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SLAC is developing an upgrade of its Linac Coherent
Light Source (LCLS) that will be at the forefront of X-
ray science.

LCLS-II will provide a major jump in capability:

Increasing from 120 pulses per second to
1 million pulses per second.

Enabling researchers to perform experiments in a wide
range of fields that are currently impossible.

The unique capabilities of LCLS-II will yield a host of
discoveries to advance technology, new energy
solutions and our quality of life.



https://lcls.slac.stanford.edu/overview
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LCLS-Il (LLRF 2017)

* ThelLinac Coherent Light Source (LCLS-II),in Menlo Park, CAis designed produce a4 GeV electron beam at high repetition
rate (up to 1 MHz) for Soft X-ray (SXU) and Hard X-ray (HXU) Undulators

* Inordertoaccomplish this, SLACwillinstall 280 1.3 GHz superconducting RFcavities in the firstthird of the 2-mile

accelerator housing

e Superconducting RFis new for SLAC —much partnerlab helpis needed!
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LCLS = Il (LLRF 2019)

Soft X-ray  Experimental
Beam Undulator Halls

LCLS-Il Layout Switchyard

Cooling
Plant

Hard X-ray

Existing Copper ;4. lator

Accelerator

New Superconducting
Accelerator

Superconducting Linac Beamline
== Copper Linac Beamline

The Linac Coherent Light Source (LCLS-II),in Menlo Park, CA is designed produce a4 GeV electron beam at high
repetition rate (up to 1 MHz) for Soft X-ray (SXU) and Hard X-ray (HXU) Undulators

In order to accomplish this, SLACis installing 280 1.3 GHz SRF cavities and 16 3.9 GHz SRF cavities in the firstthird of the
2-mile accelerator housing

Superconducting RFis new for SLAC —w e have benefitted greatly from the LLRFcollaboration
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LCLS = Il (LLRF 2022)

Cryoplant LCLS-II
LCLS
RF Gun
LCLS-Il Warm Soft X-ray
RF Gun N Accelerator Undulator Dasae Al Far Hall
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Superconducting Accelerator

Beam / Hard X-ray

Switchyard Undulator
SC Linac Beamline —— Beam

Cu Linac Beamline —— Dumps
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* TheLinac Coherent Light Source (LCLS-lI),in MenloPark, CAis designed produce a4 GeV electron beam at high
repetition rate (up to 1 MHz) for Soft X-ray (SXU) and Hard X-ray (HXU) Undulators

* Toaccomplish this, SLACis installing 280 1.3 GHz SRF cavities and 16 3.9 GHz SRF cavities in the first third of the 2-mile
accelerator housing

* We have now run SRFcavities at SLAC —and we aregrateful forall the helpfrom our colleagues!
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LCLS-II HE (LLRF 2022)

* LCLS-IIHE is a high energy upgrade to the LCLS-II linac

« 23 new cryomodules addedto the LCLS-II SRF linac

» 5 total linac segments, the first four (LO-L3) accelerating the beam to 4 GeV
* New final section (L4) accelerating the remaining beamto 8 GeV

* 46 new LLRF rack systems to regulate 23 new cryomodules
Cryoplant
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LCLS-Il Technical Parameters

Key equipment Threshold Objective

Superconducting linac electronbeam energy

Superconducting linac charge per bunch 0.02nC 0.1nC
Photon beam energy range 250-3,800 eV 200-5,000 eV
High repetition rate capable end stations >1 =2
# 1.3 GHz CMs 35
Operating Gradient 16 MV/m

Required Q, at Operating Gradient 2.7x1010
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LCLS-II (HE) RF Requirements

RF field regulation at > 0.1 Hz
*  0.01°RMS in phase

- 0.01% RMS in amplitude HE Linac Changes
RF regulation assumes * New high gradient SRF Gun

« < 1% beam current fluctuation + L2 and L3 gradient increased

* < 10Hz microphonic detuning « L2 and L3 cavity QL increased (manually)
Resonance Control regulation « L4 new, with high gradient

¢ < 1Hz Piezo tuner setting accuracy

Section # of CM # of Cavities Minimum Gradient SSA Power
[MV/m] [K\N]

SRF Gun
LO 1 8 16.3 4.1e7 3.8
L1 2 16 13.6 4.1e7 38
L2 12 96 155> 16 4.1e7->6.0e7 38
L3 20 160 155 -> 16 4.1e7->6.0e7 3.8

L4 23 184 20.8 6.0e7 7.0



Scope: LLRF System Architecture

e Hardware/Armware

- Precision Receiver Chassis (PRC) @

« Exclusively for cavity signals 0 Sofoware :

*  Fiber communication for high Isolation necessaryfor 0.01°0.01%

» Channel Access -+ -
Hardware checkout

- RF Station (RFS) Automated Scripts

* Generates independentRF signal for 2 cavities / ) \

«  Forward, Reverse and SSA Drive signals Esiaticn

+ Detune frequency calculation, Pl loop control Resonance Control Waveguide Signals Precision Receiver

- Feedback algorithms - -
Piezo Tuner Control Cavity Signals
_ Resonance Control Stepper Tuner Control Phase Reference
) Interlock Processing F¥Y F Y
* Piezo Tuner Control
» A

« Stepper Motor Control

* Temperature Monitoring v v

* Interlock processing 3.8 KW SSA

+ Software

- Automated Scripting Gallery

» Cavity and System Characterization e T i At v+ ——— — — ) —

unne - "
- Smoothtransition between modes _‘ [Phase Reference Line |
- Channel Access
EPICS
- All control displays and waveform readouts l v l v
- Cavity control interface | SC Cavity I.I SC Cavity H SC Cavity I.I SC Cavity
* Modes of Operation i ! ! !

- Hardware health



Early Testing Opportunities

»
)

(=g | 0
o b M\
Cryomodule testfacilities at FNAL and JLab used for LCLS-II LLRF for testing CMs
Mandate for systemto be as close to production as possible F NAL C MT F

- All modes of operation (SEL, SELAP, Pulsed)
- SSA and LLRF control
- User interfaces e o I

- Calibration routines i :///////////////
- Tuning scripts 4 < >

y . T o 122227 33338388 -
Cryomodules controlled by physicists, operators and LLRF > L - : \- 20FFR0 100000000 -
experts i ; '

Because of this, the LLRF controls systemsoftware and firmwarewere very mature for
LCLS-II Commissioning




How to run? - Characterize System and Go

5 “easy” steps

1. Piezo tuner health check (expect ~ 3.5 uF)
2. SSA calibration
3. Chirp detune scan

* Immediately “find” cavity and enter SEL
4. Pulsed SEL calibration

* Measures loaded Q

 Calculates cavity scale factor, based on

energy integration

5. Piezo tuner gain scan

Stack A: PASS

Stack B: PASS
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3 Chirp Detune Scan

()
.
&

Fast frequency scan of the SRF cavity

* Perform quick frequency sweep (like a
network analyzer)

* Immediately “find” cavity in frequency
domain

* User can tune the cavity to the
nominal frequency (1300 MHz) with
stepper tuners during chirp

* Frequency scan range as wide as 1
MHz to find various modes of cavity
- Set 7pi/9, 8pi/9 mode digital

filter frequency

| Overview ‘ IChaml;l.enzaﬁun ‘ ‘ I Detune ‘ ‘ Tuners ‘ | Interlocks | | RF Controller Ampl/Phas Diag Fulsed ‘ ‘ Hardware ‘ ‘ Signal Calib
ACCL:L0B:0130 Characterization - Frequency Tune @
384 IFrEquEncy Tune I Cavity ‘ Pieza With-RF ‘

Piezo Pre-RF

Cavity Overview

s [ESAFad [_or ]

RF Mode | Chirp

hore 554
SELAP SELA | SEL |SEL F\aw‘ Pulse I Chirp I

o sue[T57] y—

ADES Limits _ |

prpituad 00| [T _I

| Frequency Tune

Drive Level | 13.000 %

Set Chirp Mode (ahove)

Chirp Setup

Set RF On (above)

| Stepper

Total
3teps | gigned

10436 stops

Move issued

20604566

-10728642

*This is a chirp of a low Q cavity emulator

i
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4 Cavity Characterization

()
.
&

. Drve Lovel [T500  % s raton G2 Log seconds
* Calculate cavity scale Ly B
Run pulsed SEL RF

For Cavity Ramp-Up only: RF in pulsed SEL.
Crash
i [agor | Incrementally [engthen pulse,
uriil in SEL CW
SWitch to CW SELAP, locking

factor, based on the T nabty [0 |
energy integration of the = p

gf\;ﬁzém ACCLLOBO100 Cavity 2 Cavity 2 [ & Cavities - Functions._ | | cavities |
Run pulsed mode to gene rate a Overvisw ﬁaraclerilaﬁunl| Detune ‘ | Tuners ‘ | Interlocks | ‘ RF Controller ‘Amp\/?has Diag ‘ Pulsed ‘ ‘ Hardware ‘ ‘ Signal Calib |
ACCL:L0B:0120 Characterization - Cavily ®
Serles Of CaVIty Waveforms for Piezo Pre-RF ‘ 54 ‘Frequeanune ‘I Cavity I Piezo With-RF ‘ Amplitude
S < =60
. . 203 =
analvysis LGty overview | TS 3 =50
Y - = o
RF Mode Chirp SELAP | SELA SEL | SEL Raw| Pulse Chirp Res/intk Summary I = . d B r p
—— M3 Cavity Forwar Repviel
Of JO” ssaPerit W W W v 1['_: ;ZEI {
* Measure Loaded Q based i W | LRSS S e 53 =W
. Guench Detect Valid ® Summary W | Reset E f\ ;‘10 )
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o
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o
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o
~n
o
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-
Bpif
7pif3 Results
reverse power Copietes [ Cay Seale  suniar: | Done
Steps Detune (action required to use)
SEL phase Cavity amplitude scale factor
Plant gain (tev wi method)

e Loated @ —
These valugs writien 1o —_— X — X a) O

“Newly Calculated (1ef);
user must press 'Push’

Newly Calculated current saved to accept new value(s)
(mmediztely in use)
Loaded @ | 4.1686+07 4166e+07 41688+07 SEL phase offset

Cavity Scale

Factor [hV] 64818 Push G Save | |Restore 64.516
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5 Piezo Tuner Detuning Gain

()

1 AL
NS
|

Overview ' Detune ‘ ‘ Tuners ‘ | Interlocks | ‘ RF Caontroller | ‘ AmpliPhas Diag | ‘ Pulsed | | Hardware | | Signal Calib
0 Characterizat,

ACCL:LOB:Q13i ionn - Piezo Tuner With-RF @

PFiezo Pre-RF ‘ 334 ‘ Fregquency Tune‘ Cavity l Piezo With-RF I

Cavily Overview

Piezo tuner excited a fraction of

Crent Latched First

ssasse Fautied] | of |[ on | [ moressa. | FPGA PLL Lack
RF Mode  Chirp SELAP| SELA | SEL ‘SELF{aw| Pulse ”W o

Res/intlk Summary [l W All B Cavities.
RF State - of | on Res/Intk. Link ’
ssafermit | M W
Script Manager.
Amphm“ |—14n My il 140 162 Guench
[ cryo B M
GIDES Uiy Quench Detect Valid ® [ | Surmary W | Reset |
-

full scale

Measurement made with RF on

r{_Piezo Tuner With-RF Test | ca://ACCL:L1B:H100:RESA:
<| Settings 15 . . PASS

. Set RF on in CW (above) — Detune
Detune gain saved and set for B — fit (-859.2 HzZ/FS.)
Enable Piezo Enabled Disable Enable
plezo tuner feed baCk SetManual Mode  Feedback Manual Feotback 10
Ers e o re | et )
250
— 57
_l Results i
Sy e SUCCESS %
SUCCESS e
a 0
Channel & Channel B
Amplifier Gain 48578  Wiullscale 43613  Viullscale
Qi alculated Current
—» — - |
[E‘EZB‘;L"‘HESS;Q -535 406 Restore
_1%.0 015 1.‘0 115 2.‘0 2.‘5 3.‘0 315 410

t[s]




LCLS-Il LLRF System — usable modes of operation

SEL (Self Excited Loop)

SELA (Amplitude)

SELAP (Phase)

Chirp

Pulsed

Tone

Integrator (on)

RF system tracks the cavity frequency in open loop, no phase or amplitude regulation
RF system tracks the cavity frequency while maintaining cavity amplitude with feedback
loop parameters

RF system runs at nominal frequency while maintaining cavity amplitude and phase
If detuning is temporarily beyond regulation parameters, RF will temporarily enter SELA to
maintain cavity gradient

Frequency sweep over 100 kHz (now up to 1Mz) within one waveform to quickly measure
detune
Used during characterization to find 7pi/9, 8pi/9, and pi mode

Pulsed RF, currently only in SEL (no phase lock)

Open loop forward power without tracking frequency. Used for SSA characterization and
expert troubleshooting

Piezo tuner feedback loop enabled. Tunes cawvty based on RF detune calculation



6 1 — NANC OFF i
Fun New Tools 5] — mcovimen
s
Active Resonance Control (ARC) using mS
Narrowband Active Noise Control (NANC) £
Compensation for frequencies from 0 to ~500 Hz 1 r'J
using the piezo tuner K O T

Reduction in cavity detuningis ~9 dB

NANC adapts automatically for drifts and 2 £ NANC ON B33 s
changes in microphonics disturbances. o |
Up to 4 different microphonics frequencies can U 1
be compensated using totally independent NANC
components
AR E R R AR R R AR R RS EEEEERR R R EEEEEEEREEE 109 4

Andrea Bellandi, Jorge Diaz
G sEsEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEY Dutuuiug‘ [HA]
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100

Fun New Tools

(=2}
=
L

Gain Optimization

.
=
.

Phase [degrees)

Script to set LLRF field control gains,P & I, forA& @ =]
Extend the cavity open-loop half-bandwidth from O_Dm TR T P Ea TR T
tens of Hz to KHz. o0 Time [ms]

Controller zero at a fraction of the new bandwidth to 0
reduce steady state error

[=0}
=
I

.
o
|

Good results so far...
* Less overshoot

Phase [degrees]

A : . 20 1

» Reduced oscillation and settling time A\

 Faster response --------- |5""|'."|""j -------- I-D- ALLLELY . 04 e 0020 0025 0030 0035 0.040
arr oolittle, Jorge Diaz . . . . . . . .
LTy ool Joree e D TR P R TR R T

Time [ms]



LCLS-Il Installation Layout

4G 06 01
£i05 LLRFA

77 total LLRF racks, each rack contains entire field control system for 4 superconducting cavities (half cryomodule)
236 RF field control chassis (RFS or PRC)

74 cryomodule cavity resonance control chassis

78 power distribution chassis

84 LO timing distribution chassis

1536 heliax cables

3,850 fiber optic connections (in the LLRF racks alone)




LLRF System Hardware Checkout

*  Procedure scope: = :
— Rack energization A3 ICEM:1!73LL:HRF_:AH ‘\

—  Chassis network configuration
— Automated chassis communication checks (chassis — network, and chassis to chassis) L &
— Distributed clock and signal balancing
— Calibration and evaluation of PRL signal
—  Cryomodule resonance control system
— RF heliax routing and calibration

— CM cable connections and torqued

—  EPICS monitoring of system health

— Vacuum system interlock checks

— Precision timing system fiber links

— Machine Protection System fiber links




HPRF to Warm Cavities Checkout — Summer 2021

1. LLRF controls SSAs to 400 W to warm CM cavities
2. Waveguide non-ionizing radiation (NIR) surveys

3. Power measurements are made at the directional
couplers

4. SSAs are briefly (<200 ps) chirped to 4 kW and the SSA
health is characterized

Issues discovered during HPRF checkout include:
« Swapped permit cables
« Swapped RF heliax
* Low RF drive
« Poor water flow
» failed SSA electronics components
« Calibration error > 5%




Typical Test Results — Warm HPRF

SSA at CM29, cavity 5 is healthy

Calibration error of reverse signal at CM29,
cavity 6 is greater than 5%

* Peak RF power: 4.2 kW
» Total phase slew: 0.2 rad

LLRF will not over drive SSA

CM29 Tone DAC SSA DCFWD DCREV LLRF FWD LLRF REV FWD Exgor REV Error
1 5790 404 394 397 389 387 1.2 2.52
2 5490 402 380 363 370 358 2.63 1.38
3 6100 400 389 387 386 380 0.77 1.81
4 5700 400 360 362 353 344 1.94 497
5 5675 402 395 374 387 370 2.03 1.07
6 6200 398 401 388 398 368 0.75 5.15
7 6090 405 337 346 338 341 0.30 145
3 5500 402 382 374 377 376 131 0.53

Large Signal Phase (rad)

DAC Drive level (normalized)

ca://ACCL:L3B:2900:RFS1B: 20210701 170146

Forward power (KW)
01 0203 05 1.0 15 2.0 3.0

1.0

0.8

0.6 1

0.4 1

0.2 A

0.0

Measured, max 4.16 kW
ssa_slope = 0.943

*_hi

*_lo

0.9-5 1
0.90 +
0.85
0.80 1
0.75 1

0.70 4

0.65 A

0.0

T T T
0.1 0.2 0.3 0.4 0.5 0.6
FWD measured (ADC normalized)
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Typical Results — Warm Piezo

Other system test results worth noting:

SSA permit to LLRF is functional
SSA drive cable is correctly mapped
LLRF drive signal is correct

LLRF — EPICS mapping is correct
SSA — EPICS mapping is correct

RF Heliax cable mapping to CM landing is correct
Piezo tuner capacitance is correct for a warm cavity =
- ~13uF e

Current [mA]

25.25 A

25.00 -

24.75 A

24.50 A

24.25 A

24.00

23.75 A

23.50 -

ca://ACCL:L3B:2900:RESB: cav:5
res5_chirp_50Hz_200Hz_perl_wspl_20210629 160326

Stack A: FAIL

Stack B: FAIL

1 —-* Mean max-min

iffasantiakalirraas

1 — Fit(12.774 uF)

e ]

-3

—4 -

—-- Mean max-min
—— Differential current
—— Fit (12.915 uF)

—-: Mean max-min

—— Piezo voltage

25.25 A

25.00

24.75 A

24.50

24.25 A

24:00:f=-—"

23.75 A

23.50 A

—-+ Mean max-min
—— Piezo voltage

050 075 100 125

time [s]

0.00 025

050 075 100 125

time [s]

0.00 0.25
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Electron Gun and NC Beam Line Installation

.....

BPM
Toroid Errs
solenoid ¥
BPM

solenoid
Mirror box [

P
YAG screen = T

Gun $
Buncher

Completed in 2018, ready for source commissioning

» Electron source beamline was built by LBNL (APEX Gun)
» Laser system was manufactured by Amplitude:

. [ Paramet Nominal
- Oscillator operates at 46.43MHz e o
Gun energy (keV) 750
- Modulator selects pulse rate from 0 to 1IMHz ,
. . Gun cathode gradient (MV/m) 19.5
- Conversion from IR to UV is 8-20%
. . . Cathode QE >(.5%
« Commissioned e-source (2018-2020), including several upgrades (e.g. 3 o (e oathod Gl
tuners, additional collimators) aser energy () on the cathode s
Maximum bunch repetition rate (MHz) 0.93
Nominal bunch charge (pC) 100
Initial beam current (LA) 30




100 MeV Injector Commissioning, August 2022

Pulsed

GUNB

=
H cuoze
e

Hﬁ@xﬁﬂrﬁ%ﬂ—

XCO1B

YCo18
I dia l.meM atchin g

1st Cryomodule

o< apoo
f
providing beam o | iom et i i

(QoHos)| =10m | {iqoHog D | AG O
energyto 100 '
MeV Injector

Diagnostics

Sollg,

Qco11- 12

k-l

B\’DGD

]
QCRO7 —-= Q010
Iy &

D4 ORDGQA f\TaDGaa

Emit_x,y
(QOHO2)
B_x,y =5m
A_xy =0

FCDGODU

» Established beam through CM01
« Optimize to design specifications (emittance, charge, transmission)
« Conduct beam containment system (BCS) certification

e Calibration of Beam Safety System devices at high repetition rate and bunch charge
* Average beam current and beam loss monitoring



100 MeV Injector Performance

OTRE:HTR:220
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CRYOPLANT CRYOPLANT
#1 i

EXISTING FUTURE
LCLS-Il - 37 CRYOMODULES LCLS-Il HE: +20 CM

F ’ -
y 7

Plan to fully commission and operate LCLS-II with 1 of 2 installed
cryoplants




Cool Down & Pump Down to 2 K

300 1

Temperature [K]
@
o

0

Cavity Temperatures
During Cool Down

2-3 K/hr

Date

Mar02 Mar03 Mar04 Mar05 Mar06 Mar07 Mar08

2022

Cool down of the entire linac was
completed in ~5 days!

A rate of 2-3 K/hour was maintained over
that duration

Cool down was near-fully automated by
the cryogenic controls system

After multiple attempts, stable operation
at 2 K was achieved only 11 days later



Overall SRF Commissioning Status

Gradient Performance

Cryomodule commissioning has been very

Count

100 4

successful

I Standard Commissioning
I Multipacting Processed
| |= == 'LCLS-Il Spec

* 97% of installed cavities fully operational
(planned 94%)

» Majority of testing included an admin
limit of 18 MV/m

» Total commissioned voltage

exceeds design by >20%

5 10 15 20
Commissioned Gradient [MV/m]

Total Commissioned Cavity Voltage: 4.9 GV



Gradient Performance

Comparison with Acceptance Test

SLAC Commissioned Gradient [MV/m]

£9
B Standard Commissioning
B Multipacting Processed
20
[ ] -H--
]
15 J B
L 2|
| Py
R |
101 2
e |
_—
.);,—I
5
0+ T T T T |
0 5 10 15 20 25

Partner Lab E __ [MV/m]
use

Admin limits:

* 18 MV/m in commissioning
21 MV/m in acceptance test

Gradient performance is in line with CM acceptance test
measurements at FNAL and Jlab

No observable change in field emission onsets or
magnitude from installation

Multipacting processing resulted in ~3 MV/m gain in
stable gradient

Change in FE
14 1 Onset

Count

% Change in FE Onset from PL to SLAC




Linac Total Voltage
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First full SRF linac run 8/10/22
LCLS-Il powered on all of the 1.3 GHz cavities

Demonstrated that controls systems for LLRF and
cryogenic systems are working well

All cavities powered on in less than 30 minutes
Maximum achievable energy reached in ~3 hours

Total energy: 3.495 MV
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Schedule Outlook

Task

September

October

November

December

January

Downtimes

LINAC Commissioning

Beam Transport

Undulator Commissioning

Accelerator Restart

=

Linac Commissioning for 4 GeV has begun (10/6/2022)

1st Light Milestone is anticipated in January of 2023
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Thank you for your time




