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Outline

The Linac Coherent Light Source (LCLS): 2009 to 2022
LCLS-Il Project: The first upgrade
LCLS-II High Energy (LCLS-II-HE)

Matter in Extreme Conditions Upgrade Project

The Future of X-ray FELs
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The era of Hard X-ray FELs began on April 10t", 2009.

The LCLS FEL lases in just “2 shots” through the undulator!

ol A.=1.5A e
107 ¢ . 7 :
- Y&y = 0.4 pm (slice) ,- :
Ly =3.0 kA / Saturates in 60 m, |
Tl (1) =
10’ | O/E=0.01% (slice)  ~  rather than 90 m |
S (25 of 33 undulators -4
= ' installed)
5100 F 'IZ’ E
=B / -
2 s s
fx, ; .// "o "
10" } | ~ B
S < + measurements (04/26/09)
10" ¢ R e GENESIS simulation :
0 10 20 30 40 50 60 70 80
Active undulator length (m)
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Courtesy of N. Holtkamp

Higher average power is the way of the future.

First proposal to build an i
XFEL at SLAC [USA)
Under construction

FLASH (Germany) — first FEL
operating in the XUV and zoft

X-rivy region — begins user SCLF, China
operation X-ray Sources: 3
LCLS (USA)— first hard XFEL
— begin wier operation -
SACLA (lapan) begins
FERMIg)Elettra (taly) user operation - 30ﬁ
begin user operation
EuXFEL, Germany
FLASH
PAL-XFEL (South Korea)
begins wser operation
European XFEL [Germany)

begin wser operation

Completion of the DCLS
VUV FEL (China)

SwissFEL (Switeerland)
begins user operation

~100 Hz
SwissFEL, Switzerland

SXFEL (China) expected
to begin user cperation

LCLS-II (USA) expected

to begin operation
Photon areray e — PAL-FEL, Korea
nit) expect
s b i to begin operation
O Soft X-ray
0O Hard X-ray

New facilities are expected to begin Is considering the sclentific case Approx. average pulse repetition rate is shown
Nature Reviews Physics | °

operation in the next 5 years In for an XFEL. o . .
the USA and China, and the UK Iulia Georgescu 2?5.:%?'5'?;iﬁs'zlgzsg/m254_ (note. EuXFEL is 4.5 MHz burst at 10 HZ)

XFEL, SHINE and LCLS-II/HE are leading the development of high average power FEL facilities




Courtesy of M. Dunne & Z. Huang

Ever Higher Performing FELs

1034E— T - T Y 'EUXE'EL T " SHINE 100% energy XRAFEL
f LCLS ~ 10 kev .
i LCLS 10ke A —————— -2 extraction for SASE | s
B 32l 1keV EuXFEL (3 LCLS-II-HE | N - & " ;
10 O 1 keV 10keV | 0 : 1
g i ______________ P ! A 10 e e - T — — 10
. LCLSHI i e > -
30 1 keV ' £ @7 {
£ 10 i o R |
o i .- 2 v 10 f10%¢
E ! m NQ.. 05| LCLS=Il __ LCLS'“:E.E.--_._____._.L :mzs
28 ' = i
m O - i
> 10 [ ! [ EW‘/’\ Eu-XFEL oo
© - ! © E i
o 0| | 8o 4GSR o
isrd Gen.SR -' o E 107 — B
T Mo 8 oS
O 24& 10 keV i g =10 3GSR R )
0 107 1} i 0 o i
}jj__‘i" -------- o | { g " {10
1\‘322 E;D L;” .22 123 L24 125 *25 % & 8 d0 1 W 6 1 2 2 7 o
10 10 10 10 10 10 10 Photon Energy (keV)
Ave rage x-ray Bng htness Another three orders of magnitude — Where does it end?
SLAC 7



" LCLS-Il Installation: 201




LCLS-II Project Collaboration

Cryomodule engineering/design ¢ Ad d iti O n a I S U p p 0 rt

Manufacture 50% of cryomodules: 1.3 GHz

Design and manufacture 2+1 Cryomodules: 3.9 GHz
Design and acquisition of helium distribution
Processing for high Q (FNAL-invented gas doping)

Q

2L Fermilab

through many other

collaborations:

Manufacture 50% of cryomodules: 1.3 GHz

. Design and acquisition of two 4 kW Cryoplants
-
M U f ] I ...l _) Processing for high Q
=XP ALLLATS L=3 al sl =Af

rrrrrr ‘m

BERKELEY LAaB

Q

. Undulators
e gun & associated injector systems

Sl

Q

Undulator R&D: vertical polarization prototype
Undulator Vacuum Chamber

Argo n n eé Assisting in tuning undulators

NATIONAELACORATORY Also supports FNAL w/ SCRF cleaning facility

|
. R&D planning, prototype support ' SNS

. processing for high-Q (high Q gas doping) SPAHAIIDN H[UIRDN SOUR({

Q

Q




LCLS-Il Project Timeline

CD-0 (Original scope) 22-April-2010 (A)

Mission Need Statement (Update) 27-Sep-2013 Normal
=  Conducting

CD-1 (Original scope) 14-Oct-2011 (A) Accelerator

CD-3A (Original scope) 14-Mar-2012 (A) B

CD-1 (Update) 22-Aug-2014 (A) n

CD-3B (Update) 28-May-2015 (A)

CD-2/3 (Update) 21-Mar-2016 (A) peor

BCP Approval (Update) 13-Oct-2020 (A)

CD-4 (Update) 31-Jan-2024 _

* SC Linac First Light: Jan 2023

* Project Early Finish: Apr 2023



LCLS-Il Layout

Cryoplant

LCLS-II

LCLS
Injector Gun
Warm Soft X-ray
LCLS-II Accelerator Undulator
Injector Gun

™o o
- a ~4 | . | | : ‘ I : ; ‘ ' V“‘ ‘ -. .

13 ; \
BC1 BC2 J ..
LCLS

Nerconducting Beam
Axcelerator

Near Hall Far Hall

Hard X-ray DXS  MFX.
Switchyard Undlylator Hutches
Beam
3-8 GeV SC Linac —— Dumps
3-15 GeV Cu Linac ——
[ Lo L1 L2
=" p=-12.7" p=-21"
V=100 MV V=211 MV HL V,=1446 MV
l=12A  ,=12A  @=-150 1,=80 A
g=1.02mm  o=1.02mm V=647 MV a,=0.15 mm

BYP/LTU
E=100 MeV E=250 MeV E=1.6 GeV E=4.0 GeV
keV  Ry=-3.5mm R.;=-55 mm R.;=-37 mm Rs5=0 mm
7.=0.05% a=1.6% a=038% 020.014%
‘ 100-pC machine layout: Aug. 25, 2015; v21 ASTRA run, L3 +10 deg.
=1 A
[ | Sy | Y

11



LCLS-Il Key Performance Parameters

Threshold and Objective

Performance Measure

Threshold (5 kw beam)

Obijective (120 kw beam)

Measurements

Variable gap undulators

2 (soft and hard x-ray)

2 (soft and hard x-ray)

/

Spectrometer bend (magnet

Superconducting linac electron beam energy 3.5 GeV >4 GeV strength, screen)
Electron bunch repetition rate 93 kHz 929 kHz BPM'’s, laser rate
Superconducting linac charge per bunch 0.02 nC 0.1 nC Toroid, Faraday cup
Photon beam energy range 250-3,800 eV 200-5,000 eV Absorption edges, spectrometer
High repetition rate capable end stations >1 > 2 N/A
8 .

FEL photon quantity (10 BW) per bunch 5x108 (10x spontaneous) > 10 @ 3,800 eV Gas energy monitor, GMD,

N @2,500 eV _ Spectrometer

Normal conductin

linac-based system

/

S

Spectrometer bend (magnet

Normal conducting linac electron beam energy 13.6 GeV 15 GeV
strength, screen)
Electron bunch repetition rate 120 Hz 120 Hz BPM's, laser rate
Normal conducting linac charge per bunch 0.1 nC 0.25nC Toroid, Faraday cup
Photon beam energy range 1-15 keV 1-25k eV Absorption edges, spectrometer
Low repetition rate capable end stations > 2 >3 N/A
. . . Gas energy monitor, GMD,

3 a 10 12 ,

FEL photon quantity (103 BW?) per bunch \ 10%0 (lasing @ 15 keV) / > 10 @ 15 keV Spectrometer

12




Courtesy of A. Brachman

Normal Conducting Commissioning completed 2021

Electron Gun Beam Transport SXR and HXR Undulators
* GunandLEB « LTUH « HXR Undulator

 Laser « LTUS « SXR Undulator

«  Gun is commissioned, e CLTS (Ops) beamline allowed early «  HXRSS-II

* upgrades are complete commissioning of SXR systems: ¢  SXRSS-II (Ops)

* Loadlock repair is complete

« Beam Transport
 Undulators and Instruments

4 GUNB )

am-

53‘?

IMOIA  Bunche

Ehmu[ﬂ 7 nl @&Tv
\_ ) Fpi |




Cryoplant #1 has achieved stable operation at 2K

Cooldown to 4.5K and then to 2K Cryoplant #2 online by February 2023

l - Feb. 204 : CDS-LH Loss of Insulation Vacuum I

[ - Mar. 2+ : New Cool-Down started ]

| -Mar. 8 : LINAC @4.5K |

~ A~ e e
S H S O8 April 15 - first day at 2K
April 26* - stable operation

14



Courtesy of D. Gonnella

SRF Commissioning is underway
« LCLS-II SRF Cavities have been fully

| N commissioned
TN 28 S 70« Performance has shown no degradation
“m =\ Qi . e .
e in field emission performance from
installation
SRF Cavity Performance
| ——or i
: C e == Tiontpes :
* |njector commissioning has propagated .
100 MeV beam through the first _ o :
Cryomodule 8 o '
 Plan to run beam through full linac in
mid-September

Commissioned Gradient [MV/m 15

15t SCRF X-rays planned January 2023







Courtesy of M. Dunne

LCLS-II-HE will provide a step-jump in capability
Electronic dynamics _ LCLS-II-HE will provide:

10° LCLS-II ————— » Ultrafast, coherent, hard X-rays
-II-HE . .
S 10° LCLS » ~3,000-fold increase in average
" Eu-XFEL )
o 3 e spectral brightness
Qo
£s |7 » ~8000-fold increase in repetition rate
o 4@ _
=8 10 > Programmable time structure
£ .
%cg 16° e e— > Dual source X-ray capability
= £
oL
v
£
1¢° <«——— ~10msec ——>
LCLS A ~mJ, ~fs // A o
9 17
10 2 4 6 8 10 12 14 16 18 20 Eu-XFEL gy 100 msec —> 10 Hz bursts of 4.5 MHz
Photon Energy (keV) LCLS.IILHE > < 0001 msec e orosammabe

(SHINE) A A A A A A A AM

This provides a qualitatively new capability, unique in the world,

delivering ultrafast, Angstrom performance at high average power.




LCLS-II-HE Project Scope
lllll.lJ

LCLS
, LCLSl Warm Soft X-ray Near Hall Far Hall
% SUF}\erCOI“d‘cht'“g Accelerator Undulator ™o aR
ccelerator -

LCLS-II BC1 BC2
Injector Gun LCLS-II-

Supercond Beam X Hard X-ray

Accelerator Switchyard Undulator
Beam

Dumps
Install low-emittance injector and SRF gun for extended hard X-ray performance

Add 23 additional cryomodules (L4 linac) to increase the LCLS-1l accelerator energy to 8 GeV.
Install new cryogenic distribution box and transfer line between the cryoplant and the new L4 linac.
New long period Soft X-ray Undulator

Upgrade the LCLS Hard X-ray endstations for MHz beam and data rates

A

™1 A~
SLAE 18



LCLS-II-HE Key Performance Parameters

Preliminary Threshold and Objective Parameters

Superconducting linac electron energy 7 GeV

FEL photon quantity per bunch (103 BW) 5(1108 (501 spont. @ 8 keV)

8 GeV
929 kHz
0.1 nC
200 to = 20,000 eV

>5

> 10! @ 8 keV (200 mJ)
AND
> 101° @ 20.0 keV (20 mJ)

19



LCLS-II-HE Collaboration

(1))

b. ‘ ﬁ NATIONAL

ACCELERATOR

GLHU LABORATORY

2= Fermilab

Accelerator and FEL Design & Installation
High Power RF, low-level RF, and Controls
X-ray instruments design & installation

High QO & High Gradient R&D
Cryomodule design 50% of cryomodule production
Capture Cavity Cryomodule design & production

High QO & High Gradient R&D
50% of cryomodule production

Accelerator Physics
Undulator design & procurement

SRF Gun Design & Prototype Demonstration
Production SRF Gun

High QO & High Gradient R&D

20



Verification Cryomodule Exceeds Performance Specs

v vCM exceed the HE specifications

> Avg Qq: 3x1010
» Avg Gradient: 25 MV/m

vCM in Fermilab CMTS

_ ¥ Field emission free up to admin limit

v Plasma processing significantly
reduced the multipacting quench
behavior

1 A 21



Low Emittance Injector (LEI) for LCLS-II-HE

 New tunnel at west end of SLAC linac
* |njects into LCLS-Il linac at 100 MeV

\ /’ - ' )
\ / LCLS-I-HE ';__’____,4.,-4—'"‘-
/ LOLSH L = =

2

e S —
y

)

.

 —

. Diagnostic line
Matching Crossover

section i
ine
Warm

& Cold 1.3-GHz

Bunchers cryomodule Other notable features

* Dedicated cryoplant

SRF * Operable independently of
Gun LCLS-II linac
* Factor of 2-4 lower beam
Related papers: emittance

WEPAO2 (beam dynamics)
WEPAO3 (SRF gun)

NN

22



SRF Injector Design Progress

SRF Gun

wd

Model & Design

-

VA

SRF Buncher CM Model & Design

50K End shield

* End cap insulation
* Endcap

Not shown

Should be finally
connected to

END Plate (intercepts for
Piping???)

GV without actuator (disconnected)

NO 2-Phase Invar rods

CC Magnet & CL
Interception area =

Beam Pipe
Burst Disk



LCLS-II-HE Timeline

Level 1 Milestones Date Y
CD-0 - Approve Mission Need 5-Dec-16
CD-1 - Approve Alternative Selection & Cost Range 21-Sep-18
CD-3A - Approve Long Lead Procurement 12-May-20
CD-3B - Approve Long Lead Procurement (proposed) Dec-22
CD-2 — Approve Performance Baseline Aug-23
CD-3 — Approve Construction Start Aug-23
CD-4 - Project Completion Jun-31

* Linac TTO (science Operations resume): Jan 2028

* Project Early Finish (Injector TTO): Aug 2029






Courtesy of R. Sandberg

Matter in Extreme Conditions (MEC) at LCLS

MEC revolutionized the field of HEDP

Combined high power optical lasers with XFEL for
the first time; great materials work; good warm
dense matter; a few short pulse examples

To further advance the field of HEDP
science, MEC needs higher power:

* Hotter plasmas

« Brighter and higher energy particle sources

« Higher intensity, larger, more sustained laser-
plasma interactions

Relativistic flows in pre-structured targets
T. Kluge et al. Phys. Rev. X 8, 031068 (2018).

=1 A 26
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Courtesy of A. Fry

MEC-Upgrade will transform HED science at the LCLS XFEL

Driven by the community:

®  User workshops over 5 years

®  National Academy of Sciences report

®  Brightest Light Initiative

®  APS community strategic planning

Enable the next generation of extreme matter science by
combining LCLS XFEL with:

®  10x higher power laser (petawatt)

10x higher energy laser (kilojoule)

®  Dedicated underground facility for experimental operations

Partnership between SLAC, LLNL, and UR LLE; funded by
DOE Office of Fusion Energy Science

®  Critical Decision 1 (CD-1) approved, October 2021
®  Start of construction, FY2025; project completion (CD-4) FY2030

U.S. DEPARTMENT OF Ofﬁce Of ’l A h ﬁ:;ﬁ:fe un
ERGY Science DA\ Eaaﬁié’r%w LLE
~

Existing

Far Experimental :
Hall (FEH) \
Main
Experimental
Shield Area
Wall _\ = aztl
\ ' } S fi
Access Laser Only .l a‘ v ! 10 H pLa:seeror
| Tunnel Area , 5 1) Petaw:tt Upgrades

Laser Laser ,:\
— /'




Courtesy of A. Fry

State of the art lasers through partnership with LLNL and LLE

SLAC, LLNL, and University of Rochester Laboratory for Laser Energetics (LLE) are partnering
to build the MEC-U laser systems based on field-deployed technology

. Lawrence

Livermore
Mational
Laboratory

HRR petawatt laser: 150J, 150 fs, 1 um, 10 Hz High energy long-pulse laser:

HRR long pulse laser: 200J, 20 ns, 0.527 pm, 10 Hz 1kJ, 20 ns, 0.527 pm, 2-shot/hour

State of the Art Specifications; no specific R&D required.

World’s leading teams for high power lasers.







Courtesy of D. Fritz

The next evolution... multiple FEL sources

-t

“European XFEL

-

+ Shanghai Synchrotron
Radigtinn Fa|:|.1,

Shaft#1 Shaft &2 Shaft #3 Shaft #4 = Shaft#5

SC XFEL accelerators have the power to feed 10 ++ independent sources



Courtesy of D. Fritz

A Multi-beamline XFEL Enables a Synchrotron-like Operation

* The existing LCLS-II-HE accelerator will be sufficiently powerful to feed 10 undulators

* Expand LCLS from 2 beamlines to ~10, and thus number of instruments to >30
« Enable the highest performance beamlines (superconducting undulators, RAFEL, ...)

* Phase the delivery to allow staged growth, responsive to emerging priority directions

=
.__.H..

[, T . . -;I"*' ' - = EE S======= aEs===== Y ‘ -:- \ l"
PR ks ! }
IE)CLS X Ug(i;J_II_aEtg%Tunn_TJ Beam ¢ LCLS-X Experimental LCLS-X Experimental
LCLS-X Beam Transport Housmg ump, an €am lranspor Hall 1 Hall 2

P T 31



Courtesy of G. Marcus

Cavity-based FELs offer a path to high spectral brightness

Method to extract x-rays for
experiments

Undulator to provide FEL gain

High brightness and high repetition
rate e-beam

One must consider

o FEL gain and e-beam brightness
Undulator length

Repetition rate

Cavity round trip efficiency

[ i

Trade-offs exist in the above
parameters to optimize the system for

a particular application (external Optical cavity to provide some x-ray feedback
constraints also drive options)

Targeted R&D is underway to realize an X-ray regenerative amplified FEL (XRAFEL)

at the LCLS FEL complex.






Summary

« LCLS launched the era of the 4th generation X-ray light source and has
spawned the rapid proliferation of X-ray FELs around the world.

* The current technological push is for higher average power which will open
new areas of science.

* Future efforts will focus on increasing scientific throughput and reducing
operating costs by creating synchrotron-like modes of operation.

« Research on coupling classical laser cavity architecture with FELs is

underway.

Where will we go next?

ﬁLm 34
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