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m Science at the timescale of the electron — so what?

|. Bright coherent x-ray beams on a tabletop

— Ultrafast lasers can manipulate electrons on their fundamental h
timescale to implement a coherent version of the x-ray tube

—Fastest strobe light in existence, fastest controlled event
—10 attosecond pulses at 0.5keV

—Zeptosecond pulses coming soon...

ll. Ultrafast x-rays are an ideal probe of the nanoworld
— Capture correlated electron dynamics in molecules and materials
—Understand energy/charge transport at the nanoscale
—High resolution lensless imaging using coherent x-rays

—Revolutionary new technologies for science and industry




4\ Visible laser light has greatly benefitted society
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ALAN X-ray light also greatly benefits society

Wilhelm Roentgen




Edison Wilhelm Roentgen



AL\ Coherent laser radiation

Townes and Gordon with one of their first masers
(1954).
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LA N\ Why are x-ray lasers so challenging to build?

3
Spontaneous emission A, 87hV 3

3
Stimulated emission B, C

e1yum->1mW
elnm->TW
e1A ->1PW




Start with an ultrafast laser pulse

NIST(EE)

10 fs light pulse:

— time

Ax=3 micrometers
= 1/50 human hair

First 10 fs Ti:sapphire laser
Optics Letters 18, 977 (1993)



+24 N\ The birth of Nonlinear Optics — second harmonic generation

P.A. Franken et al, PRL 7, 118 (1961)

Lens

Ruby laser
:'
H

l Photographic

g M A—‘ plate

I-.l

VoLuME 7, NUMBER 4 PHYSICAL REVIEW LETTERS AucGusT 15, 1961

34 a5 36 37 38 39 40 45 50 55 60 65 70 75 80
T e e e e e N R R R R R R R g

FIG. 1. A direct reproduction of the first plate in which there was an indication of second harmonic. The
wavelength scale is in units of 100 A. The arrow at 3472 A indicates the small but dense image produced by the
second harmonic. The image of the primary beam at 6943 A is very large due to halation.



m The birth of Nonlinear Optics — second harmonic generation
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P.A. Franken et al, PRL 7, 118 (1961)
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m High Harmonic Generation - extreme nonlinear optics

» Coherent x-rays are generated by focusing a femtosecond laser into a gas
» Broad range of harmonics generated simultaneously from UV — keV
« Discovered in 1987, explained in 1993

Femtosecond pulse Gas
g'. — EUV
% \

Accelerated electron |
] |

A.x ‘* —

X-ray tube

SILAP Proc. pp. 95-110 (1993); PRA 49, 15 (1994)



E‘I@_A High Harmonic Generation — quantum picture

» Coherent x-rays are generated by focusing an intense laser into a gas
« Broad range of harmonics generated simultaneously from UV - keV
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m High Harmonic Generation - extreme nonlinear optics

» Coherent x-rays are generated by focusing an intense laser into a gas
« Broad range of harmonics generated simultaneously from UV - keV

Femtosecond pulse Gas
% — EUV
X \
X ray e ——

Accelerated electron |
i

\J""I. R —— -

=2
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£ Plateau - Cutoff @ax ¢ Ilas@
e (L]
- I L
harmonic order q
< 10 fs duration Broad frequency range UV - keV Electron wriggle energy

coherently converts to x-rays



E‘I@_A High Harmonic Generation — quantum picture

Coherent x-rays are generated by focusing an intense laser into a gas
Broad range of harmonics generated simultaneously from UV - keV

Femtosecond pulse Gas
% = — EUV
X ray )

Accelerated electron |
\

—_— ‘
il h—— -
/\ /\ /\Laser pulse
v

Electron wavefunction



jﬂ‘,@_A Generating bright, coherent, x-ray beams

 Bright harmonics require the coherent addition of waves from many atoms

* When laser and x-ray phase velocities matched, get coherent bright output

Incoherent addition
of x-ray fields




jﬂ‘,@_A Generating bright, coherent, x-ray beams

 Bright harmonics require the coherent addition of waves from many atoms

* When laser and x-ray phase velocities matched, get coherent bright output

Coherent addition
of x-ray fields




]ﬂsm_A How to match the laser and x-ray phase velocities?

* Place gas inside a hollow fiber

* Tune the gas pressure to equalize the laser and x-ray phase velocities
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Gas filled
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X-ray i
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iﬂjm_A Generating bright, coherent, x-ray beams

* Tune the gas pressure to equalize the laser and x-ray phase velocities

» Generate fully coherent, bright, x-ray beams

laser
field

. Gas filled
~ >, waveguide

X-ray
Beam

&/\/\f\f\/\/\/\» \
gAN\/W\’ Coherent
?/\/W\) OoT X-rayneias

I%/V\/\»
electron Fully coherent bright EUV and soft x-rays

nJd per harmonic, uW average powers

Femtosecond-to-attosecond duration
Science 280, 1412 (1998)

Science 297, 376 (2002)

Science 317, 775 (2007)




]I.«L-A Limits of phase matching

» To generate high energy x-rays, need high electron energy - ionize gas

* Presence of plasma speeds up laser too much — no phase matching

s
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Grand challenge — how to prevent dramatic fall-off in brightness
NESTial) in X-ray region because x-rays interfere destructively
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New phase matching techniques allow laser beams to be
NESTe) converted into laser-like beams of hard x-rays

Coherent Incoherent
addition of addition of
x-ray fields x-ray fields
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NISTiaY) Bright soft x-ray beams demonstrated at > 0.5 keV
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ﬁ‘@ High harmonic generation using long wavelength lasers

Maximum photon energy: thutoﬁ x IL).LZ

» Using long wavelength
lasers allows
maximum photon
energy to increase

» But... quantum spread
of electron
wavefunction is
greater for longer cycle «\

 Single atom yield
decreases rapidly,
scaling as A°°

IP Christov

Electron wavefunction
 But....phase matching
can overcome this

||m|tat|0n Tate et al.,PRL 98, 013901 (2007);
Schiessl et al., PRL 99 253903 (2007);
Frolov et al., PRL 100, 173001 (2008).




]m What about phase matching using longer laser wavelengths?

NIST(EE)
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m Predictions for phase matching using IR lasers
NIST(E)

PHASE MATCHING CUTOFFS
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IR lasers need lower intensity
for a given harmonic energy

Lower laser intensity = >
lower ionization, better PM

Single atom response also
lower for mid-IR drivers (1°)
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Nature Photonics, tbp (2010)



Full phase matching at >0.13keV using A= 0.8um
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Full phase matching at >0.3keV using A, = 1.3um

NIST(EE]
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Full phase matching at >0.5keV using A = 2um
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NIST(EE)

Photon Energy hv (keV)

Bright spatially coherent laser-like output
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m 200 attosecond pulse generation at 50eV

NISTEY)
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Thomann et al., Optics Express 17, 4611 (2009)



iﬂm 10 attosecond pulse generation at 400eV

NIST(EE)
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* Phase matching occurs over 1 laser cycle

» Using 35 fs driving laser at 2 ym,
10 attosecond pulses can easily be
generated

» Predict zeptosecond pulses at keV
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Scaling of phase matched HHG flux to keV and beyond

NIST(EY)
>  Very favorable scaling to multi-
g 5 keV region!!
c  10° - « Low gas absorption of HHG
LD —
% 3 ¥ « Large pressure-length products
= % 10 mitigate the low y ¢
g | « Low nonlinear distortion of
2 S S
= _— laser pulse due to ionization
< - At laser wavelengths > 3um,
£ 10 group velocity mismatch and
magnetic field effects may
Photon . reduce the HHG flux
Energy [ke
gy LkeV] 0.0170.8'9  \Wavelength A, [nm]
2 2| |? L L
w S - -
dl, o qu ‘ q‘z l+e “» —2e * cos AkL
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q Nature Photonics to be pub (2009)



~8 N\ Characteristic time scales of the nanoworld

1sec (1s)—

1 millisecond (103 s) —

1 microsecond (106s) —

1 nanosecond (10" 9s) s Imm

?Otlaq

1 picosecond (10- 12s) — ﬁ\)

1 femtosecond (10-15s) —

1 attosecond (10-18 s) —

1 zeptosecond (10-21s)

33

clock tick

camera shutter

camera
flash

processor speed
data storage

rotations
bond breaking
vibrations

charge transfer * Femtosecond to attosecond
pulses can capture motion -
even at the level of electrons

electron motions
in atoms,
molecules and
materials




10.0 —r—

aLL N\ Characteristic length scales e
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1 Carolyn Larabell, LBL
- I size of nucleus
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— X-rays are ideal probe of nanoworld:
— » Penetrate thick objects

* Image small features
« Elemental and chemical specificity




ALAN X-ray light is a unique tool for science

Spectro-microscopy

of surfaces .
Surface science

Bio-microscopy

Protein
crystallography

Magnetic materials
Polarization studies

Interferometry and
coherent optics

Atomic and
Molecular physics




NIST(EE)

Applications of coherent ultrafast x-rays span broad range of science
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Magnetics: Probe nanodomains,
magnetic dynamics

Nanoimaging: High resolution
3D imaging of thick samples using
coherent lensless imaging
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Sapphire substrate

High frequency acoustic

metrology: Characterize thin
films, interfaces, adhesion
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NIST(EE)

HHG addresses important technological or scientific questions

Science

S .
How are electrons and atoms
dynamically coupled in a
molecule? How fast can an
electron change states?

Molecular dynamics and

imaging: probe coupled electronic
orbital and molecular dynamics

a S o . : e
How to catalysts work? Jk
How nanoparticles enhance | &&
photovoltaic efficiency?

Surface science: probe
electronic dynamics on catalysts,
photovoltaics

.
Is

How fast can a magnetic
material switch? How do
nanodomains interact?

ot i tev  S94ad
. .

i
.

Magnetization (arb. units)

8 10 12 14 16 18 20
Time (ps)

Magnetics: Probe nanodomains,
magnetic dynamics

\\\\\\

| Image thick samples at the 5
nanometer level

Nanoimaging: High resolution
3D imaging of thick samples using
coherent lensless imaging

.

How can very thin films and
interfaces be characterized in
terms of adhesion, thickness
and density?

~ :
NI Diffracted EUV

M
Sapphire substrate

High frequency acoustic

metrology: Characterize thin
films, interfaces, adhesion

How fast does heat flow from
nanostructure into the bulk?
Optimal design of heat sinks?

Bulk/Diffusive regime:
L>A

Nano/Ballistic regime:
L=<A

Thermal Resistance

A 1 10 100 100,000

L/A

1,000 10,000

Nanothermal transport: probe
heat flow in nanostructures




NIST(EE)
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Sample 6\ .
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Retrieval

Diffraction Patterns

2D Images

Sayre, Acta Cryst 5, 843 (1952)
Miao et al., Nature 400, 342 (1999)

/!

3D Image

Tomographic
Reconstruction

Lensless microscopy using coherent x-ray beams

Image thick samples

No aberrations - diffraction-limit in theory

Inherent contrast of x-rays
Robust geometry, insensitive to vibrations

Requires a coherent beam of light and an
isolated sample

Final Reconstruction

C—
l new phase set |
—d  with GA

Diffraction Pattern

Initial random phase

FFT

J

FFT

o

/Aage of Sample

Setting Frame Region to zero




NIST(EE)

Lensless imaging using tabletop soft x-ray sources

Noble Gas  Noble Gas Al Al
Vacuum 1 J

High rep rate (1 - 10kHz)
femtosecond laser

Vacuum

Movable
Curved Mirror Beamblock
ROC=50cm

CCD

X-ray beam

I |
l |
l \
I |
1 \
| \
l \

High average power + High harmonic
fs laser system

+ Coherent diffractive
converter

microscope



nistan ™ Lensless coherent imaging - first results 200nm

Noble Gas  Noble Gas
Il Movable
A Curved Mirror Beamblock

ROC=50cm

Vacuum Vacuum

KMLabs Dragon™.
4W, 3kHz, 25fs @800nm

Flat Mirror cco
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beam

V] [ L [} (=2
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1 1
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Phys. Rev. Lett. 99, 098103 (2007); Nature, News & Views 449, 553 (2007)



nistam > Lensless coherent imaging — 90 nm resolution

Noble Gas  Noble Gas

Movable
Beamblock

Vacuum Vacuum

Curved Mirror

High harmonic
source (30nm)

Flat Mirror

X-ray beam Vacuum Chamber

Anne Sakdinawat, Dave Attwood (Berkeley)

Mario Marconi, Jorge Rocca, Carmen Menoni (CSU)
Changyong Song, John Miao (UCLA)

Richard Sandberg, Daisy Raymondson, MM, HK (JILA)

1.0 F
’ 0.8}
3
=
_.>_...0.4'
£ 0.2]
[am]
0L Ao : :
l' 10 20 30 40 50 60
Image Pixel (47nm/pixel)

1 um . .
sample (SEM image) HHG diffraction reconstruction
pattern

PNAS 105, 24 (2008); Nature Photonics 2, 64 (2008)



ﬁ!ﬁ Lensless coherent imaging — current results 50nm

« Combine lensless imaging with holography for faster, high resolution imaging
» Resolution of 50 nm represents 1.6 A
 Future: sub-10 nm imaging of thick samples with element specificity

 Applications in bioimaging, magnetics, nano, thermal, lithography.......

hologram

N

50nm

o
=)

o
=)

o
=~

o
N

00 100 200 300 400 500

08 Distance (nm) (17.8 nm/pixel)

o Normalized linout values




jljm-A Curvature correction at high NA imaging

* High NA means high angle ®
diffraction - which violates i-x; ‘
paraxial approximation )

« Resample diffraction pattern
from flat CCD to spherical field

for curvature correction

» Demonstrates lensless
imaging can be used to obtain
near A resolution !

Image Pixi

S'f *
4} %
zo 30 ososo 7080 90 '

o~ o9

L.
EL,_N*F
s;f# .

50 ¢ 60 70“50 | I
mage Pix

20 30 40
I

PNAS 105, 24 (2008)




],,ﬂ,@.ﬁ Ankylography - 3D information from 2D pattern

When diffraction is sampled at very high
angles, 3D information can be extracted
from a 2D pattern!

John Miao et al.
Nature 463, 214 (2010)




wad N\ Energy transport at the nanoscale

Thermal

A

Source channel Drain

MOSFET (IBM)

Acoustic

Input Transducer Output Transducer

?

[l

Piezoelectric Substrate

Surface Acoustic
Waves (0. Wright)

Magnetic

. | _
@
Cetas . :.'i-'.

Magnetic nanodots NIST




AL\ Motivation

|IC design TE material Thermal interface

force

L

FAR

Understanding heat flow away from a nanoscale hotspot is
important in thermal management and novel material design

—

Sourceé  channe| Drain

Requirements for tool:
e Non-contact Coherent ultrafast

—

« Non-destructive x-ray beams
e ~1ps temporal resolution
e ~50nm spatial resolution -




m Nanoscale heat flow from hot nanowire into heat sink

» Heat is carried by phonons

* In the macroscopic world, Fourier =4l
Law applies — > .
L h=20 nm Nickel
—t

qg=-kVT < t i

* What happens when a
nanostructure is smaller than the
phonon mean free path?

« Existing theories of nanoscale heat
dissipation disagree EUV prg

Nickel li
Icke mes\ Diffracted EUV

Sapphire substrate




Observe deviation from Fourier Law for small linewidths

NIST(EE)

» Heat is carried by phonons

* In the macroscopic world, Fourier
Law applies

qg=—-kVT

» What happens when a
nanostructure is smaller than the
phonon mean free path?

 Existing theories of nanoscale heat
dissipation disagree
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m Nanoscale heat flow from hot nanowire into heat sink

Kr11udsen number for Sapphire=A/L
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m Nanoscale heat flow from hot nanowire into heat sink

» Heat is carried by phonons

* In the macroscopic world, Fourier
Law applies

(O]
U
qg=—-kVT §
0
» What happens when a -
nanostructure is smaller than the £
phonon mean free path') E Nano/BaII-Iiit/if regime: Bulk/Difflljii;\e regime:
= <
- Existing theories of nanoscale heat 1 1 o 100 1000 10000 100,000
dissipation disagree L/A

* Fourier law over-estimates the heat
flow - need to think of interface =
phonon mean free path

* Ronggui Yang, Keith Nelson, Erik
Anderson (Nature Materials 9, 26
(2010))

Diffusive phonon Quasi-ballistic
transport: A << L transport: A > L

-—

il |
© Normalized temperature




M Ultrafast, Element-Specific, Demagnetization Dynamics

- Fe Ni
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Phys. Rev. Lett. 103, 257402 (2009)

*Use femtosecond laser to demagnetize a complex magnetic material
*Probe magnetization decay using ultrafast x-rays
*First experiment to —
—Measure elementally-specific magnetization dynamics in a compound sample (Fe/Ni)

—Achieve ultrafast time resolution in x-ray region (55 fs)
—Magnetization decays within = 400 fs for both Fe and Ni

*Important applications in understanding limiting speed of magnetic switching,
coherent magnetics, spintronics



ILL.A Capturing electron dynamics in molecules
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Wen Li et al., Science 322, 1207 (2008)



m Following electron orbital dynamics as a bond breaks

Br. Molecule W. Li, A. Becker et al., submitted (2009)
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m Following electron orbital dynamics as a bond breaks

Br. Molecule W. Li, A. Becker et al., submitted (2009)
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L0 N Future

» Take attosecond electron rescattering physics, discovered just over 20
years ago, to generate coherent x-rays and electrons

* Now have soft x-ray laser beams that contain many “colors” of x-rays all at
once, with excellent prospects for hard x-ray laser beams on a tabletop

» Use x-ray lasers to visualize, interact with, and control the nanoworld, to
manipulate electrons, atoms and molecules in quantum systems

 Table-top microscopes, nanoprobes and x-ray imaging with unprecedented
spatial and temporal resolution

* Thanks to NSF, DOE, DOD | B | -
Science iencé [& Laserfoesiorl e [LaserFocuSWORl ] roeco Lasers n e

sememme s o =n | Extreme Ultraviolet
. . Cryogenics boost
ultrafast output

Ultrafast
. pulses produce
coherent x-rays



