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1.1. General Overview - Definitions

* Synchronization: A fine temporal alighment
among all the relevant sub-system oscillators
that guarantees temporal coherence of their
outputs (precision 10ps+10fs)

— Example: coherence between RF accelerating phase
— laser oscillators frequency — ADC/DAC clocks

 Timing: digital delayed signals that define the
temporization of events (precision 10ns+10ps)
— Example: RF pulse generation, lasers amplification

temporal gate, BPM triggers, injection/extraction
kickers, event tagging, ...



1.2. General overview - Synchronization

 The aim of a synchronization system is to closely relate the timing
information (frequency) of all the clocks (oscillators) present in a
desired environment
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1.2. General overview - Synchronization

The aim of a synchronization system is to closely relate the timing

information (frequency) of all the clocks (oscillators) present in a
desired environment

Usually one stable oscillator is used as master reference

* Thus, the synchronization system tasks are:
— distribute the reference signal

— uniform the slave oscillations to those of the reference
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1.3. General Overview - Timing

Once all the physical outputs of sub-systems are
coherent, the timing system decides the chain of
events that are necessary to realize an experiment.

Event 1

texperiment

Time
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Introduction to phase noise

1. Phase noise in oscillators
2. Noise sources
3. Measuring phase noise



2.1. Phase noise in oscillators [1]

Oscillator output signal (time domain)

IDEAL

REAL

v(t) = Vycos(wyt)

v(t) = Vo1 + a(t)]cos[wyt + @(t)]




2.1. Phase noise in oscillators

Frequency domain

IDEAL (pure sinusoidal tone)  REAL (sideband broadening)
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2.1. Phase noise in oscillators

Assumptions:
* |la(t)| « 1 (negligible amplitude noise)

‘ ‘ < wq (phase variations much slower than carrier frequency)

(t) ergodic and stationary random process
@(t) =0, fort< —%T and t > A?T, being AT the observation time

e(t) =0

The variance of the random process (Single Side Band Power
Spectral Density definition) is then:

0<p = m f |<p(t)—<p(t)| dt = 11m f lp(t)|?dt =

Parseval
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2.1. Phase noise in oscillators

For convenient display of SSB PSD we define the “script el” function:

7 (£) = 10 logy, (is(p(fo + fm)), f>0, dBc/Hz

Phase power spectral density

. And one can calculate (and
measure) the contribution to the
RMS time jitter of a source, in a
| certain frequency region, as
follows:
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2.2. Noise sources

AM/PM noise

parametric (DC) /\ additive (fo)

Environmental Internal Environmental Internal
Temperature Flicker (f 1) RF leakage White
50 Hz B field Random walk
(f_z) ﬁd:fd-ncar.::{ﬂ:r:l Typical SSB PSD shape with
Ao noise sources |
Power supply ol .
c D r i ft ﬂh.:lg:::i:ig;r?ﬂindom wialk of phase : |
Acoustic 10 dBidecade (1) ';
Fllcker of phase 0 dBidecade (1) v
White phase

Radiation ]

fi I

Offset _fre uency |
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2.3. Measuring phase noise — RF mixers

Appsin(wt)

Vir = Vre(t) - sgn[Vio(t)] ”,;\ —k cos(¢)

;

Arr K Ajp

Mixer characteristics

A;psin(wt + ¢)

-

 RF and LO inputs have the same
frequency (IF is baseband)

* Forg ==~ +Ap, |Vip =k -Ag

* Detector sensitivity k measured in
V/degrees (typically 20mV/ps)

» Sensitivity depends on the input
signals amplitude and frequency

e Cheap, wideband, passive

e AM/PM conversion

W - DIMENSIONLESS UNITS




2.3. Measuring phase noise — optical x-correlators

I

S — Balanced

A Ay A, Photo-detector

I
LA \_ﬁ Al | = - _‘J.j) Pass T,i—t_.l :”F?W:
Band A .:
: I
|
| '_% Pass A é’l
Band SR l

> Delay = SFG p——>

B Pty
Balanced detector [4, 13] e
insensitive to lasers
amplitude jitter Iy~ ] LDt =1)dr =
S.hortI (<le0 fs) puls_e.ri.se 7 { (t — At)? } |
time leads to a sensitivity u = expy—
to 10mV/fs yup J2n(o? + o2) 2(af + 03)
Complex dESign, hlgher cost _ Gaussian Iongifgcfin'zzllprofile _ ‘ —
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2.3. Measuring phase noise — optical x-correlators

Detected signal from one of the
SPARC_LAB [10] x-correlators

Measured x-correlator characteristics
(at MENLO Systems GMBH [5])

Error Signal Crosscorrelator

0,5 0 0,5 1 1,5 2 2,5 3 3,5 4
1000 PURERT ST U S ST S TN S T U NS O SN B S S T S [V S S W SO T U S S S T U S S S 1000
T Al = 1560nm I
1 % A2 ~ 1100nm I
4 Y L
500 — Pt ; xj L 500
= | .ff I
= J L
E o 7—# -0
- ,.l'r
) ad I
(7} : |
= “ b
-500 — o’" L -500

-1000 - f V - -1000




2.3 Measuring phase noise — Phase Locked Loops

phase detector active slave CI)VCO
d) sensitivity loop filter oscillator (I)
REF Hyco(f) LOCK
kg PG > —
’ (N A~z PN+
multiplier/divider (optional)
N/D Ve
Open loop gain Closed loop transfer function (¥/, = 1)
Hyco(f) H(f)
H() = Kq - G(f) = = +
jzn-f CI)LOCK 1 + H(f) d)REF 1 + H(f) cl)VCO
-20
* The closed loop transfer function has a limited 4 | |
bandwidth (H(f) > 1, for f < faw) g 60 | Free Run VCO
* For low frequencies, the output phase is S g0 |- iliN i
tightly linked to the reference phase ;é-loo IEREL: IRNEENGR T IRRIE R
* For frequencies out of the loop bandwidth, 2 oML e TR s
£ 120 PR PLL VOO il -+

the output phase progressively come back to
that of the free running VCO

-160

100

cldlitespes iiestoe
B ‘Reference Osci

By

10’ 10° 10" 8
Offset Frequency (Hz) |

1000 10*




2.3 Measuring phase noise — Absolute Phase noise

1. Aprpr< Adpyr [ o % 5 [ o % 5 ¢,
2. \/Aﬁbf%UT"‘Ad)lrzuwz Appyr

——{ Oscilloscope
(3
oy Spectrum
DUT analyzer
LPF
REF Ly T
analyzer
~y

-

Sy Tl et e R St o AR e T -40

| 'I 50 T T T ]
i ! N ST
L . Sy im—— rr—————— £ \‘Q\ - fm a
I I & -90 |
I Narrow BW PLL ! e '\\\\
Som Suin i o ) S o ——r " S - ;:120 \\\\ ) Correlati0n|= 1
E::ig \k\ Cormelation = 10

. . . . 2.151] \:IILZ::-“L

e The PLL on REF is used to maintain its 160 “‘:*":}\
. 170 —
central frequency aligned to DUT 180 Conelation =1007 | A\
1 10 100 1k 10k 100k M oM 100M

Dffset frequency (Hz)
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2.3 Measuring phase noise — Typical SSB PSDs

Time jitter can be computed according to: NS U
=!'=Hi!{l= f* 20d/decade BRI MEHII A
[

R 0 N
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same time jitter > S, (f) + w?. 0
. =3 : T St

Pha.se noise spectral densities of different ' 1 10dB/decade |5 il

oscillators have to be compared at same carrier U

Dffsatfrequancy inle =~ ——=

frequency w, or scaled as w ;> before comparison.| commercial frequency synthesizer

FPhase Moise 10,00dE] Ref -20,00dBcHz . . H H
7117856 ML e AT st Badedp Onefive Origami [3]
¢ ' 511 -80 —— Mode-locked fiber laser — f.= 3 GHz
Free running Crigami - 15 with low noise controller
I
Sp urious 1000 | measured at 14" harmonic with Agilent 50528
- \\ =
N i Laser repetition rate at 216 MHz
h
60 fs itter "
SSgus J 1201 WY,

f£,=10 Hz = 10 MHz

“,. timing jitter =3.34 fs

- (rms, 1 kHz - 10 MHz)
140 " -

phase noise power density (dBc/Hz)
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3,

Synchronization in linear injectors

Experiment requirements
Overview

Reference generation
Reference distribution
Client locking

Beam timing jitter

b oA (R et e bR

Diagnostics



3.1 Experiment requirements - History

Circular
colliders

Future Linear

colliders
SASE FELs

Compton sources
: Seeded FELs

WLPA External
injection

Upcoming ...

(**) depends on all RF and laser systems of the injector
(*) depends on beam (LLRFs + PC laser) and laser seed (if any)

10 ps

100 fs

10 fs

sub fs

Low-level RF,
beam FBKs, ...

LLRF systems,

beam FBKs, ... Photocathode (PC)

laser, LLRF, ...

Seeding and PC| | + Interaction laser
lasers, LLREF, ...

FEL (*), Pump
laser, ...

Injected beam (),
Power laser, ...



3.1 Experiment requirements — Seeded FEL

Magnetic Chicane Undulator e-

TTTTTY

e-beam

|

Femtosecond E

. Laser IR |

[

/ Gas '

~ VUV+IR

e Seed amplification in undulator sections
* e-bunch and seeding laser are co-propagating
* Request: At < 0.5 pSpps
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3.1 Experiment requirements — Thomson

4—2“\,

| A
Mirror

A
Off-Axis Parabola Magnet Dump

T T T Y Y — S T T T Y Y — ey ——— T T ———— Ty T T W WY — Ty

* Thomson backscattering experiment

e Requires physical overlapping of SPARC and
FLAME (TW class laser) beams within the depth of
focus of the laser focusing optics.

* Request: At < 0.5 pSppis



3.1 Experiment requirements - PWFA

Drivers

1 P Witness

* Particle driven PWFA experiment

 Multiple e-bunches injected in the same RF bucket
e Critical injection phase for RF compression

* Request: At< 100 fs;y,6



3.1 Experiment requirements - LWFA

* LWFA experiment with external e-bunch injection

e SPARC and Flame short (< 100 fs) pulses injected in a
plasma channel inside a gas-jet or a gas-filled capillar,
requires synchronization at the level of the period of the
plasma wave.

* Request: At < 10 fspy s



3.2 Overview — General concepts

Every accelerator is built to produce a specific physical
process (shots of bullet particles, nuclear and sub-nuclear
reactions, synchrotron radiation, FEL radiation, Compton
photons, ...).

A necessary condition for an efficient and reproducible
experiment is the relative temporal alignment (i.e. the
synchronization) of

— all the accelerator sub-systems: this impacts on beam longitudinal
phase-space and time-of-arrival (such as RF fields, PC laser system, ...)

— beam bunches with any sub-system they have to interact with during
and after the acceleration (such as seeding lasers, pump lasers,
interaction lasers, ...).



3.2 Overview — General layout

1.'Reference REFERENCE
generation OSCILLATOR
2. Reference
distribution
3. Client Electrical Optical Electrical Optical
Locking PLL PLL PLL PLL(s)
Photo | Interaction
RF
cathode RF system and probe
system
laser laser(s)
RF GUN LINAC EXPERIMENT

e e IR



3.2 Overview - Definitions

The synchronization error of a client with respect to the reference is identified as
jitter or drift depending on the time scale of the involved phenomena.

The boundary btw these disturbances is somewhat arbitrary. For pulsed machines,
the rep. rate fppp it is commonly used as threshold.

Drift Jitter
* slow variations e fast variations
* mainly caused by modifications * residual lack of coherency
of the environment conditions between oscillators
e temperature (primarily) but also * acoustic waves
humidity fluctuations * it cause the pulse-to-pulse chaotic
* materials and components aging scatter of the beam characteristics
* infra-sounds * can be minimized designing a good
e can be corrected by the synchronization system
machine feedback system * can be measured, but cannot be

corrected




3.2 Overview — System architecture types

* The signal distribution could be achieved by:

— Electrical signal distribution with coaxial cables
* Electrical PD sensitivity ~20 mV/ps
* Sub-system (LLRF, lasers) relative jitter < 50 fsgyc

— Optical signal distribution with fiber optics
e Optical PD sensitivity ~10 mV/fs (opt. cross-correlation)

* Sub-system relative jitter <10 fsgy,e

* The locking PLL depends on the nature of clients and
distributed signals. Options are: fully electrical,
electro-optical, electro-opto-mechanical
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3.2 Typical electrical architecture

LLRF 1 LLRF 2 LLRF 3
2856 MHz 2856 MHz 5712 MHz
: F ¥ 5 I35 ¥ S
Coaxial lines
2856 MHz
_—
RMO
(RF reference) 5712MHz
2856 MHz + 5712 MHZ  —
Lock Lock
AMP AMP
PC laser Intf;:m
oscillator >% %< oscillator
79.33MHz 79.33MH2

l PD PD l



3.2 Typical »opticalv architecture

Triggering
RMO : .
fo. = 2856 MHz WW.._ Machine Main
RMO =
jitter < 10 fs (100 Hz - 10 MHz) frep = 100 Hz 50 Hz
jitter <10 ps
\ >

\ 2R A, Triggers Electrical Distribution

OMO — O ++
fOI'\.fICJ B fRMO /N M-Z mod.

A Cw Igser Triggers Optical Distribution
jitter < 50 fs (1 kHz - 10 MHz) carrier

JHH@ Ll HNH@“““

DiFeCtly Actively stabilized fiber link

Actively stabilized fiber link i A
Seeded \[k
Clients:
- Special lasers ¥ A x-correlator Laser
2 . ) -
- Streak cameras é':" %/ lll jL-_ >_ Clients:
- & “, - - Photoinjector
> % - Seeding
& Z Pum
S < Laser “Fump
\ :."? G:% / Syncro-lock| =
e e e ) \\ .@% <\
 Diagnostics Clients | ~JY & 4% '/( J
| (Bunch Arrival Monitor) :\\ h // Photodiode
ll‘ ‘ ‘ M-Z mod. w\N“\’ ‘|<‘ » "N —> toRF
< Clients

S| MWW
> (S or X band)
Nwwwm@ Vo
_________________ I
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3.3 Reference generation — RMO

Oven controlled RF  crystal
oscillators (OXCO) are commonly
used as Reference  Master
Oscillators (RMO)

low phase noise in the lower side
of the spectrum (f,,, < 100kHz)

RF reference oscillators are
typically based on positive-
feedback network (Barkhausen’s
Criterion)

— q‘_-:'-'r.t"!'ll Al -

' random  noise
phase free

random
fluct. dw, —

LOOP 1 MODULE

A

Provision External
Mechani

h A > s H (jo)|=1;
_+_
B Z/H (jo)=2nzx
«
| Tunable filler  Barkhausen’s Criterion

echanical
Phase Adjust Bias

for
Pilot Signal

output buffer
! w g
— el¥2
' random noise 1
. phase free 1

“(2-4'stages)

Noise present at various
stages needs to be
minimized by proper choice
of components, layout,
shielding, ...

PCB for
Distribution

MAR_03 /2004 /VS /19833
MAYO CLINIC
Qﬂj SPPDG

Courtesy of Mayo Foundation

LOOP 2 MODULE

LNA MMIC

D. A. Howe and A. Hati [7]

National Institute of Standards & Technology (INIST), Boulder, CO, USA



3.3 Reference generation - OMO

\ lh“ s

10,11] OMO

SPARC_LAB [ < .=
From MENLO systems GMBH [5] | &

Mode-locked fiber
laser oscillator for
pulsed reference
distribution
Typically standard
telecommunication
wavelength 1560nm
(Er doped fiber)

Pulse width tpulse <200 fs

Wavelength 1 Al 1560 nm

Wavelength 2 (optional) A2 780 nm

Pulse rep rate f rep 2856/N MHz

Pulse energy E pulse >2nJ(~180 mW)
. <10fsrms

Phase jitter At (SSBch)f > 1 kHz)

Amplitude jitter (AA/A)rms <0.05 % rms

Synchrolock BW f_cutoff > 5 kHz

Phase jitter relative to <10 fs rms

Atrel

reference

(dc — 1 kHz)




3.3 Reference generatlon — RMO and OMO

e RMO is used to
minimize central
frequency drift of the
Optical Master
Oscillator (OMO)

e Signal purity of RMO is
important at low
frequencies, since the
OMO is locked to the

—a— RMO GOfSRm
—i— QMO _fOfSRMS

-804

—-100

=120

Phase Noise Spectral Density [dBc/Hz]

~140 |

RMO in the region o 10 | B I100 | | I11000 | | Il(]l,(](mI | 1I(]I0,ICI{)OI | Ilel+06I | Ilel+l[}7I | Ilr.;il-(}a
fm< 1OkHZ Frequency [Hz]
o /\/\/\/\/\ TRy
>

RF Master Oscillator
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3.4 Reference distribution — Coaxial cables

Coaxial cables from Andrew (Commscope) [6]

: carrier propagation
cable | frequency || velocity
| tength [© in MHz (relative to c)
AL \
Ap =~ 3.66E — 7 - — "L fo/V
L PPM

_AT

PPM T

2
. (ﬂ)
PPM ” :

ELECTRICALLENGTH CHANGE (PPM) |

For a 3/8" cable (FSJ2):
Topt = 24 °C, T = 24.5°C
T.~2°C,L~1km,fy=3GHz

At ~ 100fs

* Special coaxial cables built to minimize the elongation VS
temperature characteristics (using a suitable dielectric material)
1 * Forlong links an active stabilization is needed

e Timing and Synchrbniiation 2Tl SICAS—FEL & ERL —'Hambu”rg, Germany
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3.4 Reference distribution — Fiber links

Stabilized fiber link

Translational stage Cross correlator
~85cm

— > A
7 }

<

N\

From T&S
main rack fY\
>(_—> P\ )€

Faraday
mirror

L

Isolator Direclional coupler PZT path length
stabilization unit

Active stabilized links are based on high
resolution round trip time measurements and
path length correction to stick at some stable
reference value.

Pulsed optical distribution is especially suitable,
because of low signal attenuation over long
links and path length monitoring through very
sensitive pulse cross-correlators. However,
dispersion compensation of the link is crucial

to keep the optical pulses very short (down to
< 100 fs).

To client
_ - Laser
- b rd -
Dispersion SMF 28 amplifier
compensation fiber

fiber

All the noise in the DC+10kHz
band (thermal drifts, mechanical
vibrations, mains disturbances, ...)
can be corrected.

No major noise contributions
outside the loop BW of the link
stabilizers are expected

Signal distributed up to km scale
machines with added jitter <10fs



3.4 Reference distribution — Fiber links

RMO
RF reference

* length correction T T
applied to the link ows ot S
=1 ps RMS over 14 hours — =]

|°® rESid ual Iink drift MenloSystems MenloSystems ’73,\_.
=6 fs RMS over 14 hours SFL

MenloSystems negative

dispersion

Feedback

Courtesy of MenloSystems GmbH [5]

A(a) A (b)

o 5t o 1
o, o
5 g
E"E T LE -10}
Q 2 ! ] [ Q [ o0
.| Correction applied 20 Residual jitter
0 - -
0 2 4 b 8 10 12 14 0 2 4 6 8 10 12 14 Ehk
Time in Hours Time in Hours
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3.4 Client locking — Jitter wrt RMO

phase detector active
sensitivity loop filter

slave
oscillator

[ Hyco()

¢REF ( _ ) kd G(f)

N

jenf

multiplier/divider (

optional)

byeo

chOCK

+ - >

def . _HVCO(f)
H(f) £ K4+ G(f) ot
H(f) > 1,for f < few

=
-

N/D

H()

brock = TH(f) brer + TH(f) dyco

We can estimate the residual noise between clients and reference ¢;_, = @; — Qref:

Pi,

— QPref

YT T TR HD

- Si—r(f) -

Sio(f) + Sref(f)

11+ H;(f)I?

And integrating the PSD we obtain the relative timing jitter RMS:

O-ti—r

+OOS

_ 1f
wgeffin

m

r

er (f) +Si,(f)

11+ H;(H)I?

af




3.5 Client locking — Jitter btw clients

- Client # j
The same calculations can be made to obtain the f\;;’s’;g 7\ ‘*\'ent .
phase noise among different clients ¢;,_; = @; — @; Clock s ()
. _ (pio — Pref ‘pjo — QPref ’
Pi—j = Pi—r —Pj—r = 1+ Hi(f) 1 + Hj(f) Qoi—j
T 2 T ST e e = ¥
. 2
Si (f) Sj, (f)

Si-i(f) =

1T+ H(OP |1+ Hj(f)|2

] H;(f) — H;(f)
[1+

~

L.

H;(HI[1 + H; ()]

-~ -

", .—'
— -

* In general two different PLL have different t.f. H;(f) # H;(f)

* And in particular they have two different BWs fgiy1 # faw2

* There is a direct contribution of the master clock phase noise S,.¢(f) to the
relative jitter between clients i and j in the region fzy1 < f < few2

* In this frequency region (typically 100 Hz + 100 kHz), a very low RMO phase noise
is needed
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35 Cllent |0Cking e Lasers (electrical architecture)

Mode-locked laser
oscillator cavity

Stepper motor,
coarse positioning, €=—> 12.6 ns
low freq. drift .

compensation
L penies

Piezo motor,
fine positioning,
Up to 5 kHz BW

RMO Motor

Signals - drivers
e e e A S e e A ] ___________________ -

Fundamental loop

BP Filter 2
B Ofge

I
I
I .

2 BP Filter 1 | > I
| T @fge/N |
: Photo-detection | |
I Harmonic loop And filtering :
| |
| :
I

Electrical phase detector



3.5 Client locking - Lasers

""""" ERRERELLL A DAL AL |

T e

* Blue curve: locking frequency (frgr), typically the
RF frequency (Nth harmonic of laser repetition
rate) to increase the phase detection sensitivity

e Other colors: laser oscillator frequency (fREF/N)

* N possible time delays between different lasers
locked at [ (every time locking is performed)

* Locking methods must take it into account
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35 Cllent |0Cking = LaserS (optical architecture)

R
Laser oscillator cavity @ PEERDEY m(‘)t.or,.
coarse positioning
Y 4
’
7 4
4
r 4
,I
optical phase /. G
. . . 4 12.6ns
detection with high 4
ey e '
sensitivity 4
. ’ Piezo motor
correction can be ’ . ;
- K4 oo high freq. correction
more efficient i S e
. . 4 P
synchron|zat|on at cxarannanniane }J.;.ya ........................................................ ;
fundamental =
frequency is 7 [ J
ensured £ |
Pulse train |.f_{"1‘ BBO
From OMO L\ crystal



3.5 Client locking — Lasers (direct seeding)

ELI-NP GBS PC laser solution

Optical link
end (OMO) SEED LASER
1560nm ) 780nm e .
% > Amplification
Chain

* Simplest and (relatively) low cost solution, if technically doable

» Client directly synchronized to the reference (only distribution
residual noise is present)

* OMO and client lasers have to be wavelength “compatible”

e OMO has to be suitable parameters for amplification (i.e. power,
spectral bandwidth, ...)



3.5 Client locking — RF (electrical architecture)

LLRF 1 LLRF 2 LLRF 3
2856 MHz 2856 MHz 5712 MHz

1

RMO

(RF reference)
2856 MHz + 5712 MHZ

Direct seed of LLRF systems

Timing system Laser clients
2856 MHz 2856 MHz




. .3.5 Clie.nt IOCkihg — RF .(opticala.rchitectur.e)

OMO Photodiode

S VY W

4

Sagnac loop

and <2

Phase
modulator

Amplitude

demodulation

BE Filter Nth harmonic
"Q‘v extraction :
el TN - « Simple layout
“S— | MWWWWW |+ Low cost
 AM-to-PM
conversion

in photo-detector
(1+10ps/mW)

» <10fs added jitter

* No AM-to-PM
conversion

| » Negligible added jitter
 Higher cost and

complexity
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3.6 Beam timing jitter - Sources

A PC laser Seeding\ ) Pump A

laser laser
Magnetic )
Capture Section Booster Comprassar Linac ‘ Undulator ‘ -
el CD VAN R I
SRR A v === = = =y
A, Atpump»probe
¢Gun ¢mj (pch/rp (pacc LINAC END

The time T; of all sub-systems is properly set to provide required beam
characteristics at the linac end, where the bunch centroid arrives at time T,.

Time fluctuation At; in each subsystem will produce a change At of the beam
arrival time.

At; . c .

Ci coefficients

i i =

Values of a; can be computed analytically, by simulations or even measured
experimentally. They very much depends on the machine working point.




3.6 Beam timing jitter - Sources '

No compression: Beam captured by the GUN and accelerated on-crest
apc = 0.65; agr,,, ~ 0.35;0thersa; = 0
Magnetic compression: Energy-time chirp imprinted by off-crest

acceleration in the booster and exploited in magnetic chicane to
compress the bunch

agr,.... ~ 1;lapc| < 1; othersa; =~ 0
* Bunch can be over-compressed (head and tail reversed, ap < 0).
RF compression: a non fully relativistic bunch (E, = few MeV at Gun
exit) injected ahead the crest in an RF capture section slips back

toward an equilibrium phase closer to the crest during acceleration,
being also compressed in this process

agr., ~ 1;|apcl, |aRFGUN| < 1; othersa; = 0

* In this case the bunch gains also an Energy-time chirp, thus RF
and magnetic compressions can be combined.
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3.6 Beam timing jitter — Relative jitter

 If we consider uncorrelated residual jitter At; (measured wrt the facility
reference clock), the bunch arrival time jitter o; is given by:

2 _E 2 2
oz, = ) ajog

i
» while the jitter of the beam respect to a specific facility sub-system (such as the
PC laser or the RF accelerating voltage of a certain group of cavities) Oty_; is:

2
2 _ 2 E 2 2
Oty_; = (aj — 1) of; + ai ot

£

EXAMPLE: PC laser jitter o;,. = 70 fs, RF jitter o, . = 30 fs (uncorrelated)

oy, =47 fs

No C ion: ~ (.65, ~ (0.35
o Compression: ap. ARFcuN ~ 27 fs; 0¢,_pp = 50fs

Otp_pc

or, ~ 28 fs

Magnetic Compression: ap- = 0.2, a ~ (0.8
g P PC RFpoost ~ 61 fs; Oty o ™ 15fs

Otp_pc




3.7 Diagnostics — LLRF phase noise detection

- Measured at SPARC_LAB [10]

CONTROL SYSTEM Grike | FamERT

PhasePulse '-+-|@ |
Topstart top_start
g u_ 425
Toplenght top_lenght i
g,u_ 70 %"
Bottomstart battom_start o W oo
LLRF module ) [ == Pulse phase "=~
Eottomlenght bottom_lengtk A= I I I I I I | | [ I
ﬂ,n— S0 100 200 300 400 500 600 VOO 800 900 1000 |
AR T 1 Time
Pt =
o 10C 3)
> >]
t —~
® )
> =]
o Backend o _______
| waveformbisplay |
SET oN
phase_mean Instantampliude Time
138.60 | 5 9736l
phase_stdey InstantPhase PhaseHistogram Flot 0 -
Klystron 0.0558 | e
amplitude_mean InstartSops | 00, SSSSSEESESESEEEETE S SR iemllSE=cEwese 18 [AoRSn
Bore’sly| p | .
I_O A D amp_stdev('%o) InstantDamping g _______
P | p |
=]
1 WG in : REFRESH |
DCin DC out _’; HISTOGRAM ) 13.5 1366 19387 1.5 1389 |}
Degrees




3.7 Diagnostics — RF deflector

DEFLECTING
VOLTAGE

The beam is streaked by a

transverse RF cavity on a screen.

The image is captured by a camera. Longitudinal charge
distribution and centroid position can be measured.

Oy mens v" Works typically on single bunch. Bunch trains can be eventually
=" resolved with fast gated cameras;
z
- v/ Destructive (needs a screen ...)
2
v v" Measure bunch wrt to RF (relative measurement)
DEFLECTOR L :
SCREEN 1 f resolution
i biiaiiai s 2 Lo aai e G i b eedadi s = o) Siioas did i - E/e EJ_
T =
res defl
wppV
RFVL B

Measured at SPARC_LAB [10]

e 257 .

4 (0] B

N E
=56 \/\\ e |
o 4
2 ] E &
£ 55¢ ' 1K
g : |
c54 f ¥
3 89.5 stMS

e 10 20 30 40 5|
# of shots




3.7 Diagnostics — BAM with EOM

A reference laser pulse train (typically taken from
the facility OMO) is connected to the optical input
of a Mach-Zehnder interferometric modulator
(EOM). The short laser pulses are amplitude-
modulated by a bipolar signal taken from a button
BPM placed along the beam path and synchronized
near to the voltage zero-crossing. The bunch arrival
time jitter and drift is converted in amplitude
modulation of the laser pulses and measured.

v" Works very well on bunch trains;

v" Non-intercepting;
v" Measure bunch wrt to OMO
v"  Demonstrated high

resolution

o
[

over 4300 s

arrival ime BAM2 (ps)
S o

8.4 fs (rms)

| uncorrelated jitter

hots:

-0.5

0

BAM 1 - 2 placed
60 m away along
the beam path at
DESY

Courtesy of
H. Schlarb and
F. Loehl [12]

ro-ontical modulator

reference
laser pulse

TIMING
SYSTEM

TRIGGER | cLOCK

LASER
REFERENCE

T
L

i L N | N | — |

2° harmonic g E

ADC

ouTpPUT | INPUT

[ | )
1
@ L

INFORMATION

TIMEJITTER

arrival time BAM1 (ps)

Timing and Syhchronization

CAS

L
EOM

\/\

beam pipe




3.7 Electro-optic sampling

S p
\ b laser ] cvlindical cco
§ telescope

IR TS

T T T S T T R S TV T I e S T T w R T T e S T T R R ST S TP T

An electro-optic crystal is placed near the beam

trajectory. In correspondence to the beam e - Utl ~ 2(') fs rr‘ns
passage the crystal is illuminated with a short ]

reference laser pulse transversally enlarged and beam vs. PC laser
linearly polarized. The bunch electric field m  over 330 shots
induces bi-rifrengence in the crystal, so that while L

propagating the laser gains elliptical polarization. 3 'R

A polarized output filter delivers a signal o= N

proportional to the polarization rotation, i.e. to "

the beam longitudinal charge distribution. 1:_

v’ Single shot, non-intercepting; oLl

v’ Provides charge distribution and centroid position; - - ™ Time of arival (5) ! ) 10-15

v Resolution = 50 fs for the bunch duration, higher Measured at SPARC_LAB [10]

for centroid arrival time (1 pixel = 10 fs).
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4.

Timing in linear injectors

Overview

Timing signals generation

Timing signals distribution

Timing example - Typical event sequence



4.1 Typical injector timing system layout

BPMs
10Hz

pulse selection
10Hz

RF stations e an
: RF amplification
- ——— laser systems RF triggers 285pGMH
Diagnostics 10Hz £
5712MHz
. Trigger/dela .
Line gegner/ator Y RF reference oscillator
synchronization 7§MHz 1kHz 2856 MHz
50Hz 5712MHz
10Hz
| It A S arEaradn (Rt e s e e e n R et S e e s St et n R e e s e I
Cameras : . !
! Laser oscillators | 1
10Hz . 79.33MHz :
: (locked at :
BCMs : Laser amplification 2856MHz) |
|
10Hz l pumps :
|
I 1KHz Laser amplifiers ;
|
i |
' I
: I

L I R R R e = R e e e e T T R R i |



4.2 Timing signals generation

The machine trigger generator is mainly a frequency divider

Typically it divides one output of the RMO (fr10) at different
stages to generate all the desired sub-harmonics, down to the
machine rep. rate (frgp)

The resulting jitter is 10ps =10ns depending of the divider stage

It also take the 50Hz mains input and generate from it a signal
at frpp (either dividing or multiplying). We call it f;;nE

The final machine clock is generated selecting the first logic
front of one fpyp sub-harmonic (fsyp) following a f;ng front
(reducing magnet power supply current ripple)

fsyp must be coherent with all the system clocks (lasers rep.
rate, ADC and DAC sample clocks, ...) to avoid trigger edge

slippage/jumps



4.2 Timing signals generation

fLINE
from mains




4.2 Timing signals generation

fLINE
from mains

fSUB




4.2 Timing signals generation

fLINE
from mains

fSUB

frREP
output




10N

ighals generat

Iming s

4.2 T

-

m |
£
2
T
o =
iRy vl o
85 0 | ﬁ \\\\\
FR h
AR Fen b
B
S5
g
|I>I\Mll|||j IIIIIIII
G SRR L e A T
bl SR
|
LIS S hiemtoris) RTINS metopisa (oan
_
_
iy AEgER LA R s R T
Vp)
c
ky @O _
= e
afie i
Sl W2
G

“‘
-

12

IIIIIIII

fREP

output




4.3 Timing signals distribution

subsystem

* The main frgp trigger is then split, delayed and distributed towards each

* Digital logic standards are commonly used (TTL, ECL, NIM, ...)
* The signal distribution can be analogue or digital

Analogue distribution

* Signalis distributed through
coaxial cables (~¥100m range)

 Commercial digital delay
generators are used

* No advanced features can be
implemented

* Simple design and control

* Low cost

e Limited length of cables

Digital distribution

Signal is distributed through fiber
links (km range)

Information packed according to a
proper communication protocol
Programmable event
generator/receivers are used
More flexible (locally delayed
triggers, status word, diagnostics on
system, ...)

Higher cost, complex design
Standard commercially available
systems for accelerators



4.3 Analogue distribution layout

RMO

Machine trigger
generator

T

50Hz mains

Digital delay
generators

Fan
out

—_— .
—~ Coaxial cables

——> {0 sub-system

LIRS !
- Coaxial cables

,_; to sub-system

BRAETRAS ;
> Coaxial cables

é i
> to sub-system



4.3 Digital distribution layout

Event receiver

Optical fan-out

(il

Coaxial cables
to sub-system

50Hz mains

Event generator

Coaxial cables
to sub-system

Coaxial cables
to sub-system

Syul] 1=ql

Coaxial cables
to sub-system

Pictures from
Micro-Research
Finland Oy [9]

Coaxial cables

Optical fan-out > to sub-system




Timing example — Typical event sequence

Trigger
Photo-cathode generator Interaction
laser laser
RF power RF power
source 1 source 2
Detector
Diagnostics Diagnostics

RF GUN LINAC 1 LINAC 2 EXPERIMENT



Timing example — Typical event sequence

Trigger
Photo-cathode / generator \ Interaction
laser laser
RF power RF power
source 1 source 2
Detector
Diagnostics Diagnostics

RF GUN LINAC 1 LINAC 2 EXPERIMENT



Timing example — Typical event sequence

Trigger

Photo-cathode / generator

laser

1. Trigger is sent to the laser systems

N

Interaction
laser

1. Amplification chain starts
2. Triggers are used for pulse
pickers and optical amplifier

Laser oscillator pulses

Pockel’s cell

pumps

3. Typically a multi-pass optical
amplifier with a large delay is
used

4. Thus this has to be the first
event in the sequence

amplifier
crystal /,




Timing example — Typical event sequence

Trigger
Photo-cathode generator Interaction
laser laser
RF power RF power
source 1 source 2
Detector
Diagnostics Diagnostics

RF GUN LINAC 1 LINAC 2 EXPERIMENT



Timing example — Typical event sequence

Trigger
Photo-cathode generator Interaction
laser laser
RF power RF power
caurca ] ource 2
2. Trigger is sent to RF system e Detectar
1. Lasers are still running to Modulator
prepare their outputs gl
2. Trigger are used to start / \
the modulator HV pulse / \
forming and to trigger the i \

LLRF systems |




Timing example — Typical event sequence

Trigger
Photo-cathode generator Interaction
laser laser
pawer F power
solrce 2
‘} Detector
Diagnostics Diagnostics

RF GUN LINAC 1 LINAC 2 EXPERIMENT



Timing example — Typical event sequence

Trigger
Photo-cathode / generator Interaction
laser laser
3. Trigger is sent to beam

diagnostics and detectors _

1. Trigger are used to arm F power
cameras, BPM, BCM and  |olrce 2
detector acquisition f | Detector

| 4 v
Diagnostics Diagnostics

RF GUN LINAC 1 LINAC 2 EXPERIMENT



Timing example — Typical event sequence

Trigger
Photo-cathode generator Interaction
laser laser
RF power RF power
source 1 source 2
Detecit
' Diagnos Diagno s

RF GUN LINAC 1 LINAC 2 EXPERIMENT



Timing example — Typical event sequence

| | Trigger
4. RF cavity feeding (filling time A0l Interaction
in us scale) laser
1 — |
RF po
sourc :
B Detect
' Diagnos Diagno s

RF GUN LINAC 1 LINAC 2 EXPERIMENT



Timing example — Typical event sequence

Trigger
Photo-cathode generator Interaction
laser 5. Laser hits the photo-cathode laser

and electrons are emitted

RF power RF power
source 1 source 2
| ‘ i, Detect
" Diagnos Diagho >3

RF GUN LINAC 1 LINAC 1 EXPERIMENT



Timing example — Typical event sequence

6. Beam is accelerated
7. Diagnostics on beam

Photo-cathode
laser

" Diagnos!

W »

RF GUN =0)->

er
gcrrtr!itor

RF power
source 1

LINAC 1

RF power
 source 2

Diagno s

LINAC 2

Interaction
laser

Detecit

EXPERIMENT



Timing example — Typical event sequence

6. Beam is accelerated
7. Diagnostics on beam

Photo-cathode
laser

er
gmetor

RF power
" source 1

LINAC 1

RF power
source 2

Diagno s

LINAC 2

Interaction
laser

Detecit

EXPERIMENT



Timing example — Typical event sequence

6. Beam is accelerated
7. Diagnostics on beam

Photo-cathode
laser

er
gmetor

RF power
source 2

Diagno s

o>

LINAC 2

Interaction
laser

Detecit

EXPERIMENT



Timing example — Typical event sequence

6. Beam is accelerated
7. Diagnostics on beam

Photo-cathode
laser

/D

lagnostics

er
gerrcrLtOI’

Diagnostics

RF power
source 2

LINAC 1

Interaction

laser [>

Detec{>

EXPERIMENT



Timing example — Typical event sequence

6. Beam is accelerated
7. Diagnostics on beam
PRoto-cathode gcrrErLtOI’ Interaction

laser “ laser [>

Detec{>

«©> EXPERIMENT




Timing example — Typical event sequence

Trigger
Photo-cathode generator Interaction
8. Beam and interaction laser laser
arrives at IP

RF power RF power

source 1 source 2

IR . Detec{>

Diagnostics Diagnostics

RF GUN —@———tiNact—@———tiNte2—0>» E» “NT



Timing example — Typical event sequence

Trigger
Photo-cathode generator Interaction
laser laser

9. Diagnostics on experiment

RF power RF pOW 2 bunches beam

source 1 source R —
| - |

axis HON)

Diagnostics Diagnostics

RF GUN —@ NG O  uNAC?2 @ & “NT



1.

References (1/2)

E. Rubiola, Phase Noise and Frequency Stability in Oscillators,
Cambridge University Press, ISBN 978-0-521-88677-2

E5052A signal source analyzer, http://www.keysight.com/en/pd-
409739-pn-E5052A/sighal-source-analyzer-10-mhz-to-7-265-or-

110-ghz?cc=IT&Ic=ita

Origami from Onefive Gmbh:
http://www.onefive.com/ds/Datasheet%200rigami%20LP.pdf

S. Schulz et al., THPC160, Proceedings of EPACO8, Genoa, ltaly

Menlo Systems GMBH:
http://www.menlosystems.com/products/?families=79

Andrew cables:
http://www.commscope.com/catalog/wireless/product details.
aspx?id=1344



http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.keysight.com/en/pd-409739-pn-E5052A/signal-source-analyzer-10-mhz-to-7-265-or-110-ghz?cc=IT&lc=ita
http://www.onefive.com/ds/Datasheet Origami LP.pdf
http://www.onefive.com/ds/Datasheet Origami LP.pdf
http://www.onefive.com/ds/Datasheet Origami LP.pdf
http://www.menlosystems.com/products/?families=79
http://www.menlosystems.com/products/?families=79
http://www.menlosystems.com/products/?families=79
http://www.commscope.com/catalog/wireless/product_details.aspx?id=1344
http://www.commscope.com/catalog/wireless/product_details.aspx?id=1344
http://www.commscope.com/catalog/wireless/product_details.aspx?id=1344
http://www.commscope.com/catalog/wireless/product_details.aspx?id=1344

References (2/2)

7. http://www.nist.gsov/

8. http://www.thinksrs.com/index.htm
9. http://www.mrf.fi/

10. http://www.sciencedirect.com/science/article/pii/S0168583X13
003844

11. http://spie.org/Publications/Proceedings/Paper/10.1117/12.218
5103

12. M. K. Bock, WEOCMHO2, Proceedings of IPAC’10, Kyoto, Japan

13. T. R. Schibli et al., Optic Letters, June 1, 2003 / Vol. 28, No. 11, p.
947



http://www.thinksrs.com/index.htm
http://www.thinksrs.com/index.htm
http://www.thinksrs.com/index.htm
http://www.thinksrs.com/index.htm
http://www.thinksrs.com/index.htm
http://www.mrf.fi/
http://www.mrf.fi/
http://spie.org/Publications/Proceedings/Paper/10.1117/12.2185103
http://spie.org/Publications/Proceedings/Paper/10.1117/12.2185103
http://spie.org/Publications/Proceedings/Paper/10.1117/12.2185103
http://spie.org/Publications/Proceedings/Paper/10.1117/12.2185103
http://spie.org/Publications/Proceedings/Paper/10.1117/12.2185103
http://spie.org/Publications/Proceedings/Paper/10.1117/12.2185103
http://spie.org/Publications/Proceedings/Paper/10.1117/12.2185103

