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= MOTIVATION

Use the seed laser to control and shape the temporal pulse properties
in a seeded FEL.
(+ some elements of theory)

* PULSE CONTROL and CHARACTERIZATION: 3 EXPERIMENTAL RESULTS on FERMI

(1) Spectro-temporal mapping and shaping of pulses
(2) Generation of time-delayed phase-locked pulses

(3) Spectral Phase Interferometry for Direct Electric-field Reconstruction (SPIDER):
full temporal characterization of seeded FEL pulses.

= CONCLUSION
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Use of the seed to control the FEL pulse? &3 -

The seeded scheme was initially designed to improve the longitudinal coherence with
respect to SASE.

There is an interest to use the external seed laser to drive the characteristics of the
generated light.

=> from coherence... to pulse control and shaping.
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HGHG FEL q
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HGHG FEL q
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HGHG FEL q

DISPERSIVE
MODULATOR SECTION RADIATOR

coud lacer LR R mimmmimn " harmonic FEL
A1 W mmmmm radiation

FEL
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Bunched beam
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Microbunching driven by the seed carrier wave &) =

Flat phase seed: Modulator Dispersive Radiator
section

@ RA wasm 1101110 I 11
With w, the seed carrier AN YAV . s
frequency :

With a chirped seed: Modulator Dispersive Radiator
section

Instantaneous frequency: . /\/_w . ' " N
d¢3(t)
Wins() =———+wo | ) ) RRRARRRNR

With ¢, the slow varying Chirp transferred to
phase of the seed Seed |a chirg he amission
the microbunching

FEL 2015 — Daejeon, Korea David GAUTHIER August 25, 2015 | 8




Effect of a chirped electron beam &Yy -

energy

e’beam with linear energy chirp
+
Seed

Modulator Dispersive Radiator

section
A 1 00 R 1D

| Sl S

I TN

Harmonic emission
at the frequency the frequency

T. Shaftan and L. H. Yu, Phys. Rev. E 71, 046501 (2005)

Generalization to a multi-order time-dependent electron-beam energy profile: E(t) = Ey + xy ¢t + x,t2 + xgt® + -

Instantaneous B dE (t) s The slow varying phase b, (t) ~ E E(t)

o Aw(t) x —— . _ ,
frequency shift: O dt from the chirped e beam: Og
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Time-dependent microbunching amplitude &Y -

DISPERSIVE SECTION
(B)

e T
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modulated e-beam

M. Labat et al., Phys. Rev. Lett. 103, 264801 (2009)
D. Xiang et al., Phys. Rev. ST Accel. Beams 14, 112801 (2011)
G. De Ninno, B. Mahieu, E. Allaria, L. Giannessi and S. Spampinati, Phys. Rev. Lett. 110, 064801 (2013)

B. Mahieu et al., Optics Express 21, 22728-22741 (2013)

D. Xiang, E. Hemsing, M. Dunning, C. Hast, and T. Raubenheimer, Phys. Rev. Lett. 113, 184802 (2014)
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Time-dependent microbunching amplitude &Y -
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Time-dependent microbunching amplitude &Y -
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Time-dependent microbunching amplitude &Y -
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Time-dependent microbunching amplitude &Y -
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Time-dependent microbunching amplitude &Y -
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Time-dependent microbunching amplitude &Y -
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Time-dependent microbunching amplitude &Y -
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Time-dependent microbunching amplitude &Y -
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Time-dependent complex bunching factor q

envelope phase

[ ba(t) = ¢ %“( i W‘S(We(t\nl
o

G. Stupakov, SLAC-PUB-14639 (2011)

time-dependent

energy profile

About the complex amplitude of the FEL pulse...
Hypothesis: in the linear regime before saturation, the FEL pulse is expected to mimic the
bunching distribution + small additional phase during amplification.

b, (1) FEL(t) = b,(t)

Modulator Dispersive Radiator

B - 111111111

Measurement of the FEL pulse characteristics...
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Elettra

The FERMI free-electron laser in Trieste (Italy) Sprsione

'\Liri.é"ér accelerator
~130 m long

“ Undulator gallery
~100 m long
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Overview of FERMI &Y -

Trieste

Linear accelerator:

Rep rate 10Hz Seed laser:
Beam charge ~700pC THG of Ti:Sa @261 nm or OPA in the range 230 to 260 nm
Beam energy 0.9 - 1.5 GeV Variable linear frequency chirp and duration

Peak current ~700A.

FEL undulator lines:
FEL-1: modulator + 6 radiators
FEL-2: two stages, 1 mod + 2 radiators followed by 1 mod + 6 radiators

Dispersive
section

Seed pulse Modulator ! Radiator FEL puise
. 20 nm «

e
A

- FEL pulse
5nm

Seed pulse e beam FEL pulse
260 nm 1% radiator 20 nm 2" radiator

k, SN 4
./*f/ — A

e’ beam ) » A Aw 2" dispersive ‘
1**modulator - " section e beam
1% dispersive  Delay line g dump

Courtesy of Enrico Allaria
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Electron beam time-dependent profile &Y -

Trieste

Example of electron beam time-dependent profile on FERMI

Density of current

02 04 06 08

1018

Dominant quadratic chirp

E(t) = Eg + xqt @Xsta + -

X2~10 MeV /ps?

—
o
—
P

Energy (MeV)

1014

Linear energy slope:

Energy slope (MeV/ps)
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Electron beam time-dependent profile &Y -

Example of electron beam time-dependent profile on FERMI

1018

—
o
—
P

Energy (MeV)

1014

Density of current

02 04 06 08

Dominant quadratic chirp

E(t) = Eg + xqt @Xsta + -

X2~10 MeV /ps?

FEL 2015 — Daejeon, Korea

R {433 _ . ,
7 E Linear energy slope:
> 10- ~ : .
2 £ = Linear frequency shift
E oL : —143.4 & when changing the delay between
2 ¢ the seed and the electron beam
= (1)
.10 >
e ‘ ‘ ‘ ‘ ‘ ' m—— => linear frequency chirp
W -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6

Time (ps)

Spectral intensity (a. u.)

02 04 06 08 1
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Trieste

(1) Pulse shaping and spectral responses q S bons

DISPERSIVE
Seed laser MODULATOR SECTION RADIATOR

Spect. Int.

Spect. Int.

Specific spectral signature
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(1) Pulse shaping and spectral responses & =

Bunching (t)

Time (fs)

0.05 0.1 0.15 0.2 0.25 03 035
Dispersive Strength
SEED pulse length
a SDD A O .............. .............. ...............
= : ; h :
= 400 .............. .............. .............. ..............
I B 5 B ]
z
[
=
2
®
5 ]
=] i} i
2 1 0 1 2
GDD (fs?) 10
movie
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Chirp rate (fs™3)

Spectrum (1)

PhaseFEL (t)

ot {Chirp rate In) T
0 . 3 : T =
< : i £
% || I PO v A8 g‘
= : i)
£ . . . : D
= 4 i h : L S
e 0.1 0.2 0.3 0.4 z
Dispersive Strength
0.05 0.1 0.15 0z 025 03 035 0.4
Dispersive Strength
X 1o SEED chirp rate . 1t FEL chirp rate /n

| | | | o | 5 | |

: : : : e : : : :

: : : : ® : : : :

Op oo .............. .............. .............. “E OR et .............. .............. ..............

5 5 : : e s s s s

; g : 5 = g : 5 :

: : : : = : : : :

1 i i i i = i i i i
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(1) Spectral mapping of the pulse profile @& -~

Case 1: seed with strong linear frequency chirp Case 2: reduced positive chirp on the seed
=> strong chirp on the FEL pulse

Wavelength (nm)

Spectral intensity (a. u.)

25.
%.1 0.15 0.2 0.25 0.3 0.35 0.4
Dispersive strength

.
0z 04 06 08 1

Direct representation of the FEL temporal pulse
profile through the time-frequency mapping.

Conclusions:

1) The seed-induced microbunching strongly drives the FEL pulse profile.

2) In the linear regime (before saturation) the field envelope is preserved despite amplification in the
radiator.
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(1) Spectro-temporal shaping &Y -

Case 3: negative chirp on the seed Case 4: moderate negative chirp on the seed
=> chirp compensation

Quadratic profile e- beam = 12 MeV/ps?

Seed chirp rate = -2.05° rad/fs?

Amplification chirp rate/n = 0.85° rad/fs?

=> Resulting chirp/n from -0.1 to 1.15-5 rad/fs?

Wavelength (nm)

0.2
Dispersive strength

Demonstration of temporal coherence through the
spectral modulations which result from interference
between the multipeaked temporal structure.

Wavelength (nm)

Spectral intensity (a. u.) 014 016 018 02 02 024 026 028 03 03
0.2 04 06 08 1

Spectral signature of the chirp compensation
=> Fourier limited pulse

Conclusions:
3) Possibility to cancel the FEL pulse chirp and generate Fourier limited pulses.

4) Proof of principle of the pulse control and shaping in a seeded FEL.

Spectrotemporal Shaping of Seeded Free-Electron Laser Pulses, PRL in press
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(2) Generation of phase-locked pulses

Elettra
Sincrotrone
Trieste

<y

Twin seed pulses

Laser pulse <53 290fs Twin FETL pulses A@re; =A@, +C
DISPERSIVE <—>
MODULATOR  SECTION RADIATOR e
A ‘ ‘ 1k mmmmmm ‘ ‘ %t )
> o ea’"/fﬂes
e beam . i ‘ - .]]]]]]]]]]]]]]]
p-controled v

birefringent plate

Twin seeds - e beam interaction

L

Wavelength (nm)

IF‘"!‘ ‘WN
W Wi

Interferogram

“M‘l‘ li L W
My Mlt HL LN

i

Phase locking and control between the
carrier envelope phases of two time-
delayed FEL pulses demonstrated by
frequency-domain interferometry.

Rotation steps => Ay = A /5.67

521 i A

52121

o
R
S

52.16

o
()
@

Wavelength (nm)

o
I
N

3
N
N
N

* Zoom of the central part
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Wavelength (nm)

(2) Relative phase stability <Y -

Statistical analysis looking at the brightest fringe:

Sequence of single shot spectra

Correlation of the fringe vs. bunch length monitor

52.05 5220
‘ ‘ £ 52.195¢ .
501 f | \ E‘ .
! if o i | Wb s o ;o LT
o | =0.0383nm gortey DT
L w W |||“'W i W w’l LA R = 2nt (one wavelength) i s218 v .
522 i i M e ‘ 2 | + s oon e e oo 4
iy ‘ Wi WM il w, “ ! “'F"'AM‘H[ ,Hml It !lm\wl UL g -
5217+
52.25
52,165} ‘ ‘ ‘
523 12 Pyr:ﬂ‘é1.>6enB\:ﬁ§hngm 1'8“06
Shots
Position of the brightest fringe Phase stability from the fringes statistic:
Peak-to-valley = m rad (A, /2)
RMS = rt/5 rad (A /10) => locking in phase better than 20 attoseconds
™ RMS between the carrier-waves of the two consecutive FEL pulses.

150+

Counts

100~

Main sources of instability:
- Bunch length compressor -> evolution of the e beam profile (again).

e - .
0 5217 52175 5218 52185 5219 52195 522
Wavelength (nm)

50~

Generation of phase-locked pulses from a seeded free-electron laser, in preparation
R ——
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(3) SPIDER q

(Spectral-phase Interferometry for Direct Electric-field Reconstruction)

|dea: ”M . ' Vi
' I e I
Measurement of the spectral phase ¢(w) anﬁfn [l Ll
Frequency Tirne
Principle: |
Spectral phase interferometry between two time- ,:,-ﬁ'f;ta|
delayed (as previously) spectrally sheared pulses. sideband

Step 1) recording of the interferogram. The fringes
distribution contains the information on the

Main steps: ‘

r\ ’\ Retrieve
‘ \ \ argument of i

-« inverse «— |
Fourier
transform

differential of the spectral phase : Freq”f”w fime
COS [ (a)) - (a) + Q) + wT] ) S-ug'xg'?zaﬁiﬁzgon Figure taken from M.E. Anderson et

/nterferometric term - Concatenate al., Appl. Phys. B 70, S85 (2000)

Step 2) reconstruction of the spectral phase ¢(w)
by concatenation of the phase difference.

Fourier
trangform

Intensity
S5BYd
!
!
Intensity
S5ELd

Frequency Time

= Full reconstruction of the pulse electric field, phase and envelope.
Acquisition in single shot/no iterative algorithm, feasible in real time
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(3) Spectrally sheared identical pulses on FERMI q

1) Seed a flat electron beam with two or 2) Use the quadratic chirp of the electron beam
spectrally sheared pulses 1044
. . . m'.‘”“,...'-.w'"‘-"'A.“"-’Hl'. S R ST STPPIS R 1600
Output pulses simulated with FERMI parameters: Sioanl e | _
] s <
= . - : : : | E _-" | =
8 = ;i I 8
: s g B £ I 4400 §
_';05' \"r 2% o 3 G 1040 5; : ]
,ug_: ek Current 1 :
Z : i T — |
=200 0 200 tin‘:golfs] 600 800 1000 1038 Energy 1 : 200
— xi10? ‘ . 1

433 4335 434 4345 435 4355 436 4365 437
wavelength [nm]

~524
Reconstruction with SPIDER algorithm: E
7 1 . . . ‘ . . 0.8 s
EXE {os 5 2
£ 0s Jos & L 525
=, @ [b]
04 0.2 E g
202 ) & 2

B . . L . h . . 02
433 4335 434 4345 435 4355 436 4365 437 ‘
wavelength [nm]

- 52.6

’go.a— |E| 1

£ osf i

BT Delay-scan of the twin-seed on the e-beam

il ) 0 0.2 04 06 0.8 1

-100 -50 tim;}[fs] 50 100 Time (ps)
—> Spectral shear from the e- beam frequency shift

Spectral-phase interferometry for direct electric-field reconstruction . e e ore
applied to seeded extreme-ultraviolet free-electron lasers, Optics Express = homogenerty that ensure the phase similarities
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First seed condition: duration = 125fs (FWHM), chirp rate = 0.9 x 10-5 rad/fs?

1—

Spectrum (arb. units)

S
]

T
=
]

7-7 T T T T T T
52.40 52.42 5244 52.46 5248 5250 52.52

Wavelength (nm)

(=]
Phase (rad)

(3) SPIDER results

Temporal profile (arb. units)

Time (fs)

Elettra
Sincrotrone
Trieste

FEL pulse duration ~ 70 fs
temporal chirp ~ 125> rad/fs?

Second seed condition: duration = 180fs (FWHM), chirp rate = -4.5 x 10-5 rad/fs?

Spectrum (arb. units)

- o e — T ————
52.42 52.44 5246 52.48 52.50 52.52
Wavelength (nm)

Phase (rad)

=
I

Phase (rad)

Temporal profile (arb. units)

o
I

100 -50 0 50 100 150
Time (fs)

FEL pulse duration ~ 100 fs
temporal chirp ~ -165> rad/fs?

Reconstructions for 3 consecutive FEL shots (lines of the same color) for two different delays (red and black lines).

= Full single-shot measurement of the FEL pulse envelope and phase.

Single-shot spectro-temporal characterization of XUV pulses from a seeded free-electron laser, Nature Communication in press
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Conclusion <Y -

We demonstrated:

1) The control and shaping of the pulse properties in a seeded (HGHG) FEL
2) The indirect and direct full characterization (+ confirmation of coherence)

Finally, we demonstrated the full laser-driven characteristic of a seeded FEL.
We have proposed and demonstrated the implementation of flexible tools
opening new perspectives in ultrafast matter-light interaction with UV to X-
ray light pulses.
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