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1. SwissFEL Reference Distribution Clients

SwissFEL uses US and (slightly detuned) European RF frequencies

— highest common subharmonic from which all reference signals can be derived is as low as 142.8MHz

ref. signals are derived

Client,#

reference signal
at client

distribution
(link type)

stability goal
jitter'/drift? ()3

reference distribution system is based on pulsed OMO laser (f,.,=142.8MHz), from which mutually stable

remark

BAM,4 142.8MHz stabilized pulsed | few fs.,/<10fs_ BAM modulates ref. pulse intensity
(later 6) optical fs pulses optical (<1fss/few fs, )
gun & exp. 142.8MHz stabilized pulsed | few fs.,/<10fs_ laser locked to ref. w. opt. cross corr.
lasers ,2 optical fs pulses optical (<1fsp/few fs, )
Sband RF6 | 2998.8MHz RF (21f,,;) | stabilized cw opt. | <10fs/<30fs,, -
(<3fsms/<20fs,, )
C band RF,27 | 5712MHz RF (40f,) | stabilized cw opt. | <10fs/=40fs, * | 2856MHz over S band link, doubled at RX
X band RF 2998.8MHz RF (ref.) | stabilized pulsed | <10fs,,/<30fs,, 1st IF, RF extracted from opt. pulses
(S band 8996.4MHz RF (DWC) | optical (<3fss/<10fs ) RF extracted from opt. pulses
front end),1 11°995.2MHz RF (ref.) RF VCO locked to (RF extr. from) opt. pulses
BPM,46 142.8MHs RF VHF cw opt.,coax | uncrit. 8 non-stab. opt. low cost links, coax subdistr.
event syst.,1 | 1428MHz RF coax uncrit. uncritical

" 10Hz..10MHz offset freqency range; 2 per half day .. day; 3 potential of technology; * up to 500fs,,; (depends on station)
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m 2. Concept of SwissFEL Reference Distribution

redundant laser
fep=142.800MH2z

frep=142.800MH2

=L

link

stab.

conditio-

pulsed fs laser
frep=142.800MH2z

laser PLL

ning

)

bunyds
Jamod

link stab.

link stab.

extraction of desired harmonics
from the microwave spectrum of
detected laser pulse train:

RF master oscillator
fremo=1428.000 MHz

.’

Rb frequency
standard 10MHz

timing and
synchronization

.
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| room

)

2R | 2% | 2 | 2

*) Frequency doubler
at C band RX:

other harm.

ﬁ(iptional} |
|

fe-band/2=
2.856GH

VA ‘; 0 |s-band cw
FO link

via

Vlfr m=36'40fb =
=%4*5712.0MHz ——V
=2856.0MHz

to S/C band RF stations

RF stabilized cw

| optical links (in tunnel)

high performance
high flexibility
high availability
relatively “easy” to
operate
reasonable cost
limited manpower

0 X2 d-m.s{abj.} fe-band=
e lized amp, 5.712GHz
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(15 3. CW Optical Link for RF Reference Distribution

Libera Sync 3 cw optical link (3GHz): PSI - I-Tech collaboration
- intensity modulation, cw laser diode (“radio-over-fiber”)

- stabilization of RF phase of reflected light, Rayleigh scattering IR N _._
— low-noise unidir. link locked to low-drift link N RX e
- laser wavelength variation (temp.) & fiber dispersion used for —

" . " = pE>- ’5:"
delay variation compensation (BW=1Hz) . * Ty WF .
- temp. controlled fiber spool for coarse delay correction ah e
Libera Sync Rt Libera Sync Instrumentation
Transmitter I 0;""[':" | Receiver Technologies
I a
Phase |
iale] Detector & |dfe={ X | I
Eq} Controller O |
|
Fiber drift ll > Do:::mi. 4
compansation block i Controller
| -
Reference | outputs
E::: ¥ . | ] Amplifiar
AL S oy N @R EET AN
“-—--" | .
| _
I 5 |
Il Lo:n;::ter ] P : ) " AQ - Borryworadd
|
Phase |
| gmﬁl:;: : ®: : control signal
| e Oplical signal
ot RY phse | il P Lemut et al,, NA-PAC,
|
I
L

@ it THPMAO4, 2013.
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3. CW Optical Link for RF Reference Distribution (contd.)

Libera Sync 3 prototype (2998.8MHz):
Added phase noise and jitter measurement

Phase noise spectrumvs. offset frequency
'20 H A H T 1 % sain1

Setup located in SwissFEL Test Injector Facility
gun laser hutch (vibration isoled rack)

“r " added jitter (rms, incl.ISpurS)

at 2.9988GHz
sol-—With 453m fiber in SITF tunnel .
during SITF operation:
3.8fs (10Hz..10MHz)

1.7fs (10Hz..10kHz)

80

rms phase noise PSD [dBc/Hz]

153%s 1

2998 8MHz

Poseidon/
Raytheon
DRO

e
~J
<
2998.8MHz
DuUT Libera Sync 3 TX <T—
low drift low noise
453m SMF-28e+
(cable in SITF tunnel)
Libera Sync 3 RX
\ W

10 10° 10°

4
10
offset frequency [Hz]

10'

signal src. analyzer
Agilent 5052B
(baseband input)

rel. phase noise
test set*

*) DB mixer (Pulsar),
phase shifter (Arra )
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3. CW Optical Link for RF Reference Distribution (contd.)

Libera Sync 3 prototype (2998.8MHz):
Typ. link group delay and gain drift measurement

0.755 [{Lih

gain [dB]

0.745

£
7] I— Link span: 453m _________________________
- Tunnel: AT=0.4deg. C; ARH=9%
S i . Hutch: AT=0.5deg.C; ARH=2%
o 5 10 —_—— 15 20

Stabilized link gain variation over 24h:

Setup located in SwissFEL Test Injector Facility
gun laser hutch (vibration isolated rack)

Ultra stable freguency reference signal generation & low
drift measurement setup for Libera Sync 3 timing drift test

L e e

RF MO
(R+S SMA-100A)

. 10.0MHz . 2998 .8MHz

DuUT i « M
Libera Sync 3 TX < =l
low drif low noise
453m SMF-28e+
(inside tunnel)
equal path
Libera Sync 3 RX lengths for TX
and RX phase

ultra low drift

detector

0.012dB, , (2.2min avg.), 0.007dB, , (1havg)

Stabilized link group delay variation over 24h:  23.7fs,, (2.2min avg.), 15.0fs,, (1h avg.)
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(= 3. CW Optical Link for RF Reference Distribution (contd.)

Libera Sync 3 prototype (2998.8MHz):
Typ. link group delay and gain drift measurement (cont.)

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

...................

.........................

....................................

....................................

timing drift [fs]

obot Link span: 453m 5 N . o 5 " timefn]
. Tunnel: AT=0.4deg. C; ARH=9% | | . Phase detector drift (24h):
e - Hutch: AT=0.5deg. C; ARH=2% 0.003dB,, (2.2min avg.), 0.002dB, (1h avg.)
2 1|o 2|o 3|o 4|q 5|0 slo 7|0 8|0 QID 11 '4fSrms (22m|n an.), 7.6f$rms (1h avg)
time [h]
Stabilized link gain variation over 85h: 0.013dB,,, (2.2min avg.), 0.007dB,, (1h avg.)

p
Stabilized link group delay variation over 85h:  29.5fs,. (2.2min avg.), 18.6fs, (1h avg.)
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= 4.LaserSync

Mode-locked laser OMO, laser sync
e e s ] - Onefive Origami (1560nm, frep=142.8MHz,FWHM=100fs)

10 kHz | -142.0801 dBc/Hz
3+ 100 kHz -150.0752 dBC/HZ

13
2
3. do'Wia  1139/5360 Goc/uz - very low free running phase noise, delivers ultra-low

: Start 10 |Hz

center 5000505 iz jitter S band and C band RF reference RF signals*

an1oF1s ande | Band Jarier - used as OMO in SwissFEL (redundant)

fntg folse! 287 0108 ) 000
3.61505 mdeg

AR 1S * Measured with Discovery DSC50 photodiode

OMO laser jitter
110,04 (1kHz..10MHz, free run):
- 3.3fs

(incl. shot & setup noise)

; T - B T 3 : 53—(1 0¢e+03Hzg :
A B r Rig! & 7 +H:(1.00e+04:Hz}-
3 E L Ae = > g i f L. 00e+05iHz)

#0041 10k 100k 1M 10M é
offset frequency [Hz] 2
L 1 1 S PR T S
etk | e e
- low noise PLL reduces laser phase noise O ol jitter at 2.856GHz
- SwissFEL RF MO R+S SMA 100A as reference - ;?g:lz.ﬂkl-!z,within lock BW)
- —-—- = s :
- digital PLL with superperiod, RF and opt. x-corr. Lidting LAt b 1s L 14 40 |
! 071fs i 153s i Gsafs il 6AMs 1 1440f ssots
under development (avail. Q2/2016) T s e T

5 6
10 10 10 10 10 10 10
offset frequency [Hz]
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(15 5. Status & Outlook

« important SwissFEL deadlines

T+S installation starting Q1/2015

injector commissioning starting Q1/2016

Linac commissioning starting Q1/2017

Experimental station commissioning starting Q3/2017

Ll

+ stable reference signal generation

RF MO (Rb locked), OMO (redundant) OK
stabilized RF power amplifiers (3GHz): under development

stable harmonic extraction from opt. pulse train: under development
OMO laser PLL OK

ready by end of 2015

A

* RF reference distribution

— S & C band cw optical links developed & successfully tested OK
series production starting Q4/2014, avail. from Q1/2015..Q2/2016
— freq. doubler & stabilized RF amplifier (6GHz):

under development & ready by end of 2015
— WTO call for tender for optical amplifier and pulsed links in
preparation

— system ready by end of 2015

* Pulsed optical reference distribution

« BPM reference distribution

— non-stabilized low-cost low-noise optical links (142.8MHz):
developed in house & currently in production OK
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== RF Master Oscillator

-20.00)F T Carrier 2.998799897 GHz ~ 9.0909 dBm
' >1: 10 Hz -87.9479 dBc/Hz
— 2: 100 Hz -105.2426 dBc/Hz
-30.00 3t 1 kHz -123.2332 dBc/Hz
BT
-40.00 i : Hz —- * Bc/Hz
abs. jitter 2.9988CGHz 6: 1 MWz = -140.7520 dec/Hz
< |  (10Hz..10kHz): 7: 10 Wz -159.1456 dec/nz
| 13.0fs (int. 10MHz ref.) Stop 10 kiz
-60,0C center o Hz
14.1fs (ext. Rb 10MHz ref.) Span 9.99 kHz
-70.00 ==={Nolse 5=~
Analysis Range X: Band Marker
-80.00 Analysis Range Y: Band Marker

-90,00

-100.0

-110.0

-120.0

-130.0

-140.0

-150.0

-160.0

-170.0

Intg Noise: -75.2053 dBc / 9.99 kHz
RME Noise: 245.617 prad
140725 mdeg
RMS Jitter: 13.035 fsec
Residual FM: 237.205 mHz

-180.0

offset frequency [Hz]
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(15 Pulsed Optical Links

Measured performance
(Elettra, fﬂ=157.79MHz)

Jitter: <3.5fs ... (10Hz..10MHz)
Drift: <10fs,,/d (typ.)

A Pulsed optical timing “'T\”",G‘

out-of-loop long term (10 days) drift measurement;
local optical reference vs. 150m loop-back stabilized link

Elettra
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(13 BPM Reference Distribution

FO links and amplifiers
- 1310nm, 142.8MHz, added jitter (10Hz..10MHz) 73fs
- PSI design, manufactured by Sintec Microwave (D)

two 19" units in the SwissFEL T+S hutch

230VAC/50Hz
| ? E monitoring
U,

one 19" unit in an RF station

1
1
1
1
|
1 1
: | i
trol e : @ : e
l — o i | °)
— [} 1
| i 1| esy,
. 8x i Dol ol
Input from reference — ! I‘_‘_‘_‘_‘_‘_‘_'_
signal gener;ﬂion - : |
142 .800MH - i (O) !
| input amplifier € i i ©
1
' 1:8 power splitter o i i °
i -20dB tap L] o,
1 H i mon.
Y B TP T T e e PPt
1
! 8x
I
I
I
i i
1 1
: 1
. ' -20dB tap i
totally 46 racks that need reference signal ERRRREREEEEERREE
50m (3/8" cable) ca. 50m (3/8” cable)
——] ——1 ———1]
— — — — L—l142.800MH
\ﬁ/dmz.aoomm \l/ Spiter | Koppler z
(10/6/3dB) -
BPM BPM PM BPM BPM

techn. gallery
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