H H STOCKHOLM-UPPSALA CENTRE FOR U LA
FREE ELECTRON LASER RESEARCH

UNIVERSITET

From femtosecond to attosecond
coherent undulator pulses

Vitaliy Goryashko

2019, Hamburg



Acknowledgements

%
K
<

uppsaLA  Stockholm

UNIVERSITET University  SPping..8 Ne
@ . UNIVERSITY
&) SACLA

PECSI TUDOMANYEGYETEM
UNIVERSITY OF PECS

& Science & Technology Facilities Council
¥ Daresbury Laboratory

X
&

XOTH

Vitaliy Goryashko



Outline of the talk

e a taste of attosecond science;
* state-of-the-art of short pulse generation;

* FEL concepts for reaching femtosecond and
attosecond pulse duration.

Vitaliy Goryashko



Characteristic time and space scales in the nanoworld

Ground state of
Hydrogen atom

o

Energy scale ~ 10 eV
Spatial scale ~ 1 A
Time scale ~ 150 as

Heisenberg uncertainty
At AE = h/2,
At AE =2 eV fs
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Science drivers for femtosecond & attosecond FELs
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Progress on ultrashort generation

Contlnuous Laser
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HHG sources are facing saturation. New methods are needed.
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State-of-the-art of short-pulse, CEP-stable generatlon

* ngh harmonlc generatlon (HHG) I
O Free-electron lasers (FELS) J LCLS
O Extreme light infrastructure (ELI) ! O O o
|| O Novel undulator-based concepts 1 SAGLA FLASH
% Novel concepts for MAX IV parameters d /
! o ELI 1' no CEP
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Undulator light source is a promising way to the attosecond region.
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Concepts for short-pulse generation with FELs

Pulse Duration [attoseconds]

XFEL attosecond schemes proposed (diamonds: red=0.1-1nm, magenta=1-10nm) and demonstrated (blue squares)
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Concepts for short-pulse generation with FELs

XFEL attosecond schemes proposed (diamonds: red=0.1-1nm, magenta=1-10nm) and demonstrated (blue squares)
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Examples of science requirements and FEL solutions

Example of science Essential Comments Suitable FEL
applications requirements schemes

Imaging of biomolecules 10'? — 10%3photons No major
& matter under extreme ~ 0.5 fs resolution changes on the
conditions 0.3-10 keV detector side
Spectroscopic mapping  ~10'! photons Traditional p
of electronic structure > 10 fs resolution synchrotron ]
wavelength stability community
~1 keV
Probing electronic ~108 photons HHG user p)
wavefunctions with CEP stability (?) community ;
attosecond ~ 100 eV
interferometry ~ 0.1 fs resolution
Electronic dynamics by ~107 photons HHG user p)
attosecond transient ~0.1-1 keV community ]
absorption ~ 0.1 fs resolution

Vitaliy Goryashko



Generation of short pulses in FELs

FEL mechanisms for generation of short pulses:

e Single-spike SASE regime

* Pulse self-compression in the superradiant regime
 Tapered FEL and bandwidth control

 Mode-locking

 CEP-stable, coherent spontaneous undulator radiation

Beam preparation for generation of short pulses:

 Emittance spoiling and its derivatives

* Current enhancement and its derivatives

 Beam energy modulation

 Beam tilt, orbit mismatch, ..

 Beam self-modulation through long-wavelength, coherent
undulator radiation (see A. Marinelli talk)

Vitaliy Goryashko



Single-spike SASE regime

For bunches shorter than 2ntt,, a
single SASE spike is generated*
1 L,
t. = Tt ol =A== /1
Minimum pulse duration is limited
by the coherence time**

1 |mlnN, 1
o — x :
pw 18 o

For soft X-ray FELs 7.~ 0.5-1.5 fs
For hard X-ray FELs 7.~ 0.15-0.4 fs

The challenge is to prepare a
short bunch.

**E.L. Saldin et al. Optics

Communications 148 (1998), 383.
Vitaliy Goryashko
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Single-spike generation with a slotted foil
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demonstrated at 5.6 keV
bunch duration ~ 1 fs

65% of shots being single spike
average pulse energy 5 ul

30% of the shots above 10 ulJ
intensity fluctuation level 76%
single-spike bandwidth 4.5 eV
duration ~ 400 as FWHM



Single-spike generation via nonlinear compression
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Reversed taper undulator
operation to compensate for

the time-energy chirp in the
bunch.

20 pCat 11.5 GeV
demonstrated at 5.6 & 9 keV
bunch duration ~ 3 fs FWHM
50% of shots being single spike
average pulse energy 10 uJ
intensity fluctuation level 76%
bandwidth 11.3 + 4.2 eV
duration ~ 230 4+ 82 as FWHM
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Pulse self-compression in the superradiant regime

R. Bonifacio, Rivista del Nuovo WO T ]
Cimento 15 (1992) 1. 1A | d) -
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Superradiant regime: Tanaka, PRL 110 (2013) 084801

e P Emma et al. PRL
92 (2004) 074801.
 A. Zholents PRST-AB

8 (2005) 040701
» F Gelonietal,
DESY 10-004.
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Superradiant regime: E. Prat, PRL 114 (2015) 244801

Slotted foil
| Uses a foil with
Undulator 1 Undulator 2 Undulator n+1 .
F,'R multiple, unevenly
- 1ocated siots.

Delay 1 Delay n
SwissFEL case
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< <
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Simple compared to other schemes but no time-locking.
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Further development of Tanaka’s superradiant scheme

Emittance
Spoiler

T. Tanaka et al, JSR 23 (2016), 1273
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Transversely tilted beam: E. Prat et al. (2015)

Idea: E. Prat et al, PRSTAB
- ~L = 18 (2015), 100701.

Experiment: A. Lutman et al, PRL 120, (2018) 264801.

First undulator section Second undulator section Third undulator section

First magnetic ‘ Second magnetic ‘
Electron chicane chicane
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- e
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— 434 W
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S 4 54 | spike
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Transversely tilted beam: E. Prat et al. (2015)

_— Idea: E. Prat et al, PRSTAB
Ny ~ - 18 (2015), 100701.

y ~ (2015)

Experiment: A. Lutman et al, PRL 120, (2018) 264801.

X-ray
pulse

dump

First magnetic ‘ Second magnetic
Electron chicane chicane
Dechirper jaw bunch \% \4
— e ~ — — = =
i . ‘ T

—— 434

_ o @ — o —ssw e 67/0eV
§4o no lasing & lasing e ~1eVFWHM

“In another experiment “Y. Chao et al, PRL121 (2018) ~ 2 fs FWHM
064802” slice-selective lasing is demonstrated using ¢ 13% single
| transverse mismatching along the beam. spike

gL T A NIAN .

—0.5 1 670 672 20
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Tapered FEL with an energy chirped beam

100+ | |
Electron
beam : Undulator \ 200 attosecond % 80+ XFEL casc
negative tapering X-ray pulse =
/(' """"""""""" (LTI - e 607()L15 nin
| Energy = 40120 ulJ \\ﬂ
| modulator % 50 s “‘
A : Electron — oo ) \ R
T e et AN S S S | RN
LLl 50 - \‘\ ; \\-’ ’
E.L. Saldin et al. PRSTAB 9,050702 (2006).  -4o}——F 71—
t [fs]
A S Experiment in the visible
resonance = range: L. Giannessi et al.
.. e
condition : PRL106,144801 (2011).
A O
g
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ICSONANCC = = = W= = = = = = = P = = = = - - - - =
T o
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CEP-stable radiation from a single-period undulator

Modulation
7 laser

Waveform

\’esemblance

Modulator Radiator  Train of such pulses
(a) E 5 (b) 5 a
4 1 4 > \/\/
O 0 | “— 0
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2 Time [as]
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Tibai et al., PRL 113 (2014)
104801.

G. Shamuilov et al., Optics
Lett. 43 (2018) 819.

Bunch energy 1.5 GeV
Bunch radius 150 um,
Charge 4 pC,

K of radiator 1
Radiator period 4 cm
Wavelength 18 nm
Pulse energy 68 nJ
Pulse duration 26 as
FWHM
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From multi-cycle to CEP-stable single-cycle pulses

P\ 20
1= (1-5)e
Oy

—051)/“\ (c)
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_. Fourier Decomposition
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Single-cycle pulses from tapered undulator: Tanaka, PRL (2015)

22
g, ~ NG I ITTRARARAD
T e
Sh y tapered undulator
prebunched beam ﬂ
z
HIIIHHIIII .
electromagnetic /\/\] J\/\
3(3) radiation =)

dlrectlon of - Ay

-
beam propagation I I I I l II l l . . .

* Periodic undulator field with varying strength B,(z) cos (2mz/A,)
e A train of electron bunches (prebunched beam)
e Radiation wavelength changes along the pulse

A(z) = i 1+ (ZZ) ], K (z) < By(z).

See also V. Goryashko “Quasi-half-cycle pulses of light
Vitaliy Goryashko from a tapered undulator,” Phys. Rev. Acc. & Beams, 2017.°*

radiated
pulse




How it really works
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Pus

ning the limit: Y. Kida et al. APL 109, 151107 (2016)
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Harmonic order

Photon energy range extents to ~ 850 eV
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CEP-stable attosecond interference at FERMI

Seed pulse Undulator tuned at the fundamental Phase Phase-locked

: FEL pulses
\, . Modulator shifter

Electron bunch Dispersive Harmonic
section undulator

Beam dump

Camera

K. C. Prince et al., Nature
VMI Photonics 10, 176—-179 (2016).
- spectrometer ( )

S p d
T I— Flectrons o ommesspemsmoeeeegessesnesegeses
/ -\f: / h2w
Electrodes —

XUV beam —
. /

iel
Higher Pe2 N;jet\

Detector: channel plate
plus phosphor screen

Two colors produce a beat wave with 105 as period. By
adjusting the relative phase with 3 as precision, a

guantum system is driven into a specific final state.
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Mode-locked afterburner

Y Slicing B Amplifier Stage P 7 | Mode-Locked Afterburner |P

A Y a WA vo/\ “'/\ o

0 0 = | 0

- !_f_l’_l’_!_l’_l:l’_li_—
"f———f—'—l;l;!%

SACLA-like parameters The mode-locked afterburner

“D. J. Dunning et al., PRL 110,
| 104801 (2013)” may extend

o —onl - FERMI-type experiments on the

%0 40 60 80 100 120 140

as) coherent control of the quantum

Thanks to mode locking, the FEL path to the hard X-ray region.
pulse has internal CEP stability.

No stability from shot to shot. See C. Feng et al. PRSTAB 15, 080703 (2012)

for a mode-locked seeded FEL.
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Examples of science requirements and FEL solutions

Example of science Essential Comments Suitable FEL
applications requirements schemes

Imaging of biomolecules
& matter under extreme
conditions

Spectroscopic mapping
of electronic structure

Probing electronic
wavefunctions with
attosecond
interferometry

Electronic dynamics by
attosecond transient
absorption

101% — 10*3photons
~ 0.5 fs resolution
0.3-10 keV

No major
changes on
detector side

~10*! photons Traditional
> 10 fs resolution synchrotron
wavelength stability community
~1 keV

~108 photons HHG user

CEP stability (?) community
~ 100 eV

~ 0.1 fs resolution

~107 photons HHG user

~0.1-1 keV community

~ 0.1 fs resolution

Beam tilt
Current

enhancement

single-spike
SASE
XLEAP

Mode-locked
FEL
Short-pulse
seeded FEL

Coherent
undulator
radiation

Different FEL schemes may find their niche applications.

Vitaliy Goryashko
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Summary: looking towards the bright future

il High Harmonic Attosecond
Laser Synchrotron Y Generation FEL pulses
Electron Laser
= 7\Optical pulse T
‘ e B i XUV pulse
= - o = = \\J \ = : :
P N V" Gas jethd

1980-2009

electron-nucleus
dynamics

observation of
crystallography molecule imaging  light waves

communication

FELs capable of producing tailored light pulses at
the highest intensities and shortest time scales.
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Thank you for your attention!
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