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Future is Fast, Small, and Highly Structured!
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High-Harmonic Generation (HHG): A Quantum

O Technology for Capturing the Fastest Dynamics in Nature
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HHG in the Lab: Tailored EUV and Soft X-ray Beams with
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393
H5nm
1300 nm
2000 nm

4000 nm

'Rundquist, et al. Science, 280, 1998

2Bartels, et al. Science 297, 2002

3Zhang, et al. Opt. Lett. 29, 2004

4Popmintchey, et al. Science, 350, 2015 (UV drivers)
5Chen, et al. PRL, 105, 2010

6Popmintchey, et al. Science, 336, 2012 (mid-IR drivers)
7Kfir, et al. Nat. Photon., 9, 2015

8Dorney, et al. PRL, 119, 2017

9Dorney, et al. Nat. Photon. 1, 2019

10Rego and Dorney, et al. Science, 364, 2019



HHG in the Lab: Tailored EUV and Soft X-ray Beams with
SV | gser-Like Spatiotemporal Coherence on a Tabletop

393 i
H5nm
13(X: nm
2000 nm

4000 nm

'Rundquist, et al. Science, 280, 1998

2Bartels, et al. Science 297, 2002

3Zhang, et al. Opt. Lett. 29, 2004

4Popmintchey, et al. Science, 350, 2015 (UV drivers)
5Chen, et al. PRL, 105, 2010

6Popmintchey, et al. Science, 336, 2012 (mid-IR drivers)
7Kfir, et al. Nat. Photon., 9, 2015

8Dorney, et al. PRL, 119, 2017

9Dorney, et al. Nat. Photon. 1, 2019

10Rego and Dorney, et al. Science, 364, 2019

et



HHG in the Lab: Tailored EUV and Soft X-ray Beams with
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Attosecond Helical Field Lines and Twisted EUV Photons:
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Two-Color HHG in the Presence of SAM and OAM:
ELoRUMe Fxqguisite Control of Attosecond, EUV Vortex Beams
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Two-Color HHG in the Presence of SAM and OAM:
j|) NisTEE) Exquisite Control of Attosecond, EUV Vortex Beams
> High-harmonic generation is a parametric process, and thus most conserve energy and

momentum (including SAM and OAM)
Constrain OAM via SAM!
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EUV CCD
Ogq = + (SAM)
Wq = T (Lin. Momentum) ~_
785 nm, T =
— _ aq (Parity) LCP Vortex o ~\&/ 5 Gas
_ q+ 20,0

3 +,)—040 .1,

O

392 nm,
RCP Vortex

Paufler, et al. PRA 98,2018
Dorney, et al. Nat. Photon. 1, 2019
Pisanty, et al. PRL 122, 2019 7
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SAM-OAM HHG with Degenerate OAM Drivers:
St UV Doughnuts with Same Twist, Opposite Helicity

> Driving the HHG process with a bicircular field with degenerate OAM yields pairs of
EUV "doughnuts” with opposite helicity.
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SAM-OAM HHG with Degenerate OAM Dirivers:
auctm UV Doughnuts with Same Twist, Oppaosite Helicity

> Driving the HHG process with a bicircular field with degenerate OAM yields pairs of
EUV "doughnuts” with opposite helicity.
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SAM-OAM HHG with Degenerate OAM Drivers:

NIST(a(Y)
> Driving the HHG process with a bicircular field with degenerate OAM yields pairs of

EUV "doughnuts” with opposite helicity.
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Controlling Divergence and Polarization in SAM-OAM HHG: ‘

EAIEECm Spatially Isolated, Circularly Polarized, Attosecond Vortices A
> The presence of SAM constrains the allowed OAM values of the high-harmonics, and the "
OAM determines the divergence of the EUV vortices... Can we break the degeneracy?
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Controlling Divergence and Polarization in SAM-OAM HHG:

CATSEUm Spatially Isolated, Circularly Polarized, Attosecond Vortices h

> The presence of SAM constrains the allowed OAM values of the high-harmonics, and the
OAM determines the divergence of the EUV vortices... Can we break the degeneracy?
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Controlling Divergence and Polarization in SAM-OAM HHG:
LucUm Spatially Isolated, Circularly Polarized, Attosecond Vortices

> The presence of SAM constrains the allowed OAM values of the high-harmonics, and the
OAM determines the divergence of the EUV vortices... Can we break the degeneracy?
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Entwined SAM-OAM Conservation in HHG:

LTI Attosecona Pu om RCP to |l inear to P

EUV Vortices with Same OAM EUV Vortices with Large OAM Difference,
Opposite SAM (but overlapped) Opposite SAM
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Controlling the OAM in SAM-OAM HHG:
e High-Energy, Low-OAM Attosecond Vortices

> For most practical applications, we actually want low OAM high harmonics, but the
physics of OAM HHG makes this difficult...

OAM Conservation w/

Single-Color Drivers
tg =4t1ny

Dorney, et. al. Nat. Photon. 1, 2019
Pisanty, et al. PRL 122, 2019
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Controlling the OAM in SAM-OAM HHG:

High-Energy, Low-OAM Attosecond Vortices

> For most practical applications, we actually want low OAM high harmonics, but the
physics of OAM HHG makes this difficult...
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> For most practical applications, we actually want low OAM high harmonics, but the
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Controlling the OAM in SAM-OAM HHG:
e High-Energy, Low-OAM Attosecond Vortices

> For most practical applications, we actually want low OAM high harmonics, but the
physics of OAM HHG makes this difficult... Gariepy, et al. PRL, 113, 2014
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Controlling the OAM in SAM-OAM HHG:

e High-Energy. Low-OAM Attosecond Vortices h

> For most practical applications, we actually want low OAM high harmonics, but the
physics of OAM HHG makes this difficult... Gariepy, et al. PRL, 113, 2014
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Controlling the OAM in SAM-OAM HHG:
e High-Energy, Low-OAM Attosecond Vortices

> For most practical applications, we actually want low OAM high harmonics, but the
physics of OAM HHG makes this difficult...
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Controlling the OAM in SAM-OAM HHG:

S High-Energy, Low-OAM Attosecond Vortices 1l

> For most practical applications, we actually want low OAM high harmonics, but the
physics of OAM HHG makes this difficult...
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Controlling the OAM in SAM-OAM HHG:

aluc High-Energy, Low-OAM Attosecond Vortices I
> For most practical applications, we actually want low OAM high harmonics, but the |
physics of OAM HHG makes this difficult...
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HHG with Simultaneous SAM-OAM Conservation:
ELTEUe Structured EUV Light with Designer SAM, OAM, Divergence ’,;

High OAM Vortices w/ Spatially Isolated Vortices Low OAM Vortices |
Same OAM, Different SAM w/ Opposite SAM w/ Opposite SAM
> Linear atto pulses, > Circular atto pulses > Linear atto pulses
> OAM-mediated dichroic > Spatially resolved, structured > Low OAM for controlled spec/

Experiment

e
.'E
2
o)}
<
n
2
B
N -

5 Hi9 H2C H22 H23
2
(&)

20 28 =)
“heler Energy gV

24 26 28
Photon Energy (eV)

Photon =nergy V)

Dorney, et. al. Nat. Photon. 1, 2019 12



]HA HHG with Simultaneous SAM-OAM Conservation:
CATSEUm Structured EUV Light with Designer SAM, OAM, Divergence
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HHG with Simultaneous SAM-OAM Conservation: .
LSO Structured EUV Light with Designer SAM, OAM, Divergence ’ p
High OAM Vortices w/ Spatially Isolated Vortices Low OAM Vortices
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Controlling the polarization and vortex charge
of attosecond high-harmonic beams via
simultaneous spin-orbit momentum conservation
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Generating and Quantifying

MU High-Quality, Intense, Femtosecond Vortex Beams
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]I[A Generating and Quantifying
ELToRUs High-Quality, Intense, Mixed OAM Vortex Beams
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