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Outline

m Introduction
«  NSLS and SASE
«  Self Amplified Spontaneous Emission (SASE) - an efficient noise amplifier.
«  Source Development Laboratory (SDL)
m Beyond the SASE - fully coherent, compact and cheaper
v Single-spike (coherent) SASE)
v
m Beyond saturation - tapered undulator:
v’ Efficiency improvement.
v' Spectra enhancement.

v" Transverse mode preservation.

m Conclusion remark.
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Free Electron Laser Configurations
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*Tunability.

- Oscillator “High-
o Fully coherent.
o Modest beam quality.
o Limited by the optics.
Single-pass amplifier
Seeded FEL amplifier.
o Direct amplification.
o Harmonic generation.
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Major FEL Concepts and Mile-Stone
Experiments @ NSLS

m Harmonic (Murphy & Pellegrin, 1985).
m Start up (J. Wang & L.H.Yu, 1986).
m Universal Scaling (L.H. Yu et al, 1988).
m HGHG (L.H. Yu,1991).
FEL Experiments:
m TOK @ UV-ring (1980s).
m HGHG: 2" (1999), 3 (2002) and 4™ (2006).
m VISA (2001).
m Superradiance FEL (20006)
m Tunability and FEL control (2006-2010).
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Self Amplified Spontaneous Emission SASE

Start up exponential gain
(Lethargy) (high-gain linear regime)

(Nonlinear)

e

P(Z) = Po exp(z/ Lgain)

log (power)

gain

[

> undulator
length z

A

saturation length ~ 20 L

gain
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Evolution of FEL Pulses
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* Due to noise start-up, SASE is a chaotic light temporally with M, coherent
modes (M, spikes 1n intensity profile)
bunch length
M, =

coherence length

* Its longitudinal phase space 1s M, larger than FT limit (rooms for improve!)

Al 1

* Integrated intensity fluctuation: N
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Radiation Profile
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Transverse Coherence
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Realization of Saturated SASE

m APS LEUTL 2001

m NSLS VISA

m NSLS SDL

m DESY FLASH

m SCSS @ Spring-8

m Other places — SPARC, SDUVFEL?
m SNAL LCLS 2009
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Saturation of SASE FELs

Exponential Gain and Saturation
of a Self-Amplified Spontaneous

Emission Free-Electron Laser
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Experimental Characterization of Nonlinear Harmonic Radiation from a Visible
Self-Amplified Spontaneous Emission Free-Electron Laser at Saturation
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Generation of GW Radiation Pulses from a VUV Free-Electron Laser Operating
in the Femtosecond Regime
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LEUTL Gain Curve @ 530 nm on March 10, 2001
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VISA Experimental setup
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rgy Sciences Program Review of SSRI LCLS R&D Program

LCLS Performance with VISA Beam Quality

Estimated Slice Emittance: 0.8 mm mrad

Avg. Field Power vs. Z
' Average Charge: 170 pC

i P TR WA AR RMS Gun Bunch Length: 900 fs
e Bunch Compression Factor: 23
‘EmE | GINGER § RMS Bunch Length at Undulator: 40 fs
“ | [EEvations g Peak Current: 1700 A
s e ‘| Energy Spread: 1x10-4
1.6408 / Saturation | Wavelength 0.15 nm

E .
: ot || Gain Length 4.4m
5 ) || Saturation Length: 90 m
*c;'-““’ / || Peak SASE Power: 7 GW
%t-ms // Undulator Segment 1| Results of Simulations with the Computer
7 e on | Code GINGER using Electron Beam Qualities

0.2and 0.4 m

TR TS e

1.E40% /

|| measured at VISA. The linac bunch
1| compression factor is 23, which is smaller
1| than the present design value.

Undulator Segment
Length 3.4 m

This set of parameters can be further
optimized and other working points will be
' | certainly developed when LCLS will operate.
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Beyond SASE - Next Generation XFEL

Narrow Spectrum

demodulated output
. electron bea S electron beam radiation
Self-seeding o — |
1st undulator s;::?f:: \ l 2nd undulator l
| & & EEEEEER
> »— '—»—ﬁ; » ———>—
[ & a6 i | EEREEEREENR
SASE FEL slit FEL amplifier
(linear regime) abddbd (steady-state regime)
grating
electron beam \onochromatic electron
x-ray beam beam dump
Shorter Pulse
Two-stage Pulse Slicing Chicane
SASE FEL Von Seeded FEL Amplifier
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High-brightness e-R&D

0.7_' : : : : A W/:QE mo:dulatio:n':
0.61
T 0.5-
2.4 Y T . T T T : T E T T T T ’ ’é 0.4-

. - 5 ] = 0.
2.2 6. .=30°, QE=1.5x 10 ] £ s
2.0' i o — -3 : 7 Recmeml i
6]l O bu=90°, QE=2.0x 10 I 2 o]
. ] O O O

o 1.6-. oo O ' I 0.1-

5 14_: _- 0.0 : : : : : ' . .

o 1.2- . 02 03 04 05 06 07 08 09 1.0

% 1.0- B 0.7 ' ? ' ; ' ; ' ; '

S 0.8 i 0el[0 QE~0.15% | e -
0.6+ : " llo QE~0.015%).c T —
0.4- 1 T 0.5 s 7 1
02_- : 9 ./ ...............................

. - - - — T £ 0.4- 1
0 1 2 3 4 5 6 Fé 8 é | ISN—— LI WO Y L R —
UV Laser energy on the cathode [uJ] £ 0394 _ 7 .
‘;‘ Jeosenio it O .......................................................................
=024 o~ § i § -
- == — — -'3-step' theory, ¢, = 0.9 um/mm |1
~ |--|—— PARMELA fitting, ¢, = 0.5 ym/mm |

0.0 s ———————

Brookhaven Science Associates 0.2 0.3 0.4 0.5 0.6

u.S. Department of Energy H. Qian et al, to be pUthth in APL Laser rms size [mm]



Ultrafast Science @ SDL

A.u_l a

THz
detector

Deflector j Chamber i gijagnostics |

L TL le b
A Platform for Ultrafast Science
*Strongly correlated electron materials.
* Ultrafast Phase Transitions
* Lattice Vibration Dynamics.
*Warm Dense Matter.
* Photo-reaction in Gas Phase.

1 Next Generation e Source R&D
E *Thermal emittance studies.

\

£ «Beam dynamics for space charge
dominated beam.

*Next generation BNL RF gun R&D.



Experimental Demonstration of Coherent SASE
@ the NSLS SDL

700 — 800 nm Coherent SASE:
*Validate coherent SASE physics.
*Verified the short pulse generation.
*Sophisticated optical diagnostics.
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Expected Coherent SASE Performance

12

10

[un]
T

Bandwidth {rms) [%]
[a3]

€ parameters:
Q: 100 pC

c, (rms): 120 fs
e: < 2 mm-mrad

Brookhaven Science Associates
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Coherent SASE:

A :700— 800 nm
*c, (FWHM): 100 fs
*E:~10uJ
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Experimental Set-up

_ N - - 7 £
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Single spike SASE
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Coherent SASE Spectral Evolution
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Single spike SASE
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Single spike SASE - Mode
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Transform Limited SASE Observation

Inetnsity (a.u.)
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Laser Seeded FEL Amplifiers

# Laser or HHG Seed

m “First Operation of a Free Electron Laser”, D.A.G. Deacon et al., PRL 38, 892 (1977).

m “‘Microwave Radiation from a High Gain Free Electron LaserAmpllfler”, T.J. Orzechowski et al, PRL
54, 889 (1985).

m X.J.Wangetal, APL 91, 181115 (2007).
m G. Lambert et al., Nature Physics 4, 296 (2008).

N

Harmonic FEL

ol af af a4t

Modulator  Dispersion Radiator A /n

“High-Gain Harmonic-Generation Free-Electron Laser”, L.H. Yu et al, Science 289, 932 (2000).

(Ebr(s)’é )Ultrawolet High Gain Harmonic Generation Free Electron Laser”, L.H. Yu et al, PRL 91, 074801-1

m ‘The First Lasing of 193 nm SASE, 4" Harmonic HGHG & ESASE at the NSLS SDL”, X.J. Wang et al,
Proc FELOG, 18 (2006).

m Demonstration of the Echo-Enabled Harmonic Generation Technique for Short-Wavelength Seeded
Free Electron'Lasers; D.Xiang et al. Phys. Rev. Lett. 105, 114801 (2010).



SDL laser seeded FEL
Amplifier Detuning Experiment ool Somance

FEL Quput (n J
> @
L= L=}

—

—

7 —
3,‘- 5 88 885 89 89.5 90 80.5 9 915
Electron Beam Energy (MeV)
Detuning: Electron beam energy
Wavelength (nm)

deviates from the resonance:
Laser Seeded

FEL Amplifier -
piiti *FEL spectral is stable.

*FEL efficiency mdoubled.

X.J. Wang et al., APL 91, 181115 (2007).



Beyond SASE - Next Generation XFEL

Narrow Spectrum demodulated output
n electron beam bypass electron beam radiation
Self-seeding o |
|
1st undulator grazing j 2nd undulator
| & & 3 SIS | EEEEEE
> »— —_— > ————
BEW | EEREEEREE
SASE FEL slit FEL amplifier
(linear regime) et (steady-state regime)
grating
electron beam monochromatic electron

x-ray beam beam dump

Shorter Pulse

Two-stage Pulse Slicing Chicane

SASE FEL FEL Amplifier

Monochromator
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Intensity (a.u.)

4 Harmonic HGHG @ NSLS SDL
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Harmonic FEL Spectral Tuning
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Beyond Saturation: Tapering for Efficiency and Coherence Preservation

Tapering is one of the key

technologies to improve
and preserve the FEL
performance.

NISUS Can Be Tapered!

Brookhaven Science Associates
U.S. Department of Energy
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by 300%!
| | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | |
5 6 7 8 9
z (m)

X.J. Wang et al, PRL 103, 154801 (2009).
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FEL Spectrum: Experiment vs. Simulation for Uniform &
_Tapered Undulators
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Transverse Mode Evolution of a FEL Pulse

M? is the quantity measuring the FEL beam mode contents (quality).

0
)l) - 2 U\- E Y / Y
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o 7 A‘.- 1 2
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Transverse Mode Evolution of a FEL Pulse

In(P)

Saturation Regime

5 " ®  seedfel gain curve
» 0 ) - M2x
SASE FEL
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Conclusion Remark

Tapering is the key technology to improve and
preserve the FEL performance beyond the
saturation (both SASE and seeded FELSs).

Great progress made in seeded FEL amplifiers,
more exciting results expected in next few years:
*HHG seeding in soft X-ray.

*Experimental demonstration of new schemes — self
seeding, EEHG, HEHG...

*Hard X-ray Oscillator FEL.

XUV Photochemistry

Brookhaven Science Associates BROOKHAVEN
US Department Of Energy NATIONAL LABORATORY




Ultra-Short Electron Pulse Generation @SDL
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Cutting Edge Accelerator Science at the SDL
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Superradiance in a Short Pulse FEL Amplifier Beyond Saturation

Input: 150 fs unchirped seed

E-beam ~ 1ps FWHM

FROG Traces Output
Frequency ‘Exp Gain Regime: BW shrinks

(e) 150 fs
F: 0 as z'12 & pulse length grows
Time 161 fs

SupRad: Pulse length shrinks
beyond saturation to ~ 80 fs

Brookhaven Science A
U.S. Department of

T. Watanabe et al, PRL 98, 034802 (2007).
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