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atomic unit of time
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~ 150 attoseconds
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chirped-pulse amlification

Initial short pulse

Short-pulse oscillator

The pulse is now long
and low power, safe
for amplification
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Power amplifiers
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A second pair of gratings \
reverses the dispersion of the

first pair, and recompresses the pulse.

A pair of gratings disperses
the spectrum and stretches
the pulse by a factor

of a thousand
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High energy pulse after amplification

Resulting high-energy,
ultrashort pulse
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original table-top terawatt (T3)

The chirped-pulse amplification table-top terawatt
laser system produces a single 2-psec, 2-Joule,
1-micron pulse every three minutes
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high-repetition-rate lasers

M. Saeed, D. Kim, L. F. DiMauro, Applied Optics 29 1752, 1990



lots of datal

XENON

4x10** Wicm?
Xe® | Xe* = 0.006
430x10° ghots
Xe* T:-F=39
Xe®* counts = 5276
Median energies:
231eVi235eV

ARGON

1x10* Wicm?
Ar? | Art = 0,005
690x 107 shots
A*TF=36
Ar® counts = 10664
Median energies:
3.26eV/5.76 eV

1.6x10° laser

shots at 2 kHz
(>200 hours
data taking)

8x10" Wicm?
Xe® | Xe* =0.02
210x10° shots
Xe* TF=338
Xe® counts = 12734
Median energies:
242eV/392eV
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2x10' Wicm?
Artt LA = 0,015
270x10° shots
A TF=38
A counts = 12110
Median energies:
523eV/1.13 eV
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JLC et al, PRL 90 033002, 2003




ultra-intense lasers

Few-cycle system isolates attosecond puise ... Wl%
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Ultrafast lasers 4 30 fs
get more intense... X 10™ W om
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at 10" W/cm?
E . =~ 60keV

quiver

at 2x10%2 W/cm?
E . =1GeV

quiver
ultra-relativistic !!!

University of Michigan, 300TW at 0.1 Hz




petawatt laser systems

Lase_rFqurld

University of Texas, 200J at 150fs gives 1.1PW



national ignition facility




attosecond pulses
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Shortest laser pulse lasts just 67
attoseconds

rOb a 'Researchers in the US have produced the
2 B\ ¥ shortest-ever laser pulses: just 67 billionths
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The feat surpasses the prior record of 80
attoseconds, set in 2008.

Like a camera with an ever-shorter flash, these - P
67-attosecond pulses will allow researchers to

examine the very fastest natural processes. J
The team behind the pulses, reporting in e o
Optics Express, have also developed a novel ‘ %, A&
detector to capture them - like a camera with a . % : : i
shutter speed to match. :

The quest for the shortest laser pulse has been g 4
underway since the laser's first demonstration b & al
in 1960; the very first laser created pulses of - PN b n
about a thousandth of a second.

y
In recent years the field of "femtosecond" lasers . S
- producing pulses lasting just millionths of a :
billionths of a second - have become The quest for the shortest pulse has been ongoing

) since the laser's invention

widespread research tools.



photoelectric effect

No ionization for hv < ¢ :

(Tippler, Modern Physics)



photoelectric effect

helium
24.6 eV

argon
15.8 eV

xenon
12.1 eV



ionization of air




ionization of air




multiphoton ionization

Typical Laser Parameters:

energy/pulse: 10 uJ
spot diameter: 10 pm xenon
pulse width: 100 fsec 12.1 eV

10" W/cm?

eight 780-nm photons
=8x1.6 eV =128eV

Photon Density:

sunlight
2x107 photons/cm?3

intense laser
4x10%* photons/cm?3



tunnel ionization

atomic Coulomb laser E-field
potential potential




ionization yield curves

lon counts [arb units]

laser intensity [PW/cmz]

B. Walker, B. Sheehy, L. F. DiMauro, P. Agostini, K. J. Schafer, and K. C. Kulander, PRL 73, 1227 (1994)



rescattering




classical model atom
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rescattering with linear polarization

6x1015 W/ecm?
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yield curves with linear polarization
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JLC and J.P. Paquette, PRA 79 043410, 2009



yield curves with circular polarization
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HHG with two-color, counter-rotating fields

mﬁum : ARTICLES
p Otomcs PUBLISHED ONLINE: 8 DECEMBER 2014 | DOI: 10.1038/NPHOTON.2014.293
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Fig. 1. Experimental scheme. Bright, circularly polarized, soft X-ray beams were generated by focusing 0.79- and 1.3-um counterrotating circularly polarized
laser fields into a gas-filled waveguide; they are then used for XMCD measurements at the N s absorption edges of Gd as well as the M 3 absorption edge of

Fe from an out-of-plane magnetized Gd/Fe multilayer sample. (Left Inset) Combined field of the two drivers.

Bright circularly polarized soft X-ray high harmonics for
X-ray magnetic circular dichroism

Tingting Fan®', Patrik Grychtol?, Ronny Knut?, Carlos Hernandez-Garcia®®, Daniel D. Hickstein®, Dmitriy Zusin?,
Christian Gentry?®, Franklin J. Dollar®, Christopher A. Mancuso?, Craig W. Hogle?, Ofer Kfir‘, Dominik Legut®®,
Karel Carva®f, Jennifer L. Ellis?, Kevin M. Dorney?, Cong Chen?, Oleg G. Shpyrko?, Eric E. Fullerton", Oren CohenS,
Peter M. Oppeneer’, Dejan B. Milogevi¢’'*, Andreas Becker®, Agnieszka A. Jaron-Becker? Tenio Popmintchev?,
Margaret M. Murnane®', and Henry C. Kapteyn?®




single-color linear polarization
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single-color circular polarization
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two-color co-rotating fields
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two-color counter-rotating fields
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simple trajectories

circular polarization : §




simple trajectories
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0.2:1 counter-rotating w:2w




simple trajectories

0.4:1 23

counter-rotating w:2w




simple trajectories
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0.6:1 counter-rotating w:2w




simple trajectories
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0.8:1 counter-rotating w:2w




simple trajectories

1.0:1 23

counter-rotating w:2w




simple trajectories

1.0:1 23

counter-rotating w:2w

zooming In




simple trajectories
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1.5:1 counter-rotating w:2w




simple trajectories
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2.0:1 counter-rotating w:2w




simple trajectories
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3.0:1  counter-rotating w:2w




ionization yield curves
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JLC and D.D. Hickstein, submitted to PRL, 2016



yield vs 400:800 ratio

Yield [events/run]

10" W/cm?

400:800 Ratio



electron momenta & timing (linear 800nm)

transverse electron momenta
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electron momenta & timing (circular 800nm)

transverse electron momenta
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electron momenta & timing (400:800 1:1)
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electron momenta & timing (400:800 2:1)
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electron momenta & timing (400:800 3:1)

transverse electron momenta
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sample trajectories (linear 800nm)
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sample trajectories (800:400 1:1)
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sample trajectories (800:400 2:1)
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conclusions

s

Simulations with classical model atoms were used to
perform the first analysis of strong-field ionization in
two-color, counter-rotating fields

Electrons exhibit complex trajectories leading to non-
sequential double ionization in novel ways

The observed diversity of rescattering timing and
impact angles should play a role in high-harmonic
generation, photoelectron spectroscopy, and

attosecond pulse generation



Questions?



