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There are various types of signals, frequently confused

Trigger signals (digital subsystems, CPU) || | |_ ~ 100 ps
(10-100Hz)

Clocks (digital subsystems, ADC, DAC, CPU) ~5-20 ps
ﬂﬂ_ﬂ_l_“_m_ (1-100MHz)

Analog (RF phase reference, VM, LO) ~ 50fs — 1ps
(~0.1-10 GHz)

Optical (laser. d fics, iment 10f
-t S TTTTTTTTTTT
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Synchronization reach into many different physics/engineering
disciplines and requires wide range of technologies
» Radio Frequency:

different types of oscillators (quartz, SAW, dielectric)

phase detectors / mixer / multiplier /divider

low noise amplifier / limiting amplifier / filters / direction couplers

cables / connectors / PCB design / waveguides / RF structure / LLRF / HLRF
e Optics & Lasers:

laser oscillator/pulse shaping/amplification/wavelength conversion

fiber optics / fiber optics devices / opto-electronic devices / photo-detection

laser sources (DFB/harmonic mode-lock/passive & active mode)

non-linear optics / opto-mechanics / free-space optics / pump-modules
* Environmental control:

temperature / humidity / air pressure / vibration / ground motion / EMI / EMC
» Controls & control theory:

multiple feedbacks / PLL theory / automation / SISO / MIMO / ...
* Longitudinal electron beam dynamics

velocity / magnetic bunch compression/ harmonic cav./collective effects/....
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Accelerator development from ns pulse duration to < 100 fs for FELs
time scale has changed from ps to fs
accelerator facility length scale ~ 100 — 3.5km
FELs based on exponential growth
precision control on beam parameter required
large bunch compression factor (tolerances LLRF!)
Beam based diagnostics on arrival & pulse shape
important for automation
accelerator commissioning and sub-system debugging
Pump-probe experiments (optical laser <-> FEL beam)
knowledge on photon arrivals to one anther crucial
efficiency of experiments & dynamic range of detectors

| DESY )
2

.7 H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Classical setup:
Variable delay

% Ny
NS $
\

Pump pulse initiate reaction, probe pulse records current state.
Atomic / Molecular Physics/ Solid state dynamics

FELs: two different pulse sources: FEL beam and optical laser

Comments: 1) measured at experiment  post analysis
<1fs dynamic range of photon arrival detector!!!
P 2) for small event rates not possible
( DESY )
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Accelerator development from ns pulse duration to < 100 fs for FELs
time scale has changed from ps to fs
accelerator facility length scale ~ 100 — 3.5km
FELs based on exponential growth
precision control on beam parameter required
large bunch compression factor (tolerances LLRF!)
Beam based diagnostics on arrival & pulse shape
important for automation
accelerator commissioning and sub-system debugging
Pump-probe experiments (optical laser <-> FEL beam)
knowledge on photon arrivals to one anther crucial
efficiency of experiments & dynamic range of detectors
Seeding & slicing and bunch manipulation
essential for success
opens new opportunities for FEL mode and FEL pulse control
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Generic layout of seeding a single pass FEL

Temporal overlap Gas cell USOOnm
30nm
Separation (:[
II undulator

0
D o .
+«———— 100kW ectron beam
Gain 10° I I —— C_I

Transfer line ~ 30-100m, << 10 fs

Experiment l" Dt

New class of experiments:

« Electron beam is seeded or manipulated using external laser
« Timing of FEL pulse defined by now by seed (laser)

Requirements:

» Temporal overlap between electron bunch & seed pulse essential ~ 10-50 fs

o « Particular high demands on synchronization to pump-probe laser ~ 1-5 fs
Ly ﬂ\‘
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Accelerator development from ns pulse duration to < 100 fs for FELs

time scale has changed from ps to fs

accelerator facility length scale ~ 100 — 3.5km
FELs based on exponential growth

precision control on beam parameter required

large bunch compression factor (tolerances LLRF!)
Beam based diagnostics on arrival & pulse shape

important for automation

accelerator commissioning and sub-system debugging
Pump-probe experiments (optical laser <-> FEL beam)

knowledge on photon arrivals to one anther crucial

efficiency of experiments & dynamic range of detectors
Seeding & slicing and bunch manipulation

essential for success

opens new opportunities for FEL mode and FEL pulse control
Novel accelerator technology & linear colliders

e.g. Plasma Wake Field accelerators: wavelength ~ 10-100um

P next linear collider 30-50 km with sub-100fs synchr. demand
®
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> Electron beam transport through accelerator

E=1GeV ® Lorentz factor g= E/mc2  b»1- 21? = 0.999999869

10m DT
11

Elec. bunch %‘%‘74%'_"’4';’_'
1 1

Light pulse - -
Om 1000 m

@ Defines start Predicts arrival @

DT = 435fs between light pulse and electron beam (T=3.33ns)

Typical energy deviation dE/E < 0.1% dt<0.8fs
Typical orbit deviation dx < 50mm dt<0.04fs
Beam transport over large (straight) distances is no problem!!!
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> Prediction of arrival using atomic clocks

Elec. bunch —em

1
1
Om

@Defines start

Desired prediction accuracy ~ 10 fs:
Problem: drift during long measurement time ~ 1000sec

Predicts arrival @

o )
\!/ H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

do
> Pv| P

hence =
tmeas

Aterr

61 = 27f1 - tmeas
b2 = 27(fi + Af) - tmeas phase accumulated at clock 2
EleC. bL = Ad) = Qﬂ'Af : tmeas

but A¢ = 27f-Aterr

f

phase accumulated at clock 1

phase difference between clocks

but phase error corresponds to timing error

Af

. . + inn LWaYaVaV

Probfess—clriftdl

Best optical clocks have achieved df/f ~ 10-18

Preci| Correspond s to loss of ~1sec since big bang (4el17sec)
But by far not good enough of longer time scales &
very expensive / labor intensive

S
oY
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> Prediction of arrival using atomic clocks

Defines start Predicts arrival
Resynchronization required

Desired prediction accuracy ~ 10 fs:
Problem: drift during long measurement time ~ 1000sec

Precision of clock: —I? = g ~ 10

Resynchronization requires constant propagation time of signal
\/Eesﬁ\\u Detector with femtosecond accuracy (short & long term)
ey

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

DT

Elec. bunch —em <
Light pulse é #' !
Om 1000 m

> Laser pulses transported in length-stabilized optical fibers

What are the requirements for the optical reference source?

Dt
Elec. bunch —em -
Light pulse é ='
0Om 1000 m
Low noise Fiber laser ~ 216MHz Optical fiber )
RF Osc. \ O j M
- J1
T Round trip time t ~ 10ns (ny=1.5)
Rubidium . L Dt Df
Clock Desired length stabilization ~ 1nm (3fs) Eia 34010

Stability (1s)  Fiber laser provides excellent stability on short time scales

Diff ~ 101

Aging (year) ~ But drifts due to environmental changes over long time scales

Di/f ~ 54010 . . ) . -
fa® Requires locking of the fiber laser to an atomic clock (Rb sufficient)
| DESY )
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Jitter source for

beam arrival times

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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Long/transverse beam quality
Arrival time jitter at entrance to undulator

RF gun Accelerator Undulator

!-E ‘{]]II]II]]]]]]II]]%U

Photo-cathode Seed Pump-probe

laser laser laser
s S s I'*

$ % % &'¥$()
*y *q $ $ , % (- % (|$ &-&-u)
$ $ % IIII) % Illl)

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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Long/transverse beam quality
Arrival time jitter at entrance to undulator

bunch
RF gun Accelerator compressor Main Linac Undulator

e e S T 11111111111

Photo-cathode Seed Pump-probe
laser laser laser

s S s I'*

Energy chirp + energy dependent path length J
dipole 2 dipole 3

/

long. dispersion Rsg

Long/transverse beam quality
Arrival time jitter at entrance to undulator
bunch
RF gun Accelerator compressor Main Linac Undulator
el g
(e | AN
Photo-cathode *MP&LH Seed Pump-probe
laser laser laser
s S s_ ™
$ $ /0)
*+ *+ $ $ ., /0) 10)
$ $ % " % Illl)ll)
*+ % l"l) % Illl)
L 4 — — compression
o _ (B 0w (€LY % (1Y 5o | factor
2 - () v (S A R,
/ P ——
‘ ;Esi | XFEL: 3.3 ps/% 2 psideg 0.05 ps/ps
\!/ H. Schlarb,] FLASH: 5.5ps/% TOR PHYSIC! | -hand R ONDHEI c=20 29.08, 2013
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Several compressor stages

RF gun Accelerator Accelerator BC2 Main Linac
=N ST
Aty Ree1/E4 Al , \ Rse o/E2 T
dE/ES
Case 0: £y < F) and Ej < E| 4
3
Rs\® a3, | (Ci—1\* o 1\ ., ?
- (8 e () ()
b Co Vi G wzf G "
-1
2
Case 1: B, < E, and E} < E;:  Recursive case 0 5
pommmm——T T 3
w2 _ Rsoz 2052+: Cy—1 %o.+ 1 222 S5 4 3 2 1 0 1 2 3 4 _5
t2 = vz T\ T o 2 oA t.1 Remark: long. wakefields helps to remove 2s;
Co 2 1 2 Wiy | 2 X N :
N e energy chirp from first accelerator section
Case 2: ¢y =~ 0°, %« Ef: Jitter from BC1 remains + additived'itter!

2 9 2 2 2 2
sz, = (B2} 0w GG LN (R ) 0w (Gl t o, I+ RN R
(™ w ) V2 l Co(Cr— 1) o ) V2T G 2f i \GiC o

Microwave properties

and components

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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Microwave signal with noise

polar coordinates: v(t) = Vi[l+4 at)]cos[2r fot + o(t)]
Cartesian coordinates: v(t) = Vycos(2mfot) + ve(t) cos(2mfot) + vs(t) sin(27 fot)
oy < Vy and v, < Vo= a(t) = 20 and sy = 2O
Vo Vo

Offset/ modulation frequency: fn. = f—fo

Voltage spectral density: S,(fn) = V¢ %o‘(f,,,) + Sa(fim) + So(fm) + O"(SD,S¢)]
[V3/Hz] carrier  [1/Hz] [rad?/Hz]

For RF sources usually the

amplitude noise spectral density

is much small than the
phase noise spectral density

15

- S,<<S /
/a >1":31 05 0 05

. . 1 : - . :
Desy time UT ¢ ‘ See also: Enrico Rubiola FEMTO-ST Institute http://r  ubiola.org ‘
H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Phase noise:

Power Spectral Density
measured in dBc/Hz

Power

dBc = dB relative to carrier
[ 10log (| (f,)[l dBc/Hz

powerdensity inone
phase noise modulation

IEEE standard 1139-1999 £ (f) = S’deba_"d’p er Hz =lS o)
total signal power 2
_— o ) Aa
Timing jitter: h A= 2A<5 7
Ao "{ ' % /o 1
At = S d
| U vt rms 27Tf0 ;[ w(fm) fm
to 2y I
[rad 2/Hz]
‘ Independent of carrier frequenc }S = i 2/H =
. P q y t 27 fo)2 [sec?/Hz] = [rad]
5557 )
\Pev/
— H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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. . . . i
Phase noise spectrum is systems finger print |a,, = ; lf [ S,(f)drf,
TJo 'y,
] // EArheit\Matlab\MO Phase  DRO10FreeRunning.csv — SSB Phase Noise [dBcHz]
7 % / 10Hz [ =0
b 100Hz [0
B : TkHz [ 130
= - 10kHz [ e
§ = g 100 kHz [ 155
E é 1 MHz | 170
E ) § 10 MHz | -180
. & g 100 MHz [ -180
Thermal noise floor & 2
Sv: 4kBTR =-174 dBm ILoadedData -]
kg= Boltzmann constant Popdts |
T = Temperature [K]
R =resistor (50 ) i
PO = + 10dBm 10! 10° 10° 10* 10° 10° 107
= Sv-P,-3dB Offset frequency [Hz]
~ 5} - [ AT 0 [Hz) Start
=187dBc/Hz o [ = 10 iz Stop
‘ Integrated timing jiter: 267.9962 fs  Carrier Frequency [MHz} [ 1300 Integrated phase jiter: 0.002189 rad
&:_s/ | V1.1 2010 (c) Matthias Hotfmann
Courtesy: M. Hoffmann #ED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Measurement of absolute phase noise:

DUT

— De‘lﬂcf undertest |
i
|
|
|
|

/ Iﬁ] ﬂ |-_|jov("_))\ Low Noise Baseband/FFT

|
l Lowpass \ Amplifier Analyzer :
RF [
9 | % ==
\ Lo N — o |
Reference | |
|
|

Oscillator Y. Digital Voltmeter en <1 nv
~ o (=] T \
I

Single sideband phase noise:

[ ‘L(f) = S,(f)— Gpy —20log,(K,) — 3dB

Courtesy: M. Hoffmann

05.08.2013
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Measurement of absolute phase noise:

ES052B signal source analyzer

Tasas

e
CCles LLLL
ol pag =uns
s o' aa
omlan

Galaalas

(0@

i | DESY )
)10 | Seite 12 (

Courtesy: M. Hoffmann
. H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Mixer & phase detector:

RF input
IF out RE
NI/ N
LO input \\/ \1\/
; LO—;
mixer
LO source B e T T RF RF source oo’
oo et pmee
T
Re up(t) | Lot Re IF /\
1 : \ Full-wave
| : \ \ output

V,(t)
l IF load
Ry,

Figure 2: Double balanced mixer and its switch-network equivalent.

.9

DESY
o )
. H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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Mixer & phase detector:

Yre(t) = App - sin(Wret + Prr)

Yro(t) = Apo - cos(wiot + Pro)

mixer: linear time varying circuit, non-linear circuit (diodes...)

Yre(t) = Yre(t) - yro(t)

1 - .
= Ui (t) = 5 A0 Ane ([Si0[(wrr — wio) t + (@rr — Pro)] lower sideband

=) even ideal mixers produce two sidebands

Hsin[(wre +wro) t + (Pre + ¢10)] ) upper sideband

If LO and RF frequency equal lower sideband at DC, upper sideband at 2f
If phase is 0 deg between LO and RF amplitude detector (in phase) |

/o6 . If phase is 90 deg between LO and RF  phase detector (in quadrature) Q
(DEsy )
XeY H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
Mixer & phase detector: [kd = ur( >
Compromise between noise and linearity :
Pre Conversion loss IP3 1P2 . . . . .
i3 Active Gilbert-mixers:  Passive Mixers (FET):
ouT 15 + High conversion gain + High linearity
+Low LO drive needed =~ *LOWNF
+ Low LO/RF crosstalk Large LO drive needed
S - Normal NF (additional phase noise)
<§ - ) _ Hi
& - Additional 1/f-noise Higher LO/RF crosstalk
Y Spurious Free Dynamic Range
Dynamic Rangg (DRout) ‘ ‘
. (SFDRout)
Noise|
LT5522 [ ADL5350 | LT5527 [HMJ7 | HMJ7-1 [AD8343 |
P PRR)__|dBm | & 5 A0 | 12
Filtering of distortions : RF PLO) |dBmf 5 )| 4 3 21y 21 -10
signal - i P(F) | dBm | e 185 | 49
u..,,ﬁamuc In?:ermodulatlor? effects NF dB8 [ 132) 3 124 (( 85) 105 | 1441
- Higher harmonics oP3__|dBm 20 275 = | 255 | 236
IF harmonics at: mf,, + nf,, out.1dB [dBm | 8.1 fif 103 [135 145 89
Gain | dB | 04 6 23 |85 85 | 7.
. LO iRFtolF | dB | __ 2 24 | 24 | 29
r XF L0 iLotoRF [ 06 (C 50 | 15) 55 24Y| 24 [ =2)
3F Irw»m Th “T” iL.LOtIF | dB 2/ [ 7m0 \3/[ =
P atilte ollle .sls WFnin)_|MHz| 01 | 200 10 | 10 0
frequency B=10MHz
WDSin_|dBm | -87.78 | 94977 | 88577 |-925 | 9048 | 8688
o . . DRin_| dB | 9628 | 11198 [ 96577 | 114 | 1135 | 8868
/\ - Filtering of distortions WDSowt | dBrm | 6738 | 88977 | 86277 | 84 | 818 | 7978
o DRowt | dB | 9548 | 99 96577 | 975 | 9648 | 8868
. H. Schlarb, ADVANCED ACCELERATOR PHYSICS CC [SkoRout | dB | 7358 | 72651 | 75851 | 717 | 7185 | 68

05.08.2013
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Mixer & phase detector:

Different response curves when based on digital elements
Example: AD8302, specially low drift, but poor phase noise!

AD8302

VIDEO OUTPUT - A

WA

wros (> s ]

PHASE OUT-V

'ERROR - Degrees

\
[
W]
I

n

180150120 % 0 %0 0
PHASE DIFFERENCE - Dagroes.

5 9 120 150 180

TPC 29. VPHS Output and Nonlinearity vs. Input Phase
Difference, Input Levels -30 dBm, Frequency 2200 MHz

/082

mELT

vMAG

MSET

PsET

vPHS

) prLT

——
7/
e
/ Sequential
// phase/frequency
A A
e 7 j~sine
/ 1 / '
[ | 3=
-2n | "7 L4 2
L | |

-

} 7 Triangular

-
.‘

¢

th

Figure 5.13 Phasc detector s-curves.

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Frequency Multiplier:

Frequency Divider:

1M

Mixer:

Hard Limiter:
fiv %n
fin, [ (also, harmonics)
Analog to digital:
1 fn
fias fin

Clock 1\ fclkx fclk

T #in fol M. 4,1 M

(fy £ 1), (¢ = 4)

Preserves timing fluctuations

Preserves timing fluctuations
(but beware of aliasing)

Preserves phase fluctuations

Preserves phase fluctuations
Suppresses amplitude fluctuations

Preserves timing fluctuations

S =20log(fffo) +S
S =-20log(f/fon) +S
S =S .+S ,

Remark: IF= |(f1-f2)| <<f .,
large gear ratio = f/IF allows for precision meas.

S =S ,+(AM® PM)

S =S ,+S

Remark: no IF, no gear ratio!

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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" Pl - L )
Cavity > S ~ Digital down conversion
Probe IF_7 ADC |\ ( - it <
1.3GHz ] 1 -

\ /
Lo N CLK ,
MO Synchronized S -

Signal —— LOand CLK . ;
1.3GHz Generation signal power signal power
SNR = SSMATPOWET ., GNR ;=10 log,,| &1L POWET
noise power noise power

2 2 f.=81MHz, f =54 MHz, SNR = 66 .81dB
2(1+¢ 2‘/7”., 2 iR s * i g
SNR = —10-logy| 3|5 ) + (—_2” = | ol v I lo-log,,(Z_A‘f

ADC sampling and field detection l

—> Mixer preserves phase noise

> Quantization and DNL
> Effective input noise ———
> Clock jitter

> Process gain

0 o208 | t02ef01% |

T A A

A

SNR (¢8)

e 2 Epmin Gt

10 100
INPUT FREQUENCY (Miz)

H. Schiaril, ASVANEN-RARAET LR un ror oo \.uur\o::‘,ml ~>ONDHEIM, NORWAY, 18-29.08, 2013

magnitude [dBFS]

15 20 F-)
freq. [MHz]

30

Reference tracking for mixer drift removal

Mixer phase drifts ~ 0.2°/K
Mixer amplitude drifts ~ 0.2%/K
+ dependence on humidity on PCBs

Remark: mixer drift not equal (one PCB, temp.)

(@) Avwvywvwn

Field Detector,
e.g.non-IQ-Sampling

NAAAANAANS Switch
Cavity @

Reference ——— @

LO, CLK Gen

(b) LYYVVVVV

NAAAAAN -
Cavity Switch @
L{ z e ;

Reference '—=4 @

=

Field Detector,

e.g.non-IQ-Sampling

LO, CLK Gen

@ x10 Channel 5

g
H
§D2
20
-
202
g
§ o4
o6
08|
T )
time (29.5.- 01.06.09)
(b) Channel 5

1534 334 1534 EE] 1534
time (205.- 01.05.09)

Figure 3: Measured (a) amplitude and (b) phase deviation

33

amplitude error faul

phase error [deg)

for the injected corrected signal (blue marked) and uncor-

rected (green marked) over 60 hours.

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

05.08.2013

16



The short-term instability refers to all phase/frequency
changes about the nominal of less than a few second duration.

- derives from a “fast” phase noise components (/> 1 Hz)
- expressed in units of spectral densities or timing jitter

The long-term instability refers to the phase/frequency
variations that occur over time periods longer than a few

seconds

- derives from slow processes like long term frequency drifts, aging and
susceptibility to environmental parameters like temperature
- expressed in units of degree, second or ppm per time period (minute, hour,

day ...)

.0

Courtesy: K. Czuba |ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Low loss 3/8” cable

T — 1,
i ——— 1.3GHz inrcroacing temporature
——— 1.3GHz dacreasing temparalure
216.6MHz Inicreasing temperature |-
218 AMH e mnsing larpearali e

= Max. +/- 10fs/m/K drift in temperature
range 20 - 30 °C
= 0 ppm/m/K possible @ 24 °C !

$S402 (Teflon™ Based) Cable

Avie A
/\Y

= 1300MHZ Increasing temperature
—— 1300MHz decreasing temperature
4 ———— 100MHz increasing tempersure
J 100MHZ dooreasing tomoerature
5 o £ @™ as ]

Tomporatur C]

Up to 1000fs/m/K drift in temperature
range 20 — 30 °C

Local signal distribution is very critical
Users must carefully select cables
used internally in their subsystems!

Courtesy: K. Czuba, ISE/WUT

< H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

05.08.2013
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RF signal (irrelevant how they are provide) have to transported into create system
Internal calibration scheme can be applied

Many tap points (European XFEL ~ 100-1000)

Rack and create design critical

Master Oscillator Distribution System

@ Phase Reference and Timing Signals
/| RFs |% | RFs RFS RFS
 [Rack(s) Rack(s) Rack(s)| Rack(s)

RFS — Rauiiu Frequency Statiun

Distrib. Distribution
within within crates,
racks between PCBs,
back-planes
Local signal
generation
N 57 H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE OHIMBSWEN, CrRUbA, 1K beV/2dTE
DESY
%
H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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> For RF pulse duration ~ 2-3 us _RF System @ SACLA
no intra-pulse FB possible . -l.u.l-( .
feed forward control define RF stability N = — RFEM.
. . W \ccelerating Structure “s Q-Magnet,
> Main factors: ol e e
LLRF drive signal 1 Waveguide
RF reference / PLL CEE\»;:::;' Py Moo e
I1Q modulator (vector modulator) s eoverLine
Preamplifier o - %420V
Temperature stability acc. Structure < 0.01K st O o lamotite
Stability of HV modulator 0n
N pps
> Feedback applied Pulse-to-Pulse FoAed 1
. . Puise 16 series.
Using For/Ref/Probe signal to remove TR T
temp. drifts of cavities/waveguides.. T- Inagaki, IPACL11, MOPCO18
Multi-cavities  vector sum control e s
T. Ohshima, 8" AnnuTaIl. ACC Society l:; Japan Malr charger * Sub éhargér \, (offstt, zoom)
‘olerance [easurement current current ]
Voltage  Phase Votge _ phase | - \//\/~3X.04 o \ /\\
238 M SHB 0.01% 0.01° 0.010 % 0.006° /’/ 3
476MBooster  001%  002° 0004%  0.009° df ~0.03° | - [/ \ [\
LB Correction  0.03 % 0.06° 0.02% 0.02° g N\‘ N \lk /‘
LBAPSacc.1 001% 006 006% 003 b S - 1 (115 E— (|
- LBAPSacc2 001% 006 003%  0.05° G e e na e e wageses | sewi
": C-B Correction 02% 0.06° 0.06 % 0.05° @
\» SBlacc.1 0.01 % 0.1° 0.04% 0.03° 64 uV/9.6 V=7 ppm
"~ CBOI-1ace.l 0.01 % 0.2° 0.05% 0.03° ¥ PHYSICS COURSE, TR"UNUHEIM, NURWAT, 16—29.08, ZULS
RF receiver developments & noise limitations
Noise balanced (LO/Front-end/ADC) Resolution: Factor of 5 improved
‘ primarily by ADC improvements
Single Channel Receiver T o AA=0.003% =S BvA= 0o
44g | AM Front-End <-150dBc/Hz ADC+ DDC -147dBc/Hz :g .
Al Bom
<> BPF :DDC ' ~
74 " o> Ao | B, =i
N 7 " DB=1MHz
Reference fw f”_ CLK ——a4=217724 .10
Frer, Pr0(5) Pur(s) 7 f=0.002°
Prar (5) PM e
@‘_il——| LO and CLK Generation -150dBc/Hz S
— \ TR R FR
T \ \ time ms)]
,.)‘ Down-converter ¥ 10 ch. 16bit ADC .
g T - Bu e i
| | | D g wilke” g B
4 .
‘ Integrated MicroTCA Crate system
7 H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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> MTCA.4 Shelf: FLASH/E-XFEL > SRF-LLRF feedback control loop

> FLASH operation: > E-stability (SR-3DBC2) > New features obs.

ACCL Operation (MicroTCA Version) 2011-09-15TO10652-0EE-ACC1-3802: T =0, = 100 MHz Single 1nC bunch transients
- - = D ent:

. T o a0 ;
1 RF station, 8 cav. === S

‘

reltive energy deviation JE/E (%)

) %0
e fsec]

Phase Lock Loops

1)
! 7 H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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Phase locked loops Phase error 4.=(q-q,)

o Fr
—
vy = Ky(6; —6,) 6 va=Kalh-00) | |
Ve(s) = F(s)Va(s) %
K,V.(s) Wi
S ~ -
90(5) = % Voo

Laplace trans: L{d6,(t)/dt} = s6,(s) = K,Vc(s)
« Open-loop transfer function:

Ky K,K, Fy(0
G(s)=gag; _ KK F(s) _ Ka 1 Fur(0) (I+

K> " K Fue(s)
Kis = K;s? Fy(0)

+
N s
\ Rem1: PLL always has one

Oo(s) _ G(s) _ KaK,F(s) integrator since VCO input
6i(s)  14+G(s) s+ KsK,F(s) controls the frequency not
the phase  dq,/dt = Dw= Kyv,

* System transfer function:

H(s) =

o Error transfer function:

6,(s) 1 s Remz2: To remove phase err. offsets
Eo=0% "1T760 1Y =Txkre due to systematic VCO frequency
(PEsv ) errors, a second integr. is required
| BESY )
\!/ H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
Phase locked loops Gain peaking
10 / .
Atfw Tracked phase noise
o
=3
2w > Waogi () = We (HIH ()
%720 \ N
= Follows reference S Ee
—30
£=0.
4“0).01 0.1 1 10 \ 100

Frequency, w/w,,

Figure 2.4 Response |H (jw)| for a second-order type 2 PLL. Frequency normalized to
natural frequency w,.

10

of RN Untracked phase noise
C f' Free running Wap(f) = Wo(HIEHI
& P 5 oscillator
é [ oo oo
! = [ Wathar = [ WapiEDFY
-50 0
ot A 5 1,
’ ‘ Frequeney, w, Total phase noise

Figure 2.5 Response |E(j®)| for a second-order type 2 PLL. Frequency normalized to
natural frequency @n.

| DESY )
ey
~— H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Wo (f) = Wai () + Weo(f)

05.08.2013
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Reference distribution

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Various approaches:

standard

reflectometer

1) RF distribution

f~100MHz ...GHz

1

SLAC
FLASH

—> E-XFEL

Lo o _’=
T 7 do-

2) Carrier is optically

B t - GHz r/\/\/\/\/l
S »

v,
S

3) Carrier is optically + detection

{ :Kl—_’
C =
X

SwissFEL

SLAC

f~200 THz — FERMI

DI—O'*” L —— (LBNL)

T < sacLa

8] -
4) Pulsed optical sour'ce EEEQA:'
Df=5THz >

Mode locked [ l l l l l 1 < E-XFEL

Laser —r— I - ] 1 1 1 1 1 LI SwissFEL

ED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

05.08.2013
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RF System

CW optical
M
-ulsed system
/0@
( DESY |
\9/ H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
Interferometer test setup: o0 o i w0
,,,,,,,,, G — — —
Il
| 1 l Cahl A
|| | o Cable \ 20
| — T f; LW
. I | z | drift >~ N
ff const. | | £ _ | —— g «\\A .
2 " ‘
I | 2 e Rgﬂ. Output A W)
! /s drift o bt
| /
|

| " X 50 reduction 10ps->200fs pkpk

Stable temperature ||_Tem_perallre ihangs | X 500

can be achieved

° 2 4 1 2 1

o s
Time [h]

e.g. considered for REGAE facility

Laser hutch Il
O Coupler2

Main issues:

* Isolation (coupler)
« Parasitic reflection Ed culkerton, FNAL
¢ Limited distance

e Careful adjustment (A&f)

Inst. End 2013

_____ ) Same scheme will be
I implemented for FLUTE@KIT!
Appropriate scheme

for small facilities
TR ONDHEIM, NORWAY, 18-29.08, 2013

Tunnel

RF reference line
1=2.9975 GHz

Oi. Coupler3

Laser hutch |

05.08.2013
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Early work NLC (J.Frisch), TESLA (K.Czuba), PSI (S. Hunziker)/I-TECH

5 km of single mode fiber in Long Link
oF8
Laser
FOTx

temperature controlled oven Siulstor

Directional | "o
Phase Shifter -

Piezo stretcher

Optical del%lmserature
variation

Noisy RF signal at receiver
Spurious reflections
AM-PM PD conversion
Phase detector drifts

e ettt ittty Ittt Rem: Wavelength shift
RF Phase g

Detector Instead of phase shifter
lOutput phase check IPAC 2010,

primoz.lemut@i-tech.si

Amplitude modulated optical carrier (192THz), f,,.s~ GHz

Optical signal RF signal PD
i )
/0@
( EES{
X 9 7 H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

— —
FRM " FRM
4 —Co
%
N 235 ‘\ AN
L 2
5 1 " ‘ i o
o mﬂn A i
o | u, Lhils l ”M“ Mm
) 15
Gear ratio: 200THz/100MHz ~ 2e6
5fs @200THz == 1 rad == 10ns @ 100MHz
Optical fiber length can be determined to fraction of optical wavelength
Measures phase velocity change across entire fiber
(0@
| EES{ |
\\ 9 4 H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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EDFL, soliton, Di~200fs, f=216MHz

SESAM, P > 100mW, RSNS
phase noise < 5fs ( @ 1kHz)

Narrow

Band.

Free space distribution

Distribution

+ EDFA

Dispersion comp.,
Polarization contr.,
Collinear bal. opt.
Cross-cort.

Two color bal.
Opt. cross-corr.

Laser pulse

<5fs

Arrival beam/laser _ _
[FBhf-

!<5fs

Direct/
Interferometer

»

A& f cavity

\Cev/

@@1 issue: robustness, stability and maintainability

Des-i-red point-ib-point stai-bility ~10 -f-s

Prototype at FLASH

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

-1l phase-matched
PPKTP crystal

R
T

efiect fndamental

> Optical synchronization system @ FLASH using mode locked laser

ansmit SHG

_
e o
EO - [seed experiment
o] el Pt
g
“ 9

FLASH
experimental hall

FLASH 1|
xper;
Paament

BAM

FLASHTT
lexperimental hall

[L2RF - lock]

=3 =
i | Slop ~ 60a§'n4/—’—

518 rms.ate 7

~100 fspyna

HT@800nm
HR@1555nm:

detector 2
reflected  HR@800&1550nm

HT@528nm 880 crystal

input reference
Y 1550 nm, 216 MHz
00 fspvm end mirror

v fiter @ 528 nm

A
L

HT@S5280m detector 1
HR@800815500m  forward

05.08.2013
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Piezo- Optical
stretcher delay stage

216 MHz [HWP i _____ » HWP
Er-doped [ [] 11
fiber laser

i
~® Mirror

Balanced
cross-correlator

............ Loop
filter

HWP QWP  50:50
Faraday Rotating Mirror

o @) )

O

] Balanced optical cross-correlator
Out-of-I Out-of-I Det 2 -
| B:Iagoe%op """"""" > timuin(;ji?tgf EType-ll phase-matched
cross-correlator measurement PPKTP crystal
refedalg
Ay / U [oer1 |
J. Kim et al., Opt. Lett. 32, 1044-1046 (2007) = Ao T gamenta
\é&‘si\]l Transmi undamenta Transmit SHG
\!/ H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
> Drifts instability of long single mode optical fibe r links: @ :_mm 2.,
Limitation due to Polarization Mode Dispersion (PMD) e “ @
Cross secti Fast Numerical simulation for XFEL Fibers ~ 50fs/ ~ ¢&m
PSP 1 side view
Ysion™ > Fii> s poley
(DGD) 5
Measurements fiber test bench (Hall 2) PMD ~0.2ps/  @&m 8

2 T
15 Ieloop [ [

1 DAL R I LI ITRAICE TTHLPR 197

VLRl

timing jitter (fs)

0.5 % 10 20 @ a0 &0 80 70

o z[m).

50

ol Out-of-loop Particular critical for long links
—— ~10fs/h

50 Options:

—

P
38 o

»
>

compensated
timing change (ps) absolute change (fs)
3
=]

:

N~
9 12 15 18 21

&

PR
5
L3

500 w0 100

drift suppression by ~ 1000 1. Active PMD compensation (large bandwidth)
2. Polarization Maintain Link (DCF, handling diff.)
Correction 3. Only Link as PM-fiber with SMF appendix

time (h) SICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

05.08.2013
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> Uses optical reference laser pulses (single shot)
> Used at FLASH/FERMI/PSI
> Key exp. : two BAMs 60m distance
> Standard diag. at FLASH uncorrelated jitter
over 4300 shots:
8.4 fs (rms)
/4@
( DESY |
\!/ H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Frequency domain

Time domain
Phase noise
I 4.‘ 100fs Photo Detector «— Bandwidth PD
andwi
LA A h hd 1T Yo
T=5ns=1/f, frep
Direct conversion with photo detector (PD) '
— Low phase noise (to be proven at end-station) |aser pulses f = n*f
— Temperature drifts (0.4ps/C9 PD BPF AP
— AM to PM conversion (0.5-4ps/W) A ﬂ A A |1 ~
— Potential for improvement - 1 =
(corporation with PSI) frep
f=n*fep

Sagnac loop interferometer
— balanced optical mixerto lock RFosc. g pop T

— insensitive against laser fluctuation
— Very low temperature drifts Puise tain input
TR = 1/fR
Results:
f=1.3GHz jitter & drift < 10 fs rms limited by detection
Remark: much easier at hire frequencies ... Ampltud modulation
depth is proportional to

the phase error. —
Output To read out ampiitude modulation

MZI based balanced RF lock depth n the baseband.
— new scheme, under investigation
/0@

\“ae/
\!/ H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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Locking low-noise microwave oscillator to laser (or visa versa)
RF Oscillator f oo = n f,, split and delayed Residual jitter

X2

X1

Out-of-loop

< 2.5fs (1Hz-1MHz)
~ Ve

See: Accelerator 2011, Highlights and Annual Report , DESY
http://www.desy.de/ueber_desy/jahresberichte/index_  ger.html

Sketch of effect due to VCO phase shift

No phase error

Residual drift

Out-of-loop

With phase error

Drift < 14fs pkpk (3.8fs rms)

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COUR%

Beam based

Feedback systems

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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> 6 parameters for energy (d) & bunch length (s) V.o =M. %

mon resp”Vact
Typical bandwidth 10Hz @ 120 Hz rep-rate Vactnst = Vactn ¥ GfMiesp) W omonn

on demand

\

> Meas. Response fct.  FB matrix
>10Hz ... dedicated FB network!
LCLS: sub. additional effort for 120Hz!

\

\%

) 6 time slots
3-phase timing system
markers

Example: LCLS, similar FERMI /FLASH with arrival ~ FB.
Courtesy: D. Fairley

Lgc = const. }Follows inj.

/ ff .o 4f, = const. [[arrival time drift

7

Occasional retuning X-phase LERATOR PHYSICS COURSE, TR ONJ Energy jitter due to arrival jitter

> Large bunch spacing at FLASH (~ us) allow for intra-bunch feedbacks

I Exit of linac

& out-of-loop

Improved HPGA algorithm /
Loop delay

~
Upgrade NRF FB cavity atency of system 2@]]
- Latency ~ 0.7us ’Wltrain FB

- Actuator bandwidth: + MIMO controller Q
NRF 0.5-1.0MHz *  Repetitive pkpk devia J@fs

- Amplifier Power ~1kW

- Goal: < 5fsrms < 22 $5iiMighs

Courtesy: S. Pfeiffer

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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/ Demonstration of synchronization for FEL users experiment

/ Beam based feedback using Bunch Arrival Monitor & optical lock of TiSa laser

| FEL pulse arrival measured with laser based THz streaking (A. Cavalieri)
Residual jitter to be

investigated
(many possible sources!)

33 fsrms

S. Schulz, SPIE13

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013

Thanks for attention

H. Schlarb, ADVANCED ACCELERATOR PHYSICS COURSE, TR ONDHEIM, NORWAY, 18-29.08, 2013
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