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Motivation for Bunch Length & Timing
Diagnostics

EELSs rely on short bunches for high peak current

I Longitudinal distribution reflects bunch
compression dynamics and tuning

RMS bunch length measured on a single pulse is
used to stabilize linac RF phase and amplitude

I Characterize timing jitter in the bunch

I Measure pulse-by-pulse arrival time with respect to
pUMpP-probe laser for users

Aug. 30 - Sept. 3,
FEL2004, Trieste
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SLAC Program

I The Linac Coherent Light Source, LCLS Project
m Project start date 2005
m Deliver X-rays in 2008

The Sub Picosecond Pulsed Source, SPPS Project
m Commissioned in 2002
m Produces 1.5 A spontaneous radiation using
m —80 femtosecond fwhm pulses 28.5 GeV electrons

Aug. 30 - Sept. 3, P. Krejcik grymm
L.
FEL2004, Trieste pkr@slac.stanford.edu
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SPPS compresses existing linac beam

Sharing linac cycles

S, with PEP Il injection
ND |
X-Rays
3-stage / o
compressjon >
New \ O\ e FFTB I?
0 AU e Chicane N\
JU
\i\\ \};P E P I I /‘/ | f
E 1.2 GeV 9 GeV 285GeV ~_

3nC, or 2.1 101 1.5 A spontaneous _ _
lectrons/bunch Peak brightness ~2 1024 Joint session

Photons/pulse ~2 107 Za”r(:n
g, =40 nm 80 fs fwhm aro
= 4 Mm Lindenberg

1,x=30 KAmps

SPPS Science
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Diagnostic challenges

Measurement Devices
¥ Measurement of ultra- F RF transverse deflecting
short bunch profiles cavity "LOLA"
¥ Shot-hy-shot F Terahertz coherent
measurement of bunch Specic e
| T measurement
J - I Coherent radiation
i Bunchtiming autocorrelation
IESUTEIENT I Electro-optic bunch

profiling
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FEL2004, Trieste pkr@slac.stanford.edu B ‘

eeeee



e I [ =
’I s 'II \C Stanford Linear Accelerator Center

= : i Laborlors

Stanford Synchrotron Radiation Laboratory

Bunch Length Measurements with the RF Transverse Deflecting Cavity

Bunch length reconstruction
24m 30 MW L, .
—— =1 " — 5 % M re streak at 3 different phases
frE ey o o 1 easure g
LoLa* 4
Streaked image on profile monitor A¢rf + B o,

An S- band DLW structure \L/lwth a

1. 6696E-02 STD DEV = 1. 3536E-03

x103wﬁ_ teginsverse deflicting mode
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incoming tilt to beam
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Calibration scan for RF transverse
deflecting cavity

$200 ' ' ' '
Beam il i
centroid
[pixels] = |*>° 7] =
% 1 Bunch length
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|00 . the wavelength of the
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OTR Profile Monitor in combination with
RF Transverse Deflecting Cavity

<«—energy —»

Profile Monitor Camera Image TCAW off
2 3 T T T T T]

Prafile Monitor Camera Image TCAW

Simulated digitized video
iImage at LCLS Injector DL1

151

13}
1l beam line
Position | I |, Slice energy spread is the
along g o relevant parameter for FELs
bunch I° %_M

-0.5 Q 0.5 1 1.5

herizontal size [mm]

resonition=q,0484 e B el
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Coherent radiation from the electron bunch

I Frequency domain
mSpectral power In a fixed bandwidth
mSpectrometry
mAutocorrelation

I Time domain

mElectro optic sampling

mMeasured directly near the bunch
mOr transported out of the beam line

Aug. 30 - Sept. 3, P. Krejcik g
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Diagnosing Coherent Radiation
1. spectral power
Smooth Gaussian bunch
spectrum from BC1

‘ Fixed BW detector

Bunch length signal
Signal prop. 1/s, —>

for RF feedback
D, CSR Spectrum- J. "W
0. 4L_i s, »190 nm |

P r\ - Measure
593 bunch length
' 1 With 5%
LA i : microbuhching
Oy O 1: ]é'n. /\\/‘ ¢ DeteCt

| / | /N microbunching

gl VMDaods e | )

Frequency (THz)
Aug. 30 - Sept. 3,

P. Krejcik anfr
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Diagnosing Coherent Radiation
2. autocorrelation

Alignment Laser
1 ym Titanium Foil

12.5 ym Mylar/ B Reference Pyro Detector
Vacuum Window

(3/4” dia) / \
12.5 ym Mylar Variable

Beam Splitters 7-1“’\ Position
RxT=0.17 Mirror

e-

I [nterferometer Pyro Detector ..
/ Limited by long wavelength cutoff

Transition radiation is coherent at and absorption resonances
wavelengths longer than the bunch length,

| >(2p)Y2 s, SLAC SPPS measurement:
P. Muggli, M. Hogan

Aug. 30 - Sept. 3,
FEL2004, Trieste
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.‘ Transport issues for THz radiation -
Simple model: Gaussian, s,=20 pm, d=12.7 pm, n=3 Mylar window-+splitter

- — 10° ' e
. 10 : : w Filtering '
S 01 T S0
£0.001 {10'g g i
£ 10% > 3 9
S = SNCI
5 107 |02 2 B0}
g = &

i @ 20 |
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L ) L CTRFSpecSigmaz20Mylar12.5_ 0-4 0_....I..._I....I....I....I....I....I...._
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Wavelength (um) Autocorrelation o_ (um)

« Fabry-Perot resonance: | =2d/m, m=1,2,... * Modulation/dips in the interferogram
« Signal attenuated by Mylar: (RT)?2 per sheet  Smaller measured width:

. |
SAutocorrelatlon < Sbunch :

P. Muggli, M. Hogan

Aug. 30 - Sept. 3,

FEL2004, Trieste



e, [
_'II_ ! JI R Stanford Linear Accelerator Center

f_"\..f_.l'_k\-._.; Zmm

Stanford Synchrotron Radiation Laboratory

Bunch length scan performed while observing spectral
power with THz detector

Comparison of bunch length
minimized according to
wakefield loss and THz power

* o+ *

WELE
energy loss

Coherent transition radiation v

wavelength comparable -

to bunch length Pyroelectric

detector

] ¥
= 3
(4]
S o '
- - -22 -20 -18 -
GA D linac phase offset from crest [deg. S-Band]
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Diagnosing Longitudinal phase space:

Energy spectrum versus Bunch length signal
- Muggli, Hogan et al

Jitter in the compressor phase:

Resuting energy profile Corresponding bunch length signal
5.5 10" o e 0.6 prrrreor T .
s —Over S . Even% W!m In}zalge
[ : - vent witnout image
s FCherenkov | —0him ™ sl o g
,.?4‘51(}4:_ :'( Eoo. ﬁ%-l Tl s . #124
. 5 0% e e ]
g "’ 2 o o omEEse ) | itter
%&51(}‘1 = [ o B g . ]
() ! St et A
< a0 z RE i
[wa| [ Ba e s
0.4 | Tt
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I -2 I—I‘I.Eli-l -1 -0.5 0 D51 .400 450 500 550 600 650 700 750 800
Relative Energy (MeV) CTR Pyro Amplitude (a.u.)

sighal —

Single shot measurements
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SPPS Four Dipole Chicane
9 GeV I Momentum

compaction
R=—75mm

Lg=1.80 m
%: B=1.60T }%

BPM - energy
Prof. Monitor - DE

Linac chirp

J\Measured energy spread

| m e L=14.3m d
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Measured and predicted energy spread from
wakefield chirp in SPPS

o JEF0545 % (B)= BASEUGEV,N = 148 ><10 " ppb o 6887wn Ganss 48.3289

st 1LY
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ange not only the energy
yunch

2ntroid energy of the bunch

determining relative bunch length

-

tanford f . r
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Relative bunch length measurement
based on wakefield energy loss scan

10
1% TLI=42.0 1\I/IV, Vsilrn=42'olMV’ 1\{=1-85><I10 Energy change

R
2501~ ( el measured at the end
¢) :
of the linac
. 200f 1600 5
S ' =1 [l as afunction of the
9 s B linac phase (chirp)
= 150 1450 =
P = [ upstream of the
N & T Bl compressor chicane

Predicted Shape*fv Shortest bunch has

due to wakeloss
plus RF curvature greatest energy loss

P. Emma, K. Bane

Predicted wakeloss

For bunch lengths ,

Aug. 30 - Sept. 3, g
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Coherent radiation from the electron bunch

I [Frequency domain
mSpectral power
mESpectrometry
mAutocorrelation

F Time domain -

mElectro optic sampling
mMeasured directly near the bunch
mOr transported out of the beam line

Aug. 30 - Sept. 3, P. Krejcik g
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SPPS Electro Optic Bunch Length Measurement

Defining Geometry chosen tg
aperture— measure direct
, €lectric field from
Beam axis bunch, not wakefielg
Modelled by H. Schlarl
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Features of the SPPS Electro Optic Setup

I Compressed pulse from the users pump-probe Ti.Sa laser
osclllator

I Transported low power pulse over ~150 m fiber to the
electron beam line

I OTR provides coarse timing

_____________________________ -
I . )

l T|_.Sa —>| Stretcher |—| Shaper [— Fiber :
I oscillator launch :
I <

~150 m

m fiber
EO xtIJ

imaging
polarizing & Y optics
beamsplitter D otr

Aug. 30 - Sept. 3, P. Krejcik
FEL2004, Trieste pkr@slac.stanford.edu s
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]
-+es of the SPPS Electro Optic _

I [Eiber incorporated in pulse compression setup
ncluding compensating fiber dispersion with a
Spatiall light modulator

m Cavalieri et al, FOCUS Group U. Michigan

Grating
pair

”

Aug. 30 - Sept. 3,
FEL2004, Trieste
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Features of the SPPS Electro Optic Setup

I Crystal mounted close to electron beam
m Avoid wakefields from smaller apertures

I ZnTe crystal:
m 200 um thick
m EO coefficient,
m phase maitch,
m phonon resonances

Aug. 30 - Sept. 3, P. Krejcik g
L
FEL2004, Trieste
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Electro-Optical Sampling at SPPS - A. Cavalieri et al.

relative phase ramp (degrees)

estimated feature size (FWHM) Single-Shot
0.8 ‘ : ‘ - ‘
- Bunch length scan; el ]
_. 07} o |
é i ° 3500
.E 0-6: . ° | 3000
© o5 ° - 2500 0
:j a
o I 2000 N
0.4} | : i
| ° | <:| 1500 sV’ "
3 % o0 1 2 3 j
3

y 0 [ TTU—

\ Timing Jitter .

Line image 60,

EO crystal

¢||||||

Pol. Laser pulse
camera

50F
analyzer

40p

polarizer ™\~

Nzvies of pulses

\Electron bunch

Aug. 30 - Sept. 3, P. Krejcik grammmry
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Electro optic resolution limits

Spatial Imaging resolution limits time resolution

I Crossing angle determines width of time window
and temporal resolution

I Resolution limit then set by crystal thickness and
the phase velocity mismatch

- I Crystal material chosen to minimize phase
mismatch

Aug. 30 - Sept. 3, P. Krejcik g
L
FEL2004, Trieste pkr@slac.stanford.edu P &

tanford
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Electro optic resolution limits

I Future experiments | New chamber
m Smaller crossing angle H’ Shotr
~ Smaller angle magnifies time coordinate TR rﬁe=——=
on spatial axis Iaée &

= But reduces the time window to ' h\~

accommodate beam jitter =1 '
m EO polymer films ! ‘
= Strong EO coefficient

- May not last long

m Higher laser power cross correlation
techniques (Jamison et al)

= Laser amplifier located near beamline

200 nm thick ZnTe crystal

Aug. 30 - Sept. 3, P. Krejcik S
FEL2004, Trieste . Ann]
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Synchronization of the Laser timing

k Jitter In the laser timing effects

mElectro optic bunch timing measurement
mPump-probe timing for the users

mEnhancement schemes using short pulse
lasers

Aug. 30 - Sept. 3, P. KrejciK grymm
L.
FEL2004, Trieste pkr@slac.stanford.edu K
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SPPS Laser Phase Noise Measurements -Rr. Akre
476 MHz '
MDL fiber
M.O. «— ~1km — :
«— 3km — - Ti:Sa JEO
B laser osc | Y
VCO .
diode
Ge)
2856 MHz Phase |
to linac detecto |
o SSB Spectral Density dBc/RBW (@ 2856MHz Timing Jitter
mj 00T Tseppe
-80 i S~
90 N |
0.03
5 7100 : o
g; 1o E 0.02 I
% 8 . I""---..,,".
-120 2 ™
[o \\

1 -103 1 -104 1 -105

Frequency Hz
RBW =38.147
SPPS KM Oscillator 10/21/03 FILE: KM 20MHz AF SPPS KM Oscillator 10/21/03 FILE: KM 20MHz AF

100 1 -103 1 -10‘5I 1 -105 1 -106

Frequency Hz - Start of Integration

Aug. 30 - Sept. 3, P. Krejcik grymmrs
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FEL2004, Trieste pkr@slac.stanford.edu Q;;:e':rator\




Stanford Linear Accelerator Center

LN LR e

Stanford Synchrotron Radiation Laboratory

Bunch Length Feedback Systems

I Responds to fast signal from THz power
monitor

I Controls amount of energy chirp by changing
linac RF phase

m\While energy feedback holds energy constant!

Aug. 30 - Sept. 3, P. Krejcik gy
L.
FEL2004, Trieste pkr@slac.stanford.edu [
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Required Feedback Loops for Energy and
Bunch Length in LCLS

E E E
vrf(Lli_Q F rf(Lz)l—Q F(L3) ﬁ
DL1 | l J\

1 O
V(L0) L] D |_1_F (L1) QSJ Full2)  § J
Spectr
| BC1 BC2 BSY |,
LO L1 L2 L3 S0B1

F 4 energy feedback loops B Feedback model (J. Wu)
B 2 bunch length feedback loops E PID controller (proportional, integral,

¥ 120 Hz nominal operation, <1 pulse derivative) |
delay B Cascade control for sequential

loops (off-diagonal matrix elements)

Aug. 30 - Sept. 3,
FEL2004, Trieste
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Dither feedback control of bunch length
minimization at SPPS — L. Hendrickson

Bunch length Feedback
monitor respon ion s
monito ONL | 151501982 5 correction signal
m\ 1 S A I NI
> = 500 : :
o 400 — - Jitter in bunch length
ksl - ] B & ksl
N 300 — — .
4 i 4
£ e £ 200 |} signal over 10 seconds
100 —_ |
~ 0.4 N . ~10% rms
q S -100 — —
0.2
~ 200 — —
0.0 T T T 1 ~300 — T T o= abem | OHT an ST Ss
-100 -80 -80 -40 -20 O -1.2 -0.8 -0.4 0.0 W7 ' ' ' '
X109 -
TIME (sec) TIME (sec) el L
O 19:19:19.82 & 19:19:03.13 [l15— —
=z = | i
SR I I N B P I R B R )
l.O—L o T O e A A e el -0.8 — . “ ping” —
: g l
& = 4
A ] 7 e == LT X e |
O pptimum = , N R
0. Sj § 350 4éo I I
as FFTB ARRY CB02 320 TMP7TMP7
0. [
I I I I I 11-JUN-03 10:57:37
2.0-1.6-1.2-0.8-0.4 0.4

E- vs“TIME : CBOZDITH Cai

Dither time Steps (sec)
of 10 seconds

Linac phase

Aug. 30 - Sept. 3, P. Krejcik
FEL2004, Trieste pkr@slac.stanford.edu
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Correlating e-beam measurements to X-rays

1. Electron beam arrival

| time measured with EO
- i correlated with X-ray
arrival time measured on
5o a streak camera
. - A. MacPhee, LBL
ST T comeren
2. correlated with X-ray
T o == ] arrival time measured with
27 e .. | pump-probe melting
s £ g‘,‘:“ _ See also
= ol § o o - Joint session
N NI | talk:
b D U ) | Aaron Lindenberg
Shot E@SHmel o2} SPPS Science |/

Aug. 30 - Sept. 3, P. Krejcik
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Bunch length diagnostic comparison

Device Type Invasive Singleshot | Abs. orrel. | Timing Detect
measurement | measurement | measurement | measurement | mbunching

RF Transverse | Yes: Steal 3 | No: 3 pulses | Absolute No No
Deflecting pulses
Cavity

Coherent Nofor CSR |Yes Relative No Yes

Radiation Yesfor CTR

Spectral power

Coherent Nofor CSR | No Absolute No No

Radiation Yesfor CTR (2 moment

Autocorrelation only)

Electro Optic
Sampling

No

Absolute

Energy

Wake-1oss

Aug. 30 - Sept. 3,
FEL2004, Trieste
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Bunch length and timing measurements at
SLAC/SPPS are a collaboration with

SLAC
DESY

Univ. of Michigan

Univ. of S. California

and the SPPS Science collaboration

encompasses many more institutions

Aug- 30 = Sept- 3’ P' KrejCik tanfor
L.
FEL2004, Trieste pkr@slac.stanford.edu i




