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Presenter
Presentation Notes
Hi my name is Phil Franke from the laboratory for laser energetics. On the left is a schematic showing how to overcome the limitations encountered in a conventional photon accelerator using a combination of spatiotemporal shaping and transverse intensity profile shaping. Spatiotemporal shaping allows control over the intensity velocity, or focal velocity v_f independent of the laser group velocity v_g0, and extends the interaction length, so we can better match the velocity of the driver to the photon acceleration process over a long distance. Transverse intensity profile shaping mitigates the effects of diffraction and plasma-refraction, enabling a concentration of accelerated photons near the optical axis. On the right are simulation results that show the time-frequency evolution of this structured laser pulse as it undergoes photon acceleration. You can see that the pulse self-compresses in time and the bandwidth increases dramatically over only 90um. I’d like to thank my collaborators listed in the bottom left, who are also from the lab for laser energetics.
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Summary

A photon accelerator driven by a pulse with spatiotemporal and transverse 
intensity profile shaping generates extreme ultraviolet attosecond pulses

• A “structured flying focus” pulse overcomes the limitations of a conventional photon accelerator

• Velocity control enables a positive feedback loop between intensity self-steepening, sharpening accelerating 
gradients, and increasing rates of spectral broadening, forming an optical shock

• Multi-octave spectra extending from 400 nm − 60 nm wavelengths, which support near-transform limited 350 
as pulses, are generated over 90 μm of interaction length

Presenter
Presentation Notes
-A photon accelerator driven by a pulse with spatiotemporal and transverse intensity profile shaping generates extreme ultraviolet attosecond pulses-A “structured flying focus” pulse overcomes the limitations of a conventional photon accelerator-Velocity control enables a positive feedback loop between intensity self-steepening, sharpening accelerating gradients, and increasing rates of spectral broadening, forming an optical shockBy optical shock what I mean is a near discontinuous jump in the laser intensity from zero to it’s peak value, for example in less than an optical cycle.-Multi-octave spectra extending from 400 nm − 60 nm wavelengths, which support near-transform limited 350 as pulses, are generated over 90 μm of interaction length
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Photon accelerators increase the frequency of a laser pulse in a moving electron 
density gradient, but they are limited by dephasing, refraction and diffraction

1. Photons outrun the accelerating gradient 
(“dephasing”)

Presenter
Presentation Notes
On the left is a schematic of how a typical photon accelerator works. A drive-laser pulse creates an ionization front that moves at the laser group velocity, then a second witness pulse is injected into that moving electron density gradient. The witness photons increase in frequency in the density gradient, where the maximum frequency shift is related to the sharpness of the density gradient, and the distance over which the photons stay in the gradient. So to get a large frequency shift we need to keep the witness photons in a sharp gradient over a long distance.
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Photon accelerators increase the frequency of a laser pulse in a moving electron 
density gradient, but they are limited by dephasing, refraction and diffraction

1. Photons outrun the accelerating gradient 
(“dephasing”)

Presenter
Presentation Notes
As the witness photons increase in frequency, their group velocity also increases…
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Photon accelerators increase the frequency of a laser pulse in a moving electron 
density gradient, but they are limited by dephasing, refraction and diffraction

1. Photons outrun the accelerating gradient 
(“dephasing”)

Presenter
Presentation Notes
…causing them to outrun the gradient in a process known as dephasing.
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1. Photons outrun the accelerating gradient 
(“dephasing”)

2. Diffraction and refraction limit the gradient and 
its propagation length

𝝎𝝎𝒎𝒎𝒎𝒎𝒎𝒎 ∝
𝝏𝝏𝒏𝒏𝒆𝒆
𝝏𝝏𝝏𝝏

𝝏𝝏

𝒏𝒏𝒆𝒆

Ti
m

e

Space

vg

El
ec

tr
on

 d
en

si
ty

Photon accelerators increase the frequency of a laser pulse in a moving electron 
density gradient, but they are limited by dephasing, refraction and diffraction

𝒁𝒁𝑹𝑹 = 𝟒𝟒𝝀𝝀𝟎𝟎𝑭𝑭#
𝟐𝟐/𝝅𝝅

Rayleigh length

Presenter
Presentation Notes
A typical laser pulse is also constrained to only produce a high intensity over a distance comparable to the Rayleigh length due to diffraction, so practically your accelerator is limited to about a Rayleigh length unless you employ a guiding mechanism. 
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Photon accelerators increase the frequency of a laser pulse in a moving electron 
density gradient, but they are limited by dephasing, refraction and diffraction

1. Photons outrun the accelerating gradient 
(“dephasing”)

2. Diffraction and refraction limit the gradient and 
its propagation length

𝒁𝒁𝑹𝑹 = 𝟒𝟒𝝀𝝀𝟎𝟎𝑭𝑭#
𝟐𝟐/𝝅𝝅

Rayleigh length

Presenter
Presentation Notes
A typical drive pulse also has an intensity peak on the optical axis, so the plasma that it produces has a higher on-axis density… 
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Photon accelerators increase the frequency of a laser pulse in a moving electron 
density gradient, but they are limited by dephasing, refraction and diffraction

1. Photons outrun the accelerating gradient 
(“dephasing”)

2. Diffraction and refraction limit the gradient and 
its propagation length

𝒁𝒁𝑹𝑹 = 𝟒𝟒𝝀𝝀𝟎𝟎𝑭𝑭#
𝟐𝟐/𝝅𝝅

Rayleigh length

Presenter
Presentation Notes
…and therefore causes both drive and witness pulses to diverge due to plasma-refraction, further limiting the frequency shift.
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A “structured flying focus” pulse can overcome the limitations of a conventional 
photon accelerator

T. T. Simpson et al. In Review (2021).

1. Spatiotemporal control mitigates the effects 
of dephasing and diffraction

Stencil

Primary

Kerr lens

Filter

Ideal lens

Phase

Presenter
Presentation Notes
Spatiotemporal shaping can help mitigate dephasing and some of the effects of diffraction. An example of a spatiotemporal shaping method is shown on the left. Here cross phase modulation with a stencil pulse in a Kerr lens imparts a temporally varying focal length to a primary pulse. The stencil pulse is then filtered out, and the primary pulse is focused through an ideal lens. This method allows the velocity of the intensity peak, or focal velocity “v_f” created in the primary pulse far-field to be controlled independent of the group velocity. It also extends the focal range to much greater than a Rayleigh length. So the velocity of the intensity peak can be better matched to the photon acceleration process over a long interaction length
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A “structured flying focus” pulse can overcome the limitations of a conventional 
photon accelerator

P. Franke et al. Phys. Rev. A 104, 043520 (2021).T. T. Simpson et al. In Review (2021).

1. Spatiotemporal control mitigates the effects 
of dephasing and diffraction

2. Transverse intensity control mitigates the 
effects of diffraction and refraction

Stencil

Primary

Kerr lens

Filter

Ideal lens

Phase

Presenter
Presentation Notes
This particular shaping method also allows the primary pulses to have arbitrary transverse intensity profile. Here we combine two orthogonally polarized Laguerre-Gaussian modes to generate an intensity profile that is moderate on the optical axis, but peaks off axis. The idea here is for the LG10 mode or “outside pulse” to drive more off-axis optical field ionization, so the plasma generates a guiding-refractive index gradient. This confines the Gaussian-LG00 mode or “inside pulse” near the optical axis. We choose v_f to be faster than v_g0 in the same direction, for reasons that will become apparent in a moment.
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2D finite-difference time-domain simulations were used to investigate shaped 
laser pulses interacting with gas-density plasma
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P. Franke et al. Phys. Rev. A 104, 043520 (2021).

Presenter
Presentation Notes
On the left are simulation parameters for all of the results that I’m going to show on the next few slides. On the right is just an example video of what these simulations look like. On the top is the intensity profile of the pulse as it propagates through the plasma. The intensity peaks at the back of the pulse envelope first, but as time progresses the intensity moves forward within the envelope because vf>vg0. You can see the expected electron density channel is being formed in the lower frame.
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The inside pulse is guided over 5 Rayleigh lengths, leading to a concentration of 
energy in time and space

P. Franke et al. Phys. Rev. A 104, 043520 (2021).

Presenter
Presentation Notes
On the left I broke up the laser intensity for the two polarizations. The outside pulse, on the top has intensity that peaks off axis, and that general shape is maintained over the entire extended focal range, which is about 90um or 5 Rayleigh lengths. On the right is the plasma channel driven by both pulses at late time. We maintain the desired guiding profile over the entire accelerator length. On the bottom left the inside pulse begins with high intensity at the back, and as time progresses the intensity moves forward within the pulse envelope. Each time slice in the inside pulse is coming to focus just inside of the leading edge of the channel that’s being dynamically formed by the outside pulse. So it is prevented from diffracting out of focus or diverging due to its self-generated plasma. You can see from the black intensity lineout that the intensity on the optical axis increases and steepens on the leading edge, and this results in a higher and sharper electron density gradient, which is shown in red. 
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Extreme spectral broadening of the pump pulse occurs over only 90 μm of 
interaction length

P. Franke et al. Phys. Rev. A 104, 043520 (2021).

𝝁𝝁

Presenter
Presentation Notes
The left plot shows the spectrum of the inside pulse on the optical axis as a function of distance along the accelerator. Initially the bandwidth is small, but it increases by nearly a factor of 4 over only 90um, with nearly all of the light shifted to higher frequencies. 4 on the vertical axis corresponds to 100nm, so clearly we’re generating broadband extreme ultraviolet light.
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Extreme spectral broadening of the pump pulse occurs over only 90 μm of 
interaction length

𝝉𝝉 = 𝟕𝟕𝟎𝟎𝟎𝟎𝒎𝒎𝟕𝟕

P. Franke et al. Phys. Rev. A 104, 043520 (2021).

𝝁𝝁

Presenter
Presentation Notes
In the middle is the inside pulse after 90um. We started with a 12fs pulse, but it has self-compressed to 700as and more than doubled in intensity. So we’ve generated a high intensity, isolated sub-femtosecond pulse which could be useful for driving or diagnosing an experiment. On the other hand it’s structure is a bit complicated.
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A 1.3× transform limited, focusable, 350 as pulse can be isolated 
using a 200nm thick Mg-film (short-pass filter cut on 124 nm)*

Extreme spectral broadening of the pump pulse occurs over only 90 μm of 
interaction length

*G. D. Tsakiris et al. New J. Phys. 8, 19 (2006).

𝝉𝝉 = 𝟑𝟑𝟑𝟑𝟎𝟎𝒎𝒎𝟕𝟕𝝉𝝉 = 𝟕𝟕𝟎𝟎𝟎𝟎𝒎𝒎𝟕𝟕

P. Franke et al. Phys. Rev. A 104, 043520 (2021).

𝝁𝝁

Presenter
Presentation Notes
A 1.3 times transform limited, highly-focusable, 350 attosecond pulse can be isolated using a 200 nanometer thick magnesium film, which acts a short-pass filter cut on 124 nanometers. This pulse has ideal properties to drive or diagnose an experiment.
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vg

Photon acceleration, dispersion and velocity control cooperate to self-steepen 
the pulse, increasing the rate of spectral broadening 

P. Franke et al. Phys. Rev. A 104, 043520 (2021).

Presenter
Presentation Notes
On the left is a spectrogram showing the frequency content as a function of time in the incident pulse on the optical axis. The intensity is peaked at the back of the pulse envelope, and the bandwidth is localized to omega/omega0 =1. Therefore all of the light is travelling at roughly the same group velocity.
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vgvg

Photon acceleration, dispersion and velocity control cooperate to self-steepen 
the pulse, increasing the rate of spectral broadening 

P. Franke et al. Phys. Rev. A 104, 043520 (2021).

Presenter
Presentation Notes
Photon acceleration upshifts the frequency of some of the photons in the initial focus, increasing their group velocity. They are able to catch up to and remain in phase with the intensity peak traveling at vf>vg0, so we observe an increase in the local intensity and bandwidth near the intensity peak.
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vg

vgvg

Photon acceleration, dispersion and velocity control cooperate to self-steepen 
the pulse, increasing the rate of spectral broadening 

P. Franke et al. Phys. Rev. A 104, 043520 (2021).

Presenter
Presentation Notes
The higher, sharper intensity peak creates a higher sharper density gradient, which leads to faster frequency shifting. The faster frequency shifting leads to faster intensity self-steepening and spectral broadening, so we get this positive feedback loop between the intensity gradient and the density gradient.
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vg

vgvg

Photon acceleration, dispersion and velocity control cooperate to self-steepen 
the pulse, increasing the rate of spectral broadening 

P. Franke et al. Phys. Rev. A 104, 043520 (2021).

Presenter
Presentation Notes
Eventually the pulse develops into an optical shock. The leading edge of the pulse at 90um, in the bottom right plot, goes from nearly zero intensity to 10^17 W/cm^2 in roughly half an optical cycle for a 100nm wavelength. The time-localized nature of the spectral broadening around the shock-front is what allows us to extract sub-fs pulses.
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Optical wave-breaking ultimately 
limits the maximum frequency shift

vg

vgvg

Photon acceleration, dispersion and velocity control cooperate to self-steepen 
the pulse, increasing the rate of spectral broadening 

vg

P. Franke et al. Phys. Rev. A 104, 043520 (2021).

Presenter
Presentation Notes
Interestingly if we increase the plasma density, the shock forms over a shorter length, but it also catastrophically collapses in an optical wavebreaking process. Here a small frequency shift causes a large increase in group velocity, so we end up with non-adjacent frequencies overlapped in time. The disparate frequencies beat together, leading to modulation of the pulse intensity profile on the leading edge, which is shown in black here. The frequency shifting is arrested because of deleterious plasma formation and 4-wave mixing caused by the intensity modulation.
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Summary/Conclusions

• A “structured flying focus” pulse overcomes the limitations of a conventional photon accelerator

• Velocity control enables a positive feedback loop between intensity self-steepening, sharpening accelerating 
gradients, and increasing rates of spectral broadening, forming an optical shock

• Multi-octave spectra extending from 400 nm − 60 nm wavelengths, which support near-transform limited 350 
as pulses, are generated over 90 μm of interaction length

A photon accelerator driven by a pulse with spatiotemporal and transverse 
intensity profile shaping generates extreme ultraviolet attosecond pulses

*pfranke@ur.rochester.edu
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