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* LCLS-II-HE Concept
» Performance and Operating Modes
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Introduction
LCLS-II starts from the LCLS X-ray FEL

The LCLS is the world’s
1stx-ray Free Electron
Laser (FEL)

e LCLS electron source
IS the SLAC Cu linac

* Includes one fixed gap

undulator
«  Six experimental , 7S
stations . ik e " . N\ Far.Experiment Hall
X-ray Range 250 to 12,600 eV

FEL Pulse Length | <5-500 fs

FEL Pulse Energy |[~3mJ (2* 10?2 @ 10 keV)

Repetition Rate 120 Hz 3




LCLS
Based on 15 GeV SLAC CuRF linac

LCLS-I Linac
2.5-15 GeV

1-13 keV (120 Hz)
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LCLS-II X-ray Coverage
Using SASE and Self-Seeding

Cu Linac—

LCLS-I

2-15 GeV Electron Beam

| LCLS-II Self-Seeding

SC Linac—

High Rep Rate

SASE

] Self-SeedIing

4.0 GeV Electron Beam
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5

Legend

Cu SASE
Cu Self Seeded

Self Seeded (Grating)

High Rep Rate SASE

LCLS-II-HE Workshop, September 26-27, 2016

10 15 20
Photon Energy (keV)

25

Future expansion options

» External seeding below 1 keV
» Self seeding between 1.5 - 4 keV

» X-rays beyond 5 keV from the SCRF
linac with >4 GeV beam energy

» Additional FEL's using 1.2 MW e-




LCLS-Il Accelerator Layout
New Superconducting Linac = LCLS Undulator Hall

« Two sources: MHz rate SCRF linac and 120 Hz Cu LCLS-I linac
« Hard and Soft X-ray undulators can operate simultaneously in any mode

« SCRF beam destination controlled with fast (us) magnetic deflector

SC Linac (up to 1 MHz) Cu Linac (up to 120Hz)

o NN

Hard X-ray 1.0 - 5.0 keV 1 - 25 keV
with > 20 Watts with mJ-class X-ray pulses

proposed  LCLS-I Linac
2.5-15 GeV

_ i FACET-II
H_QA_QLCLS I Linac * [Seadiz0}® N sec.21:30 F—ox—y_ (s s
Ve WSCREL S e
4 GeV 1-25 keV (120 Hz)
1-5 keV (1 MHz)

<€ > € > € >
1 km 2 km 1 km
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LCLS-Il Cryomodule

35 new 1.3 GHz Crymodules to be installed in SLAC linac tunnel

CM to be fabricated at FNAL and JLab; Prototypes are being
assembled and tested through Fall 2016. Installation May 2017.
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Superconducting RF Cavities
Eight 1-m 1.3 GHz cavities within each CM for 280 cavities total

Backbone of the LCLS-II accelerator are the 9-cell 1.3 GHz
superconducting rf cavities

Technology developed in Europe and transferred around
world. Hundreds have been fabricated in US, Japan, Europe.

Minor modifications to HOM ports for CW operation
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Cryogenic Load = Maximize Q,

CW linac is dominated by dynamic (RF) losses

2min/6min doping recipe

1011_'|'|'|'|'|'|'|'|'|'|'|'|'|'

Nitrogen-doping
technology developed
X %, | at Fermilab will

LCLS-II nominal | have big impact

on CW SCRF
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Variable Gap Hybrid Undulators

Will install two new undulators in Hall . ‘

Variable gap undulators used
In LCLS-I1l to provide greater
wavelength tuning flexibility:
standard vertical gap for SXR
and a horizontal gap Vertically
Polarized Undulator for HXR.

_ MOUNTING FLEXURES
STRONGBACKS

GAP SENSORS

_ALIGNMENT JACKS
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LCLS-Il Undulator Layout
Replace Existing LCLS Undulator with HXR and add SXR

21 SXU Segments 32 HXU Segments

SXR Cell Numbers
43 44, 45, 46 47 48, 49, 50

Quadrupole SXU Segment

HXU Segment
16,17 18 19 20 21 23 24 25\ 26. 27 \28. 29 30 31, 32

< /\) e

i
| I | I S| I— h_l_l_l_l_l I I

'21122 23! 24105 126 | 27! DA 20' 30' 31 3233 IN35 |36 37 3a--aeAT AT A2 43 44 45 46 4748 49 50
HXR Cell Numbers

Space for polarization
upgrade

'13'14 15 16 17 18 ' 19

Space for futu?g upgrades

Existing Diamond Crystal
Self-Seeding System

Grating l l M3
ﬁ toroidal B2 BN B3 ( plane
VLS mirror) A
B1° 18mm l B4 ' Z = N=Dw
s F AL
? 3.85mm Z
bea 1 '

At=663 fs

Diffraction limited
contribution

Interaction
point

Sllt (spherlcal

o \\

mirrar)

direction MA
(rotating planar

1GW P N MW _-27% detector
- ™ ' '

! '
X-ray e Spectrometer

\\
Diamond ‘Q
U-uis Chicane, U6 U17-uz29 U30-U33 e~ Dump
G2m) (52m) (16 m)

New SXR Self-Seeding
System for High Power Loads
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LCLS-Il Schedule

Fiscal Year 2014

2015 2016

Quarter
DOE Milestones

Qtr1 Qtr2 Q3 Qtrd Ot

bcn—n (1)

2017

Qtr2 Otr3 QOtrd Otr1 Q2 Qr3 Qtrd  Qirl | Qir2 Qb3 Qtrd Qtr1

2018 2019 2020 2021 2022

Qr2 Otr2 Qb4 Ol Qtr2 Otr2 Obed | Oirl Qb2 QEr2 Qftrd | Qi1 OQir2 Qtr3 Qied | Ol

Qtr2 Qi3

o cD-1 (L1)

Infrastructure

Cryo Systems |

| Cryoplant Bldg |

CD-3 (L1)

{>co-3B (L1) 8 CD-2 (L1)

{)LCLSI Access to S 0-10

cD-4 (an

12-mo
down

Accelerator Systems

ning

loplant Commigsioning

Photon Systems |

Undulator Eng & Design |

| Undulator Procurement & Fabrication

Undulator Tuhie & Calibrate (SLAC)
Undulator Installation & Chejckout

_

XTES Eng. Design & Prototype

“erification &
Commissioning

| XTES Procure & Fab.

6-mo
down

]

XTES Installation & CHeckout

| Commissioning
LCLS Restart -

First Light
oﬁarly Finish
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LCLS-Il High Energy Upgrade

Possible LCLS-II extension to go from 5 keV = 12.8 keV or more

Left space in the LCLS-II for additional cryomodules
- Add 20 additional cryomodules

Added 2" cryo-plant to LCLS-II design to reduce risk of
poor cryomodule performance

- Present performance looks good up to 20 MV/m
Increased length and gradient - 8 GeV final energy

0.2-1.5 keV (<1 MHz)

LCLS-Il Linac G Gaae 0.1-16 keV (120 Hz)
&
he i 4.0 Gev
BC1 BC1

1-25+ keV (120 Hz)
1-5 keV (<1 MHz)
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LCLS-Il High Energy Upgrade

Possible LCLS-II extension to go from 5 keV = 12.8 keV or more

Left space in the LCLS-II for additional cryomodules
- Add 20 additional cryomodules

Added 2" cryo-plant to LCLS-II design to reduce risk of
poor cryomodule performance

- Present performance looks good up to 20 MV/m
Increased length and gradient - 8 GeV final energy

0.2-5 keV (<1 MH2z)

. LCLS-I Linac
LCLS-II-HE Linac 3-15 GeV 0.1-16 keV (120 Hz)
3.6 GeV 2
1SN E T wu.a.u 8.0 GeV
BC1 BC1

1-25+ keV (120 Hz)
1-13 keV (<1 MHz)
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LCLS-Il Operating Modes

SXR HXR SC-Linac or | HXR Cu-Linac
3.6 GeV 8 GeV or 3-15 GeV
SC-Linac
0.1-1.3 keV with >> 20 W 1-13 keV with >20 W 1-25 keV with mJ pulses
8 GeV 8 GeV or 3-15 GeV
SC-Linac
0.2-5 keV with >> 20 W 1-13 keV with >20 W 1-25 keV with mJ pulses
3-10 GeV 8 GeV or 3-15 GeV
Cu-Linac

0.1-16 keV with mJ pulses

1-13 keV with >20 W

1-25 keV with mJ pulses

LCLS-II-HE Workshop, September 26-27, 2016
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LCLS-II-HE X-ray Performance

- i SCRF Linac with ~1 MHz rate
LCLS-II-HE will extend the 10 = = @«
performance from the AGH/Exn

—~ 4 GeVH
SCREF linac substantially € | T e <ol
(total power limited <200W) &
(N} ~
. : € 0.1 .
CuRF Linac with 120 Hz rate 3 N,
' | ' | ' — %
= — SXR
E ] | 1 | 1 |
- —HXR B8 4 8 12
E; Photon Energy (keV)
w1 E
£ ]
b i
0.1 ' : : ' : '
0 10 20 30 40

Photon Energy (keV)
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SCRF-Linac Parameters LCLS-II LCLS-II-HE Unit
Final electron energy 33-4.0 3.3-8.0 GeV
Electron energy at new extraction point - 3.6 GeV
Total Number of 1.3-GHz Cryomodules 35 55 -
Total Number of 3.9-GHz Cryomodules 2 2 -
Active SCRF accelerator length 296 456 m
Mean RF Gradient (CM01 to CMO03) < 16.0 <16.0 MV/m
Mean RF Gradient (CM04 to end) <16.0 <18.5 MV/m
RF Overhead (spare cavities) 6 0 %
Max. avg. electron beam power in linac 0.25 0.25 MW
Max. avg. electron current in linac 62 30-48 LLA
Max. RF power per 1.3-GHz cavity 3.8 4.2 kW
RF cavity detuning (see avg. current) 10 10-9 Hz
1.3-GHz Superconducting Cavities LCLS-II LCLS-II-HE Unit
Cavities per cryomodule 8 8 -
Active length 1.3-GHz cavity 1.038 1.038 m
Specified average cavity Qg >2.7 >2.7 10"
Specified cavity qualifying gradient 19 19 MV/m
Installed 2K cryo-capability 8.0 8.0 kW
Expected heat load at max energy 3.7 7.2 kW
Heat Load Margin (excess available) 115 10 %
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Basic LCLS-II / LCLS-II-HE X-ray Configurations

Color Code: SC-Linac &
0.2-1.3 keV (<1 MHz)

Photon Energy (0.2-5 keV & ) A 0.1-20 keV* (120 Hz)
« +1%is fast using e~ energy (10 ms) )
 Full range uses gap control (5 min.)

..
"y
*

4 GeV (1 MHz) 1-25+ keV (120 Hz)

- 1-5 keV (<1 MHz)

Pulse Duration
« 20-300 fs (slow changes: 1-2 hrs)
« Use of slotted-foil may limit beam rate

Sum of voltages, Rg=1.5 Ohm, PW=120ns

(N i

Beam Rate (< 1 MHz & ) _mj___ l_. ; Bl Fast
- Trigger fast kickers (usec) s || kickers
- May be set from ‘one-shot’ to 1 MHz i ,, . B
- Total beam power < 120 KW/FEL (rate limit) = momé || g\l/lvci)tvc\:lh(i]rL\“Ck
FEL Pulse Energy B 5 -
«  Up to 8 mJ (250-fs pulse, 800 W, 250 eV) 1 us k-

EUDGUE 0i5 1 155 2
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Injector R&D Program

Big impact of improved injectors for LCLS-Il CuRF and LCLS-
lI-HE SCRF, extending SCRF reach out beyond 20 keV

15 GeV (3.5 kA)
Y85, ™ 0.1 pm

lnn . .
*.—.
E Baseline
2 injector
[_,='_f 1 ve=0.4 um
iﬁ _./
=
g Injector R&D
o aimed at

10" - ve = 0.1 um

0 3 10 15 20 25 30 35 40

Photon Energy (keV)

* Note: results do not include taper which can increase energy by factor of a few °



LCLS-II-HE X-ray Pulse Energy

Expected performance, including post-saturation taper, with
Improved injector is illustrated in green

A
-
—t
—

& E o:\ e,
S = 107 s Aol
0; > 5 HXU reduction -
It LCLS-II-HE i
© 5 101L LoLs a
>'< e = =
L] F =
102 ! 1 | | 1
0 4 8 12

Photon Energy (keV)
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LCLS-II-HE Brightness

Brightness of LCLS-II-HE will exceed 10%° at 12.8 keV and
extend out to >20 keV with additional injector improvements

sg LT ¢ ¥ 4 %y U b T — i
- 10 E LCth)EILIJ-HE 4 LoLS msec
- LCLS-II e ] > /|« ~1-100 fs ~mJlpulse
c;n 3 HXU — g A /) A 0.1% BW
A 2 - L(él).(SU-II E = /)
# il ———— ~ msec ————
f‘g’ S 1024 E EuXFEL E ~ <« 200 nsec
.g)(% : 1 EuXFEL - « 600 psec ~1-100 fs » « ~mJ/pulse
o S E : JIVITIVIVN WAAUN orew
£ N\ W
2L 1° ’ : LOLSAl — .~ see
) » ‘ ~mJipulse
5 ~ DLSR() HE)  NAAAAAAAAANAANAAN T
EQ 50 > 0.2-1.1 km/2-6 GeV s
£ 10 2.2 km/6 GeV m— 100
g i o~ ps ~nJ/pulse
1 Soucay DLSRS  AAAAAMAAAMAMIAAAAAAAAMAAAA ~1%8EW
1 10

Photon Energy (keV)
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nature .
photonics ‘

Seeding at LCLS-II / LCLS-II-HE

2.5 mm gas
5 MW 5-20 GW

...... detector
[ e

spectrometer

T V 3= = — 1
[ —_— —— v 1
. ' - I
J - J t. - e ||||||||||||||||I:I
4 E Y e il
N -5
— /i ) -
T > )
'

demonstrated at LCLS,

diamond e

I SASE FEL spectrum

B Hard X-Ray self-seeding ~1 A A B MR
will be possible, as it is now o T I — 1N —

(low rate, Cu-Linac, 4-12
keV). Option to increase
rate in future with 2" mono.

(0.2%)

seeded FEL
spectrum

E Soft X-ray self-seeding will
be designed for high rate.

A
B External seeding options Argonne T,

being studied by task force.
§7M:Hﬂ

0.5 eV (0.005%)
@ near transform limit

0
X (eV)

292
rare
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Two-Color Options at LCLS-Il / LCLS-II-HE

Fresh-bunch lasing of two slices at different times/energies

Used for 2-color, time-delayed X-ray pulses for pump-probe studies with
up to 1 mJ pulse energy (-15 to 950 fs) — easier in LCLS-Il w/ undulators

Dechirper

Frst undulator section

Magnetic
chicane

Second undulator section Dump

corector
Pump and probe

- photon pulses
€

Two lasing
slices

) -30-20-10 O 10 20 30 40 50 60 70 80
Time [fs]

Intensity [Arb. Units.]

> — — sy
dump

cormrector

Two-color spectrum

=
N

10

< 14eV —

985

950 9§5 1000 1605 1610
Photon Energy [eV] A. Lutman



Polarization Control at LCLS Il /| LCLS- II HE

Delta-l is operational

Delta-1l for SXR: larger K & var. gap
Add three 3.3-m long Delta-II's at end
of SXR und. (not in LCLS-II baseline)
Simulations: 5-7 GW (w/3 Delta-II's)
100% polarization (goal <1% stability)
All orientations possible (planar: x or y;
circular: L or R) — change in ~1 min.

Delta OFF  Gas Detector = 0.0022508mJ RATIO ~ 98 Gas Detector = 0.22045mJ Deita ON nature . ARTICLES
phOtOﬂlCS PUBLISHED ONLINE: 9 MAY 2016 | DOI: 10.1038/NPHOTON.2016.79

Polarization control in an X-ray free-electron laser

A. Lutman, H.-D. Nuhn, F. Peters, et al.

A 05 0 05 1 15 2 25 3

x [men] x [men]

3 new Delta-II’s

Quadrupole SXU Segment
HXU Segment SXR Cell Numbers
16 . 17, 18 19 20 21 23 24 2 26, 27 \28,6 29, 30, 31, 32 33, 34, 35, 36 . 37, 38, 39 40, 41 42, 43 44, 6 45. 46, 47 L 48 \49, 50

I ) W I I S | | W S S S I S S S S -

SS

13 14 15 16 17 18 19 20 21 22 232425 '26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 25
HXR Cell Numbers



XLEAP - sub-fs X-ray pulse R&D program

1) <1 fs pulse duration.
2) Multi eV coherent
bandwidth.

3) ~20 ud pulse energy.

l LCLS UNDULATOR

oBEfM [T\ HOEOLNOR - , " sub-fs jitter for x-ra
.\;.:__/ A_é&f.;,.,-- \u g R ity bttty W_.L_ J y

£ 'f“'f Two-color operation with

elemdamad pump/x-ray probe
6 fs unspoiled IR LASER PULSE i SUB-FS i
o sul:.> fs Y-RAY PULSE eXperImentS
spike

7)(104 T T T T T lV\ T T T T T T T T T _' llllllllllllllll [TRrrrrrrr[rrrr it |_
6x10° / “u\ o 182100 — —]
b i = ]
5%10° Y — ]
= i \ = 1.0x10° — —
3 4x10 \ g — / ]
§ 3x10° J/(—)Y o E ){ gVGV If_TM E
2x10° / 5.0x10° — —
/ 6ev | : I\ :
X / Y - 3 _
SR - ol & |\“ﬂ__‘7--__|_ | _| |||||||| | SR N P /l 1 1\1"“1“ AR | 57

220 222 224 2.26 0 1 2 3 4



Summary

LCLS-II on track to deliver MHz-rate FEL X-ray’s from 0.2
to 5 keV with commissioning in 2020

* LCLS-II-HE uses capacity designed into LCLS-II to
double electron beam energy and increase spectral
reach >12.8 keV

* R&D program to electron beam brightness will further
Increase spectral range to >20 keV

« Capabilities developed at LCLS should be available at
LCLS-Il and LCLS-II-HE

LCLS-II-HE Workshop, September 26-27, 2016
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Backup Slides
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Prototype Cryomodule Status Overview

* Cryomodule Assembly complete at FNAL.
« JLab in Phase Il of cryomodule Assembly ( ~70% complete)
« Testing began at FNAL Mid September

« Testing slated to begin in November at JLab

Burrill - The LCLS-II SRF Linac - LINAC 2016
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LCLS-Il (SCRF) Baseline Parameters

Parameter symbol nominal | range units

Electron Energy 20-45

Bunch Charge Qb 100 10 - 300 pC
Bunch Repetition Rate in Linac f, 0.62 0-0.93 MHz
Average e~ currentin linac s 0.062 0.0-0.3 mA
Avg. e~ beam power at linac end Py 0.25 0-1.2 MW
Norm. rms slice emittance at undulator YE| 0.45 0.2-0.7 um
Final peak current (at undulator) | 1000 500 - 1500 A
Final slice E-spread (rms, w/heater) Oks 500 125 - 1500 keV
RF frequency for 1.3 - GHz
Avg. CW RF gradient (powered cavities) E.cc 16 8-20 MV/m
Avg. Cavity QO Q0 2.7e10 1.5-5el0 -
Photon energy range of SXR (SCRF) Ephot - 0.2-1.3 keV
Photon energy range of HXR (SCRF) Ephot - 1-5 keV

Phofshrietiefeyrarsereti iR 2Cu -RF) E ot i 1-25 keV



FEL Performance Simulations at 4.0 GeV
Full IMPACT/Genesis S-2-E across parameter range

X-Ray Power [Watts]

1000

3

[
=

XR SASE

H
h-h

W
X1
=0
W
D
W
MM

S S S G S

Power goal of >20W is met across the
photon energy range of 0.2 to 5 keV.
Further optimization is expected to yield
improved results.

=300 pC
=100 pC
Y=20pC

Photon Energy [keV]
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G. Marcus, H.D. Nuhn
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LCLS-II-HE Brightness Curve

Electronic dynamics

| 13 L 1

1 026
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LCLS-II / LCLS-II-HE Stability Expectations

'y
— MEAN= -0.000 %, RMS= 0.009 % 0o __MEAN-=0.0551 %, RMS=0.0011 %
5| @ <fl efg/ ! ' ' [ @ eligrgJy 1 '
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%) 40
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$
{ﬁE;’E }."‘% (AE/E, )nm *
o MEAN= 9.30 um, RMS= 0.35 ym oo MEAN=0.000 fs, RMS=20.451 f5
—OUrICn (AETZ)CT SN r[rriqu (Af)
80 Icngm TE TS 80 J| tar rms
iy ~ 3.8% ~ 20 fs
40t !
20f 20f
0 0
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o, /um (At Ifs
Shows estimated pulse-to-pulse jitter (rms)
Slow drift will be removed by using beam-based feedback (as at LCLS-I)
Final jitter may be even better than shown (conservative estimate here)
Should be considerably better than LCLS-I 33



