
l hNon-interceptive single shot 
bunch length measurementbunch length measurement

Anne Dabrowski
(Northwestern University/CERN)

Hans Braun (CERN), Thibaut Lefevre (CERN) Mayda Velasco 
(Northwestern University)

CLIC Workshop, CERN
17 October 2007

A. Dabrowski, 17 October 20071/24



Bunch length requirements for CLIC

Location in CLIC Machine Bunch Length

mm ps

Drive beam 1.00 3.3

Main Beam at injection 0 044 0 15Main Beam at injection 0.044 0.15

Beam Delivery System (IP) 0.044 0.15

Main Beam in damping ring before extraction 1.50 5.00

Combiner Rings 2.00 6.70

htt // li ti b h/ li ti / li t bl 2007 ht lhttp://clic-meeting.web.cern.ch/clic-meeting/clictable2007.html

•Bunch length need to be monitored throughout the machine

•dynamic range 0.1 ps 10 ps
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Northwestern CTF3 Activities 
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RF pickup for bunch length measurement

• Outline
P i i l f th t– Principle of the measurement 

– Report on activities during 2006
• Hardware designed, installed & tested
• Electronics
• Software

– Results from commissioning of device in CTF3 
in 2006

• PAC07 proceedings: 
– http://doc.cern.ch/archive/electronic/cern/preprints/ab/ab-2007-070.pdf

– Improvements in the setup ready for 
testing in CTF3
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Principle of the measurement

The RF-pickup detector 
measures the power spectrum 
of the electromagnetic field S lid 1of the electromagnetic field 
of the bunch

For a given beam current;
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Ad t s

Advantages of the RF-Pickup  

• Advantages
– Non-intercepting / Non destructive
– Easy to implement in the beam lineEasy to implement in the beam line
– Relatively low cost (compared to streak camera and RF 

deflector)
– Relatively good time resolution (ns) follow bunch length 

within the pulse duration
– Measure a single bunch or a train of bunchesMeasure a single bunch or a train of bunches
– Relative calibration within measurements for a given beam 

frequency
• Short comings in the calibration

– Beam position sensitive
S iti t h i b t– Sensitive to changes in beam current

• At CTF3: the RF deflector and/or a streak camera can provide 
an excellent cross calibration of device

A. Dabrowski, 17 October 2007

an excellent cross calibration of device
– CTF3 machine is excellent environment for testing & development !
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• An RF pickup was installed in CTF2

RF-pickup device installed in CTF2
• An RF pickup was installed in CTF2

– Rectangular waveguide coupled to a rectangular hole 
made on the beam pipe surface
– Using the mixing technique it measured bunches as 
short as 0.7ps.  It was limited by a maximum
mixing frequency of 90 GHz

C. Martinez et al, CLIC note 2000-020
http://doc.cern.ch/archive/electronic/cern/preprints/ps/ps-98-019.pdfmixing frequency of 90 GHz. 

• This device was dismantled in 2002 was no longer being used at CTF3.

• Goal is to re-install the device with an improved design
– Increase maximum frequency reach max mixing of 170 GHz, to q y g

reach bunch length measurements of 0.3ps. NU Invested + 
commissioned D-band waveguide components & mixer @ 157 GHz

– Spectral analysis by single shot FFT analysis from a large bandwidth p y y g y g
waveform digitizer with remote LabView control

– Design a thin diamond RF window for good vacuum and transmission at 
high frequency

A. Dabrowski, 17 October 2007

h gh frequency
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Investment in new hardware to measure high frequencies

– Local oscillator (Down converter) 
• LO 157 GHz 
• RF 142-177 GHz

– D-band waveguide components
(waveguide WR-6 1.65 mm x 0.83 mm, 
cutoff 110 GHz)cutoff 110 GHz)

• D-band Horn (gain 20dB)
• D-band fixed attenuator (10 dB)
• D band waveguide 5cm• D-band waveguide 5cm

– Brass high pass filter, size of holesBrass high pass filter, size of holes 
determine cutoff
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New hardware installed CTF3 2006
CT line BPR and single WR 28CT-line, BPR and single WR-28 
waveguide to transport the signal 
to the gallery (~20 m).

Analysis station gallery

42 4

•Filters, and waveguide pieces  
separate the signal from the beam into

1

3separate the signal from the beam into 
4 frequency-band detection stages:
(30 – 39) ; (45-69) ; (78-90) & (157-171) GHz
•Series of 2 down mixing stages at 

3

From 
the
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Electronics for Acquisition

Acqiris DC282 Compact PCI Digitizer
4 channels 

2 GHz bandwidth with 50 Ω standard 
front end 

2-8 GS/s sampling rate
Mounted in the same VME 
crate as the 30 GHz 
conditioning team’s cards

Signals from Acqiris 
scope visible in control p
room using OASIS 
Viewer software
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DAQ and Analysis code
Labview interface

• Software:
– Data acquisition controlled

Labview interface

Raw Signal
– Data acquisition controlled 

by a Labview program, with 
built in matlab FFT analysis 
routine.

– Code to extract the bunch 
length in real time written.

– System used from control FFT Signaly
room in regular running 
operation

Screen for 
analysisanalysis
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Bunch length manipulation in the INFN chicane Bunch length manipulation in the INFN chicane 

Accelerating structures
@Girder 15

4 Bends Frascati 
Chicane Delay Loop

RF pick-upRF pick up

Changing the phase 
of Klystron 15 to Convert energy 

Nominal energy
Higher energy

Lower energy

of Klystron 15 to 
insert a time to 
energy correlation 
within the bunch 

correlation into path 
length modification 
and time correlation 

Measure the Bunch 
frequency spectrum

Klystron
V(t)

• On-crest Acceleration – the bunch length is conserved 
through the chicane

t
• Positive Off-crest Acceleration – the bunch gets shorter

• Negative Off-crest Acceleration – the bunch gets longer
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Calibration of device – RF Deflector
Ch & b h l h 2004Chicane optics & bunch length measurements - 2004

RF deflector phaseDeflecting Voltageσy0 F f ct r phaD f ct ng V tag

Betatron phase advance
(cavity-profile monitor)RF deflector

wavelength

Bunch length

σy

Beta function at cavity
and profile monitor

Beam energy
wavelength

Deflecting mode
TM11

RF Deflector Screen

Magnetic chicane (4 dipoles)

RF deflector off RF deflector on

Slide T. Lefevre 
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Calibration of device – RF Deflector

OTR@ MTV0550SR@ MTV0361 σy0

σy

Deflecting mode
TM11

Calibration Strategy: 
For various settings on the chicane take bunch length measurements using bothFor various settings on the chicane, take bunch length measurements using both 
the RF deflector, and the RF-pickup.  Calibrate the response function of the 
pickup.  

Once calibrated the pickup can be installed anywhere else in the machineOnce calibrated, the pickup can be installed anywhere else in the machine 
where a bunch length measurement is needed.

The RF-pickup is a much less expensive device than the RF deflector & Streak 
camera

σ = 8.9ps σ = 4.5ps
camera.

RF-pickup better resolution than the Streak camera ( < 2ps).
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Reminder of the Theory
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(30 – 39) ; (45-69) ; (78-90) &  (157-171) GHz

•Measure the power spectrum at each frequency band:Measure the power spectrum at each frequency band:

The maximum height of each FFT peak.

A. Dabrowski, 17 October 2007

Fit to the best bunch length, σt
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Typical raw and FFT pickup signals

E lExample:

Synthesizer (second down-mixing stage) set at 5300 MHz

phase MKS15 355 degrees, 06-12-2006phase MKS 5 355 degrees, 06 006

Raw signals from the beam in time domain Transformed signals

33 GHz 63 GHz, 51 GHz

FFT

81 GHz 162 GHz

A. Dabrowski, 17 October 200716/24

10 measurements, at each local oscillator & phase setting.  FFT done on each measurement 
result averaged, std dev of mean < %.



Bunch length measurement result

• Data analysed using a self calibration procedure, by 
means of Chi square minimization.

• 16 measurements (corresponding to 16 different ∑∑ −= −
16 3

2)()2((2 )(
22

ij
f

i yeA ji σπχ( p g
phase settings  of MKS15)

• Fit done with lowest 3 mixing stages (< 100 GHz).
• 19 free parameters fit 3 response amplitudes 

j i
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Improvements to the Setup
Analysis station gallery (2006)Note: Analysis station gallery (2006) 

to be updated for 2007
Note:

At high frequency mixing stage:

High Pass filter @ 157 GHz;

4

(157 + 14) GHz signal is analysed in 4th

mixing stage.

Modifying the high pass filter to 143 GHz
2 4Modifying the high pass filter to 143 GHz

would allow (157 ± 14) GHz to be 
simultaneously analysed sample more 
frequencies 

Modify first reflecting filter to have 
spherical shape to focus signal capture 1

3

spherical shape, to focus signal, capture 
more power higher signal.

3

From 
the

Machine all filters with holes at angle = to 
the “angle of incidence” to get sharper 
cutoffs 

A. Dabrowski, 17 October 200718/24

the 
beamAll Machined – finalising alignment, then 

ready for test in machine



Improvement: Increase transmission @ high frequencies 
New RF Window in design

Material Thickness Epsilon

Al203 window 
(2006 isi i )

3.35 ± 0.07 mm 9.8
f

cλ =
(2006 commisioning)
CVD diamond window 
(installed in 2007)

0.500 ± 0.005 mm (~6 at 30 GHz measured 
@ CERN by Raquel)

rf ε

@ 90 GHz through  Al203 λ is effectively ~ 1 mm

Although obtain Good signal in December commissioning of RF-pickup ; Al203 window not 
optimized for good transmission at high frequencies (> 100 GHz) designed a thinoptimized for good transmission at high frequencies (  100 GHz) designed a thin 
(0.5mm) diamond window with lower εr.

•Brazing successful

•Window currentlyWindow currently 
installed in the 
machine

RF ti d•RF properties and 
test in machine to 
follow soon

A. Dabrowski, 17 October 2007

0.5mm
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Summary: Bunch Length detector

• RF-pickup detector has been successfully installed in the CT line in  CTF3
– Bunch length measurement made as a function of phase on MKS15!
– The Mixer & filter at 157 GHz was tested and works.

U i i l id Pi k i l k– Using Single waveguide to Pickup signal works.
– The new acquires data digitizing scope installed, online analysis and DAQ code 

tested and working.
– Self calibration procedure stable (although 4th mixing stage not included).p ( g g g )

Improvements to the setup:

d d d d f h h f ll d h• Improved RF diamond window for high frequencies is installed in the CTF3 
machine ready for testing in next CTF3 commisioning.

• An additional filter at ~143 GHz can provide additional flexibility in the• An additional filter at ~143 GHz, can provide additional flexibility in the 
detection of high frequency mixing stage.

• Spherical surfaces on the filters to better focus the signal on the analysis Spher cal surfaces on the f lters to better focus the s gnal on the analys s
board, through the detector stages.

• Filters re-machined to get optimal cutoff based on “incident” angle

A. Dabrowski, 17 October 2007

Ready to take data !
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Why is this measurement needed?
Performances of Bunch Length detectorsPerformances of Bunch Length detectors (t bl th k t Thib t L f CERN)(t bl th k t Thib t L f CERN)

• Optical radiation

 

 

σ 1 n! Limitations

Performances of Bunch Length detectors    Performances of Bunch Length detectors    (table thanks to Thibaut Lefevre, CERN)(table thanks to Thibaut Lefevre, CERN)

Optical radiation
• Streak camera -------------------- xxxxxxx xxxxxxx > 200fs
• Non linear mixing ----------------- xxxxxxx xxxxxxx Laser to RF jitter : 500fs
• Shot noise frequency spectrum -- xxxxxxx xxxxxxx Single bunch detector

• Coherent radiation
• Interferometry ------------------- xxxxxxx xxxxxxx
• Polychromator --------------------- xxxxxxx xxxxxxx

• RF Pick-Up -------------------------------- xxxxxxx xxxxxxx xxxxxxx > 500fs

• RF Deflector ----------------------------- xxxxxxx xxxxxxx xxxxxxxRF Deflector xxxxxxx xxxxxxx xxxxxxx

• RF accelerating phase scan -------------- xxxxxxx xxxxxxx xxxxxxx High charge beam

• Electro Optic Method
• Short laser pulse ------------------ xxxxxxx xxxxxxx xxxxxxx Laser to RF jitter : 500fs
• Chirped pulse ---------------------- xxxxxxx xxxxxxx xxxxxxx > 70fs
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• Laser Wire Scanner ---------------------- xxxxxxx xxxxxxx xxxxxxx Laser to RF jitter : 500fs


