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A Brief History of WUT Contribution to ESS PRL

e Officially started in October 2016
* Basic concept by ESS (general requirements) and the Lund University (temp. control)

e Originally planned a single frequency distribution line with a simple power splitter at
each Tap Point, well ...

* Developed to the final shape after building 18.7m long prototype in a WUT corridor

 WUT team was the first to start installations in the ESS tunnel in July 2017
* Installations were completed in 2022/2023 (SAR in Dec. 2023)

* Final performance tests (above the In-Kind scope) possible in 2024 due to
energization of racks with PRL equipment
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ESS RF Phase Synchronization Requirements

BPMs(243.8m)

704.42MHz (256m, LLRF,BPMs)

561MeV

RF Source, 1 | A g4 0|
BPM (o 0 6 15 26 \ 18 H /) 42 50 8]
BSM

352 MHz 704 MHz
704 MHz 352 MHz

e Both 352 MHz and 704 MHz required along the entire linac (drift reduction)

 Required phase synchronization:

e 0.1° for short term (during 3.5 ms pulse),
« 0.1° for long term between adjacent outputs
« 2.0° for long term (hours to days)

2024.10.30 K. Czuba LLRF2024, Frascati



Main Assumptions for the Phase Reference Line

* Passive distribution along the accelerator tunnel (radiation)

* Single 1°/,” coaxial rigid line for 352 MHz and 704 MHz -

ALY
e 58 signal taps (3 or 6 way), 294 total outputs A
* Frequency selective, configurable tap outputs

* Equal power level at each output (+17 dBm +/- 1 dBm), at both frequencies
— min. +14 dBm for most of devices

e Temperature and internal gas (Nitrogen) pressure control

e All active electronics in the Klystron Gallery hall

2024.10.30 K. Czuba LLRF2024, Frascati



PRL RF Scheme

30 - 40 m distance

Klystron gallery (ground)
Phase Difference (S11!) between two 40m cables
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Main Line Design

Typical section = 8.52m

\
p—(— ——

|

Segment = 4.135m

Rigid coaxial line . .
9 Directional coupler

Modular design to simplify production and
assembly

Minimized of number of various segment types
Teflon free line supports

Gas tight system

No of 4.13§m No.of Total no of Total segment
segments in ) length
. sections segments
section [m]
2 37 74 305,990
3 3 9 37,215
4 7 28 115,780
5 2 10 41,350
6 2 12 49,620
51 133 549,955
Irregular 5 38 700
segments




Directional Couplers

28 dB
27 dB
26 dB
25dB
24 dB
23 dB
22dB
21dB
20dB
19 dB
18 dB
17 dB
16 dB
15 dB
14 dB
13 dB
12 dB
11 dB
10 dB

Coupling Factor

Directional coupler with adjustable coupling factor, the same

@ both 352 MHz and 704 MHz

Minimized number of coupling factors along the tunnel

Coupling Factors @ 352 MHz and 704 MHz

25 dB

15dB
————————————————————————— Section B
< > <« >
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Design by the Space Forest company

+50 dBm
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N 77T 3528704
X M MHz
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704 MHz

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

+15 dBm

352 MHz 704 MHz freq

352

MHz
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Tap Point

Coaxial directional coupler + PRL Split Box + Junction Boxes (J-Box)
Temperature stabilization (+/- 0.1 °C)
Mechanics for temperature stabilization and mechanical stress relief

1.
2.
3.
4.

Produced and installed 58 pieces

2024.10.30 K. Czuba LLRF2024, Frascati 9



PRL Split Box for TapPoints

zlacze wejsciowe

plyty PCB

2024.10.30 K. Czuba

INPUT
+33 dBm max

Passive (RF diplexer + power
splitter) structure allowing for  |°
flexible configuration of
output frequencies for up to 6
outputs

OUTPUTS

o o Q

\WVarsaw University of Technology

Institute of Electronic Systems
www. ise.pw.edu.pl

Crafted in Poland
Year 2018

PRL Split Box
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Produced 60 pieces

[: o Techn&System
(=2
(2]

INPUT

352 MHz 352 MHz & 704 MHz

diplexer

704 MHz

" wieko

— korpus

~ uszczelka

2-way divider

OUTPUTS

4-way divider

LLRF2024, Frascati

. é OUTPUTS :
RF Split Box conﬂgurati'on ‘ a b c d e f
(PCBs) o o o o o ° °
OO 0 O U0

a b [ d € f
RF Split Box-001 a2 35L2u|:/THz 35L2L:/|FH1 35L2L'|:/'I:Hz 355231\;|eHz 7oiPIsz 703P|\':|Hz
RF Split Box-002 244 35L2ul::Hz 3st8qu 0Nz 708 MHz 703Ph':lnHZ mmm
RF Split Box-003 244 35L2ul:/|I:Hz 355’2) Wi 7;ZT\THZ BP“AI/IIHZ 04 703Pr\“/sz 703PmHz
RF Split Box-004 " 35L2L':AFHZ X X X 703P,\'\,,AHZ X
RF Split Box-005 141 35L2L||:/THZ X X X 7OiPI\I>InHz X
RF Split Box-006 1 352 Mtz X X X J04 Wi X
RF Split Box-007 1 352 Mtz X X X 704 Mz X
RF Split Box-008 1 152tz X X X 00 Wz X
RF Split Box-009 | IIMHe  I2MHE 35 MHZ 352 MKz | 70w 704 MiH:
RF SplitBox-020 | 35L2ul§/|I:Hz 35L2L:/|FH1 35L2L'|:/|FHz 35L2L';/||:Hz 708 MiHz 7oipl\':|Hz
RF Split Box-011 | 35L2L';:Hz 35I-2L|:/1FHZ 35L2L:AFHZ SSLZH:III:HZ 708 MHz 70iPMMHz
RF SplitBox-012 | IJaMHe I2MHE 35 MM 352MHE | 70w 704 MiH:
RF Split Box-013 a2 35|.2u':/||=HZ 35L2L:/|FH1 SSLZL'I:/THZ 35L2u|:/||:Hz 7327\2?—& 703P|\“//I|Hz
RF SplitBox-024 | 35L2ul::Hz 35L2ur§/|FHz 35L2L'|:/|FHz 35L2ul:/|I:Hz 70 MiHz mimz
RF Split Box-015 | 35L2ul:/|I:Hz 35L2L:/|FH1 35LzBl'\\/|,I He  352Mbz | 708 MHz X
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PRL Output Power Levels

Required power levels [dBm] Measured power levels [dBm]
Output type Minimum Maximum Minimum Maximum
BPM 352.21 MHz 14.0 25.0 22.7 23.7
BPM 352.21 MHz @PRLTap-046 — 058 10.8 25.0 11.0 16.2
BPM 704.42 MHz 14.0 25.0 17.7 18.4
BPM 704.42 MHz @PRLTap-005 — 008 10.8 25.0 13.0 13.5
BPM 704.42 MHz @PRLTap-004 7.7 25.0 8.8 9.1
LLRF 352.21 MHz 14.0 18.0 15.5 16.2
LLRF 704.42 MHz 14.0 18.0 13.7* 15.0
LBM 352.21 MHz 14.0 25.0 15.7 23.5
* *Power level at 7 outputs 0,3 dBm below specs - Harmonics of all output signals within specs (< -60 dBc):

additional outputs were requested during installation
« worst case: 63.0 dBc

* No issue, there is still a safety margin . best case: 69.4 dBc

2024.10.30 K. Czuba LLRF2024, Frascati 11



Master Oscillator

A R&S FSUP 8 Signal Source Analyzer LOCKED
ntenna Settings Residual Noise [T1] Spur List
p N Signal Frequency: 704.420000 MHz  [Int PHN (10.0 ..1.0 M) -77.5 dBc 36.042 Hz -83.38  dBc
Master Oscillator e - Signal Level: 14.69 dBm Residual PM 10.853 m° 49.990 Hz -79.25  dBc
100 MHz Time Cross Corr Mode Harmonic 1 Residual FM 6 76.492 Hz -102.20 dBc
- Internal Ref Tuned Internal Phase Det |RMS Jitter Q0428 @ 82.453 Hz -98.60  dBc
1 pps Timing Phase Noise [dBc/Hz] Marker 1 [T1]
704 MHz - Generator RF Atten 5 dB 10 Hz
Top -70 dBc/Hz 3 of 3 -88.33 dBc/Hz
88 MHz | Spot Noise [t1] o
100.000 Hz -103.36 dBc/Hz | |
1.000; kHz -128.24 dBc/Hz _gg. |
L < 7 10,000 kHz -150.26 dBc/Hz |
- - 100.000 kHz ||| -158.80 dBciHz
352 MHz 1+-G00-MHz =162 27 dBciHZ _'9_0_‘
Ethernet 704 MHz P
- e 100
/ ) Phase Reference Y * 7 2CLRWR
| EPICS | Line Hum Bl gl
~— P
120
Design by Lund University and ESS o 230 oo
e Output power +6.3 dBm | e s‘w ol
e RMS lJitter laboratory test (10 Hz — 1 MHz): 150 ol ; EESIECE
e ~80fs @ 352 MHz — -160 :, -
LoopBW 300 Hz
H i N

43 fs @ 704 MHz

10 Hz 100 Hz 1 kHz 10 kHz 100 kHz 1 MHz
Courtesy of A. Svensson, A. J. Johansson Frequency Offset
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PRL Input Section

~40 m of cable in not e o OSCILLATOR

ope @ <« Source
stabilized STUB e High-power (~200W) broad 352 MHz

environment (7o ) e / band double amplifier system Jp—
Developed precise, active N/ 1 fover e
phase stabilization Nl Sl (
BSE&MHz +53 dBm 1
\ 704 MHz | 200W Main Line !
\ 78" / [
|
Matched FT— n m . m Matched
Load “"'é’;f,;i‘,‘,’“*" 352 MHz & Tt M a2 Mz & 700 MHE Load i
-ttt ram| -5/8" . 1-5/8" e T !
\ Power / :
44— Tap Points :
+15dBm +15 dBm +15 dBm N 77T\ 3525704 +15 dBm +15 dBm \
e TR \
704 MHz \
\
352 MHz 1
& 1
704 MHz
A 4
Main Line
Bandpass combiner designed and
produced at WUT
—

Input power splitter by the Space Forest company
2024.10.30 K. Czuba LLRF2024, Frascati
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»,Phase drift compensating RF link for femtosecond synchronization of E-XFEL”, IEEE Transactions on Nuclear Science 2020
»RF Connection from Master Oscillator to Phase Reference Line in European Spallation Source”, MIKON 2020
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Temperature Control System

KLYSTRON GALERY

EtherCAT EtherCAT EtherCAT

e Regulation to +/- 0.1 °C, 600 m line + 58 Tap Points!

EPICS

* Lineis wrapped with a heating tape and a thermal insulation
CONTROL

ROOM

* Industrial temperature controllers — basic selection and general
concept by Lund University (Bjorn Olofsson) I

* 202 independent temperature control loops

TUNNEL

e Control software running on EPICS servers
e Concept successfully tested in PRL prototype at WUT

* A lot of logistics, tests and quality control needed (over 6000
internal cable connections ...)

2024.10.30 K. Czuba LLRF2024, Frascati 15



Temperature Control System Components

Simplified scheme of 1 section Temperature Control Box

temperature control

ﬁ ), 5
g vz ) NAe
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202 systems
~26 km of cables

PRL Temperature Control Box @ .

&
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perature Control BoX

- ~ pRLTem
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EPICS Implementation

EPICS 10C

EPID record -> temperature
control

EtherCAT master for
communication

EPICS OPI

 Status of all sensors

e Temperature stabilization loop
status

* Set-point

Temperature history plot

2024.10.30 K. Czuba

Single control loop panel
PRLRL PID 002

PIDLoop-Stats  PID OFF

PIDON

Temperature sensor panel
PRL-Cpl: TE-006

*

(SIS

F & @ PID parameters.
a2 rAENE =l =] SetPoint 25.000000
]]
- ]\ KP 40.000000
=] L. ] Kl 0010000
) 9%
4 i KD 0.000000
i =
[y 3 Err 1 540000
& : 0
8 . ,
5 £ Wl 61.600000
5, £l ,
w5 H 0.000000
" g m
s O D 0.000000
H o7
En 1 HW
|
Output DTL-030PRLIRFS-PRLTCB-002PowerChR1-S P
040 1z 04 1 1% 1050 1052 1050 1dse 1058 10:40° 1048 1050 1055 ) b
20241020
- 20241028 TempA DTL-030PRL:RFS-PRLTCB-002TempChG2-R NP
Average for PIDEr [degC] e
TempB DTL-030PRL:RFS-PRLTCB-002TempChG2-R NP
i e AT 10000 PID parameters Temp 23.44 degC D PIDLoop-Stats PID OFF -
- SetPoint 25.000000 .
PIDEr-Ave PID-AbsEr 169500 T SetPoint 25000000 PID-ABSELimit 010000
Pam-Sis 0 cable -0 % ¥ BT TempA 2344 degC PID-AbsErT 154000
Global SetPoint PIDPw-Err 0.10000
KD 0.000000 a
Local 25.00000 degC PIDPwg-Avg  0.00000 5 o PIOPWm-Per. fL00 56
Err 1695000 . i || PiDPwWm-Err 0.10000
PRL TCB Overview
e BT ( oTL ) spokes | Medium B
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Power Dividers 001 0 003 0% 005 005 007 003 909 e o 02 03 o1 015 016 07 s 019 020 01 02 023 PhoOY 024
ooty T 00000 00 00 00 00 00 00 00 00 00O 00O 00 00O 00 00 0O OO0 OO 00O 00 OO0 00 00 OO0 © 0O
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Temperature Control Tests Example — MBL-090

* Example of one week test ] 1R F0heec |
. 125
- all control loops running | ! i
simultaneously ARCE I :
ol | i
25 A : :
° Typlcal reSUlt for mOSt 025.%350I 25.%375 25.|900 25.|925 25.|950 25.|975 26.600 26.|025 26.&)50I
sections ~0,015°C p-p oo e m e e e e SETTEEEEEEEEEEEEE R
_ Raw temp. value
.OL_) 26.004 == Requirements
L] % f-“‘“'—' v Shbmado o o shebiangsiny rgnds 2=t
e Required +/- 0.1°C p-p § 25957 — | T
'G—EJ 25.90 A
p LN melelnslstttettttttt——— ittt
* Meets requirements ° o0 0 et 300 400
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Humidity Issue

Tested at the WUT prototype (18.7 m)
Result: 20° of phase change @ 704 MHz for 600m (not sure!)

Difficult to measure:

e probably too short line
* difficult to precisely control humidity in a long line

e sensitivity to temperature and pressure changes

Calculated air dielectric constant change influence on phase due to humidity
Result: ¥130 deg of phase change @ 704 MHz for 600m (not sure...)

Rigid line can be sealed but internal pressure will be constant — external will change...

e Decision: stabilize pressure of a dry Nitrogen inside the line

2024.10.30 K. Czuba K. Czuba LLRF2024, Frascati



Internal Pressure Influence on Phase

Pressure influence on phase for 704MHz at temp. of 30 degC
T T T

44 T T T
q O Measured data points * Measured round trip phase change in the PRL
Best M prototype (2x18.7 m)
T * Temperature Stabilized
e 700 mbar pressure change applied
42 -

* ~5°p-p phase change for 37.4 m
e Estimated ~0.11 °/mbar for 600 m

* Max allowed pressure change ~18 mbar

Phase at 704MHz [deg]
A
I

IN
o
T

* Assumed 5 mbar for the design

39 -

0.7m 4.125 m % k 4.125m $ 4.125 m | % } 4.125 m ¥ 07m

38 1 | 1 1 1 1
100 200 300 400 500 600 700 800
Pressure [mbar]

External Cables External Cables

2024.10.30 K. Czuba LLRF2024, Frascati



Nitrogen Pressure Stabilization

* Line filled with Nitrogen to remove humidity
* Achieved +/- 1 mbar pressure stability

* Gas bottles and valves allowing to separately stabilize and fill in both
PRL branches

w ESSTunnel

On Gallery wall

Gas bottles shelter Cables tray on Rack MBL-080ROW:CNPW-U-018
Gallery wall on Gallery

5 wso3

i =i
g
N3

9

e

&

B

On Gallery wall

2024.10.30 K. Czuba LLRF2024, Frascati 21



PRL Drift Performance Test Setup

MO
< ~128 m
ESS - Phase Reference Line

Phs. Det. 1

.

Phs. Shift

K

<

* Phase change

f_ o measured befween

e

TP8 and TP32 (123 m
distance

* Installed temporary

()

low-drift (but noisy!)

a

54

Phs. Det. 1

2024.10.30 K. Czuba

SM fiber

filoer link
N\ j

Bidirectional
RF over Fiber

- RFoF
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Temperature Stability and Phase Drift @ 704 MHz (128m)

—-1.00 |

eq.]

g.]

Temperatu
— -

PRL Phase drift - TP8 to TP32 (~123m)

T 173 A B e s B e B Attt Aty

rrrrrrrrrr

RRRRRR

Tunnel temperature

Fairly stable tunnel
temperature

Duration 60h

Temperature change (mid
section) 0.01 °C p-p

Phase drift: 0.12 ° p-p

Requirement: 2.0 ° p-p

15
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Phase vs Pressure and Tunnel Temperature, STUB190-to-Dogleg, 406m, 10 Days

Phase Reference Line(ESS PRL) phase drift

o[ A~ 704 MHz

0.5 1

0o A = 1.5°/ 20 mBar
~051 7 D¢z 0.5°/~2°C tunel temp

Phase drift[deg.]

Absolute pressure in PRL

o I N |

2 1.040 1 Forced Nitrogen pressure jump (~20 mBar)
= 1.035 A
1.030 1 . . . . . . . . . Y r : . . . . r r . . .
Tunnel Temperaure
24.0 1

Temperature[deg.]
N
w
o

Q Q Q N Q QO Q 0 0 QO Q Q Q N Q QO ]
&P 0P P 0F oF 0 o 2P o 2P oF 0P oF 0P oF o

N A ) 0 N
®F @ @ @ @ @b @t @ @F @ ©F @©F @F @F P @F P oF @ @ '\,Q'Q \,0'0
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Performance Summary

* Power levels within specs
* Drift compensation in the link between MO and tunnel 0.15 °C p-p

* Phase drift: 0.12 ° p-p and temperature change of 0.01 °C p-p at 123 m
distance

* Phase drift 0.5 °p-p @704 MHz vs tunnel temp. change of 2°C p-p over 10
days at 406 m distance (required 2 ° p-p)

* Tests still ongoing

* Planned installation of permanent drift monitoring system (?)

2024.10.30 K. Czuba LLRF2024, Frascati
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Thank you for attention!

Thanks to all contributors to the system design and installations!

Adam Abramowicz, Anirban Krishna Bhattacharyya, Jerzy Berlinski, Bo Bernhardsson, tukasz Czuba, Grazyna
Fistek, Luciano Carneiro Guedes, Pawet Jatczak, Morten Jensen, Michat Kalisiak, Mateusz Lipinski, Maria
Mielnik, Krzysztof Oliwa, Bjorn Olofsson, Radostaw Papis, Dominik Sikora, Anders Sunesson, Maciej Urbanski,
Wojciech Wierba, Rihua Zeng, Mateusz Zukocinski, (hope nobody was forgotten...)
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