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The challenge:
Maximize the number of photons/electron/unit
time

The LCLS Proposal 1992

C. Pellegrini, “A 4 to 0.1 nm FEL based on the SLAC linac”, in Workshop on 4th
Generation Light Sources, M. Cornacchia and H. Winick, (Eds), pp. 364-375, 1992,
SSRL-Report-92/02.

“...one is forced to have high gain, i.e. to use electron beams with large
peak current, and at the same time small emittance and energy spread.
The road to an X-ray FEL requires the development of electron
beams with unprecedented]characteristics.”




From Ring to Linac

o/

(v is e  energy, C is circumference)

I Higher energy =» higher
transverse emittance
(overcome by larger
circumference)

¥ Large longitudinal emittance
(=» bunch length 10 ps, energy
spread 0.1%)

gy

1/ (R. Sheffield et al., LANL,
€.~ ...D. Dowell et al., SLAC)

Emittance decreases with
increasing energy

RF guns produce very low
emittance beams

Small longitudinal emittance

(=» High peak current, bunch
length 100 fs, energy spread
0.01%)



Coherent Synchrotron Radiation
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FEL Principles

Z, rluzing

I Due to sustained interaction, some electrons lose energy,
while others gain =» energy modulation at A, ’\/\/\/\M

e~ losing energy slow down, and e gaining energy catch up
=> density modulation at A, (microbunching) /VVVVVl/

F Microbunched beam radiates coherently at A,, enhancing
the process = exponential growth of radiation power



Free Electron Laser (FEL)

Electron source
n hor

B At x-ray wavelengths, use Self-Amplified Spontaneous Emission*
(a wonderful instability!) to reach high peak power
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* Kondradenko, Saldin, Part. Accel., 1980
A J. Madey, J. Appl. Phys., 1971  * Bonifacio, Pellegrini, Narducci, Opt. Com., 1984



SASE Temporal and Spectral Pulse

spikes appear in temporal pulse spikes also in spectrum
5;.[1:]3 Temporal Pulse Frequency Spectrum
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Sources at ~1 A

Lielht

H.-D. Nuhn,
H. Winick

PETRA-III

Peak Brightness (photons/s/mm?/mrad?/0.1%-BW)
o

) 24 Gen. Source
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Photon beam characteristics

* High peak power

* Unmatched peak brilliance

P = IOEGeV]Amp = GWS

sat




The FEL at DESY (Hamburg, Germany)

10 years of FEL
operation (100 - 4 nm)

Development of FEL
science & technology

RF

RF Gun Bunch Bunch Statlons
Compressor Compressor Collimator sFLASH
EK _- --_- X' » Undulators
3rd  Diagnos-
Laser harmonic tics Accelerating Structures FEL
Bypass Experiments

5 MeV 130 MeV 470 MeV 1.2 GeV
- 315 m

.




LCLS: First Hard X-Ray Laser

A 410 0.1 nm FEL Based on the SLAC Linac*.
C. Pellegrini

Measurements of Gain Larger than 10¥ at 12 gm in a Self-Amplified
Spontaneous-Emission Free-Electron Laser

M. J. Hogan, C. Pellegrini, J. Rosenzweig. S. Anderson, P. Frigola, and A. Tremaine
Department of Physics and Astronomy, UCLA, Los Angeles, California 90095

UCLA Physics Department, 405 Hilgard Avenue, Los Angeles CA 90024

C. Fortgang, D. C. Nguyen, R. L. Shefficld, and J. Kinross-Wright
Los Alamos Narional Laboratory, Los Alamos, New Mexico §7545

March 2, 1992

A. Varfolomeev, A. A. Varfolomeev, and S. Tolmachev
RRC = Kirchatov Instirute, Moscow, Russia

Roger Carr
Stanford Synchrotron Radianion Laboratory, Palo Alto, California 94304 PRL 1998

Exponential Gain and Saturation
of a Self-Amplified Spontaneous
Emission Free-Electron Laser

S. V. Milton,™* E. Gluskin,” N. D. Arnold,” C. Benson,” W. Berg,’
S. G. Biedron,’? M. Borland,” Y.-C. Chae,” R. J. Dejus,’
P. K. Den Hartog," B. Deriy,” M. Erdmann,’ Y. I. Eidelman,’
M. W. Hahne,” Z. Huang," K.-). Kim," J. W. Lewellen,” Y. Li,’
A. H. Lumpkin,” O. Makarov,” E. R. Moog," A. Nassiri,” V. Sajaev,’
R. Soliday,” B. ). Tieman," E. M. Trakhtenberg,” G. Travish,’
s <.~ l. B. Vasserman,' N. A. Vinokurov,? X. ). Wang, G. Wiemerslage,’

; — o~ ‘\\o\\\ Science 2001 B. X. Yang'
% e . -l

I First lasing and operation of an Nature Photon. 2010
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J. Hastings', G. Hays', Ph. Hering', Z. Huang', R. Iverson’, H. Loos', M. Messerschmidt’,
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P. Stefan', H. Tompkins', J. Turner', J. Welch', W. White', J. Wu', G. Yocky' and J. Galayda'




apanese X -ay FEL cility SACL

(Spnng-S ‘Angstrom Compact free electron LAser)

Constructlon FY2006~2010

First lasing: June 7, 2011

User Operation: March 2012~ Co-locate with
User time: > 3151 hiyear (FY2012) g SPring-8 SR
Number of users: 732. (FY2012) - = -

= ’ / é v,

/\;/S ACLA FEL conference 2014 (Basel), TUCO1 T.Inagaki (SACLA/RIKEN)




Elettra — Sincrotrone Trieste

ws ELETTRA Synchrotron
Light Source:
up to 2.4 GeV, top-up mode

-

ItaliandMinister of University and Research (MIUR)
Regione Auton. Friuli Venezia Giulia

Euiopean Investment Bank (EIB)

European Research Council (ERC)
European'Commission (EC)




More X-ray Lasers

SwisSEEL

more to come:
PAL-XFEL (2015)
SwissFEL (2016)
LCLS-II (2019)

» B b " , -
European XFEL =~ 2016\ ,

B




R&D for a Bright Future

X-ray beam sharing and manipulations
Femtosecond and attosecond x-rays
Two-color FEL (pump-probe)

High-rate and continuous wave operation
X-ray FEL oscillators

Advanced accelerators for compact XFELs

AW




Options for X-Ray Free Electron Lasers

SELF_AMPLIFIED SPONTANEOUS EMISSION (SASE) FEL

\WWWWY
DN N .
e-beam radiation

Undulator

SEEDED FEL AMPLIFIER

Input radiation [[.I“:II. FERMI ltaly

W VWWW\W>
Amplified FLASH-II Germany
eveam LB BB BB B ~ output raciation ~ HXRSS LCLS
path Undulator

FEL OSCILLATOR

Beam .

envelope
WW>
IM‘ Output Proposal ANL USA

e-betarl‘m radiation
pa Undulator

Hard <

Introduction to the Physics of Free Electron Lasers Kwang-Je Kim (ANL) and Zhirong Huang (SLAC)



FEL-1 at Elettra: High Gain Harmonic
Generation
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FEL-2 at Elettra: fresh bunch double
cascade

electron beam  MOD2
delayed 250 fs

4) The FEL pulse is then

3) Using a magnetic .
). & & used as a seed in the head
chicane the electrons

. part of the electron beam
are delayed with e
respect the FEL pulse IR RAD2 FEL pulse

/\_A_/'\1 0.8 nm\ ‘

5) FEL at the final wavelength is produced by the head of the beam to e-beam dump

18



Seeded FEL Concept

SASE FEL

electron

grating

“Seeded FEL Concept Possible application of X-ray optical elements for reducing the spectral bandwidth
of an X-ray SASE FEL” J. Feldhaus I, E.L. Saldin b, J.R. Schneider a, E.A. Schneidmiller b, M.V.

Yurkov Opt. Comm. 140, 341 (1997)




Self-Seeding Scheme @ LCLS

gas
9-20 GW detector

/ diamondj spectrometer
. Y

.
chicane, U16 U17-U33

I
Geloni, Kocharyan, s —UACHS
Saldin (DESY 10-133) i L =t
)l?c:;;hed FEL - 105 |Use 10-fs bunch ;(&rgy igvr;g:‘ ((iiist. \liide-band
X wer
|spectrum | ., j > & (low charge) to crystal f %
. 3&%()“ g self-seed 1.5 A Mor;ochromatic /
1 s _ seed power
= =" crystal AR (20-40 pC) 2 oad ] \
ﬂ- 5,0;10‘A
5,0):10—_ SMW— K
= o P SN S A S S S S
| " e : s peessassssvaes > 20 fsm




BH SASE spectrum (diamond

20 eV
ST 4R EUEE

chicane

Profile Monitor XPP:OPAL1K:1 12—Jan—2012 13:11:36

diamond

B
—ik—(0.45 eV

chicane

spectrometer intensity (arb. units)

»d
)
-
(=

o
=
-
)
-

-10

@ 8.3 keV photon
energy

Seeded

—<—0.45 eV
(5x107°)

| _Mifmwm_

5 0 5 10
relative photon energy (eV)

T

Corresponds to
Fourier Transform
limited pulse of 5 fs

J. Amann et al., Nature
Photon., 2012



SPring..8

=D
Hard X-ray self-seeding F
o

set-up and results at SACLA

RIKZN

1. Inagaki?, T. Tanaka?, N. Azumi?, T. Hara?, T. Hasegawar,

Y. Inubushi®, T. Kameshima®, H. Kimura®, R. Kinjo? H. Maesaka?,

A. Miura®, H. Ohashi®, T. Ohata®, Y. Otake?, S. Tanakac, K. Togawa?,

K. Tono®, H. Yamazaki®, M. Yabashi2, S. Goto®, H. Tanaka?, T. Ishikawa?

2 RIKEN SPring-8 center
® Japan Synchrotron Radiation Research Insititute (JASRI)

© SPring-8 Service Co. Ltd.

/\;/S ACLA FEL conference 2014 (Basel), TUCO1 T.Inagaki (SACLA/RIKEN)




Spectrum of the transmitted SASE radiation

» We observed clear dip due to the Bragg diffraction

» The diamond crystal has a good quality, without degradation

10 +
Spectrum of = :
100 shot integration 7 _ E
5 . F
z 5%
gk
c
c 3 +
o
8 2%
“ 1+ Dip
0 ;—dr"‘lHJL % 1 L 1 = - - A
Upstream Diamond 9.99 9.992 9.994 9.99 9.998 10
4 undulator T crystal Photon energy [keV
»// || i Width ~ 0.1 eV (2 pixel of CCD)
\ / S & N Spectrometer Comparable to the resolution of

Transmitted
X-ray

SACLA

using Si 660 plane  the high resolution mode.

,ﬁ/ FEL conference 2014 (Basel), TUCO1 T.Inagaki (SACLA/RIKEN)
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Magnetic chicane (50 fs max.) in BL3 beamline

In-vacuum undulators

1 undulator segment was
moved to the downstream

Bending magnets gy = 4

'O/S ACLA FEL conference 2014 (Basel), TUCO1 T.Inagaki (SACLA/RIKEN)




Photon intensity [arb. unit]

100 shot integrated spectrum

« Peak intensity: 4 times higher than SASE background
« Spectral width: 2 eV (FWHM), which is 1/15 of SASE

» Self seeding drastically enhanced the monochromatic photon intensity and
spectral narrowing as expected.

25000 —
I Seeded FEL signal
20000 | \
15000 —+
2eV
10000 | (FWHM)
5000 T ] SASE background
X (including initial SASE)
0 C 1 1 1 vn = 1 1 1 1 = 1 1 1 1 { 1 1 1 1
9.96 9.98 10 10.02
Photon energy [keV]

Fsncie

10.04

With
Upstream 4 undulators

Downstream 13 undulators

20 fs delay at chicane

FEL conference 2014 (Basel), TUCO1 T.Inagaki (SACLA/RIKEN)
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Soft X-ray Self-Seeded (SXRSS)
Concept

6-8 undulators

Dimansions in microns (Reoept awnae noted) 700x500

e eor i
oasier ientfication -1 15x500
S . YAGSLIT
\\_ ] .| 3x500 .
N Sapphire
<50, =80

Y. Feng et al., FEL12, Nara, Japan, 2012.
D. Cocco et al., Proc. SPIE, 2013.



SXRSS Commissioning

| diamond crystal L |

SASE FEL weak magnetic uniform tapered
(U1-14:56 m) chicane at U15 undulator undulator
(3.2mlong) U16-25:40m  U26-33:32m
SXRSS 5 optical components and 2 diagnostics
chicane

A
1st undulator : 2nd undulator
e grating M3
> / E G

X-rays
Seeded FEL
22 undulators e

SASE FEL Tud \ /
6-8 undulators M1 M2

slit

01308
€£1009
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Intensity (arb. units)

O t 1 1 1 I
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SXRSS at LCLS: 29-July-2014
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2-bunch Users’ wish list

2 bunch SASE
2 bunch Self-Seeding

Tunability
up to

1-29 Bandwidth

Tunability

e

Tg\rl?bl Within
—ciay SASE

A Tale of Two Bunches



Yaw Angle gives Two-Color Hard X-ray Seeding

at Any Energy

[111]r [220]g [113]k [004]b [331]m [224]o [333]c [115]y [135] v

11000 —=
10000:.
9000
= .
L 8000}
>y
* Line styles: %"
* In-plane: ﬁ 7000
. ositive: b 5
—positive:[aabl 2 ),
* -—negative: [-a-a b] ﬁ
5000
* -.-Out-of-plane:
. [abc]witha#b 4000
3000

60 70 80 90 100

40 50 .,
Yaw = 1.3 deg Crystal Angle [deg]



Seeding Chicane Side View

A

% 10% HXSSS 8450.5eV, 21-May—2013 18:49:11

—vyaw = 1.47°
——yaw = 1.49°
& yaw = 1.51 Reflection pair:
> e —yaw = 1.53° ﬂ ﬂ FWHM 0.7561 [-3-11], [-1-31]
2 7| —vyaw = 1.55°
f 4 pitch angle: 60.5°
=1
&
c
-
o
S

O
8

O ) 1 I ) -
-10 -5 0 5 10 15
Photon Energy Differnce [eV]




Double Bunch Scheme

Undulator

Photon Energy

Advantages:
-Generate 2 bunches @ cathode
-Accelerate and compress - FULL SATURATION POWER
-2 color lasing in undulator - SELF-SEEDING
- TEMPORAL DIAGNOSTIC
WITH XTCAV

A. Marinelli et al. 32



Experimental Results at 8.4 keV

Phase-Space at Undulator Exit (Lasing On) (C)

)]
1Y)
~
>
>
(]
c
L

Time (fs)
X-Ray Temporal Profile (D)
100 ‘ ‘
=
e
w501 1
[
[e]
o
2 -20 0 20 40
Time (fs)

Time delay variable up to
~100 fs

(independently of energy
separation and individual
pulse duration!)

Reconstructed x-ray
temporal profile
(high comes first...)

~50 GW peak power
1.2 mJ pulse energy
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SASE and Seeded at 8.4 keV

A Eelectron (MeV)
o &

3]

-
o

L
60 40 -20 0 20

A Ephoton (€V) -50 0 50
AEDhoton (eV)
(B)
(B) 15~ ‘ ‘ ‘
e — Average — Average
=5 = | SinglegShot | 0 2 Single Shot
T4 5 10
o e
83 s
57 Seeded pulse energy 2 5
SER ! ~130 uJ E _
0= P TP gl 5 = 3 3 H H
%0 40 20 0 2 40 e (but double the spectral ey T

photon
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Small Delay Setup

AND pulse duration.

A E (MeV)

Image shows a phase-space for a
MAD experiment, where small time
delay is a crucial feature...
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X-band Transverse Cavity (XTCAYV)

2 *1lm
Dipole Screen
I ” streak P

Undulator X-band RF deflector o Tgi
%, o
< Ay =90° e 5 5

ﬂ.\'d ﬁ"s
A layout of the diagnostic system with a transverse rf deflector and an energy spectrometer.

Y. Ding et al., PRSTAB, 14, 120701 (2011)



~.




HXR examples: 150pC 9.6keV

% 100} i B
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10 consecutive shots (1keV, 150pC)

200+

180}
100
160

200
140}

‘ 120+ 300

400

500

600
160 140 120 100 il 60 40 20
40

I

20

It is important to analyze every shot at 120 Hz.

-100  -50 0 50 100
Time (fs)



20pC, 1keV examples

Lasing off Lasing on
a0

n
[

Energy deviation (MeV)
o

Energy deviation (MeY)
L

50t ‘ . ‘ _ el | . |
-20 0 20 0 ] 20
Time fs) Tire (fs)
electrons X-rays
' T = 16-3 5 10f —— Using AE ' TMM=4.S fs
—_Using o,
< T %
5 s 4.5 fs
5 05} = N
© o
. : ' 0 - . -
-20 0 20 0 - >
Time (fs) Time (fs)

Correcting for resolution yields 2.6 fs FWHM




R&D for a Bright Future

1 Seeding (precise color and higher brightness)

i (polarization
control FERMI a Elettra)

Electron Beam generation and manipulation
X-ray beam sharing and manipulations

High-rate and continuous wave operation
X-ray FEL oscillators
Advanced accelerators for compact XFELs
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