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@ Ultrafast Sources
and Science:

Synchrotrons
Laser plasmas
XFEL's

X-ray sources:

Current lasers: -

Acoustic phonons
Vibrations (Optical phonons)
Strings, Particle Chemistry and Biochem
Cosmology Collisions Electron dynamics
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Ultrafast Ti:Saph Laser Pulses
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Backus, S., et.al., Review of Scientific Instruments, 69, 1207 (1998).

Ti:Saph Oscillator
(KMLabs)

Advantages of Short Pulses:
1. fs time scale - observe/control fast dynamics
2. High intensity - strong field, multiphoton processes
3. Wide spectrum - ability to shape the pulse



@ 2a. Optical Pulse Shaping

Diffraction gratings

Phase and Amplitude
Mask: Static,

Electro-opftic, or
Weiner, Heritage, et al, J. Opt. Soc. Am. B 5, 1563 (1988);

J. X. Tull, M. A. Dugan, and W. S. Warren, Adv. Opt.
Mag. Resonance 20, 1 (1997).




The Things We Can Do...

Total control of the laser field...

E,.ox~10v/nm
-

<> 1t~10fs

..can control quantum dynamics in molecules...
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@ The Things You Can Do...

Controlling Vibrational Wave Packet Motion with Intense Modulated Laser Fields

Hiromichi Niikura, P. B. Corkum, and D. M. Villeneuve
National Research Council of Canada, 100 Sussex Drive, Ottawa, Ontario, Canada K1A OR6
{Received 23 January 2003; published 21 May 2003)
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@ High Harmonics: Bremmstrahlung from atomic
electrons driven coherently by the oscillating laser field
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@ Ultrafast soft x-rays from high harmonics:
The ultrafastest light pulses

VOLUME 79, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OCTOBER 1997

Generation of Coherent Soft X Rays at 2.7 nm Using High Harmonics

Zenghu Chang, Andy Rundquist, Haiwen Wang, Margaret M. Murnane, and Henry C. Kapteyn

Center for Ultrafast Optical Science, University of Michigan, Ann Arbor, Michigan 48109-2099
{Received 3 March 1997)
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FIG. 1. Experimental setup for high-harmonic generation.

High harmonics are fast (<1fs!) but soft (<0.5keV)



Femtosecond lattice relaxation induced

by inner-shell excitation

Ultrafast crystal dynamics viewed with High Harmonics

Taro Sekikawa, Tomohiro Yamazaki, Yasuo Nabekawa, and Shuntaro Watanabhe

Institute for Solid Stale Physics, Universitv of Tokvo, 5-1-5 Kashiwanoha, Kashiwa 277-8581, Japan
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Sub-femtosecond pulses

High-harmonic Bandpass Delay and Kr target for
generation filter focusing cross-correlation

Visible
light field
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@ Attosecond high harmonics:

Time-resolved atomic inner-shell
spectroscopy

M. Drescher” +, M. Hentschel*, R. Klenberger*, M. Ulberacker*, V. Yakoviev*, A. Scrinzl*, Th. Westerwalbesloh, U. Kleineberg ',
U. Helnzmann+ & F. Krausz*

NATURE | VOL 419 | 24 OCTOBER 2002 |1 a E, (t)
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@ Optical measurements don't resolve
molecular structure
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@ Hard X-rays can probe structure
Ultrafast x-rays can probe it faster: dynamics

Movie of

Stuff moves
in
0.01-10 ps

X-Ray Pulse

X-Ray Pulse

Source: LCLS - The First Experiments



3d generation synchrotrons have
unprecedented brightness
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Ultrafast x-ray physics with synchrotron
sources: Pump-probe time-resolved x-ray
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Synchronizing the x-rays and the laser:
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State of
lattice

Probing dynamics with Bragg diffraction
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Time-resolved Bragg Diffraction: Coherent Acoustic Phonons

Laser Pump/X-ray Probe Impulsive Strain Generation
Reis et a/. Phys Rev. Lett.(86) 2001 (Thomsen et al. Phys Rev. B (24) 1986.)
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Straln

Diffractecd Intensity

Even on the 100 ps time scale, we still learn things:
Partition of energy in the crystal
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@ Current state of the art at 100 ps:

Watching a Protein as it Functions
with 150-ps Time-Resolved X-ray
Crystallography

Friedrich Schotte,’ Manho Lim,? Timothy A. Jackson,?
Aleksandr V. Smirnov,' Jayashree Soman,* John S. Olson,*
George N. Phillips Jr.,° Michael Wulff, ® Philip A. Anfinrud’
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1-ps laser pulse
X-ray diffraction / . L
: h . crystal
version of this o |
X-ray ptilse 0
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Schotte et al., Science 300, 1944 (03)



100 ps

F helix
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Streak Camera: viewing dynamics that

are faster than the x-ray pulse

cathode
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transmission
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Ultrafast dynamics just beyond
the streak camera's resolution

Near single frequency: Can
coherently switch on and of f.

Optical phonons typically in the 3-12
THz range: <50 fs switches
possible.

Create switch by inducing an optical
phonon super-lattice with k~1/}, ...

Or, In "Forbidden" and
"Weak"Reflections can use k~0
phonons.

Experimental setup
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R0 nm - 120 fs 800 nm - 120 fs
15.5 m] 2ml
800 nm - 120 f5 Bent crystal
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Source: Rousse et al., RMP 73, 17 (2001)

Other ways to make hard x-rays: Laser plasmas
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Femtosecond time-resolved
@ X-ray diffraction from

laser-heated organic films
Tradeoffs: Laser

I .
plasma source Rischel, Rousse, et al.

NATURE | VOL 390 |4 DECEMBER 1997
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Phonon oscillations viewed
on a strong Bragg reflection, using x-rays
from a laser plasma
(Sokolowski-Tinten et al., Nature 422, 287 (2003))
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— Short Bunch Generation in the SLAC Linac

Suly-Picosecond

Pulse Source
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Where: Linac and FFTB Hall

SLAC linac

'ummmumm gl
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i

add undulator to FFTB
hall at end of linac




foee
élificasecand Why Is SSRL/SLAC doing this?

Pulse Source

*Accelerator R&D: bunch compression

‘Development of methods to cross correlate the
optical pump laser with the x-ray beam

Develop electron and photon beam pulse length
diagnostics for the future XFEL

Ultra-fast x-ray scattering

-It's relatively cheap (if you dont count SLAC)




SPPS is presently the world’'s most
brilliant source of hard x-rays
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Sub-Picosecond Di ffrac’ri on fr‘om Salol
Pulse Source

Salol
Phenylsalicylate

C13H1003
Orthorombic
Pbca
a=7.961 A
b=11.258 A
c=23.402 A
o= B=y=90°

300 ph/pixel/pulse in the
strongest reflections /

f ‘ spindle ~10°¢ photons/pulse 9.365 keV
axis ® 1 x 1 mm?2 image int. CCD
1% bandwidth at 120 mm
rays 300s, 10 Hz

Collaboration & samples E. Weckert, HASYLAB )
Horst Schulte-Schrepping




} Laser-X-ray synchronization can

sur-picosecons  Use EO sampling of the relativistic
Pulse Source
e-beam

] Ll
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We can sweep the laser past the e-beam

Sub-Picosecomd for single-shot cross-correlation
Pulse Source
Electron bunch
—ﬁ _— O EE B SN F EE O S 8 e

Initial compressed +
pulse Bunch charge




_:_____._ EO Chamber (Er‘ic Bong)

Suly-Picosecond
Puise Source







Suly-Picosecond

Pulse Source
MIRROR TANK
STOPPER TANK /!
f UNDULATOR
[ 38.73 meters
13.01 -
7.36_+——— - _FF‘I||I
2926 —— 1 1.5 Beam monitor 1
e = | T'l (white beam monitor)

| —t— -

"1 5 Feale e

4 = 1 i

T T
FFTB /
Entrance "
g Electro-optic
Z_\T:ﬂ" . Labyrinth
'F'T:}E:m% LASER‘; : \ Beam monitor 2 Crystal
f his} Beam monitor 4 | (2.54 cm aperture)
Cprt L (2.54 cm aperture) \
e i an Beam monitor 3
7~ 2.54 cm aperture
‘ Lqujd Helium ( perure)
Fr%ciiity A
Sl

_.——|il—'_ JI}

\_? |I__‘\
b
il
li =
I




—— Precompensation for GVD.

Sub-Picosecomd Cross-correlation after 100m SM PM fiber
Pulse Source
laser pulse after 100 m single mode fiber (pre-comp) laser pulse after 100 m single mode fiber (pre-comp) w/o Raman?

L L B B B S B L L 2.5x10°

4 (a) _ M,; (o)

z 3 ‘F LS

:E 2 T,e' 1o

7 s |

2 5 |

E 1 § u_S'

Qleeeeeeb=t ¢ v 0 1 o o o o b o v v v Ve w0 o by “_n:
- I L 1 2 k ! 2 -1 0 1 2 i 4
time |ps] time [ps]

‘Uncompensated and additional higher order phase.
‘Nonlinearities beginning to kick in at exit of fiber
* Aty due to “long” term drift of fiber

David Reis



Pulse Shaper + Learning Algorithm

smreosecony T1NAS < 2X transform limited pulse
Pulse Source

Cross-correlation fiber compensation

0.0006 — . —May 6th, 2003 S.Lee &D. Fritz = ampo ..
0.0005 s ]
|Gaussian fit: ¢ = 75.5 fs (175 FHWM) [
i 2500 | N
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3 2000 |- ]
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= 1500 | ]
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Feedback on fiber length (not shown) , holds time delay fixed.

David Reis



Phatan
Heam Lines

Free-Electron Lasers
Brighter, faster, coherent

Linac 2

Linac 3 —
Bunch Compiressor 1

Bunch Gompresads 2

Lindufabor

;J-.I'# .I o To Electran
_ Baarm Dump

E Facipny Hingg

<" Enxisfing Linag



.

LCLS

CONCEPTUAL

DESIGN

REPORT

-
o

—
o
—
[ =]

. mr2 (0.1% bandwidth)™"]

-2

=

D—l.
Y

Average Spectral Brightness

s+ mm
=3
]

[photons -

108

92001
8560A113

Comparing apples and eggs...

Wavelength (nm)

124.0 1.24 0.0124
I
. ~» SLAC
- "[;és‘( ~7 LCLS —
7 GeV
B TTR-FEL Undulator _|
1-2GeV  ESRF/APS
Undulators (max)
| (ALS) —

NSLSXTN\N\ ,-o
.»" LCLS "~
Spont.
(100 m)

| SSRL 54-Pole |

Wiggler
- MNSLS
i Bend h

G”‘K MD—K

Al-K

Bremsstrahlung
\H Continuum ]

1 0—2 0° 1 02
Photon Energy (keV)

Source: LCLS CDR

—
o
Cad
[ ]

-
QI’\J
w

mr2 (0.1% bandwidth)~"]

—2

-

‘::I\.'.'l
4]

Peak Spectral Brightness

s~ mm

1021

[photons -

101?

Wavelength (nm)

124.0 1.24 0.0124
T T T
_ SLAC
= -7 LoLs
_-*"DESY
- TTF-FEL =
LCLS  _.-"=-._
B Spont. -~ v T
(100 m)
= ESRF/APS 7 GeV ]

Undulator (max)

ALS 1-2 GeV
| Undulators _
APS 6-8 GeV
Wigglers
— SLS X1 —

1072 10° 102
Photon Energy (keV)



On the other hand, spectral brightness is

not necessarily the currency of the realm
for high field x-ray physics:

XFEL parameter comparisons - here's what counts:

» Tesla TTF: currently has
- 25ud
- 1x10“W/cm2=3v/ A
- 100 fsec
- 100 nm (10 eV)
« LCLS: will have:

-1mJ
- >1x10!8 W/cm2? = 300v/A <€— intense
- 200 fsec <— short

- 1 nm (1keV)



Even XFEL's have their limitations:

e.g. SASE
4 MeV 16 MeV 120 MeV 233 MeV
laser-driven  pre- photon beam
f-gun accelerator SC module SC module  undulator diagnostics
@ — ( e )
X, bunch
laser compressor
e-beam e-beam
diagnostics diagnostics

FIG. 1. Schematic layout of phase 1 of the SASE FEL at the
TESLA Test Facility at DESY, Hamburg. The linac contains two
12.2 m long cryogenic modules each equipped with eight 9-cell
superconducting accelerating cavities [20]. The total length
is 100 m.

Source: Andruszkow, et al., Phys. Rev. Lett. 85, 3825 (2000)
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Source:

LCLS design report :

Attosecond pulses, at random times

Avg. Field Power vs. Z
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What will happen at high fields

* Lasers are already there, what do they see?
- Above threshold ionization
- Non-sequential ionization, barrier suppression
- High Harmonic radiation, attophysics
- Relativistic plasma processes
- Extreme acceleration
- Antimatter formation
- X-rays won't be like this at alll



A simple rule of thumb for when a SLOW

field gets "strong": Field Tonization

Err
ch./"/' = 4 .
Strong: barrier suppression
F..23Vv/A ——
14 2
I>10"“W/cm caddle eF(x. 1)
point

But the static conditionlfails if hw 2 E;p % 10eV;
So x-rays are not good for field ionization!



A different definition of Strong:

Ponderomotive Potential (wiggle energy)
e Fef
8mmc?

W Up:

U, > hw defines the strong fieldlimit.
for A=1um(~1eV), I, >10°W /cm®;
for A=1am (= 1keV), I,,,,, >10*W /cm®

X-rays are not a good way to wiggle electrons...



What are XFEL's good for?

47Ne*
m

“Transparency” when w 2 \/



°* Hot Dense Matter (HDM):

- Supernova, stellar interiors,
accretion disks

* Plasma devices: laser produced

plasmas, Z-pinches

* Directly driven inertial fusion
plasma

°* Warm Dense Matter (WDM):
- Cores of large planets

- Systems that start solid and
end as a plasma

» X-ray driven inertial fusion
implosion

Temperature (eV)

Heating stuff fast

Source: Dick Lee, LLNL
/Classical Plasma
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Ionizing atoms inside out: Multiphoton AND
Multielectron ("Hollow atoms")

A l"‘Vkin

Pretty picture from
Drescher et al.,
Nature 419 (2002)

Valence

..= Auger

Core




Single-shot
X-ray
Flashbulb

LCLS: First Experiments

2 fs pulse (FW HM)
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Ultrafast X-ray Science

+ SPPS and TTF are helping to build new
expertise in the community

* Lots of new ideas, eg: slicing, parametric
processes

* Lots of new challenges as well

* The bar keeps rising: attophysics brings
new opportunities to ultrafast x-ray
science



