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G. Ingold,July12,2006. 2



FEMT O at SLS: FemtosecondX-Ray Pulses

���

� �

�
�

�

��

�

�

�

�

	
 
 �

Moti vation: Why femtosecond � 1 Angstrom X-Rays?

G. Ingold,July12,2006. 3



FEMT O at SLS: FemtosecondX-Ray Pulses

���

� �

�
�

�

��

�

�

�

�

	
 
 �

Why do weneedfs 1 	 �

x-rays ?
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Ultrashort X-Ray Sources
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Pump-ProbeExperiments: Ultrashort Bunchesvs. Ultrafast Detectors

FastestX-Ray Detector (StreakCamera) limited to � 1 ps (multi-shot)

� DevelopAccelerator basedShort-PulseX-Ray Facility using Lasers& Undulators

� Strategy: useinherently synchronized100fs Pump/ProbePulses

G. Ingold,July12,2006. 6
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Ultrashort X-Ray Detector: Streak Camera

Singleshot resolution: � 0.5ps
Jitter limited resolution: � 2 ps (5000shots)

But: detectionquantum ef�ciency is typically low

(R. Falcone,LBL)

G. Ingold,July12,2006. 7
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Ultrafast Optics vs. Electronics

� Strategy: UseOptical fs-Lasersto Generatesub-psElectron Bunches

G. Ingold,July12,2006. 8
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Installed fs Laser Systemto GenerateLaser/X-Ray Pump/ProbePulses
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The FEMT O Project at SLS

G. Ingold,July12,2006. 10
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X-Ray SourceCharacteristics

G. Ingold,July12,2006. 11
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Short Bunches:Slicing or Compression
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Our Strategy to Generatesub-psX-Rays:

� An electron (charge)moving at speedof light will emit electromagneticradiation during
acceleration:To producesub-psx-rays, we �rst have to producesub-pselectron pulses.

� Useelectromagnetic�elds (laseror rf-cavities) to modulate the energy of relativistic
electronswith pulselength 10 - 100ps [dependingon the accelerator: linear accelerator
(linac) or storagering].

Weusea 50 fs optical laser to modulate the energy of 100ps electron pulsesin a storage
ring.

� Usedispersionprovided by static magnetic�elds to slice, or compress, or bunch the electron
pulses.

Weuseangular dispersionto slicethe electron beamin a storagering (2.4GeV).
[ � linac: pulsecompression;FEL mechanism:bunching]

� Useshort period, small gapmagneticundulator to generatehard x-rays (3-18keV).

� Useand develop technologysuitable for a FreeElectron Laser (FEL) user facility in the
futur e.

G. Ingold,July12,2006. 13
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LIN AC: Electron Bunch Compression(2 ps � 100fs

The rf voltageis phasedsuchthat particles ahead(behind) the bunch center
areaccelerated(decelarated) following a longer (shorter) path than the refe-

renceparticles in the centerof the bunch � magneticchicane

� pulsecompression.

G. Ingold,July12,2006. 14
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SLAC Linac:

�

100fs Electron BunchesDemonstratedUsingCompression

G. Ingold,July12,2006. 15



FEMT O at SLS: FemtosecondX-Ray Pulses

���

� �

�
�

�

��

�

�

�

�

	
 
 �

StorageRing: Electron PulseSlicing (100ps � 100fs

G. Ingold,July12,2006. 16
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Bunch Slicing: fs-Laser for Energy Modulation

G. Ingold,July12,2006. 17
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Radiation by Moving Charges

G. Ingold,July12,2006. 18
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Undulator Radiation

In an undulator , K is moderate(K

�

1) and radiation fr om differ ent periods
interfer ecoherently � sharp peaksat harmonicsof the fundmental (n=1).

The angular distrib ution of the nth harmonic is concentratedin a narr ow cone.

G. Ingold,July12,2006. 19
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Incoherent vsCoherent Radiation

Incoherent Limit: f( � )=0 � I � N
Coherent limit: f( �)=1 � I � N

�

(N = 10

��

(= 1 nCb))
Coherent radiation observed if electron bunch length

�

radiation wavelength

G. Ingold,July12,2006. 20
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Undulator: Periodic Magnet Arrays Usedto GenerateHigh Flux X-Rays

In-vacuumundulator: magnetsinstalled insideultra-high vacuumto reach4-5mm gaps

G. Ingold,July12,2006. 21
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Measured Undulator Spectrumat SLSBeamline

Undulator line spectrum: constructive interfer enceof periodically emitted radiation

G. Ingold,July12,2006. 22
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FEMT O: Instrinsically SynchronizedLaser/X-Ray Pump/ProbeBeams

G. Ingold,July12,2006. 23
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Laser/X-Ray Pump-ProbeExperiments (Liquid Jet or Solid Samplein Air)

G. Ingold,July12,2006. 24
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SLSFEMT O: Tunablesub-psHard X-Ray (3-10keV) Source

Principle: Electron/Laser Interaction � PulseSeparation � sub-psX-Rays

Modulator Angular Dispersion Radiatior
(Wiggler) (ChicaneMagnets) (Undulator)

G. Ingold,July12,2006. 25
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FEMT O SourceInstalled at the SLSStorageRing (Length 13m)

G. Ingold,July12,2006. 26
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Modulator: ResonanceCondition for Energy Transfer fr om Laser to Electron

transversepolarized optical �eld

���

� transverseelectron velocity needed

� vertical periodic magnetic�eld

���

needed:useundulator or wiggler !

energy exchange: �

�

�

�	�

�
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�

� is a random phase:determinesthe initial position of the electron relative to
the optical wave � energy is only modulated !

G. Ingold,July12,2006. 27
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FEMT O: Timing and Synchronization

Storagering rf fr equency:500MHz ( � 2 ns pulsespacingin multib unch train);
Singlecamshaftpulsesitting in a 100-200ns gap is hit by the laser;
Bunch revolution fr equency:1 MHz;

Laser oscillator: 100MHz (5th subharmonicof 500MHz rf fr equency);
Oscillator cavity length modulated in feedbackloop using500MHz rf reference;
Laser ampli�er rep. rate (slicing): 1 kHz;
Relative timing controlled by electronic phaseshifter of 500MHz rf reference;

G. Ingold,July12,2006. 28
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Diagnosticfor Laser/e-BeamInteraction: Coherent THz-Radiation

Slicedelectrons( � 100fs) and dip in the bunch emit coherent radiation ( � N

���

);
Radiation in the THz-range correspondsto the length of the slicedelectron bunch;

[ 100 �m � 300fs � 100cm �

�

� 3 THz ]
Dir ect slicedbunch length measurement: interfer ogram measuredwith Michelson

interfer ometer (Martin-Puplett spectrometer) � bunch form factor obtained
by fourier transform; [detector: 1 MHz, InSb-bolometer, 4.2K]

G. Ingold,July12,2006. 29
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Sub-psElectron Bunch Length Measurement: Coherent SR

�

Interfer ometer

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

Bunch length (form factor) obtainedby fourier transform of the interfer ogram measured
with a Martin-Puplett spectrometer (Michelson Interfer ometer).

[K. Holldack et al., Phys. Rev. ST AB 8 (2005)040704.]

G. Ingold,July12,2006. 30
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Laser-Electron Interaction: Tuning for Optimum Energy Exchange

Time Overlap ResonantEnergy

G. Ingold,July12,2006. 31
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Ultrafast X-Ray: Timing Diagnostics

Ultrafast X-ray diffraction: ps strain wavedynamicsin a surface-heatedInSb crystal.
The laserstrik esthe surfacea 0 ps,resulting in the formation of an expansionlayer

over the x-ray probedepth.

G. Ingold,July12,2006. 32
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Example: Lattice Oscillations (Phonons)

G. Ingold,July12,2006. 33
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Example: Crystal Lattice Vibrations

� X-ray diffraction fr om the planeof atomsin the crystal canbe usedto takesnapshots
of the atomic motion at preciseintervalsafter excitation hastakenplace.

� For stroboscopicmeasurements(many shots),the timing jitter betweenthe pump (laser)
and probe(x-ray) must be lessthan the pulseduration.

� X-ray probepulsehasto beshort enough, just asa �ashbulb fr eezesmotion.

� The structural questionis very simple: What is the spacingbetweenatomic layers?

� The timing is very dif�cult: To capture the motion, the x-ray pulsesmust bemuch less
than 1 ps in duration.

G. Ingold,July12,2006. 34
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Transient Crystal Lattice Distortions: Effect on Rocking Curve

Rocking curve: intensity of the diffracted beamvs.

�

when the crystal is
rotated (”r ocked”) thr ough the Bragg angle

�

� .

G. Ingold,July12,2006. 35
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Why DoesLight Excite Lattice Vibrations ?

Two possiblemechanismsexist:

� Impulsive(Raman)scattering:

A very short pulseof light literally kicks the lattice, sendingit into motion.

Momentum transfer dependson the strengthof the pulse,but is typically small.
(dominant excitation mechanismfor optical phononsin transparent media)

� Displaciveexcitation:

Requiresoptical absorption (800nm) in opaquemedia. The absorbedlight excites
electron-holepairs. This excitation canchangethe equilibrium distancesbetween
atoms. Instantaneousstrain is createdthat relaxesvia expansionor contraction of
the material.

� Example: (I) Bismuth, (II) GaAs/AlGaAs(quantum well)

� FEMT O commissioningexperiment: measure lattice vibrations (phonons)to verify
sub-psx-ray pulselength.

G. Ingold,July12,2006. 36
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How Do Crystals Oscillate?

G. Ingold,July12,2006. 37
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Example (I): Lattice Vibrations in Bismuth

Displaciveexcitation is observed: instantaneouscontraction of the lattice due to electron-hole
pairs excitedby fs optical laser.

[Sokolowski-Tinten et al., Nature422(2003)]

G. Ingold,July12,2006. 38
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Example (II): SuperlatticePhononsin GaAs/AlGaAs

[M. Bargheeret al., Science306(2004)]

G. Ingold,July12,2006. 39
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Electron BeamBunching: Beatingof Radiation and Undulator Field

Due to the

���

x

���

� -term in the forceequation the electron interacts both
with the undulator and radiation �eld leading to an periodic axial force.

Electron beambunching occurson the length scaleof the radiation wavelength.
The bunching dependson E� (radiation �eld), B� (undulator �eld) and

the phase

�
� .

G. Ingold,July12,2006. 40
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Principle: SASEFreeElectron Laser

SASE(Self-Ampli�ed SpontaneousEmission): phase

�

� is not 'locked'.
[radiation �eld: spontaneousradiation (i.e. FEL starting fr om noise)].

� SeededFEL ampli�er: phase

�

� is 'locked'.
[radiation �eld: coherent (laser) �eld].

G. Ingold,July12,2006. 41
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FEL Principle

G. Ingold,July12,2006. 42
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HGHG-FEL: Laser Seeding

�

High Gain Harmonic Generation

[pr oof-of-principle experiment: L.H. Yu et al., Science289(2000).]

G. Ingold,July12,2006. 43



FEMT O at SLS: FemtosecondX-Ray Pulses

���

� �

�
�

�

��

�

�

�

�

	
 
 �

Self-Seeding:proposedfor EuropeanXFEL (DESY)

G. Ingold,July12,2006. 44
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Sub-fsFEL X-Ray Pulses:Energy Modulation

�

PulseCompression

G. Ingold,July12,2006. 45


