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The ESS journey

. User program up
and running
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First beam through
Isrc and LEBT
ESS design update £,
phase complete

European design of
ESS completed
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Accelerator Overview (47 mA)

30 kW Solid
State

Amplifiers

Key parameters:
Average Beam Power: 5 MW
Peak Beam Power: 125 MW
Beam pulse width: 2.86 ms
Beam energy: 2 GeV
Final Beam current: 62.5 mA peak
Repetition rate: 14 Hz

Early Beam User mode (2 MW) (Blue plus User mode (2 MW) (Blue plus Target
commissioning Purple) Purple)
ISrc LEBT RFQ MBBT DTL SPK HBL HEB

24 m 4.6 m 3Bm 39m 56 m

Klystrons

UL u»mmuu

77 m 179 m

MeV ‘
47 mA, 2 MW, 1.15 GeV

200 kw
Tetrodes
« 352 MHz > o«

704 MHz

v



Accelerator Commissioning Progress

Beam Through DTL1

First RF pulse to the RFQ
09 June 2021

Reestablish beam to the LEBT
10 November 2021

First beam through the RFQ
26 November 2021

First RF pulse to DTL1
02 March 2022

First nominal current
beam through the RFQ
12 March 2022

o

First beam through DTL1
01 June 2022

First nominal current
beam through DTL1

01 July 2022
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Collaboration partners @

LLRF contributors

Lund University
APlatform selection (MTCA.4) and initial FW development
AAutomated control expertise LU N DS
ESS Bilbao
ADelivering LLRF systems for NCL and Spoke
ALO & Clock generation for 352 MHz
Polish Electronic Group (PEG)

AConsortium between National Centre for Nuclear Research
(NCBJ) and Universities in Warsaw (WUT) and Lodz (TUL)

ADelivering and installation of Medium/High Beta Q\J)

APiezo driver and LO generation MTCA.4 modules
ACavity Simulator (704 MHz) NCBJ




RF system @

LLRF

PSU
modulator

9
O u Pz Ctrl

. fine grain tuning
i Circulator

LLRF system:
Motion control

Maotor Ctrl
coarse grain tuning

——Power Grid

A Feedback loop

A Feedforward

A Fasttuning

€]

o

ADC: 117.AMSals penbased

LLRF system (FPGA based):
Non_ IQ 3/14 Pl-controller )
IF : 25.16 MHz ® '

LO LLRF system (Standalone HW): LLRF system (FPGA based): | Warning/Errors

B B 8 ] 3 9M Sds Local oscillator Meonitoring & Storing

Phase Reference
352.21 or 704.42 MHz
|

Master Oscillator
(Mot part of LLRF)

LLRF system (CPU based):
SW ctrl and LLRF-algorithms




MTCA.4

Modules

A Chassis
A Power Supply (dual)

Timing
MRF EVR-300U

A Cooling Units
AMCH
ACPU

A Timing Reciever

CPU

Up-/Down-converter Digitizer Concurrent Technologies AM 90x AMC

A Up/down conv. Struck DWCBVM1 Struck SIS8300-KU
A Digitizer
A Piezo Driver
ALO Gen

- Crate Controller
I0x0S IFC1410 Schroff 12 slot MTCA crate NAT MCH-PHYS

Interlock



Requirements @

Field Control and RF pulse

Disturbances

- First 10us (pk) Rest of pulse (rms)
System

: _ Amplitude Phase Amplitude Phase
A Modulator HV ripple

i NCL +1.0% +1.0c +0.2% +0.2c
A Beamcurrent variation scL +0.5% +0.5¢ £0.1% +0.1c
A Beamloading
AL t7 f detuni LFD Item value Comment

orentz force detuning ( ) RF pulse max, flat top 2.86 ms max. beam duration
A Passband modes RF pulse min, flat top 5 us

< . : Repetion rate, max 14 Hz

A Microphonics N .
Repetition rate, min 1Hz
A Nonlinearities Power granularity 1kW from O to nominal power

< . Forward phase, granularit +/- 0.5 de

A Noise P J Y J
SCL

-—::fj L% T T —— {:: 70442 MHz |

25m 46 m 4.0 m IB9m — 559mMm —» «—T6Tm > 1789 m @
— HEBT
DHPL

75 keV 3.6 MeV 90 MeV 216 MeV 571 MeV 2000 MeV




Installed systems -
LLRF phases and installed systems - &
mtegratlon systems commissioning

A Amplifier RF conditioning RFQ

A Automated TestReport / I\DATELB ! 2 2 i
A Cavity RF conditioning Spoke 26 4 0
A Cavity beam commisisoning 5
' __
HB (pl) 20 0
HB (p2) 24 (later) 0 0
HB (p3) 40 (later) 0 0
5Mw | 155 | 20 | 5 |
PRL Circulator lBeam

—
m

—>
Cavijty
Pre-Driver High \1/
Power
Amplifier l
Loa




RFQ

RF conditioning

A Started June 2021

A Completed end of July
A 800 kW, 3.2 ms pulse and 14 Hz
A 120 kV field

A Re-conditioned a couple of times after

Interventions :
RFQ Conditioning Sequence
Cycle
RFQ Design Measured Unit -
Frequency 352.21 MHz SetPara s Read-Back Parameters #
Beam Duty Cycle 4% (14Hz, 3200us) Pmin 650 kW Power to Klystron  700.0 kW 84E-
Pcu 713-1375 712 kW Pmax 700 kW Pulse Length 3200 us - :'I
Power Step Ul 5.0 kW Rep Rate 4.0 Hz S=an
Pbeam 241 (67.5mA) 200 (58mA) kw Power Step Down 20 kW S
Vane Voltage 80~120 118 (pickup read) kv Power Low Limit  100.0 kw Vacuum Threshold g;-‘ as
Max E field 1.9 Kilpatrick Pulse Width Min 3150 s £ Js
Pulse Width Max 3200 us Soft Threshold 6.00E-7 mbar yela~
Power Coupler 2 Pulse Width Step 10 s £7 134
Coupling factor (beta) 1.337-1.175 1.321 StepDuration 20 Fo3e”
" Plateau Duration 300s E&Ts
Phisync -43.4 -43 deg Rep Rate 4Hz 1=
Qo 4055-7821 7436 _ - 844
W in 0.075 MeV Continuous Cycles @on .
W_out 3.62 3.60 MeV ek
3dB bandwidth +52.4 +55.0 kHz
Cooling skid stability +0.1 @30° (Vane) +0.04 @28.81° (Vane) deg. § saa
at full duty cycle +0.1 @30° (Body) +0.06 @28.80° (Body)
Critical Fault - l l

21:02
2021-07-09

21:06 21110



RFQ

RFwarm-up and temperature effects Cavity decay method

De-tuning value - Decay method 4270 Hz
v

A Warm-up procedure with frequency offset tracking

Moving average for de-tuning - decay method
d -ft Number of averaging samples 60
reSO n an Ce rl - Rejection window around median 1000 Hz

Moving Average for de-tuning 4336 Hz

A Detuning communicated to water skid over EPICS

. Last moving average = de
4 oy . ] 2 xdt
A Within threshold -> closed loop operation g
A Auto-reset of interlocks within 1s to avoid dynamic heat
loading changes causing detuning
Detuning [kHz] vs time [s] Channels thermal exchange Cooling channels power [W/m] vs time [s] o '8 0 08 50 b5 ko "2 a0 a5 o &5
) coiﬁicient H=7000 V‘\Z) m2/K , Blt.:e :vane, red : l:ody , Samples
) // - | Phaseoffset method:
: / . yo OAd - )20 zpQg
o f " ” Cavity response ‘ ;g
: : RN E

1w 1w’ i 0 3 ¢ 1w 1w’ p 1w 10’

Attenuation [dB]
A & ) -
\ |
83°3
Ph: hange [deg ]

P =
3 8 )

Stepresponse, Réff4 RFon) indicates the maximum(abs)
detuning of-37.5kHz at t=25s. ] g -

-6 -70
-80 -60 -40 -20 0 20 40 60 80
delta frequency [kHz]




RFQ

HV perturbation

S

r

A Modulator HV ripple

causesphase variation Normal Conducting Cavity(RFQ@750kW)

Top: Forward Phase, Bottom: Cavity Phase 505 —__raCovtyy Phascn Open Loop Snd Adsethe
on Klystron output . ol |7 Phace n short pile106u8) 202116015, mean: 5257, 102020, o e0.59
. —:SF. = ';m.r:m::;;.’:::; :::::"‘,:750'“'. .210::4'“:::‘53 T £0.0 —— Phase in short Pulse(lOOus) 2021-Dec-17. mean: -62.33, std:0.31, p2p:+0.56
A 0 . 2% e rror i n Cath Od e g i . T — o —60.5 4 : i::z: :: l:::agp:;l‘:;:(g.s;r:?) 'JZLEJI;EI(*}.IB?;:) ;Zzai-([;:cc-lle.g.;f::: a:‘isdze:;‘,fsﬁt:g??:;dpiPZ;.DPOZLiDSQ
voltage leads to | Adaptive FF H
-11 2 -61.5 A
approx. 2 deg. £ \\«M\/\ ~ \/"
variation in RF output ™ - Mr\ "] % fﬁv
phase -14 o /\/‘
A FBonly reducing low - ) B | 1 1 |
frequency variation “ % % 2 % % Time /s
A . . . 60 Cavity Phate RFQ@T00KW i Open Loop 2021-Nov-24 - FFT of cavity phase (RFQ 300 kW wio beam)
A Re petetlve Varlatl 0 nS ~ Cavity Phase RFQ@750kW in Open Loop 2021-Nov-24, mean: -62.75, std:0.31, p2p:+0.61 90kHZ i F FT
efficiently reduced by B 120kHz  180kHz
' 300kHz
Adaptive FF g
Ve . b o ’\‘\ 40
A Implemented ripple L. /\f\wf/ N\l
filter only works on
single frequency ‘

Frequency [Hz]




Initial beam operationwith RFQ fy

RFQ Cavity Amplitude in Open Loop, Feedback and ILC(lterative Learning Control)

RFQ Cavity Phase in Open Loop, Feedback and ILC(Iterative LearnmgkﬁQ eﬂ//

118.6
44.5
—— Amp.in open loop (no ILC,no feedback),2022-Apr-21. mean: 118.01, std:0.09%, p2p:+0.24% Phase in open loop (+44.25),2022-Apr-21. mean: 42.77, std:0.41, p2p:+1.04
1 . . 0, . 0,
—— Amp. with feedback (no ILC),2022-Apr-21. mean: 117.99, std:0.06%, p2p:+0.16% —— Phase with feedback (no ILC),2022-Apr-21. mean: 42.70, std:0.27, p2p:+0.55
1164 4 — Amp.quh ILC(no feedback),2022-Apr-21. mean: 117.98, std:0.03%, p2p:+0.09% 44.0 —— Phase with ILC (no feedback),2022-Apr-21. mean: 42.66, std:0.08, p2p:+0.15
' —— Amp. WithILC & feedback, 2021-Apr2 1. Trean 117.98, std:0.03%, p2p:T0.08% —— Phase with ILC and feedback,2022-Apr-21. mean: 42.70, std:0.08, p2p:+0.15
> 43.5 A
% 118.2 | o
3 s
3 | il | ' 0 43.0 4
= ' Nﬁ f M g U # 2
-3 | | " ]
£ 118.0 4 ! o 4 J o Il A ) ol b | £
< | ; \ i { | 1' k) ’
| N | ' [ |1 Yt lj ‘* 42.5 4
117.8 -
42.0 -
117.6 T T T T T T T T 41.5 T T T T T T T T
80 100 120 140 160 180 200 220 80 100 120 140 160 180 200 220
- o RFQ Cavity Field with Beam Loading under Feedback & Feedforward
ime / us
RFQ Cavity Field with Beam Loading unde{' Feedback & Feedforward jime 7as
125 .
Flat top (still very short puls 527
120 4 < >
50 -
115
2
PRICE Closed loop with iterative Iearnlng
°
£ <«— Open Loop a6
S 105 =
E
q . ; — 0 i
. pen Loop. No Feedback and No Adaptive Feedforward
i —— Open Loop. No Feedback and No Adaptive Feedforward J i .
wf- Amplitude ~ Open Loup.No Feedback and o Adapiv Feedr «1 Phase with  With Feedback bu No Adaptive FeedforwardiiLO)
I —— With Feedback and Adaptive Feedforward(ILC-1st pulse) —— With Feedback and Adaptive Feedforward(ILC-1st pulse)
91 Wlth beam —— With Feedback and Adaptive Feedforward(ILC-3rd pulse) 42 4 beam —— With Feedback and Adaptive Feedforward(ILC-3rd pulse)
With Feedback and Adaptive Feedforward(ILC-5th pulse) With Feedback and Adaptive Feedforward(ILC-5th pulse)
90 - —— With Feedback and Adaptive Feedforward(ILC-19th pulse) —— With Feedback and Adaptive Feedforward(ILC-19th pulse)
. . r - - - ; 40 . - . - T : ‘
35 40 45 50 55 60 65 70 75 35 40 as 50 55 60 65 70 75

Time(relative to RF pulse start) / us

Time(relative to RF pulse start) / us



RFQbeam changes

Within RFpulse

A Adaptive FF (ILC) algorithm needs to know beam presence ahead of RF pulse. Not yet
available from timing system.

A During initial beam operation current increased gradually

A A beam interrupt causes 5% gradient increase and needs to be considered at RF conditioning
A RF LPSnterrupt delay on the order of 10us

A Faster RF shut down will be implemented in LLRF based on beam abort trigger
Beam off -> Beamon

20us and 58 mAbeam

Beam on -> Beam off

RFQ cavity Field with feedback and ILC from no beam to beam

-
~
N

RFQ cavity Field with feedback and ILC from beam on to beam off)
. —— No beam with feedback and ILC 124
—— Beam on with feedback and ILC

. —— Beam on with feedback and ILC
/\ —— Beam off with feedback and ILC

o

Amp / kV
=
o
=} ]
o nN

Amp [ kV
& %

-
oy
=

-
-
&




Phase / deg

Beam Loading in Bunchers
At 90 deg bunching

MEBT

with 3 bunchers

66 MEBT Buncherl with 10mA 20us Beam 2022-jul-11

—— Feedback only - no beam
—— Feedback only - with beam
—— Feedback + Adaptive Feedforward - with beam

62

61

220 240 260 280 300

Time / us

320

Amplitude / kV

Three 30 kW
SSPAs

MEBT Buncherl with 10mA 20us Beam 2022-jul-11

131.3
—— Feedback only - no beam. mean: 130.85, std:0.02%, p2p:+0.07%

1312 4 —— Feedback only - with beam. mean: 130.84, std:0.03%, p2p:%£0.10%

' —— Feedback + Adaptive Feedforward - with beam. mean: 130.87, std:0.02%, p2p:+0.05%
131.1 4

Amplitude
131.0
130'9_ “ MY ““"“ w)]._, IL 1‘ ““i\.. il ll T i Ir b .',‘l ] 'lr‘h'n Tk
", nl Al W”H\l% m 4 ! | lad i ! | |

130.8
130.7 4
130.6 4
130.5 T T T T

220 240 260 280 300 320

Time [ us



DTL

RF conditioning

A RF conditioning started mid June
this year and took roughly 1
month

A Slow tuners makes startup and
tuning lesscomplex than RFQ

Frequency 352.21 MHz
Tuning range +/- 0.75 MHz
Bandwidth 25 kHz
Pcu 870 kW (no margin)
Pbeam 1106 kW
Nominal gradient 3.0 MV/Im
Beam energy 21.29 MeV

conditioning

vaccum

Cauvity field

Klystron \

Power

~

b

2.75 MV/m

jifh

=
l%@kj‘m




DTL-1beam operation

5us beam

Faradaycup limitation only allowed 5us
beam with full current

DTL1 Beam Loading Compensation with Feedback and Adaptive Feedforward

N /\M\_
3.00 4 v
E
; 2.95 4
= beam
: Sus bea
T
S 2.90 4
'Sy
2
'S 2.85
]
¥}
2.80 1
—— With Feedback but No ILC. mean: 3.00, std:2.06%, p2p:+4.18%
2,75 —— With Feedback and ILC-19th pulse. mean: 3.00, std:0.12%, p2p:£0.55%
' —— With Feedback and Static Feedforward. mean: 3.00, std:0.08%, p2p:+0.26%

490 495 500 505 510 515 520 525 530

Time / us

/—:\

o

Forward power

7

—— With Feedback but No Adaptive Feedforward(ILC)

—— With Feedback and Adaptive Feedforward(ILC-1st pulse)
—— With Feedback and Adaptive Feedforward(ILC-3rd pulse)
—— With Feedback and Adaptive Feedforward(ILC-5th pulse)
——— With Feedback and Adaptive Feedforward(ILC-9th pulse)
—— With Feedback and Adaptive Feedforward(ILC-19th pulse)

Cavity field

—— With Feedback but No Adaptive Feedforward(ILC)

—— With Feedback and Adaptive Feedforward(ILC-1st pulse)
—— With Feedback and Adaptive Feedforward(ILC-3rd pulse)
—— With Feedback and Adaptive Feedforward(ILC-5th pulse)
——— With Feedback and Adaptive Feedforward(ILC-9th pulse)
—— With Feedback and Adaptive Feedforward(ILC-19th pulse)




MB and HB tesstand (TS2) o~

RF conditioning of HPC andcavities &/J

CMO6 Preliminary Plan

CM04 Out CMOGIn  Bunker Closed Open Bunker Door CMO06 Out
7 Jun 15 Jun 22 Jun 1 Aug

8Aug

2022

Bunker Sty I ¢ V.- - 14 Jun
C€Mo6 Connections (V/RFDS) [ 16 Jun - 23 Jun
Midsommar Il 24 oun - 25.0un
WCC Proparation, IL Checks i 23 Jun - 23 Jun
WeC (2/day) [l 27 Jun - 28 Jun
Integral Leak Check [l 29 Jur - 29 Jun
Cooldown [l 20 Jun - 1 Ju!
ccc (2iday) [ 4 Jul -6 Jul
Cavity Tuning [l 7 u -7 Jul
Gavity Conditioning (1/day) [N & Jul- 13 Jul
LLRF Testing [N 14 Jul - 18 Jul
Piezo operation [ 19 Jul - 21 Jul
Cryo Operation (5&0 HL) [N 22 Jul - 26 Jul
Warmup [N 25 Jul- 1 Aug
cmos Disconnections [N 2 Avg - 5 Aug

water wot run [ o - 15 Ao

s
1200 5 MW Baseline / 5.00
4.50
- 400

1000 /
| _Daa M8 |HB | /
0"’

B - 350 g
R/Q 374 435 :%’ 800 e B
F (MHz) 704.42 704.42 @ g
2 600 MEBT - 250 &
Leff (RF length) 0.855 0.915 g bTL | oo %
G 198.8 241 & 400 SPK g
@ - 150 €

MBL

Design Eacc (MV/m) 16.7 19.9
Ql (spread, MIN-MAX)  (5.8-7.8)E5 (5.8-7.8)E5 200

- 100
HBL

- 0.50
——Ave beam power (MW)

0 25 50 75 100 125 150
Cav#




Piezo Control

Medium Beta cavity

Concernthe 3 mslong RF pulse will introduce excessiveringing

Firsttests with Piezodrivers and elliptical cavities at teststand (TS2)

Field and Fwd power Dynamic detune

Frequency Detune

500

without Piezo compensation
with Piezo compensation

400 -

300 |

Flattop

200

100 -

Detune [HZ]
o

-100

-200

-300 -

-400

-500

Time [s] %1073

o

Piezo compensation



