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Lecture Schedule (March 2008)

 LLRF Part| (Requirements and Design)
March 6, 13:30

 LLRF Part 2 (Maschine Studies at FLASH)
March 7: 10:00

 LLRF Part 3 (LLRF for the XFEL)
March 11 at 13:30

 Timing and Sync. Part | (Concepts)
March 14 at 10:00

 Timing and Sync. Part |l (Design)
March 17 at 10:00

 European XFEL (Project Overview)
March 26 at 13:30
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Outline Synchronization Part |

 Definition of Synchronization
« Synchronization Requirements for ERLS
* Basic concepts
Phase noise, phase jitter, timing jitter
Phase drift

e Timing/phase measurement
RF phase detector
Optical detector

* Generation of stable timing

« Stable signal transport
RF signal via coaxial cable
Fiber link
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Outline Synchronization I (C‘tnd)

e Synchronization of systems
Phase locked loop (rf/microwave)
Synchronization of laser to rf
Conversion of Optical pulses to RF

 Beam diagnostics
Bunch shape
Bunch arrival time
Beam energy
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Synchronization

 Definition of Synchronization

 [1] coordinating by causing to indicate the same time
« [2] an adjustment that causes something to occur or recur in
unison

 [3] the relation that exists when things occur at the same time

 What is to be synchronized in accelerators:

 RF reference signals

« Laser pulses (Photocathode laser, seed laser, pumpe-probe
laser, new: master oscillator lasers)

« Electrical and optical timing signals

o Charged particle beams (bunch arrival time)
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Requirements for ERLS
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Synchronisation in FELS
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Prototype Layout for ERL

laser I 5-30 ps

Gun

DC/RF 5-30 ps
SHB /3_5 05
Booster dp/p ~ 0.1-0.3%

2-3£S \Beam dump.

Magnetic chicane Z2-3 ps Main acceleration linac
N : T
23 ps p/p ~ 0.01-0.4%
Re-circulating arc Circulating arc
(decompression) (compressor)
Bp/p ~0.4-1% 100 fs

l Undulator magnet \L
TR




Prototype Layout for ERL

=< Low energy < 10MeV

o7 5-30 ps A h +
ol | 5p30 Prro 2 SNAPE T\ No ISR, 1/y limits applicability
DC/RF UPS = v of most methods (resolution problems)
B ~ -
N . ooster op/p ~ 0.1-0.3% P , /2 3£s o Beam dump\
\(P*f" ES sMagnetic chicane fZ-_?, BS- - — Mamh accelera't"oh'lmar - _\ - /
7 2-3 ps
e P @0 A 8p/p ~ 0.001-0.4% -
7/ 7 Re-circulating arc Circulating arc A N
(decompression) (compressor) \\
R56’ T566, '] R56, T566, ] :
op/p ~ 0.4-1% /
\ PP l Undulator magnet l(iO fs /
AN THHTHHTHTH e e
TS High
S o . . .. gh energy 0.5-5GeV
~~o__ To be controlled with high precision | Beam manipulation more
I challenging, beam highly

destructive,
10fs resolution desired!



Source of timing jitter
- Caused by RF acceleration prior BC-

Timing jitter  Gradient Phase Incoming
Behind BC Timing jitter
| | | |
Rsoa\> (C—=1\°{( o5 \° [(1)\°
o~ (22) + (=5 ) +(=) =
Cp A C CD;’J?-JO C '
H_/ — —~ — %(_J
6.0 ps/% 2 ps/deg 0.05 ps/ps
C compression factor (20) 1 :
Re; ~ 180 mm Only if not
k.. wavenumber RF acceleration (27.2/m) corrected

Vector sum regulation of 8 cavities => 1 deg == 1.8% (statistic 8 cav. helps)
But! Phase changes can be correlated due to local oscillator changes



Synchronisation in ERLs (example)

N s,=0.1-1 ps
v Undulator(s) ;=100 fs
Sg/E=1e-4
SE/E= few % (intra & inter bunch)
bunch
compression
s,=1-10mA (100-99.999)mA
s;=0.5deg >
R Linac RF =
sg/E=1e-4
sj=0.06deg _ sg/E=3e-4 5 GeV 10 MeV
RFGun bunch S;=2PsS s5=0.2deg beam
Injector rf compressor 10 Mev dump
100 mA
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Requirements

* Derived from beam parameters:

* Energy Stability and Energy spread
 Emittance

* Bunch length

o Arrival time

o Subsystem Requirements

e Timing and Synchronization
- Photocathode Laser, Seed laser, pump probe laser, beam
diagnostics (streak camera)
- RF reference frequencies
 RF amplitude and phase stability (RF gun, Injector, Linac)

ERL Workshop 2005 Stefan SiMrock — ——— —



Error sources for timing, bunch length and
energy spread in ERLS

o Laser timing jitter (reduced by bunch compressor)
 RF Stability

- RF Gun
- harmonic cavity

- rf section before bunch compressor (off-crest)*
- linac rf?

o Stability of magnets (bunch compression, phase for
energy recovery)

1. Requires up to 1e-4 for ampl. and up to 0.05 deg. in phase
2. Disturbed by beam disruption in beam insertion devices (undulators) and
beam instabilities (BBU)

ERL Workshop 2005 Stefan SIMrock —— —



Various factors may affect beam performance

power supplies

spatial and temporal

<

pulse shape i " M. Borland
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Jitter budgets for LCLS and TESLA

for 0.1% energy spread and 12% current modulation.
(without beam arrival timing requirement )

Set up timing jitter budget, compare LCLS and TESLA XFEL P. Emma, T. Limberg
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RF phase stability in some existing machines

measured RF stability

R. Akre, LCLS 1
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PLL Basics

! Phase Loop

/\/\N Detector > Filter

Reference
Signal

\/\/\/\, Voltage
Controlled |[€&—
Signal Oscillator

Phase-Locked
to Reference

e Basic idea of a phase-locked loop:

— inject sinusoidal signal into the reference input

— the internal oscillator locks to the reference

— frequency and phase differences between the reference and internal sinusoid — & or 0
— Internal sinusoid then represents a filtered version of the reference sinusoid.

— For digital signals, Walsh functions replace sinusoids.



General PLL Block Diagram

i Phase Loop
/\/\N Detector > Filter
Reference
Signal

\N\/\, Voltage
Controlled |[€&——
Signal Oscillator

Phase-Locked
to Reference

e A phase detector (PD). This is a nonlinear device whose output contains the phase
difference between the two oscillating input signals.

e A voltage controlled oscillator (VCO). This is another nonlinear device which pro-
duces an oscillation whose frequency is controlled by a lower frequency input voltage.

e A loop filter (LF). While this can be omitted, resulting in what is known as a first
order PLL, it is always conceptually there since PLLs depend on some sort of low
pass filtering in order to function properly.

e A feedback interconnection. Namely the phase detector takes as its input the
reference signal and the output of the VCO. The output of the phase detector, the
phase error, is used as the control voltage for the VCO. The phase error may or may
not be filtered.



Master-
oscillator

Self Excited Loop

Phase Amplitude
Control Control [ Klystron
Limiter A' A.
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Loop Set Point Detector
I 00000
Phase @
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Set Pol Phase
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Correctible Noisa Filterad Moisa
- il —_— -

Without Feedhack

naise

cut by
feadback With Feedback

\}H___E

Residual uncentrolled noise Region too high to
perturb cavities or

lasars

Log Phase Nose Power (dBc/HZ)

Log Frequency 10 kHz

e Master oscillator phase noise within bandwidth of feedback systems can be
corrected

e Residual uncontrolled phase noise plus noise outside feedback systems
bandwidth results in timing jitter and synchronization limit



e Noise conversion over the LO-Signal at down-converter from master-oszillator :
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Specifications

provide FEL pulse with some ten fs Crucia are cavities up to bunch
arrival time stability: compressor. Jitter in | and Q of RF

e amplitude and phase stahility of resultsin jitter in energy (off crest
RF in cavitiesin injector area acceleration). Bunch compressor turns

that into arrival time jitter.

stable reference distributed over
3.5 kmto end of linac

Syvnchronization scheme for the XFEL

=, S0 150m 270 m ) 1700 m 2400 m 3500m
SN iy Booster section Bunch Compressor . Miain Linac : v Undulator + Photon beamiline
i . [ ¥
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1} s = - O oaa
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Layout of laser based synchronization

Master: Maf‘Fter :?!‘3’.'(.';'.%;, T::::r ‘ : optical
: I-_I:vl ------ . .
Osdllator Osdllator E_ ) Standard &
—#
| 54MHz
Trgyu—~ 200 fs

Optical distribut ion

Link stability
EF =< 50fs
Opt < Sfs
Front ends. | | acer 1o RF-converter Locking of lasers Direct laser-pulse
Photodiode, injection oprical cross—correlation, stream applications
locking, opt mixer seeding, injection-locking with EOfADQ modulators
Applications: LO generation Lasers for High predsion appl.
—down converter I-I-RF - photo-injector —Beam phase monitor
—PPL for synchronization - pump-probe experiment -Laser phase monitor
-KF signals for - e-beam diagnostics -0Optical down converter

diagnostics - e-beam manipulaton -Chicane EPM



~ Modelocked fiber laser oscillator

Frredeerr

HERKELEY LAEB

Modelocked Fiber Laser Oscillator — RF Stabilized

\‘ rf stabilized

17 dBm mixer

BPF 1.3 GHz 28 dB AMP,

Modelocked Laser
1.3 GHz

error signal

RF Clock
1.3/n GHz

Amplifier

e Phase-lock all lasers to master oscillator
e Derive rf signals from laser oscillator

 Fast feedback to provide local control of accelerator rf systems

» Synchronization 10’s fs

John Corlett, July 2004



Experimental Setup for RF Locking

SHG

| fslaser2 Delay
100

——
: MHz

Q"B

14 GHz

14 GHZJU -

Phase
shifter

---------------------

Phase

A~
\\ f\):><\_> SFG

BBO sHG

Samplin SFG
pling intensity
Scope analysis
50 ps
14 GHz
...... > LOOp galn Laser 1

mEssssEEEEEEEEEEEEEEEES ;‘. ...... > 100 MHZ

Loop gain

..... » | repetition
rate control

fs lasers share pump source, isolated optical table

Jun Ye’s lab in collaboration with

Henry Kapteyan and workers

RF phase shifter gives electronically addressable timing delay




Timing Jitter via Sum Frequency Generation

1~ i " Top of cross-correlation curve
(two pulses maximally overlapped)
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Balanced Cross-Correlator

Output
(650-1450nm)

AL At
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Schibli et al Opt. Lett, 28, 947 (2003)




>
=
=1
=
o
L -
QL
s

ek
-

—
n

>
-

1
N
N

-1.0

Balanced Cross-Correlator

Error Signal

-50 0 50
Time difference [fs]




Experimental result: Residual timing-jitter

(D)

g Time|ts| ' l T I .

= T T 1

% 1 ok100 0 _ 100

<C

= 0.8 i

9

B 06 ]

= 0.4 Timingjitter 0.30 fs (2.3MHz BW) i

B 02 _

9 0.0 I | | l | |l

© 0 20 40 60 80 100
Time [

The residual out-of-loop timing-jitter measured from
10mHz to 2.3 MHz is 0.3 fs (a tenth of an optical cycle)
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— RF Instabilities ~

" Ingtabilities can arise from fluctuations of cavity fields.
" Two effects may trigger unstable behavior:

Beam |oss which may originate from energy offset which shifts
the beam centroid and |eads to scraping on apertures.

Phase shift which may originate from energy offset coupled to
Mgz in the arc

" Instabilities predicted and observed at LANL, a potential limitation on
high power recirculating, energy recovering linacs.

Mc is the momentum compaction factor and is defined by:

AE
Al =My, —

NN

g 1 g \;gj LLRF Workshop, L. Merminga 4/25/2001

N AN

Thomas Jeffer son National Accelerator Facility Operated by the Southeastern Universities Research Association for the U. S. Department of Energy




RF System Response

Gradient modulator drive signals with and without energy recovery in

response to 250 usec beam pulse entering the RF cavity
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£ 0.05—
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—_  with ER
0154, | | | | | | |
150 200 250 300 350

0 50 100

Time(us)
I
L. Merminga SRI 2003 8/25/2003

el f-’{ﬂ"?'«“m CHhub — — Thomas Jefferson National Accelerator
Facility

Operated by the Southeastern Universities Research Association for the U.S. Depart. Of Energy
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JAERI Energy-Recovery Linac for 10kW FEL (2002-)

2.5MeV Injector

. 7
' D *——"‘"-"J‘
i

o

v

© Natural extension of the original
configuration.

© 8 times larger e-beam power.

© Fitting to the concrete boundary.

17MeV Loop

Energy = 17MeV

FEL : A =~22um

Bunch charge =500pC

Bunch length =~15ps (FWHM)
Bunch rep. = 10.4MHz — 83.3MHz

Average current = 5.2mA — 40mA
after injector-upgrade




Demonstration of Energy Recovery

Tek { 2. 50(]5!5 38 Acgs

Teksookszsr 60_”A_I£:qs . . o
————— ! T - Ta: 242us
{@: —40ps
| <o
____________ 200mVBw M TO0RS ALK 7 280MV 11 Mar 2002
Eﬂ] SOOmVQ NISO UI‘IS Chi J' 220m\-"' 19 Feb 17:15:09
D 20.0ns Runs After 14:37:07 Ref1 20.0mv 100us
Beam current at the exit of RF amp forward power for the
the second main module. 1st main module.

Bunch interval is 96ns, and

_ , ) : 98% energy of e-beam is recovered.
recirculation time is 133ns.




Improvement of RF Stability — new low-level controllers and reference-signal cables
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LOLA Bunch Length Measurement
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time [ps]

Bunch Profile and Time Jitter

; ; i bunch profile

bunch # [~sec]

500

ERL Workshop 2005




Energy jitter & [3%]
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Basic Concepts
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Phase Noise Contributions
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Correctible noise Fitered noise
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Architecture of Synchronization

Master Clock | Low noise RF oscillator, bandwidih Master laser
Level i Atomic reference locked oscillator :
Timing §
Distribution
Level \* ______ ) j
Pump ;
High-power Beam and 5
Laser Level Diagnostic probe !
Laser :
RF
Distribution i
Level .
RF i
_ oo Low level Low level Beam i
5¥n [..'hi,]'l'll?.ﬂl.]ﬂl'l i Fhﬂ.‘ﬁl.: '
I EF control RF control o :
Level ' monitors !
I- ---------- ' -------------- - ----.-I------.-----.--------..--'--.-.-.-------.-----. ------------------- e -

Gun — - LINAC —L> Undulator ;»
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Instantaneous output voltage of an oscillator

¥ amplitude
instability

phase
¥ instability

frequency
instability

Time
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Power spectral density vs frequency

|
— | _
QBJ i dBc
© |
al 1
|
i
! 11z
| 7
i o
Vo V
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Basic oscillator model

Noise
Qid6

\j Amplifier

(X) > G >
/ Signal

Resonator

B/I\

N

/.
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Leeson Effect

oscillator noise

S, (/)

. " amplifier noise
flicker frequency

white frequency

_ 'y
“Rep white phase b_
‘-.__"""""""““"“"“""""."""l" A

amp lifier white

p

k /
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S, (/)

Power law spectra

Noise type S(f)
white ¢ b,
flicker ¢ b f™!
randomwalk frequency : —
4 - white f b, f
b f . =
4 flicker f b_sf
random walk f b f "
fhicker frequency
b f~
-3
white frequency
b |
. ﬂleE}‘ phase
b f white phase b
- 0
>

/
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Basic diagram of PLL
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Linear Model for noise transfer function

G(s) B11
/—/R

0 v 0,
oy SR oy B o R
eOT

K; - slope of the phase detector voltage to phase characteristic in V/Radian
F(s) -loop filter transfer function
s - complex frequency in the Laplace domain
K, - slope of the voltage controlled oscillator frequency to voltage characteristic in Hz/V
¢; - phase of PLL input signal
@, - phase difference (phase error) between input and output signals of the PLL
6. - free running (not in a closed loop) VCO phase noise
6, - phase of PLL output signal

HEp— _I g Synchronization Part |, KEK Seminar, March 14, 2008 —
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PLL Synthesizer

G(S) en

0—> | k, —F(s)—K /s
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Phase noise at output of synthesizer

SO AHP

________ S ()

WO\ < Hy ()
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Relative Jitter between Systems

S(pm(f) > H(S) > S(pout(f)
A.Tﬂl | out
g L
S(prel(f )-“ ATrel
Atrel — ‘Atﬂ _Atm‘
Atrel 27TV JJ' ‘Sq')our qu( )‘df
-m?sv— w_] g Synchronization Part I, KEK Seminar, March 14, 2008




Noise model for cavity field

Cavity
A
> Hcm.r(s) (PCM(S) -
AN O— Gl S)

Modulator

r ------ --I

Detector

2(5) @ 4, 45)!

Master
Oszillator

Controller

G(s) [

| AL R il LI __]

- E;?s’; - (e I g Synchronization Part |, KEK Seminar, March 14, 2008 —



Measured noise sources at FLASH
-80

i
o
o

Master
Oscillator

r 1N L

Modulator
(Klystron+Preamplifier)

SSB phase noise [dBc/Hz]
o
o

Downconverter (Frontend)

SRR E NI I NI NN NI FNETE NN

IIIIIIIIIIIII|IIIIIIIII|IIIIIIIII

160 | | | | |
10' 10> 10> 10 10° 10° 10
frequency [Hz]
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0

Various frequencies required for FLASH

Output Frequency | Multiple of | Exact Frequency ..
[MHz] the Reference| Value [MHz] Destination
Accelerator timing system. Used for
50 Hz /180555.5 * comparison with zero crossings of
the mains power supply. TTL output.
1 /9 1.00309 Timing system, TTL output
Auxiliary frequencies generation
%
? L 2-027775 (sine) and timing system (TTL)
13.5 *3/2 13.5416625 Laser “new”
27 *3 27.08333 Laser “old”
81 *9 81.24998 Distribution frequency
108 *12 108.3333 Streak Camera
1300 *144 1299.9996 RF system reference frequency
Beam position monitors reference
%
1517 168 1516.6662 frequency, LINAC Racks
2856+ 5 kHz thd 2856.001105 | WOLA — transverse deflecting cavity
for bunch monitors
AP . Synchronization Part |, KEK Seminar, March 14, 2008



Iming stability requirements for FLASH

Short term stability [fs] Long term stability [fs]
Duration 1 ms 100 ms ls 10s minute hour day
Iﬂfzgﬁg::# 111;‘?[32- 11{]&]121[_;- 1Hz - IMHz n'a n/a n/a n/a
E:;T:;Th;m 100 300 1000 1000 1000 2000 10000
ﬁﬂ‘;l“j;ﬁe:;s 10 10 10 20 300 750 | no data

* Phase noise integration bandwidth is specified only for short term stability because the equipment
available in DESY in the time of writing this thesis, can measure phase noise only in the range of 1 Hz — 10
MHz. The long term stability is measured (where possible) directly by a phase detector.
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Phase noise requirements for 1.3 GHz

Frequency offset from
carrier [Hz]

Phase noise .27 ( f)
Locked condition
[dBc/Hz]

Phase noise " ( f)
Free running
[dBc/Hz]

1

NA

NA

10

<-80

< -60

100

< -105

< -80

1k

<-125

< -105

10 k

<-145

<-135

100 k

< -155

< -155

1M

<- 150 (-155)

<-150 (-155)

[
= DESY mm low level radio freq

Kfib‘k’

-63

i £

Phase noise [dBc/HZ]

145~
L

-85 —{---—---

-95 -
105 —~{--------
115 -
125 —{---mme-
135 —{---m--

O

____D.___.

-

-165

10 100

Offset from carrier frequency [Hz]
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Synchronized system at FLASH

Rack Rack
\&.. 165m 140m 118m 105m SBm____85m 56m [LINAC 15) 44m|LINACY]  1om 10m om
1 | |
%‘ 'R
11
E [ | ACCELERATOR TUNNEL
= 1
5 ::\ s o ffacoriaccs| accs | aco e | s K A e acot o | rroud
T
E n ke P HE
11 |
N
MASTER
e LaseR
95m LLRF
56m 40m 18m control
Klystron 4 Klystron 1 Klystron 2 Klystron 3 racks m
Klystron 5 I
|
New LLRF 1
control
wave racks
guide
20my
TTF CONTROL
L HALL 3
5 HALL:? ROOM
; extension
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Possible frequency distribution schemes

(MO, 1 ﬁ»—-ﬂ:-?l
|®—P x144 H 1300 MHz__ - 10— | ¢ ‘f MHz ‘# -
| on | | |
R — LM x144| |x144 x144
a) 1300 MHz outputs b) 1300 MHz outputs
MO, |
() x0 | 81 MHz .
| | ¢ 4 Y
9 MH
C=E ——— =1 Ix16] | x16 x16
C) 1300 MHz outputs
'DLES’; |- CIp—— N T Synchronization Part I, KEK Seminar, March 14, 2008 —
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DESY

b)

OCXO

9 MHz

—

low level radio freq y

1.3 GHz generation from 9 MHz

Phase

Loop

El) OCX(O Detector Filter

, 1.3 GHz

™, M1.3 GHz » 1.3 GHz
out
9 MHz
1144 i‘
Frequency
Divider
Phase Loop Phase Loop
Detector Filter VCXO Detector Filter VCO
“\ ’ISIMHE ™, 4’|1.3 GHz
9 |' 16 |
Frequency Frequency
Divider Divider

out
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OCXO

)

s

9 MHz

e ®
DESY

—

2 possible schemes for MO frequencies

h

PLL
x9

h

b)
OCXO
PLL | . . | \1__
< 144 1.3 GHz out), “_//
Aty o N
PLL ‘
— 81 MHz out||
x9
é't:\ell
Mult. - 27 MHz out"
x3
Mult. | Other
------ - .
X. frequencies

low level radio freq y

PLL
<16 * 1.3 GHz out}, )
At,
» 81 MHz out| ¥
At
Div. g
—# 3 — 27 MHz out'
., Div. |, Other
Lo r trequencies
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Block diagram of the FLASH MO

_ e — — — —

_____ 1

_ e — — — — 4

11.3 GHz DISTRI-|
| BUTION BOX |

1.3 GHz PLL, 1.3 GHz POWER |
| | | AMPLIFIER |
| | |
RS U Py
| x 16 } | " 44 dBm,

—_—— —_— —_— —_— — —

|81 MHz POWER |

I N
4> 13GHz

_—— —_— —_— —_— —_— —

| AMPLIFIER | | BUTION BOX |
| |
| ’\ ' | ’_ 81 MHz
* » PA ™ | S E
| |40 dBmy | L+
locxo | LOW POWER PART |
|~ - |
T 81 MHz PLL Div. L, 27 MHz
| "\H_ x90 -3 ¥ |
| 9 MHz D_l;- > 13.5 MHz
I "
I o] Div. -Eﬂx L, 9 MHz
| : 9 ! | ~"30dBm |
I Div. R | MH
| : 9 - z
| | JT08 MHZPLL n
| I
x12 PA —Power Amplifier | 108 MHz

low level radio freq

Synchronization Part |, KEK Seminar, March 14, 2008



81 MHz phase locked loop

Loop
Filter

N

VCXO

h 4

81 MHz

Power

Frequency

Duvider

Phase
Detector
O9MHz
reference ——*
signal
/0@ .
-_ DESY _— low level radio freq y

il

+26 dBm

Power
Splitter

L »
Z 4 x20 dBm

9

oY
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HMC 394 frequency divider phase noise

f =1 MHz, N=4

S,
o ©
S O

- .
W N
oS ©

-140

SSB PHASE NOISE (dBc/Hz)
o

-
o
o

-160
10° 10° 10* 10° 10° 10’
OFFSET FREQUENCY (H2)
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Parameters of coaxial cables

DIAMETER 1/4” 1/2” 7/8”
CABLE FSJ1-50A* | LCF12-50J° | FSJ4-50B* | HJ5-50° | LCF78-50)
Attenuation [dB/100m]
1 MHz 0.57 0.21 0.32 0.11 0.11
9 MHz 1.75 0.60 0.80 0.35 0.30
81 MHz 5.40 1.90 2.50 0.90 0.90
108 MHz 6.13 2.24 3.55 1.26 1.19
1300 MHz 22.50 8.15 14.00 4.90 4.70
3000 MHz 35.60 13.20 22.40 7.96 7.38
Phase/Temp coefficient
30 to +40°C [ppm/°C] 7to+9 | +11t0-03 | 2to+6 | +5to+11 | +9to-0.5
Signal velocity [% of cg] 84.0 88.0 81.0 91.6 88.0

* Cable manufactured by the Andrew Corporation
* Cable manufactured by the RFS

Synchronization Part |, KEK Seminar, March 14, 2008




Temp. coeff. of 1/2” cable

—
%]

—
[=]

/
/

4 l , | .l
- 5 10 15 20 256 30 35 40 45 &0 &85 60 65
Temperature [*C]

Temperature Coefficient [ppm/K]
i
/
/

N

8
%]
[+1]
8
o
-
=]
(4,1
=]
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e Synchronization Part I, KEK Seminar, March 14, 2008




Temp. coeff. of 7/8” cable

10 T

/
[
l
I

I

-10

% 25 -20 16 -10 -5 0 5 10 15 20 25 30 35 40 45 50 55 B0 &5
Temperature [*C]
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Frequ. Distr. Scheme at FLASH

FRack Rack Cable 22 1517MHz
\mg. L 165m __ 140m 118m 105m 93m __ 85m 56m | INAC 15 44m [LUNACS[™1om —10m 0o
AR Cable 8 ACCELERATOR TUNNEL
P ¥ Cabe13
F T I Cable 1 T = J ™ T
et - Cam%ﬁbl 15 N N 1
aple
i ==a= ———W oA J{accriaccs] accsl] acca V== acca | Accz e acct H{HHIRF sun|
T . ' | Cable 6
A 11 | Cable 9
- 1 i .
1
H (W | ! Cable 2 | |
Ly 4 Cable 21 Fiber-Optic Cables
.l—- - L L , 1
L } i I ' - “ oml
MASTER =
Iﬁl Cable 20 i Cable 19 OSCILLATOR —#—>
i 95m 56m 40m 18m L
?:.‘;‘tnla]m': E E' Kystron 4 Kysron1 | | Kystron2| | Kyston 320
Kystron 5 LLRF
racks control
Cable 4 _ L 1o _ _ racks
1.36Hz 0w obie Cable 14 - — —— |
S1MHZ 775+ cable 7/8" <~ quide Cable 7 Injector
2856MHz Area
IMHZ_ 1/2 cable
20m
TTF CONTROL
5 HALL 3 ROOM
L extension HALL 3
=l DESY o | | [ [rom tevl atio roguency Synchronization Part I, KEK Seminar, March 14, 2008 —



Estimated phase drifts of cables

1 2 3 4 S 6 7
Approx No cable temp. | No cable temp. | Cable temp.
pbl ) Cabl Cable stabilisation, stabilisation, stabilised,
Destination ]::1 1;[ ;ﬂ © | Diameter phase drifts per | phase drifts per | phase drifts for
[IE] | [inch] |day for AT=5C hour AT=1.5°C| AT=+0.5°C
[ps] [ps] [ps]
; 1,5,13 7/8 5.49 1.65 0.22
Experimental 200 :
Hall 15 1/2 27.46 8.24 1.10
1,5 7/8 2.84 0.85 0.11
EOS 150
8 1/2 14.20 4.26 0.57
New LLRF 2,6 7/8 2.08 0.63 0.08
_ 110
racks 0 1/2 10.42 3.13 0.42
Klystron 4-5, 4,7 7/8 1.33 0.40 0.05
TTF control 70
room 10 1/2 6.03 1.99 0.47
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Concept of stabilized fiber link

Input M;
- : oL
Signal i Circulator Long Link . ki
> DEB Laser | 7 - Phase shifter EHecilqnal e
FO Tx L) (1) Coupler
FO Rx FO Rx
A B
Controller i
. Phase Y Link output
Detector
| Error Voltage
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Measured phase noise at 81 MHz

: E :’:’H:’:’” :’ :’:’EEE”I :’ E.’HHIF P T T IITTIF l II_.’HHF P T TTTTE
BRI R - 81 MHz VCXO free

T —— 81 MHZVCXO locked
SSA phase noise floor
%-@—-—-Calula:ed“ MHz phase noise H

______

L( 1) [dBc/Hz]

|
ha ] i
~At
R A A AR A A - S i

L b FITEHI PbEITILI P 1 BITIILIE [ P 1 T EILLIE I 1 I FIT I

EHHIEE
1 10 100 Tk 10k 100k M fOM
J [Hz]
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Phase noise at 1.3 GHz
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Drift measurement

Power pre-Amp lifier Power Amp lifier
Sp litter A A
»+37 dB — "M+-23 dB
’ Z /20 dBm / +43 dBm
1.3 GHz
Phase Phase
Detector Detector
ﬂ‘‘[1?‘1"?31"*1111'J 'ﬁtPower.ﬂunp
< L\"‘t'l"r:rtal =
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Drift of 1.3 GHz power amplifiers

28

Ambient Temop r
e T (0 13 | 0 TIf

Totalphase diff. [ps]

Ambient Temperature ["C ]
!
 ;

time [hrs]

=/ DESY jm=

™

i |
TS
A 1
2
a
=
2
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Input
Signal

0® .
DESY juem

%/

Drift measurement of fiber reference

Long Link
Circulator | Mirror
uls I ection: P
- DFP?] LTaser > ( _\‘al > » Phase Shifter @J I E;f;;:nﬂ >
X =,
-/I |. ]
Temp.
FOa Rx change FO Rx
A B
Phﬂ.&f‘ — ——
Detector Link Output
PC with
Error Voltage — Matlab GUI
S ADC| |Senall |DAC —
Port —
Output Phase M icrocontroller —
Error O
Phase *ADC Serial Port [
Detector

low level radio freq y
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Setup Iin climate chamber

Optical
breadboard
with ODL
Crate with
electronics
Long link
simulator

1.3 GHz
signal
source

Micro-
controller
board

= DESY |j==| | el radio freg
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Drift of fiber link

50 | | | [ | [ |
I 0.5 1 1.5 l 2.5 ] 3.5 {
Time [h]
AT=0.5 deg.C, 5 km fiber
- Er?s’; - HEp— _I g Synchronization Part |, KEK Seminar, March 14, 2008 —
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Phase Drift at RxB [ps]

Stability [ps]

Drift of stabilized link
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Long term drift measurement

Climate ChamberTemperature Gycles

Al ml m T m ] m
%HV\U./\\U,J\ \\-/'“\-f
A R A I
S | ) A I A R W
AW, ] T
= ) | | \_J | Nk_f | “:\_j | BD_J

Phase measured by the Output Phase Detector

Fhicsie Error [ps]

P : N tire [h]
- /E%i o | Frow v st ey Synchronization Part I, KEK Seminar, March 14, 2008



Synchronization of RF Signals

Signal chain

M.O. L.M.O. Fiber Link L2RF
RF /\-/ Laser Master _A_A_L Fiber link _LLL Laser to RF synchronized
Master Oscillator Oscillator stabilization conversion RF signal

Optical to rf conversion - F ! ! ! ]

-120 . —— measurement from sefup 1 (22 fs)

Stretched _ " , — | — measurement from setup 2 (24 fs) 7

pulse laser ~ Photodiode  Bandpass Amplifier  Outpuit signal E . —— old measurement (9 fs) 7

Y N S5 -130 ; -

Uy /N H>— A~ 8 :

o -140 =

A n

u -150 —

[72] -

< \ ]

= I

= 160 E

Measured phase noise | | l l |
. 1 A3 St 1A N 1 n7
(3 diodes, 1kHz-20 MHz 10 10 10 10 10
% offset frequency [Hz]
/0@~
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Measurements AM-to-PM Conversion

optical

attenuator ' hotodiode Bandpass
Stretched XN
pulse laser /
/ Lowpass Datalogger
K.q\

" A ,| Nl h oo f
A
Photodiode Bandpass N\ Ty vy

50/ 50 coupler

AN /_\
Measurement Setup
Photodiode d%z;t [le] ﬂ?—"i_pt [n]:{.‘f]
PD4 1.6 3.4 5
PD2 0..0.9 0..1.9
PD1 0.7 1.5 =
PD3 0.5 1.1 <
Measurement results E
for 4 diodes N
5 10 15 20 25
“ - optical power [mMW]
' DESY = low level radio frequency Syncnronlzatlon Fart I, KeEK Seminar, iviarcn 14, ZuuUg




pulse laser

Stretched \\'\':\ /—\

Phase drift measurement

Temperature = constant

Bandpass Amplifier

. Photodiode

AL

: Photodiode
50 { 50 coupler :

Bandpass

drifts [ps]|

Lad
o

2
=

1.0

0.0

AN

/ \

Temperature variation

III\,J,,.,L_:_\IIIIIIIIIIIIIIIIIIII
tstepz
step 1 St
| e fon 3
tstep
B tstep%l
iIIIIIIIIIIIIIIIIIII

— 40

|
L
Ln

| Do] [O1U00 2ameradwa)

0 2 4 6 8 10
time [h]

low level radio freq

: 0.05

- Phasedetector

Lowpass Datalogger

Temperature = constant

33.32

—— phase drifts
— temperature stabilization

33.31

33.30

33.29

33.28

9 10 11 12 13
time [h]

[D.] aameradway pajjonuod

Step number

temperature coeflicient [fs/?C]

Step 1
Step 2
Step 3
Step 4

366
326
350
350
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Soliton Laser

Optical to RF PLL

Optical to RF
Phasedetector

synchronized
Pl Controller VCO RF signal

E,
/0@~

Ko

AN Y AV

Jco(-; ci JbarEl

o —

Cross E .
1 sign change x-component

b
J arEl
—
Sagnac
(5 9) Jeeunter]eres= E, Interferometer

! co I counter

straightened loop '
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A I h coupler
50/50
_}

l h H coupler
50/50

coupled
port

coupled

Generation of error signal

fIF - % fmp

—

output

fIF = % frep

D

a0

L/

1(AD)
N ,,z*hf. No rf or zero
\ phase error

/

» AD

f\-‘CO= 6 frep + BE:

I (‘Mb) when phase
A errar exists Phase error
/ \ between
VCO and rf

» A

Oc
AM depth is

:l: proportional
to phase error
Y[ s
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Synchronous demodulation

from coupled port,

fDET_ frep "'! 2

AM Baseband LO
Detector

PHD output

RF
BPF AMP baseband
error signal
iy _D
.f'._‘\-f
T -
fep/ 2

Synchronization Part |, KEK Seminar, March 14, 2008

low level radio freq y



-

e ®
DESY

Complete Sagnac Loop

Laser Lense Filter Lense PBC
&, !
coupler collimator /2 :

frot

fi combiner  f
Reference and : T ? Fan™
IF generation LN P

LNA + PI
Controller veo

coupler

Isolator

i collimator
His) fco
A2
2(:“:;13&
AMP AMP BPF
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phase noise [dBc/Hz]

o
I~
-

-160

Measured phase noise

AT e = 14.7 s
1 kHz to 20 MHz

.

100 100 100 100 10° 10

offset frequency [Hz]

|
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from 10% ta
sagnac Icmp[;hr
intermediate frequency
fir =325 MHz
v
ET3010 I
| f=325 MHz
—— —
fo=216 MHz =
ZFL-2500VH G=20dB
ZX60-33LN
== f,=325 MHz
e
fo=216 MHz | —— ZX60-33LN
—— — I ZEM-1W-5
= ® ,
~6dB _—— LO RF
G=20dB f|:|=216 MHz 608
ZAPD-30-5 Z AD9510 ZX60-33LN ZAPD-30-5
I
— |_|ov| [ ~ |
2 —_— —_— _D_reference signal
fp=108 MHz  G=20dB fo=108 MHz 3dB frer=108 MHz
-3dB

Generation of intermediate and reference frequency from optical pulse train:
the power in the generated signals is Filp = 5.55dBm and F. = 10.71dBm. integrated
timing jitter from 1kHz...20MHz is:AT, . = 68.771s for frepr and AT, = 390.21s for
fir
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Generation of 1300 MHz

N | | | | ]
-100 _— —
~ N — DRO 003 ]
= _120F — DRO 010 —
2 140 —
Z -160F —
180+ :
it
100 100 100 100 10° 10

offset frequency [Hz]

Phase noise characteristics of two DRO’s 003 and 010, the integrated timing
jitter in a bandwidth from 1kHz. .. 20 MHz, for DRO 003: AT, = 5.22fs and DRO 010:
AT s = 4.371s
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Sagnac Loop vs Diode Conversion

Optical to RF
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low level radio freq y

integrated timing jitter [fs]

Iming Jitter vs bias voltage
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Timing/phase Measurements
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Signal Generation

/e wvinny )
'%Es’\?/\_ f{ﬁﬁiiﬁ, ; Synchronization Part |, KEK Seminar, March 14, 2008
\/ Q‘ ) \AAAAAAAN )

.’/




Signal Transport
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Synchronization of Systems
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Longitudinal Beam Diagnostics
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