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@ Outline

« CTF3 Bunch Length regime

« CTF3 Longitudinal profile instrumentation

v" Optics based
— Streak Camera

v" RF+Optics
— RF deflector

v" RF based
— Integrated power spectrum techniques with schotty diodes (“BPRW?)
— Power spectrum based on microwave spectroscopy (“RF-pickup”)

« Bunch Length measurements planned for CLEX

« Califes probe beam and perspectives for Instrumentation Test Beam (ITB) line

 Qutlook




Bunch length @ CTF3

Drive PETS Line Drive Beam Delay Loop  TL1

Beam 30 GHz Accelerator

Injector
]' source ‘ Stretcher :

I

{E% N — I I 11
Conyren ; R 5@5 :
= 1= — =

0™, RFphoto  30GHz = CLEX S L2 =
|njector test tests compression
chicane
LINAC =1-7 ps
- —~  Delay Loop and Combiner Ring > 8 ps

CLEXTBL/TBTS =1-2psrm.s
Califes <1 psrm.s
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Measurement methods for short bunch length

Time Domain Methods Frequency Domain Methods

streak camera RF deflector spectrometer microwave spectroscopy coherent radiation

bunch induced
RF field

conversion 4
into photons
time dependent
acceleration
Into electron

deflection with time dispersive
dependent field bend

detection of transverse +
electron distribution assumptions on distribution
H. Braun

g ‘ CTF3 uses all of these methods ‘ CAS RF school
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@] Overview of Longitudinal Instrumentation

RF Deflecting Cavity, OTR
@ Streak Camera Synch Light, or OTR

Bunch Length Form Factor (r.m.s.)

. BPR-W  (Integrated Power over 25-40 GHz)
& RF-pickup (Power at selected harmonics 30 — 170
GHz)

CDR Experiment — RHUL

Combine Beam, 12
GHz Bunch Spacing
/

/ Compression
chicane - TL2

Stretching
Chicane

0= 4.5ps (1.4 mm)
2 Streak Labs, 1 more
for 2010

Lower energy
ﬂh}aminul energy
Cleaning )
Chicane

z Injector, 1.5 GHz
Bunch Spacing

CLEX 1-2 ps

Probe Beam (Califes) < 2 ps

o= 8.9ps (2.7 mm)




Bunch length manipulation using INFN Chicane e

Accelerating structures 4 Bends INFN-Frascati
@Girder 15 Chicane Delay Loop

Transverse R
Deflector

Lower energy RF pick-up
ml energy
Higher ener
Convert ener - Measure the Bunch MTV
ion | o frequency spectrum
correlation into path

Scan phase of
Klystron 15 to insert a

time to ener
“Nergy length modification and — Measure bunch shape &
correlation within the , _ :
time correlation length using RF deflector and
bunch
OTR screen
Klystron » On-crest Acceleration — the bunch length is conserved through
V(t) 1 the chicane

\ A
&A
\/ \/ * Positive Off-crest Acceleration — the bunch gets shorter
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@ Bunch Combination in CTF3 Combiner Ring

Streak camera Measurement . o xiomenariis
Turn 1‘_1 //—;k //:'1, ;?
666 ps initial bunch spacing “‘*-7& - = R“""( = [
-10.0 / Turn 2 }
From DL A 1 - current from ~ i
Sl linac Turn 3

2- t aft ‘
Turn 1 e ! /\J Turn 4
e 3 - current in the rir:}')
Turn 2 Current Multiplication Measured
with BPMS
Turn 3
Turn 4

83 ps final bunch spacing

Time axis (ps)
————e DIy I Em
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@) CTF3 Bunch Frequency spectrum T

Streak camera — 500 ps/mm

Nominal operation: e e

Linac 1.5 GHz bunched beam, 1.2 ys pulse
Satellite bunches contain 8-12% (2009) of bunch
charge and have a different longitudinal emittance
*Fast phase switch (5ns) of 180 degrees every 140

4500

ns Ve o B
4000 666 ps j
Preferred beam for diagnostics studies: ﬁ ﬂ% ﬂ ﬁ & A ﬂ
n i
*3.0 GHz (333.3ps bunch spacing) = 7ps bunch length r.m.s.
*No sub-harmonic bunching system e’
*No phase switches —g;_s
. . . Y .4
This is the beam that | will - SRR
focus on for this talk 0?30-2 [ ‘ ]
. ] ‘ L1
0 ' - 40

0 10 20 30 50 60
frequency [GHz]
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Streak Camera in CTF3 Streak

Long optical lines to the streak camera
Laboratory

CR Optics lab
2 Synchrotron
Radiation
optical lines
commissioned

2 Optical lines in 2006

o Synchrotron Radiation in the
Delay Loop

o OTR at the end of linac

line

Optical lines simulated with Zemax
*high transmission
*minimal abberation and chromatic effects
*local focal point in the labs for both lines s
*Re-image focus down towards streak

RELATIVE ILLUMINATION

5 2 2.5 3
Y FIELD IN MILLIMETERS

RELATIVE TLLUMINATION

CTE3: TCM 36 - STEEAK CAMERA
FRI DEC 5 228
WAVELENGTH: @.55080@ pn

LongltUdlnal DlagnOStICS at CTF3 RMS RADIUS 21.885 21.87@ 2@,953 18, 606




Streak Camera — Bunch Length Measurement e

Bunch Shape

— A Skew Gaussian bunch shape

(=t )@

y = a€-262§1+ﬂ:'.ﬁ'§ﬂ(x-ﬁ£}} -+ fo

Measure calibration factors
— Result 0.122 =+ 0.004 ps/pixel (2 sigma) for

10ps/mm

Measurement of the jitter
- 55ps = 0.2 (2sigma)
- Contribution from trigger and beam
Slit size contribution to measurement
- FWHM in focus 14.8+0.9 pixels (2 sigma)

- 350 um

Propagate all error contributions ...

1200 : . . . .
10 ps/mm
10000+ 0.122 ps/px T
CR.MTV496
—.8000F _
=
L.6000+ .
= A Bunch length (FWHM)
§4000- \ 16.85+/-0.67ps i
<
2000 i
0k i
200 20 40 60 80 700 120 14
Time [ps]
Calibration 10 ps/mm 27-11-2009
460 T T T I
¥ 12000F
\ * ]
440 N H |t
= = :‘
} Iy
& 420F ey e A M
. () BT i i by
2 200 400 600 800
© pixels
£
— 400F \ i
380 for365ps to 455 ps ; steps of 10 by 10 ps B
*
calibration factor cal=-0.122 +/- 0.004 ps/px (2 sigma error)
T
400 500 600 700 800

Typical measurement error on FWHM is 4% (2 sigma)

ak position [pixels]
oo
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Bunch Length measurement along pulse train e

» Streak Camera in Combiner Ring using MTV 0496 (zero dispersion point)
» 3 GHz uncombined beam, by-passing the delay loop

50 ns sampling |

2 sigma error bars 26— 04.12.2009: 10 ps/mm, Measurements along pulse train
07 1 1 1 1 1 1
24} "
0.6 -
22k s b 2 =
> +
z 05p + % + -
% 20} + ¥
= 18 o 045 i ]
2 S A +
Q % % +
5 or 0.3F + -
= +
M a1
14
% 0.2F .
12f o+ +
0.1F -
10—
0
OI 1 1 1 1 : I: :
0 200 400 600 800 1000 1200
Time (ns)

» Use Streak Camera measurement and this bunch length variation to cross calibrate other
bunch length instruments
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Bunch Length 3 GHz beam, 1.5 GHz deflector c

Time integrated, destructive measurement
Modify machine optics to use deflector at zero crossing & high power (less stable) for best

resolution

EF Detlector ‘ ‘

‘ Measurement procedure:

"‘! miﬂ h=t: {8
RE]
FEF Taeflector
ﬁl VN P --‘?J Lxidel b
f.-"' \\ f/ \:. I Tl .\-\ [T
- MNoee L L L‘:i. L ""_'_"__'-: i
- Nl 5'_) Even|
\\_/ \_H\ Lonk

P
1

[—y
1

2 2

— % —
Ozrms CAL \/erngFON) GOeriRFOFF)

e ]
1

[y
1

Position on screen (mm)

Calibration Factor:

Change the phase of RF deflector

=>longitudinal mm vs. position on screen

|
b
|

Delay Loop

RF pick-up

y=0.42x-0.48
calibration factor=0.42-+-0.01

-2 0 2 4 &

Longitudinal position of bunch (mm)
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Bunch Length 3 GHz beam, 1.5 GHz deflector e

— Cuttmg 104%of low encrgy tail in chicane (MathCAD). Longitudinal dynamics simulation
S| DD crumeSotowenomy hifin cicmne (MmGAD) work advancing by H. Shaker
= Cutting 10.4% of the low energy tail in chicane (PARMELA).
Measurement RF deflector (12-Sep 2008) .
~ ) 7 Compression curve measured as a
g ;7 function of MKS15 phase & compared
] to simulation
23
<= o
2 Measurement sensitive to:
M » Setup of injector
2 > Jitter from the gun
> Stability of RF along whole linac
“natural chicane” R56 = 0.45 >S.tability & power of RF for RF deflector
1 »Linear response of OTR screen — small
-60 -50 -40 -30 =20 -10 0 10 20 eﬁ:e ct

Phase of RF MKS15 © (0 1s the crest)

Integrated measurement along pulse train
= Qver-estimate of bunch length

n Error contrihiitinne fronom nhacaoe
1 \V UV

] N Nnd
I1TVI UVIILLIMNULIVIIVD |1 1ni PII \V |

2
il

= Measurements repeated with the 3 GHz deflector in CR and OTR screen in CRM line
and studies ongoing




Power Spectrum
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Frequency [GHZ]

beam pipe

Example: Assumption Gaussian Bunch
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\N 27 ! 2 ]
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Peaks are spaced by 3 GHz

Envelope single bunch, bunch-length
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RF Techniques —r.m.s. bunch length - BPRW

(example Gaussian bunch shape)

2 x Horn
Antenna

ADC

30dB
Wave guide attenuation.

WR28 ~1-2m
| Lo [ 2068 ||| ]

' Vacuum
window

RF
detector

D

AL, O,
\ CL BPR0290

SI1S3300

I ——40psrms.
—11.0 psr.m.s.
- o — -
Schottky Detector |

Optmised response 26.5-40.0 GHz

21.5 GHz waveguide cutoff WR-28

Courtesy L. Sgby, CERN 1
0.8
5
T 0.6}
(]
%]
//f// 0;3 0.4f
@
0.2f
o Connected to 100Ms/s ADC 0
A o Detector typically 1 GHz bandwidth 0

40 60 80
Frequency [GHZz]

100



BPRW Power measurement compared to streak Camera e

- Data used: 04-12-2010

- Beam conditions: 3 GHz 4 Amp beam

- Use time resolved bunch length from Streak
- Assume quadratic function for fit

Calibration CR.BPROSOSW/(BPIZ) 04-12-2010

w
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Bunch length FWHM [ps]

— Calibrated 30 GHz BPR/(BPM)?

App“Cat|On Of Callbratlon » | — Cabrated

: 0 200 400 600 800 1000 1200
» BPR and Streak in good agreement Time [ns]

» Exercise should be repeated with different beams to study systematics and verify current and
position normalization

— ey = |
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» Measurement of BPM, BPR and Streak relevant for a good calibration

BPR’s used as Online bunch length measurement available today!
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CTF3 Microwave Spectroscopy — "RF pickup” o

—> detector

RF Pickup Hardware sensitivity
-ll\\ : _l0_5 ps beam pipe RIS waveguide
i —1.0ps /
08-:;!. \‘-‘_ |_‘ _24 pS 1 l‘"l‘
g [iY 3.0 ps
2 O\ MW N M 3.6 ps N
3 0'6'”':; ----- 7.0 ps||
) 12 PS\ PhD thesis C.Martinez
%0-4' v B R Measure the power spectrum of the beam at
o each frequency:
0.2
1. 30;33;36;39 GHz
ol Mlb 1 TS ‘ a ; 2. 60;63;66;69 GHz
0 50 1|c:)0 150 200 250 300 3. 75:78:81:84 GHz
requency [GHz]
4. 159;162;165;168 GHz
Setup @ CTF3 was installed & first data taking in Nov 2006 NORIE&EE%IERN

*Non-intercepting device

=easy to implement in machine

»sub-ps resolution (300fs CTF3), self calibrating if bunch length scan is performed

*RF deflector and/or a streak camera @CTF3 provide an excellent cross calibration of device
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CTF3 Bunch Length Measurement — “RF pickup”

2nd down mixing
frequenc

variable
Signal 10 d
from the
beam -14
GHz
’ 74.5
Filter Gl
74 5 GHZ Receiving E-
_ —__band horn
Receiving K- barit T :
Filter /' \ hc?r?We " ) 1St down AquriS DC282
142G mixin e
- / Filter o ugnc Digitizer 2GS/s
Receivin
D-band g o —<J40 GHz ! q Yy per channel
hom | 157 . Receiving E-banz horn f|Xed
GHz 56.5
2-14 GH.
GHz __i__1,4 '

GHz

0

A=IN 1

Transmission transparent ror nlgn l-req <1/U UI'IZ very Inln 0.150 +- 0.005 mm
thick diamond window (€,~6 at 30 GHz) designed and successfully brazed by S

Mathot @ CERN EN/MME on a Test Titanium sample
Thinnest window ever brazed at CERN

=>» Window has been installed since 2009, and holds good vacuum

Longitudinal Diagnostics at CTF3
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=

Example of one down mixing stage - RF-pickup

ADC is 2 GS/s, typically use 4000 points, 2 micro second time window, delta t = 0.5 ns
Depending on the period of the bunch length variations along the pulse & parasitic noise

Example:
1. 33 GHz beam harmonic (11t of 3 GHz)
2.
3.
optimize the choice of the second LO mixing stage
4,

choose to down mix to a high frequency LO signal, choose 716 MHz

Beam Beam Beam Fixed first Variable IF
acceleration | harmonic # harmonic Mixing Mixing (measured)

2.99855 GHz 32.984 GHz 26.5 GHz 7.2 GHz 716 MHz 735 MHz
Example Schema K- Variable 2 GS/s
band down mixing Local oscillator] 1€Xas Instruments 4 oo
scheme W‘R.—Z.S oscillator | 15 _4537,) BW 1 GHz 10 bit
Emitting horn fecetving 26.5 GHz +20 db Acdiri \ ;
. horn i cquris DC282 ADC
RF signal [ | || ampiilier S
from bunch ﬁ b > [
WR—28 IF IF CC50 50MHz
waveguide High—pass 0-13.5 Gl 0-750 MHz cable  high pass
cable 20m filter

Longitudinal Diagnostics at CTF3

brass filter
(26.5 GHz)

SMA cable SMA

Activity 2009 — Beam Based Measurements
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@ RF-pickup signals e

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

phase MKS15 355 degrees, 06-12-2006

Raw signals from the beam in time domain Transformed signals (Raw FFT unfiltered)
Phase: 355 LO Freq: 6.1GHz - . 2
Mixer Mixer? Mixer-1 Mixer-2
0.4 : : 0.1 : : . 4 ; . 0.4
o 02 o 005 z 3: 0.3
= 0 P =3
= 0 = = £ 0z
= £ 5 T
Loy < _pos = = 0
04 T — 0.1 S ———— " : 70
0 100 200 300 400 500 0 100 200 300 400 SO0 O 025 05 075 1 0 025 05 075 1
Time [ns] Time [ns] F FT Frequency Scope [GHz] Frequency Scope [GHz]
Mixerd x10  Mixerd —] Mixer-3 Mixer-4
0.05 ; : ; 2 : : : : ; ; 0.015 : :
(ST 1§ A S T ol + . 81GHz | ' . 162 GHz
3 -“é | I:l g I:II:I‘I ....... ........ | ........ .........
2 0 50 | N 2 I T
E E [=] =]
< S e e s ol T o 0005
. _ 5
-0.05 — ] R NN "" 0
0 100 200 300 400 500 0 100 200 300 400 500 0 025 05 075 1 o 025 05 075 1
Time [ns] Time [ns] Frequency Scope [GHz] Frequency Scope [GHz]

e
A. Dabrowski, 12/07/2010
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@ RF-pickup result 2006 — Self Calibration e

measurement 6.6.2006, LO at 5350 MHz

&)

LY

(N
e
e
—s—
|

Bunch Length (ps)
&Y

m ]
?
%T¥€%

20 330 340 350 360 370
Phase Klystron (degrees)

—
T

PACO7 proceedings:
http://doc.cern.ch/archive/electronic/cern/preprints/ab/ab-2007-070.pdf
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CTF3 Microwave Spectroscopy — “RF pickup” @@

RF Pickup Hardware sensitivity

Range of highest measurement sensitivity

—05 ps 200 ' ' ' ! ]
0.8 “|—2.4 psj
= 3.0 ps g 150
= 8 W\ W N M ] 3.6 ps
&;,_0'6 SUMCNB N N W - 7.0 ps (D:
o [PVl Nl 00 12 ps ©'100
S o
« 3
L 50
0.2f |
T —— — o— * : :
0 50 100 150 200 250 300 2 4 6 8 10 12
Frequency [GHZ] Bunch length r.m.s. [ps]
. q —t?
Iy (t) = \/z—b exp( 5 2 J
79 T For highest bunch Iength sensitivity
2 \\ - L\f\f\ I\I\FFI\I\ L‘\
4,0, ¢ CNnoose buncuuy the
F (o ex
()= J2r pt J corresponding frequency band for
d°F, (@) 1 measurement
=0 = o, =—
do’
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Compare RF pickup (waveguide down mixing) to Streak e

Bunch Length Measurement with Corresponding power spectrum
Streak expected
04.12.2009: 10 ps/mm, Measurements along pulse train CTF3 Bunch Length Range 04-12-2009
26q T T T T T 1 ! ' . ;
% —4.0 psr.m.s.
“r % % —11.0 ps r.m.s.
Z % % t :
= 201 % ) © 0.6F
: 2 i
£ 18% % ,IE T 7)) |
é 16} % % % 0.4r- X
B 14% % o sl
E gyl \
il | W ;
10'(13 2(I)0 4(I)0 _ 6(I)0 SCI)O 10I00 1200 00 50 100 150 200 250 300
Time {fis) Frequency [GHz]

Expect highest sensitivity in 30-39 GHz frequency band detectors
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@ Similarly Compare RF pickup (down mixing) to Streak o

Power measurement in time domain  Bynch length measurement along pulse train

9 e Calibrated RF-pickup 33 GHz form factor
—Filtered
ol 04-12-2009
= 11 T I I I
s | ——r.m.s. Bunch Length Streak Camera
g o 10k .....| ¢ r.m.s. Bunch Length RF Pickup |
<&t 2 gl N — - }/_.’ . A
-5t £ 4
% &l : T ———
-10 ' - : =
0 500 1000 1500 2000 e :
Time along the pulse [ns] 8 7L ]
=
m
. . = \I P
Corresponding Frequency domain = P
0 200 400 600 800 1000
Apply Band pass filter to isolate beam signal 7 Time along pulse Train [ns]
l, v Good agreement between RF pickup and
Streak in the Steady state part of the pulse
Correspond power (33 GHz) to bunch length
Streak ==> Must apply this calibration in 2010, and study
systematics
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CTF3 — Main components

DELAY LOOP

CLEX Area

Bunch form factor DRIVEBEAM  oncans _ RING
input in power

. . . Hz
production simulations poverstaon

.

&

i , Injector . oY beam
; E = Y " ‘-' \ tand
- - eSS TBL decelerator
¥ ,-, Test Beam Llne (TBL) 3 306H2
: ‘ | teststand

Uy
OAcS M 1iAacs M ULACS I—|:|

22m
CALIFES Probe beam |nJector

42.5m >

| Two Beam Test Stand (TBTS) E‘ Acceleratlng sections
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Bunch Length Measurement foreseen for CLEX - 2010 e

Combine Beam, 12
/ GHz Bunch Spacing

_~_ Compression
chicane - TL2

*Long Optical lines and New Streak Lab for Streak Camera measurement in CLEX
FESCA200 Streak Camera (300 fs resolution) arrive in July 2010

Iy Ry PRy

20 m optical line being designed
Special attention to longitudinal dispersion through lenses and air
Parabolic mirrors are being considered instead of achromatic lenses

Stretching
Chicane

NN NI

*Non-destructive high frequency RF based bunch length monitoring measurement
v" High frequency Waveguides and diode components ordered (CTF3 & NWU)

4



Short bunches — Photo-injector

Diagnostic section Photo-injector

Accelerating structure
A

DRIVE BEAM
LINAC

I

CLEX :
CLIC Experin. ital Area | : . |

I

I

CK.LL—MK?D

g 8@ @
wim

CA.J UN-PHAS
CABU-PHAS @ I

FMO¥S30

CA DU 0450
CAFCU 0430
CAMTV 0420
CABPM 0410
CABHB 0400
CAMTY 0230

CA DHG/DVG 0385
CABPM 0380
CABFR 0370
CAQFD 0350
CAQDD 0355
CAQFD 0350
CASDH 0240
CADHGDVG 0320
CA.BPM 0310
CANVS 0300
CANPIDZTOA
CADHB/DVE 0250
CADHB/DVB 0270
CANVPIOZTO

N CA.DHGIDVG 0265
GABPM 0250
CADHB/DVE 0250
CA.SNG 0250

| CAVPI0250
= " CA DHGDVG 0245
CABPM 0240
CANPIDZ230A
GALSNG 0230
CABPM 0220
CAMTVO215
CAICT 0210
CANVS 0200
CANVPIO100
CA.SNI D120
CASNHO110

CA DHG/DVG 0225

§| CADHB/DVE 0230

|

gostis scti Califes Photo-injector
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Measurement Examples

CALIFES Obtained
specifications
Bunch charge 0.6 nC 0.25nC
Energy 170 MeV <144 MeV
Energy dispersion | = 2% 2%

.24 mm

Emittance <20 T mm.mrad 21.3 T mm.mrad

Bunch train 1-32-226 any number from 1 to 226
Bunch spacing 0.667 ns 0.667 ns

Bunch length 0.75 ps 1.42 ps

repetition rate 5 Hz 5 Hz

Deflecting Cavity

.-.-Q_
§®) -
-

obtalne

\VVlthOUi
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Califes Beam for proposed ITB project o

« |TB — Instrumentation Test Beam Line =» beam line extension of Califes proposed to test
diagnostics

« Several institutes have shown interest for testing diagnostics with the CALIFES beam (RHUL,
Uppsala University, LLR) and/or are ready to participate to the development of the ITB (CEA
Saclay, Uppsala U.)

 CTF3 Accepting Instrumentation Test proposals =» to justify building the line

TBL — Test-beam Line
drive-beam decelerator
reserved space

TBTS
Two-beam Test-stand

CALIFES
probe-beam linac

ITB — Instrumentation Test-beam line
reserved space

 Eailites S < Wile [Famle
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@ Conclusions

« CTF3 has commissioned diagnhostics based on:
— Streak Camera
— RF deflector
— Integrated power spectrum techniques with schotty diodes (“BPRW?)
— Power spectrum based on microwave spectroscopy (“RF-pickup”)
* Robust Bunch Length Measurement with Streak Camera

« Calibration of non-destructive RF bunch length measurements allows operators to
online tune the machine

— BPRW 21.5-40 GHz waveguide port
— RF pickup

 Bunches in CTF3 during 2009 were long &bunch length variation along the pulse train:
— Sub-pico second studies for RF pickup not possible (expectations for 2010)
— Integrated and time dependent measurements need to be correctly compared

« Design of bunch length measurement for CLEX has started
— Long Optical lines to New Streak Camera Lab with new FESCA 200 Streak Camera
— Non destructive RF based bunch length measurement techniques

« Bunch length measurements started on Califes — 1.4 ps = should be 0.75 ps once new phase
shifter is commissioned

« Test Beam line (TBL) could offer a place for interesting sub-pico second bunch diagnostics
testing




