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‘ FEMTO: Ultrafast Tunable X-Ray Source'
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L Summer Lecture 2006

‘ Motivation: Why femtosecond ~ 1 Angstrom X-Rays ? I

e {ime scale of chemical reactions:; fs
e X-ray: wavelength of atomic scale

e fs-X-ray pulse — “4D imaging with atomic resolution”

e ultrafast chemistry & biology:
U conformational changes
O electron transfers in molecules

* phase transitions in material science

G. Ingold, July 12, 2006.
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& Summer Lecture 2006

‘ Motivation: Why femtosecond ~ 1 Angstrom X-Rays ? I

» advantage of photons:
» photons as atomic probes both in space and time
O energy of 15 keV corresponds to wavelength of 0.8 A
O pulses can be on scale of attoseconds (1 as = 10-18 s)
0 atomic scale of space = a, = 0.53 A (Bohr radius)
1 atomic scale of time = 2may/v, = 150 as (v, = ¢/137)

» X-ray photons can penetrate matter well beyond surface

G. Ingold, July 12, 2006.
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‘ Why do we need fs 1 A x-rays ? I
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Ultrashort X-Ray Sources I
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L Summer Lecture 2006

Ultrafast x-ray sources will
probe space and time with
atomic resolution.

\

G. Ingold, July 12, 2006.
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Pump-Probe Experiments: Ultrashort Bunches vs. Ultrafast Detectors I

Short probe/slow detector experiment

delay

slow 2D
detector

fast

detector

1

synchronization

Fastest X-Ray Detector (Streak Camera) limited to ~ 1 ps (multi-shot)
< Develop Accelerator based Short-Pulse X-Ray Facility using Lasers & Undulators
& Strategy: use inherently synchronized 100 fs Pump/Probe Pulses

L Summer Lecture 2006

\

%

G. Ingold, July 12, 2006.
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Ultrashort X-Ray Detector: Streak Camera I

Csl Photocathode

-10 kV
l_l}.z_"v mm Magnetic lens 2-D Detector Recorded
Meander sweep Streak image
plates
i
3 ' ' 1 & -

4 d — g « . E
0, ! | | -
5'3”3! from s Plates parallel o
experiment to timing slit Space

Anode Mesh (0 V)
(60% transparent)

Single shot resolution: ~ 0.5ps
Jitter limited resolution: ~ 2 ps (5000 shots)
But: detection quantum efficiency is typically low

(R. Falcone, LBL)

Summer Lecture 2006 G. Ingold, July 12, 2006, 7
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Ultrafast Optics vs. Electronics I
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= Strategy: Use Optical fs-Lasers to Generate sub-ps Electron Bunches

%

G. Ingold, July 12, 2006. 8
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Installed fs Laser System to Generate Laser/X-Ray Pump/Probe Pulses I

" - - . _..' ¥ 3 L : .
L Summer Lecture 2006 /

G. Ingold, July 12, 2006. 9
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The FEMTO Project at SLS I

- generation of femtosecond hard x-ray 5 - 18 keV

- planned time-resolved x-ray experiments:

- x-ray absorption on condensed phase
chemical systems

- order — disorder phase transitions in condensed matter

* R & D for x-ray FEL:
« laser -'electron interaction
* laser - accelerator synchronization
» diagnostic of femtosecond x-ray pulses

L Summer Lecture 2006

G. Ingold, July 12, 2006.
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L Summer Lecture 2006

‘ X-Ray Source Characteristics I

s Relativistic e-beam: v= E[MeV]/0.511 >> 10?
e X-ray angular cone: 6 ~1/y < 0.2 mrad
e X-ray energy: | - 0.1 - 20 keV
e Source point stability: <1 pm, <1 pyrad
e Undulator: high brightness
[+ spatial & temporal coherence]

e Tunability: energy @ polarization
[ flexible lin./circ. pol.] '

e High harmonics: | suppression ++ operation
e Laser/e-beam interaction: resonant

[no Compton scattering, etc.]

e Short X-ray bunches: 50 ps — 100 fs

e Synchronization: ®natural”
[pump/probe: laser(100 fs)/X-ray(100 fs)]

¢ XFEL - pulses: transform limited
harmonic generation
[+ laser seeding ++ temp. coherence]

\

G. Ingold, July 12, 2006.
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‘ Short Bunches: Slicing or Compression I

| slicing compression

e-beam storage ring:

linac /FEL:

’slicing’ source

chirped pulse

@ chirped pulse

<10 fs

compression
100 - 300 fs 10 - 100 fs
X-rays »Bragg-switch” asym. crystals
chirped pulse
compression
~ 1 ns < 100 fs
< 100 fs 7
monochromator

L Summer Lecture 2006

G. Ingold, July 12, 2006.



SWISS LIGHT SOURC

(== FEMTO at SLS: Femtosecond X-Ray Pulses LS

4 )

Our Strategy to Generate sub-ps X-Rays: I

e An electron (charge) moving at speed of light will emit electromagnetic radiation during
acceleration: To produce sub-ps x-rays, we first have to produce sub-ps electron pulses.

= Use electromagnetic fields (laser or rf-cavities) to modulate the energy of relativistic
electrons with pulse length 10 - 100 ps [depending on the accelerator: linear accelerator
(linac) or storage ring].

We use a 50 fs optical laser to modulate the energy of 100 ps electron pulses in a storage
ring.

= Use dispersion provided by static magnetic fields to slice, or compress, or bunch the electron
pulses.

We use angular dispersion to slice the electron beam in a storage ring (2.4 GeV).
[+ linac: pulse compression; FEL mechanism: bunching]

e Use short period, small gap magnetic undulator to generate hard x-rays (3-18 keV).

e Use and develop technology suitable for a Free Electron Laser (FEL) user facility in the
future.

L Summer Lecture 2006 j

G. Ingold, July 12, 2006. 13
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high gradient of the rf voltage

y

o

LINAC: Electron Bunch Compression (2 ps — 100 fs I

Instrumentation
Section

Tail particle, more momentum
Head particle, less momentum

Bending Magnetl n Quadrupole Triplett

1 Step:

Produge Correlated Energy Spead by Off Crest
Acceleration

2. Step:

Use Dispersion in a magnetic Chicane, to compress

the bunch by energy dependent Path Length
Di&c,r'ennc'v;bs’.r 4 £
Finabliem:
+Short

Bunches emitt sthhcohu'em FIR
Radiation that interferes with the Beam and

The rf voltage is phased such that particles ahead (behind) the bunch center
are accelerated (decelarated) following a longer (shorter) path than the refe-
rence particles in the center of the bunch < magnetic chicane

= pulse compression.

\

L Summer Lecture 2006

G. Ingold, July 12, 2006.



E50

FEMTO at SLS. Femtosecond X-Ray Pulses

SSSSSSSSSSSSSSS

-~

\

L Summer Lecture 2006

‘ SLAC Linac: < 100 fs Electron Bunches Demonstrated Using Compression I

k_j Short Bunch Generation in the SLAC Linac

1 GeV

Add 12-meter chicane compressor
in linac at 1/3-point (9 GeV) .

Phelon Sowrce
RTI —Q SLAC Linac
o {\

20-50 GeV x’-’-‘l&

FFTB

INI 2

gA

r—

i Xistng '."-..'TIIJ--..'HI]I["L.'H o <1

£y

EO Diag

AEYE)

S S FWHM 4.2

80 fsec F \Hl\l --h-—
1 ,,/' L_

28 GeV

Y, & o,

w=1

L
I 'mm

B0 (FWOHM 346 . G 150 )

1I' 30531 kad

G. Ingold, July 12, 2006.
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‘ Storage Ring: Electron Pulse Slicing (100 ps — 100 fs I

wiggler

mirror X-rays

ben{;
magnet

A e—— femtosecond _
T electron bunch fermtosecond x-rays

laser pulse
—#l

30 ps electron
bunch
'e*.rin-;quEF

glectron-photon
interaction in wiggler

Zholents and Zolotorev, Phys. Rev. Lett., 76, 916,(1996).
Schoenlein et al., Science, 287, (2000)

> -

\

Summer Lecture 2006 G. Ingold, July 12, 2006.
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‘ Bunch Slicing: fs-Laser for Energy Modulation I

(b) Femtosecond laser slicing |1]

electron bunch

fs x-ray pulse

fs laser pulse

. aperture
dipols radiator apertu

o

AE/E (%)

aasillasind o
10t 100 10
z {pm) z (m) slactrons

1] A. A. Zholents, M. S. Zoloterev, PRL 76 (1996), 912.

& Summer Lecture 2006 /

G. Ingold, July 12, 2006. 17
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‘ Radiation by Moving Charges I

Fig. 7.2. Radiation pattern in the particle frame of pefe visti
- rence or for nonrelativist i
in the laboratory system oG B

particle path

article path
s s RS

dew dQ) 47c

2

J “x(nxﬂjﬂimll—n-t{rﬂc} dt

to observer

Fig. 7.3. Radiation geomelry in the leboratory frame of reference for highly relativistic
particles

L Summer Lecture 2006 /

G. Ingold, July 12, 2006. 18
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\ Undulator Radiation .

M periods \_@

Spatial

Y "
g =— [l a2+ k2
o TW (M“,}cen ¥

aperture

In an undulator , K is moderate (K < 1) and radiation from different periods
interfere coherently = sharp peaks at harmonics of the fundmental (n=1).

The angular distribution of the nth harmonic is concentrated in a narrow cone.

L Summer Lecture 2006 /

G. Ingold, July 12, 2006. 19
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\ Incoherent vs Coherent Radiation .

incoherent emission amplitude e from random walk

(intensity ~ amplitude?)

INCOHERENT EMISSION ®
e N ')2)))"?))-))))))')))

N

COHERENT EMISSION ® "
eaN ° °

e )

Micro-bunching! — coherent
emission

Incoherent Limit: f(w)=0= 1~ N
Coherent limit:  f(w)=1 =1 ~ N2
Coherent radiation observed if electron bunch length < radiation wavelength

L Summer Lecture 2006

G. Ingold, July 12, 2006.
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‘ Undulator: Periodic Magnet Arrays Used to Generate High Flux X-Rays I

In-vacuum undulator: magnets installed inside ultra-high vacuum to reach 4-5 mm gaps

Summer Lecture 2006 G. Ingold, July 12, 2006, 21



FEMTO at SLS. Femtosecond X-Ray Pulses

SSSSSSSSSSSSSSS

B = 0736 T, 240 x 54 urad?

Measured Undulator Spectrum at SLS Beamline I

U719 at 6.0 mm,

8x1012 \ \ \

]

(o))
X
-
o)
N

Flux [phts/sec/400 mA
N
X
S
%

2x101%

L Summer Lecture 2006

8 10 12

Energy [keV]

14 16

G. Ingold, July 12, 2006.
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‘ FEMTO: Instrinsically Synchronized Laser/X-Ray Pump/Probe Beams I

The slicing source at SLS: general layout

Storage
Ring

Modulator

A Dispersion

Femtosecond
Laser System

| Diag -‘“ Dvingrostics

P : e lnteracion
. XAS = Slit (THz- Radiation)
s H

Beamline |} mono Diaguostics

s
X-BPMs

Delay
"
i "
“Pump” Probe
mlvwa b e o ¥, Experimental Chamber
‘lt\'.iE\:t.lfl!li— - " b o S =l
o Sample (foil, liquid jet)
‘r__ Gated Detector (APD, MCP, Pixel)

J

; Summer Lecture 2006 /

G. Ingold, July 12, 2006. 23

FEMTOat SLS: Femtosecond X-Ray Pulses LS



E50

FEMTO at SLS. Femtosecond X-Ray Pulses

SSSSSSSSSSSSSSS

-~

\

; Summer Lecture 2006

Laser/X-Ray Pump-Probe Experiments (Liquid Jet or Solid Sample in Air) I

Existing setups for time-resolved experiments

Photochemical transients Transient structure in solids (diffraction,
(absorption, fluorescence) reflection, absorption, fluorescence)

G. Ingold, July 12, 2006.
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‘ SLS FEMTO: Tunable sub-ps Hard X-Ray (3-10 keV) Source I

SLS FEMTO Source: Hard X-Rays THZ - out

Diagnostic '
Laser INTHZ %
Laser Il out . "'*

N

Fromi-End W138 /
Laser Il out

LIHY Window

|

Laser Il
Transferine -
Laser Il
LIHY Mirror 3 » .
3 ACI/DC Fast
Correcton

S, A
Radiator L19

Mol ator W28

Chicane: C1, C2, C3

UHY Mirmor 1 + 2

Principle: Electron/Laser Interaction = Pulse Separation = sub-ps X-Rays

Modulator Angular Dispersion Radiatior
(Wiggler) (Chicane Magnets) (Undulator)

G. Ingold, July 12, 2006.
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FEMTO Source Installed at the SLS Storage Ring (Length 13 m) I

Tunable sub-ps hard X-ray (3-18 keV) source

_a~

G. Ingold, July 12, 2006.
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< Undulator period A, »

Electron
trajectory in
horizontal plane
A
Electromagnetic “ A oee T -
Wave {
v v 'w'w I
“»
phot
S N S N
B

Propagation

transverse polarized optical field £ => transverse electron velocity needed
= vertical periodic magnetic field B needed: use undulator or wiggler !

energy exchange: mc29Y ~ —e- @ sin(®o)

L Summer Lecture 2006

Modulator: Resonance Condition for Energy Transfer from Laser to Electron I

G. Ingold, July 12, 2006.
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‘ FEMTO: Timing and Synchronization I

7L

1 bl | red ¥ ’ ]
40 =
; camshaft pulse ]
> 30} / -
£
2
oy 20F i
(/7]
2 multibunch
o 10 b 1 1 o
©
0 .._.h—'f' N 1 tL—.— 1 F |
100 200 7 700 800 900
time/ns

Storage ring rf frequency: 500 MHz (++ 2 ns pulse spacing in multibunch train);
Single camshaft pulse sitting in a 100-200 ns gap is hit by the laser;
Bunch revolution frequency: 1 MHz;

Laser oscillator: 100 MHz (5th subharmonic of 500 MHz rf frequency);
Oscillator cavity length modulated in feedback loop using 500 MHz rf reference;
Laser amplifier rep. rate (slicing): 1 kHz;

Relative timing controlled by electronic phase shifter of 500 MHz rf reference;

Summer Lecture 2006 G. Ingold, July 12, 2006, 28
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Diagnostic for Laser/e-Beam Interaction: Coherent THz-Radiation

e e e e )

"i é b Vol S
£ of / : . A, - :

020020200202002-02002-02002-02002-02002-02002
F ]

Z(mm)

\ i
> - 1A [

w, | | 11) }

Sliced electrons (~ 100 fs) and dip in the bunch emit coherent radiation (oc N2);
Radiation in the THz-range corresponds to the length of the sliced electron bunch;

Direct sliced bunch length measurement: interferogram measured with Michelson
interferometer (Martin-Puplett spectrometer) — bunch form factor obtained
by fourier transform; [detector: 1 MHz, InSb-bolometer, 4.2 K]

Summer Lecture 2006

/

G. Ingold, July 12, 2006.
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Sub-ps Electron Bunch Length Measurement: Coherent SR ® Interferometer I

FIR-Interferograms of a 1.2 ps rms bunch Corresponding FIR spectra
in low alpha vs. femtoslice

picosecond bunch

fa) ] 1ME’LL ' R SRR
( "I ps—bunch === =.
[ 4
3 1a -5 10 ;_ I "I
“h!l’ [p=] = 510l
£ ofof '

femtesecond slice

(5] E b Voo 3 Control System (EPICS}
3 [ 1 ]
- [}
E L x Aoyl ] |4 TH?L. |LHe | i
bl E ' T il ol gl “ | Bolo- Spectrum
ol oo TR (Y f hll meters alzer
=10 1a

sigral (oo
| o= O = kb

aignal {oan}
L E-EY.

@ 1™ zkﬁ Tt:rmin:’h
10 100 ! -
dﬂ'h‘ fes] wove numbaer [em] A / i | [epcban “Mastor clack 500 Mhz
KL,! : > i cHz 1 Revolution trigger
pulse energy: =0.25nJ : L‘_:“:h =
peak power estimate: > 400 W | b | El&z_'i;lmcm wiini iy
max. E- field: =30 kV/cm 6 la e, iﬁ Motor | go.':‘r'm [r;:::nr
conversion efficiency at lmJ laser power: (.25x10 | spoctrometer © LS0le 4 smmp ontrol
l tmr.:_hann}
Compares well to Laser based sources (optical rectification)

g syxlem (EPICS)

Coherent synchrotron radiation (CSR) emitted by a ps- and sub-ps electron bunch.

Bunch length (form factor) obtained by fourier transform of the interferogram measured
with a Martin-Puplett spectrometer (Michelson Interferometer).

[K. Holldack et al., Phys. Rev. ST AB 8 (2005) 040704.]
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Laser-Electron Interaction: Tuning for Optimum Energy Exchange I

THz intensity / a.u.

x-ray signal / a.u.

Time Overlap

2.2mA hybrid bunch / 50fs, 2mJ laser pulse

25
I P
4
20F THz F o L“L laser on
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0.5 1 ’// %MTO@SLS
0.0 == =
i 1 " 1 i 1 " 1 L 1 i 1 " 1 " 1 " 1 i

-100 -80 -60 -40 -20 0 20 40 60 80
time / ps

100

THz intensity / a.u.

x-ray flux / a.u.

Resonant Energy

2.2mA hybrid bunch / 50fs, 2mJ laser pulse

3.0

25l o laser on
i | THz \ laser off
20}
15| \
10 F
05} / \\
L '\—\_‘__
0.0 =
1 L 1 1
12.0 125 13.0 135
Wiggler gap / mm
25E
/J-"“”\\ — |aser on
208 fs x-rays / \ laser off
15 \
1.0 \
g / \
05 / \
F / N\, FEMTO@SLS
00 E L
12.0 125 13.0 135
Wiggler gap / mm

\

_J

G. Ingold, July 12, 2006.

31



FEMTO at SLS. Femtosecond X-Ray Pulses

SSSSSSSSSSSSSSS

g
5
Laser APD %
~115fs, 800nm g .
%
X-ray pulse % '
~120ps g _
InSb %

over the x-ray probe depth.

L Summer Lecture 2006

Ultrafast X-Ray: Timing Diagnostics I

Time (ps)

Ultrafast X-ray diffraction: ps strain wave dynamics in a surface-heated InSb crystal.
The laser strikes the surface a 0 ps, resulting in the formation of an expansion layer

/

G. Ingold, July 12, 2006.
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SLAS

‘ Example: Lattice Oscillations (Phonons) I

Viewing femtosecond dynamics:
Pump-Probe Spectroscopy

Pump-probe experiments
require good synchronization Atomic Movement SHiPF foved

in
0.01-10 ps

100 fs synchronization is equivalent to controlling
the arrival of the electron bunch to 1 part in 100

million of its total travel. e s

\T

L Summer Lecture 2006

\
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‘ Example: Crystal Lattice Vibrations I

e X-ray diffraction from the plane of atoms in the crystal can be used to take snapshots
of the atomic motion at precise intervals after excitation has taken place.

e For stroboscopic measurements (many shots), the timing jitter between the pump (laser)
and probe (x-ray) must be less than the pulse duration.

e X-ray probe pulse has to be short enough, just as a flashbulb freezes motion.
e The structural question is very simple: What is the spacing between atomic layers ?

e The timing is very difficult: To capture the motion, the x-ray pulses must be much less
than 1 ps in duration.

L Summer Lecture 2006

G. Ingold, July 12, 2006.
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Transient Crystal Lattice Distortions: Effect on Rocking Curve I

State of
lattice

Rocking curve

Unperturbed

s adogopgoe

(AN BN BN BN ]

A R BN KN BN

A N RN RN RN ]

A N BN RN BN

N

Qo

Expanded
(or contracted)

eS8 sdgeagie

Inhomogenous
spacing

Disordered

o0 a0 pt oty
L N NN NN NN

AN NN AR NN

.........
»
.. ......

I........

Shifted Broadened Weakened
Jo Qo Qo

rotated (rocked”) through the Bragg angle 6 5.

Rocking curve: intensity of the diffracted beam vs. 6 when the crystal is

G. Ingold, July 12, 2006.



(== FEMTO at SLS: Femtosecond X-Ray Pulses

SSSSSSSSSSSSSSS

Why Does Light Excite Lattice Vibrations ? I

Two possible mechanisms exist:
e Impulsive (Raman) scattering:
A very short pulse of light literally kicks the lattice, sending it into motion.

Momentum transfer depends on the strength of the pulse, but is typically small.
(dominant excitation mechanism for optical phonons in transparent media)

e Displacive excitation:

Requires optical absorption (800 nm) in opaque media. The absorbed light excites
electron-hole pairs. This excitation can change the equilibrium distances between
atoms. Instantaneous strain is created that relaxes via expansion or contraction of
the material.

e Example: (1) Bismuth, (I1) GaAs/AlGaAs (quantum well)

& Summer Lecture 2006

G. Ingold, July 12, 2006.



(== FEMTO at SLS: Femtosecond X-Ray Pulses

SWISS LIGHT SOURC

SLAS

‘ How Do Crystals Oscillate ? I

- —
AlGaAs .
GaAs -

. ’

- ¥

. Displacive excitation

. -~

. ]

0

Timg ——» Impulsive excitation

How crystals oscillate. (Left) Displacive and impulsive
excitations can be distinguished by the phase of the osail-
lations. The distortions are greatly exaggerated in these
drawings to show that displacive exatations oscillate as
cos{wt), whereas impulsive excitations oscillate as sin(wt).
(Right) A pendulum can be used to demonstrate the two
excitation mechanisms.

\
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Example (I): Lattice Vibrations in Bismuth I

111 forbidden in simple cubic 222 "perfect” in simple cubic
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*Measure large displacements: 15-20 pm

Displacive excitation is observed: instantaneous contraction of the lattice due to electron-hole
pairs excited by fs optical laser.

[Sokolowski-Tinten et al., Nature 422 (2003)]
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[M. Bargheer et al., Science 306 (2004)]
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AR/R,

0.01}
0.00
-0.01+

-0.02 +

‘ Example (11): Superlattice Phonons in GaAs/AlGaAs I

v (THz)

0.0 0.5

-0.03+

time delay (ps)
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‘ Electron Beam Bunching: Beating of Radiation and Undulator Field I

waQ‘EF oyt
put
. | Aw {  Magnets B radiatio,
o N 2 AL AR A A
e, [
I INVAN ANV AN
injecteq \\;\;
e -begm E “spent
.Jn’erqcrIOn ——_-_;-l e"becm
A length

Uniform electrons Bunched electrons

Due to the ¥ x Br-term in the force equation the electron interacts both
with the undulator and radiation field leading to an periodic axial force.

Electron beam bunching occurs on the length scale of the radiation wavelength.
The bunching depends on E( (radiation field), Bg (undulator field) and
the phase ®g.
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(== FEMTO at SLS: Femtosecond X-Ray Pulses LS
‘ Principle: SASE Free Electron Laser I

electron beam
| undulator

photon beam

n

AT I]EIEIII]E

.wm—.{z) % ......

spontaneous (3) um
emission energy % i g P
modulation / bunching %
S coherent emission (4)
109( sow saturation
power
L/ I 10‘ ) 10’
o

SASE (Self-Amplified Spontaneous Emission): phase ®¢ is not ’locked’.
[radiation field: spontaneous radiation (i.e. FEL starting from noise)].

< Seeded FEL amplifier: phase ®¢ is "locked’.
[radiation field: coherent (laser) field].
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Induced energy
modulation

L Summer Lecture 2006

‘ FEL Principle.

ﬂ

Run-away process

Enhanced emission

Increasing density
modulation

(collective instability)

The FEL process saturates when maximum density
modulation (bunching) is achieved.

G. Ingold, July 12, 2006.
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HGHG-FEL.: Laser Seeding & High Gain Harmonic Generation I

Li Hua Yu (Brookhaven National Lab) i ' :
g HGHG

s .
laser o f i
e :
g N SASE@10*
. modulator radiator - /\ / \ \’\e(
dispersive e R R e e S
- Wavelength, nm

Cascading HGHG Stages to Generate Coherent Soft X-ray

P,,=500MW 400MW 800MW 70MW P,..=1.7GW

10.64nm 2.12nm 2.12nmm

266nm 53 2nm
‘ e-beam l

750Amp 1mm-mrad
2.6GeV o,/ %=2x10-4

[proof-of-principle experiment: L.H. Yu et al., Science 289 (2000).]
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‘ Self-Seeding: proposed for European XFEL (DESY) I

electron beam bypass

demodulated output
electron beam radiation

1st undulator grazing 2nd undulator
CR T e
. >
SASE FEL FEL amplifier
(linear regime) tlideddih (steady-state regime)
grating
electron beam monochromatic electron
x-ray beam beam dump
Spectrum before - after seeding
7 7.
3w l E [
: -1 I | S '
ol
‘-’l [ Mh‘;ﬁ o a ?l:'l 0*5 a0
Anaiey (%) :-.-Jl-\-; (%)
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4 )

Sub-fs FEL X-Ray Pulses: Energy Modulation & Pulse Compression

¢
¢ Wigger s SASE FEL
e-beam Linac 'J_ N 4 GeV Linac 14 GeV OO Undulator "
“ X-rays
L
10 _ - 10 _
7.5 _ ¢ 7.5 ;
d : 5 e
& 2.8 ' s 2.5
*.2.5 % -2.5
< | Q- s~
-17.5 " -7.5
-0.4-0.2 0 0.2 0.4 -0.4-0.2 0 0.2 0.4
z/AL short pulse train  z/A,

800-nm modulation (few GW)

1 e
g 24 kA
Allows synchronization between 0.8 20 as
laser pulse and x-ray pulse " Soags
M D.4
E-SASE (applied to LCLS) 0.2
0 L= —1
-100 -50 0 50 100
A. Zholents and G. Penn, Phys. Rev, ST AB 8(2005)050704 time, attosecond
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