2.3.1 BPRW calibration

The streak camera measurements were used as a bunch lefegdnge with which to com-
pare other instruments. The calibration measurementemiexs here were performed using a
2.99855 GHz special beam for instrumentation calibratioh the synchrotron light from a dipole
magnet in the combiner ring. This beam was special, becabsel ia larger than hominal bunch
length variation along the pulse train, so that a wide rarfgaunch lengths could be calibrated,
within a single train. The bunch length variation along thésp train, for this dedicated instrumen-
tation cross-calibration, is shown in figu8e The streak camera sampled the pulse in 50 ns time
intervals over a period of about 2 hours.

At the same location as the streak camera measurement iartitarer ring, the BPRW signal
was measured, see figl€). Using a quadratic function, which was sufficient giviee $ampling
of the streak camera measurement along the pulse train anolutich length range, the BPRW
signal was calibrated to the measured streak camera datéigee=9(b). The calibrated BPRW
signal can hence be used as an online monitoring of the bamgjiH along the pulse train and a
normalisation for the bunch length dependency in the phasgtor measurement.

2.4 Beam current and position monitors

A circular aperture inductive pickup in the linac (BPM)4 and an elliptical aperture inductive
pickup (BPI) [L6], compatible with vacuum chamber in the rings, are useddorent and position
measurements. The resolution of the position measuremétter than 10Qm, and with a fre-
guency bandwidth ranging from 1 kHz up to 200 MHz, making itsséve to fast signal fluctuations
along the 1.2us pulse without any signal droop in position or intensity.
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3 Measurement with beams

In the autumn 2009 CTF3 commissioning, a factor of eight doatibn in beam current was
commissioned]0], and since then beam studies have been focused optimignigttor of eight
combination in beam frequency. Although the longitudinesdim profile was not fully characterized
in the linac and the phase measurements presented in tbeifadl were done in conditions where
losses developed in thé4urn and an imperfect combination is measured, see figrthis data
is still useful to demonstrate the commissioning of therimsents. It is however not sufficient to
characterize the evolution of the beam dynamics in detad,this will be presented in a separate
paper.

Streak camera measurements of the first turn of the combimgy reveal that the time of
flight for particles in the delay loop, which should be 140iss;ather 13 ps too long, see talle

and figurell(a). Subsequent trains are similarly late by about 25 pss3fhp 17 ps respectively,
see tablel and figurell(b)-(d).



Figure 11. Streak camera bunch spacing measurement for subsequenirtthe combiner ring.
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The delay loop path length has been measured correctly enatioasionsl2]. The observed
bunch spacing error is related to a non-zero dispersioneatsasurement poin?]. A residual
dispersion error in the delay loop enhances the effect aridesntne dispersion in the combiner
ring irregular, due to the difference in the dispersion fonthes that pass through the delay loop
compared to those that by-pass the delay loop. There alstsgeebe a non-zero R56 in the delay
loop optics, reflected by a larger bunch length measuredhfiset bunches that pass through the
delay loop compared to those that by-pass the delay loogabéel. Due to the phase error and
the elongation of the bunches, the bunches probably acquirensverse kick as a consequence
of being on the wrong phase with respect to the RF in the defledf the combiner ring, which
could cause the losses measured for subsequent turns,.sed @igT he difference in the measured
effective ring length from turn to turn, has its origin in alitygle and phase modulations along the
RF pulses in the linac, originating from the RF pulse comgioes system used in CTFAT].
These modulations, result in a residual non uniform energfile along the beam pulse of the
order of (1-2)%AE/E. Since both the magnetic chicane in the injector andeaetid of the linac,
have a nonzero R56, this can cause a bunch length and phéisalairg the pulse train, which
is then reflected in the combined beam. A scheme to minimiseeffect on the beam is being
implemented based on an amplitude and phase compensatiemady subsequent klystrons in
the linac, thereby negating the effect of one klystron by lasequent one. For example, the RF
pulse to the injector buncher and the RF pulse feeding theficelerating structure in the injector,
both contain a residual second order modulation of the anggiinherent to the pulse compression
system. The waveform in the pulse compression system camolgeapnmed so as to result in an
opposite curvature between the RF pulse to the buncher anfirsh accelerating structure. This
allows the effect induced by one klystron, to cancel thectftd the following. This will then
ensure a flatter energy profile before entering the bunch mssn chicane in the injector and
as a consequence a uniform longitudinal bunch profile albagptise train, up to third order. In
addition a temperature feedbaddg] to compensate for slow variations in the amplitude and @has
of the klystron is also being implemented and this will imgdhe overall stability of the machine
and the combination process.

An example of the power measured for the phase monitor, da@dato current and bunch
length, is shown in figurd2. As expected, the 12 GHz power measurement dominates for the
combination. However, due to the poor combination, thera igsidual signal from the other
frequency components. These unwanted harmonics shouldgmeessed in the phase monitor
measurement during a better combination. A simulation efekpected phase monitor signal for
12 GHz is shown on figur&2to compare to the data. This is calculated using the curreasored
with the BPM along the pulse, the bunch length along the pagsmeasured with the calibrated
BPRW and a phase error as measured by the streak coming feodelty loop, as listed in table
| for turns 1, 2 and 4. For turn 3, an arrival time error from theday loop of 27 ps was used in
the simulation because it better matched the data, compaitbeé 32 ps as obtained by the streak
measurement. This difference may be attributed to a drifiaénmachine conditions between the
time taken to make the streak measurement and the loggirttegiitase monitor signals (a few
minutes). Alternately the difference could be due to thdtéoh sampling window of the streak
camera, where the 1 ns time window measured is not fully sgmtative of the average delay loop
ring length error for the full 140 ns during of train 3. The @ming difference between the data

—10 -
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Figure 12. Normalised phase monitor measurement in the combineraitga simulation of the corre-
sponding 12 GHz phase monitor signal, based on streak datepheasurements, the intensity data from
the BPM and bunch length measured with the BPRW.

and the simulation might be attributed to differential Es®r bunch length variations, that are
faster than the 10.4 ns sampling of the BPRW and BPMs. Sutdrelittial losses will be studied
in the future, based on bunch by bunch light intensity mesments with the streak camera, over a
wide time window of the bunch train, turn by turn.

The phase errors as measured by the streak camera can alsudlised in the frequency
domain. By performing a fast Fourier transform (FFT) of tlreak camera data from figud(a)
and figurel1(d) the corresponding beam frequency spectrums are shofiguire 13(a) and fig-
ure13(b) respectively. The dominant 3.0 GHz beam harmonics amesesidual 1.5 GHz harmon-
ics, caused by the arrival time error from the bunches in thaydoop, are seen in the first turn of
the combiner ring, see figu(a). The residual non-12 GHz components are seen in the FFT of
the data from the'4 turn of the combiner ring, see figut&(b). The poor resolution of the FFT, as
shown by the width of the peaks in figui&(a) and figurel3(b) is due to the small time window
of 750 ps, as sampled by the streak camera for a single shaune@aent using a 50 ps/mm sweep
speed. The bandpass of the filters in the combiner ring phaséton are superimposed onto the
plots of figurel3, to illustrate the sensitive frequency bands in the phasatoroof the combiner
ring, defined by the band pass filters (BPF), see figure

The variation in the bunch length in the combined beam, dale faand figurell, adds an
additional complication for the normalisation of the phasenitor signals. This will be addressed
in the next CTF3 runs, where a strong focus will be the settingf the RF pulses in the linac to
compensate for phase and amplitude variations in the REmysith subsequent klystrons, and
the commissioning of the RF amplitude and phase feedbadkray|&8] and an operation of the
CTF3 injector with shorter bunches.

With an expected better control of the longitudinal dynantbe final step in the adjustment
of the combination process will be the fine tuning of the dffecring lengths with the wiggler
magnet.

—-11 -
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Figure 13. A FFT of the streak camera data presented in figufa) and a FFT of the streak camera data
presented in figur&l(d). The width of the phase monitor band-pass filters is shiovgneen.

4  Outlook

The diagnostics to measure the bunch frequency multipicabh CTF3 are being commissioned
and already provide feedback for the operators to tune thehbaombination process and com-
plement the BPM intensity measurements. Beam based meanieand CTF3 commissioning
are continuing, and a strong focus in the next run will be &bebntrol of the longitudinal beam
dynamics along the pulse train. An improved setting up ofRrepulses in phase and amplitude
along the pulse train and the setting up of the CTF3 injecioskiorter bunches have been identi-
fied as areas needing special attention in order to achieeed gpmbination. The goal of tuning
an isochronous ring, and minimising the phase errors dudmgbination will be the focus of the
next commissioning phase. Calibration and systematidestuaf the instrumentation performance
will continue in parallel with beam measurements. In ordebe less sensitive to the systematic
effects due to the bunch length variation along the pulse,tiastrumentation is being considered
that functions at lower frequencie$d).
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