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Science Case For Short High Intensity Pulses
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Structural determination Multi-photon processes Ko emission by 1s core-hole

before destruction require high 3D photon density population inversion
requires photon pulse length
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Potential for biomolecular imaging with femtosecond X-ray pulses, R Neutze et al, Nature 406, 752 (2000), doi:10.1038/35021099
Femtosecond electronic response of atoms to ultra-intense X-rays, L Young et al, Nature 466, 56 (2010), doi:10.1038/nature09177

Stimulated X-Ray Emission Spectroscopy in Transition Metal Complexes, T Kroll et al, PRL 120, 133203 (2018),
doi:10.1103/PhysRevlett.120.133203
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Motivation for Higher Peak Current

> Increase peak current to increase the FEL power (1D)
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Power < I3
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> CSR limits peak current power due to beam yaws
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Design optimization for an x-ray free electron laser driven by slac linac, M Xie, PAC (1995) doi:10.1109/PAC.1995.504603

Consideration on the BPM alignment tolerance in X-ray FELs, T Tanaka et al, NIMA (2004) doi:10.1016/j.nima.2004.04.040

CSR wake for a short magnet in ultravistic limit, G Stupakov et al, SLAC-PUB 9242 (2002)

Optimization of free electron laser performance by dispersion-based beam-tilt correction, M Guetg et al, PRSTAB (2015) doi:
10.1103/PhysRevSTAB.18.030701
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Impact of Tilted Electron Beams
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> Reduce overlap between electrons and radiation ¢ l 6 S
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> Difference in projected and slice parameters >
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Beam Yaw Correction Concept
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Indirect Beam yaw correction requires Requires measurement of
> Strong linear energy chirp > Lattice dispersion
> Dispersion control > Beam yaw
Requires for 4 correctors which differ
Energy Chirp Dispersion > Phase advance (# )
> Energy chirp
M Dispersion in LCLS is controlled by

> Quadrupole magnets in dispersive areas

> Orbit bumps
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Correction of Dispersion and Beam Yaw

BC1 BC2 Dogleg
) Undulator
Used correctors =

Injector
> BC2 quadrupole magnets (2x) £ 10
> LTU orbit bumps (X & y) § -Uncorrected -Corrected
> LTU quadrupole magnets (2x) s o /M\\v//\ f
n
- dneen : b W
Correction algorithm % 10
2.
> Measure response of corrector N 5
> Use pseudo-inverse to calculate needed >: ,ZT\ [\ MJ‘\/\
correction o W A\
[a]
> lterate 5
0 0.5 1 1.5
s (km)
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Measurement of the Lattice Dispersion
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Requires beam synchronous recording of BPMs
Correlate BPM in high dispersive are with BPM in target location
Model independent
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Measurement of the Beam yaw
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BC2 Linac 3
[T
Quadrupoles
LU

Streak with dispersion
v No additional hardware required
v/ Measures amplitude and phase

Y (mm)

X Requires over-compression

> Used for over-compression

X (mm)
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Measurement of the Beam yaw
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BC2 Linac 3

nTI m-l nTI nTI Undulator
L L e

Spectrometer

=

Measure spectrum response

. . FEL Pulse Energy Spectrum Dispersion m Orbit um
v Only requires small energy chirp g 7
= 20
= ' 2
X Does not measure yaw phase é v ﬂo 0
. g 2
> Used for under-compression 8 § 20
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Beam Yaw Measurements for Various Phase Advances

Uncorrected

y (mm)
o
1
1
Il
1
1

After one .
correction iteration

y (mm)
o
Il
1

ES
|
|
|
|
|
(N )

-05 0 05 -05 0 05 -0.5 0 05 -05 0 05 -0.5 0 05
X (mm) X (mm) X (mm) X (mm) X (mm)

Physics & Applications of High Efficiency Free-Electron Lasers Workshop - April 13, 2018 - Correction for over-compression 8/ 20



Temporal Reconstruction for over-compression
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Temporal Reconstruction of

Uncorrected Corrected Corrected Case
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Electron beam energy:13700 MeV Electron beam energy:13703 MeV
Bunch charge: 200 pC Bunch charge: 200 pC
Bunch current (BC1, BC2): 200 A, 3232 A Bunch current (BC1, BC2): 200 A, 3587 A
X-ray pulse energy: 1.41 mJ X-ray pulse energy: 2.43 mJ

Physics & Applications of High Efficiency Free-Electron Lasers Workshop - April 13, 2018 - Correction for over-compression 9/ 20



Optimization for Normal Compression

FEL Pulse Energy Spectrum Dispersion m
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Optimum lasing position is different than minimal dispersion
Center of mass orbit does not influence power
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Optimization for Normal Compression

N

BC2 Tweaker (kG)
N o

FEL Pulse Energy Spectrum Dispersion
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Optimum lasing position is different than minimal dispersion

Center of mass orbit does not influence power

Physics & Applications of High Efficiency Free-Electron Lasers Workshop - April 13, 2018 - Correction for normal-compression

10 20 30
Undulator

10 / 20



Temporal Reconstruction
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Parameter Mean RMS

S :
v 100
Charge at the gun (pC) 250 3 o
Charge at undulator (pC) 128 1 8
BC1 peak current (A) 160 3 mﬁ’loo
BC2 peak current (A) 6000 330 <400 10
3.6 m) 3.8 m)j =
Electron Energy (MeV) 12000 6 s : : g
| Photon peak power (GW) 276 26 | ©200 5 =
Photon pulse energy (mJ) 3.4 034 < £
5 0 03

Photon pulse FWHM (fs)  10.3 1.6 20 0 20 20 0 20

Time (fs) Time (fs)
Normal power for a good day is between 50 — 100 GW (peak!)
Tapered for FEL power stability
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Going to even shorter pulses (<3fs)

BC2
5 | 13 Undulator XTCAV
(LLLLlls Dipole X-ray
e- (Ll e
Slotted foil
Screen

A slotted foil spoils part of the electron beam
Unspoiled area loses minimally in power

> Can be combined with emittance spoiling foil for
even shorter pulses

> Create even shorter high power pulses

Generating femtosecond X-ray pulses using an emittance-spoiling foil in free-electron lasers, Y Ding et al, doi: 10.1063/1.4935429
curtersy of H Chapman
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Going to even shorter pulses (<3fs)
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Temporal reconstruction is resolution limited, Peak power is believed to be 150 GW (Pulse
energy > 400 pJ)

Tapered for power
Even shorter pulses are possible
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Dispersion Based Fresh Slice
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Proof-of-Principle

Successful bunch shortening Initial Suppressed

Narrowing of spectrum
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Spectral Stability
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Dechirper based fresh slice Dispersion based fresh slice
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Lasing position depends on longitudinal
position

Lasing position depends on energy
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Spectral Stability

Energy fluctuations translates into orbit (dispersion)
Lasing slice has constant energy

Lower spectral energy dependence believed to be due
residual vertical dispersion

Electron Orbit

Low Dispersion: 20
- High Energy — 0
- Low Energy §_
High Dispersion: 5, -20
- High Energy
- Low Energy -40
0 10 20 30

Undulator
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Spectral Dependence

+ Experlmental Data
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Two Colors

Two color operation
Adjust color in each undulator section

Electron Orbit Spectrum (Scaled)
Variable delay (range = £700 fs) 200

Spectral stability in two colors ‘g 100
Color fine tuning with taper S‘ 0
10 ‘ ‘ ‘ . -100
% 8
= 6 20
g g
o2 = 0
§ 0 >
5 | 20
—4 I 0 10 20 30-40 0 40

—-40 =20 O 20 40

AE ev
= 1500y Undulator Photon (EV)
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Summary
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Works for both under and over-compression

FEL pulses with high power down to 3 fs were produced
Average FEL power above 270 GW (typically < 100 GW)
Indirect proof that beam tilt is limiting FEL

Enables running with higher peak current

v Vv VvV VvV Vv V

Was already used for user delivery

Dispersion based fresh-slice allows creation of short-pulses
Two color operation

Suitable for high repetition rate machines

v Vv Vv V

Does not require additional hard-ware
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Reduced Bandwidth
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FWHM = 12 eV

Reduction of bandwidth reducing
BC1 peak current to 130 A

EElectron =12000 MeV
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Measurement of the Beam yaw

SLAG
BC2 Linac 3
MM Undulator XTCAV

—uui

100

Temporal Reconstruction
v Standard setup

v/ Measure lasing uniformity 100

X Does not measure yaw phase

AE:Electron (MeV)
o

X Low resolution -20 0 20

Time (fs)
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Measurement of the Beam yaw

er A
P e M\

BC2 Linac 3

M
L

Quadrupoles

Streak with dispersion
v No additional hardware required
v/ Was used for over-compression case
v/ Measures yaw phase

X Requires over-compression
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Measurement of the Beam yaw

SLAC
BC2 TCAV 3 Linac 3
1L MM Undulator
LLL NN NRRNARARNTY EEEN
-
fAEaEn
Streak with TCAV 5 s v
v Direct meausurement of yaw .
v/ Measures yaw phase g ‘
X Insufficient resolution
X Does not measure yaw sources after .
TCAV T ke M
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Measurement of the Beam yaw

SLAC
BC2 Linac 3
i Dechirper Undulator
L 1 EEER
. A A En
Dipole wake with dechirper 9
v Allows creation of strong streak o
v Measures yaw phase E 0.0
X Non-linear streak -0
X Does not resolve head -19

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
X (mm)
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Measurement of the Beam yaw

BC2 TCAV 3 Linac 3

nTI ITn ITn ITn Dechirper
L L

BPM

Quad wakes of dechirper
v s independent on chirp
v/ Does not require screen

X Very low resolution
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Measurement of the Beam yaw

SLAC
BC2 Linac 3
nTI ITn ITn ITn Undulator
L L e EEEN
T Sp;ﬁ}ometer
Measure spectrum response | FeLpuseEneny  Speanum  Disperson | omit .
v Offers high resolution 2 ‘ : 20
v Only requires small energy chirp :"é ' mﬂi :0
v/ Was used for normal compression g o 3 4 350 25 10203 © 1020 30 -
Pulse Energy (m)) AE o100 (€V) Undulator Undulator

X Does not measure yaw phase
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