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Early relativistic HHG experiments

• 1981 CO2 laser experiment
• 1016 Wcm-2 on target
• 8 beams ~1 kJ 
• 0.6 ns FWHM envelope

• Since CPA all experiments at NIR

• Evidence of Iλ2 scaling

H. L. Carman, D. W. Forslund, and J. M. Kindel, PRL 46, 29 (1981)
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Plasma density

ncrit

𝑛" =
𝑚%𝜖' 𝛾 𝜔*

𝑒"*
= 1.12…×10*2

𝛾
𝜆45*

𝑐𝑚78

ncrit @ 800nm = 1.74 x 1021 cm-3

ncrit @ 2100nm = 2.50 x 1020 cm-3
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Scaling relationship

• Electron motion described 
with normalized vector 
potential
• Ponderomotive force ∝ 𝑎' *

• Lorentz force motion ∝ 𝑎'* in 
longitudinal, ∝ 𝑎' in transverse
• Relativistic Lorentz factor ∝ 𝑎'

𝑎' =
𝑝'
𝑚%𝑐

= −
𝑒"𝐴'
𝑚%𝑐

= −
𝑒"𝐸'
𝑚%𝑐𝜔'

𝑎' = 0.85 × 107A𝜆 𝐼
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Short pulse lasers and overdense
plasmas

High Harmonic Generation

Ion acceleration

Electron acceleration
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Absorption understanding

M. C. Levy, et al., Nat. Comm. 5, 4149 (2014)

• Experiment and 
simulation shows large 
variation in absorption 
measurement
• Variables include:
• Pulse duration
• Polarization
• Plasma density profile
• Focal conditions
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Attaining relativistic intensities

Solstice ACE
800 nm
1 kHz, 7 mJ, 35 fs

Mid-Infrared 
Beam
1300/2100 nm
1 kHz, 1.3/0.7 mJ, 
40 fs

Probe Beams
2 x 800 nm
1 kHz, 1 mJ, 35 fs

Femtokit
267-400 nm
1 kHz, 2 mJ, 35 fs
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High quality focusing
2.01 μm FWHM measured
1.73 μm diffraction limit• 1300 nm (1 mJ, 30 fs)

• F/2: 5x1017 Wcm-2 (a0 = 0.5)
• F/1: 2x1018 Wcm-2 (a0 = 1)

• 2100 nm (0.6 mJ, 40 fs)
• F/2: 8x1016 Wcm-2 (a0 = 0.4)
• F/1: 3x1017 Wcm-2 (a0 = 0.7)
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Experimental setup at Michigan

• Lambda Cubed
• 800 nm, 0.5 kHz
• 30 fs
• 20 mJ

• 2 micron OPA
• 35 fs
• 2 mJ

F/2: 3x1017 Wcm-2 (a0 = 0.7) F/1: 1x1018 Wcm-2 (a0 = 1.4)
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Scale length influence on HHG

F. Dollar, et al., PRL 110, 175002 (2013)

• 800 nm experiments
• 1017 – 1021 Wcm-2

• Preplasma controlled 
with heating beam

λ scale length

λ/5 scale length

λ/80 scale length
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Imaging fundamental reflections
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F. Dollar, et al., New J. Phys. 19, 063014 (2017)

Ion motion/plasma pressure also strong influence
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Relativistic HHG

• Fundamental questions remain
• What is the relation between hot electron generation and HHG?
• How do plasma conditions affect surface plasma waves?
• Do single atom scalings hold for collective effects?

• Mid infrared provides unique experimental opportunities
• Visible harmonics
• Overdense targets
• Higher a0 for a given intensity
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1300 Driven HHG (UCI)

Rotating Target

Spectrometer 

Focusing 
OAP

Collection 
OAP

N. Beier, et al., NJP 21, 043052 (2019)
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Polarization dependence of harmonics

Rotating Target

Spectrometer 

Focusing 
OAP

Collection 
OAP

Polarizer

N. Beier, et al., NJP 21, 043052 (2019)
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Michigan Experiments

Lambda3 laserOPA and ½  
waveplate 

Beam expander

Deform
ab

le m
irr

or

f/1.3 OAP

Rotating target 
on spindle

Diagnostics

Diagnostics:
1. ZnSe polarizer 

and spectrometer
2. Screen and CCD

3.2 um focal spot
a0 = 0.90

16 mJ, 50 fs, 
500 Hz

1.4 mJ, 50 fs, 
2030 nm
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2100 Driven HHG (Michigan)

25 shots integratedN. Beier, et al., NJP 21, 043052 (2019)
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Polarized harmonics

25 shots integrated
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High order wavefronts
3⍵ Profile (Silicon) 3⍵ Profile (Glass)

4⍵ Profile (UVFS) 5⍵ Profile (UVFS)
N. Beier, et al., NJP 21, 043052 (2019)
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PIC Simulation capabilities

• GreenPlanet Computing 
cluster @UCI
• 592 Intel Xeon E5 cores
• 6 GB/core
• OSIRIS particle-in-cell

We acknowledge the OSIRIS Consortium (UCLA/IST Portugal) for use of OSIRIS.
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2D simulation results

• OSIRIS 2D3V PIC 
Simulations
• Reflected beam 

profiles
• Incident beam 

a0=1
• Target density 

500ncrit

N. Beier, et al., NJP 21, 043052 (2019)
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Higher intensities

• How to increase intensity
• Increase energy
• Decrease pulse duration

• Thin Film Compression
• Self Phase Modulation in solids

𝐵 =
2𝜋
𝜆 ∫ 𝑛*𝐼 𝑧 𝑑𝑧
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Scaling TFC
Gaussian (Terawatt) Flat top (Petawatt)

HERCULES Laser & LASERIX

Fig. 1. The schematic of the experimental setup. The thin film serves as the source of
SPM. Each facility has a fiber spectrometer and focal spot camera. The UCI and LASERIX
facilities have phase control through chirped mirrors and pulse measurement diagnostics.

At HERCULES, HILPs with nominal parameters listed in Table 1 are spectrally broadened
as seen in Fig. 2 (a) in one 0.5 mm fused silica wafer at near normal incidence from a Fourier
transform limit (FTL) of 48 fs to 42 fs. A discrepancy between the nominal pulse duration and
the pulse duration at the time of the experiment is likely limiting the bandwidth in this case since
the FTL of the initial pulse di�ers by ⇠18 fs from the nominal pulse duration. Figure 2 (b) shows
the spectral broadening of HILPs at UCI with parameters in Table 1 by transmission through
two 0.5 mm fused silica wafers at Brewster’s angle from an FTL of 29 fs to 20 fs. The pulse
duration in this case was experimentally measured by a scanning second harmonic generation
frequency resolved optical gating diagnostic (SHG FROG). Finally Fig. 2 (c) and (d) show the
spectral broadening of HILPs at LASERIX through one and two 0.5 mm fused silica wafers at
near normal incidence respectively. The change in FTL for one fused silica wafer was 47 fs to 30
fs, whereas the change in FTL of two wafers was 48 fs to 29 fs. It is interesting to note that even
though the FTL did not increase appreciably with the addition of the second fused silica wafer at
LASERIX, much of the spectral content is seen to migrate from the center in Fig. 2 to the wings
in Fig 2.

3.2. Focusability of spectrally broadened pulses

At UCI and HERCULES, The focusability of spectrally broadened HILPs is investigated by
measuring how the focal spot changes with di�erent amounts of SPM. Whereas at LASERIX,
the focal spot is investigated simply with and without the nonlinear material in the beam. The
focal spot in each experiment is created and imaged by the methods described in Sec. 2. At
UCI and HERCULES, by adding varying amounts of positive chirp through manipulation of the
compressor grating separation, the magnitude of the nonlinear interaction is varied by varying
the pulse duration and therefore intensity. Negatively chirped pulses are not included here due
the observed e�ect of spectral narrowing through SPM in fused silica [23].The compressor scan
at HERCULES was used to investigate the nonlinear e�ect of a single 0.5 mm thick glass wafer
while the scan at UCI was used to investigate the response of two of 0.5 mm thick fused silica
wafers at Brewster’s angle. The LASERIX experiment investigated the e�ect of two 0.5 mm

UCI Solstice
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Bandwidth generation

• Fused silica targets
• 0.5 – 8 mm

• Bandwidth increased 
10-100%

using one or two 0.5 mm thin wafers (JGS2 Fused Silica-university wafer). Before and after the

interaction, the laser pulses were monitored by a spectrometer to determine the amount of nonlinear

broadening and the focal spot was monitored by a camera. Additionally, at the UCI and Laserix

facilities the laser pulses were then compressed with chirped mirrors (HD58-ultrafast innovations)

and measured by SHG FROG and Wizzler/autocorrelator respectively.

Section 2 discusses the spectral response, and the measured phase of the laser pulses expe-

riencing maximum broadening at each facility. In Sec. 3 the response of the focal spot to the

spectral broadening is discussed. The intensity is varied by changing the pulse length by varying

the amount of positive chirp through a compressor scan. Finally in Sec. 4 the final stage of pulse

compression is demonstrated showing not only that the spectrum is similarly broadened, but that

also the pulse can be compressed to near the fourier transform limit.

2 Bandwidth generation

In each experiment, the spectrum of the laser pulses is measured with and without maximized

spectral broadening in the thin films as seen in Fig. 2. At UCI and HERCULES this is achieved

by tuning the compressor grating separation with the fused silica wafers in the beam. The pulse is

stretched out in time to the point where the spectrum is unaffected to get the initial spectrum, and

then compressed to the point where the nonlinear broadening is strongest to get the the maximized

spectrum characteristic of SPM. [18] At Laserix the compressor gratings are optimized for the most

significant spectral broadening first. The fused silica wafer is then removed to obtain the initial

spectrum for the comparison.

Figure 2: Laser spectrum with (red) and without (blue) spectral broadening due to self-phase
modulation. The fused silica wafers used and beam intensity at each facility was 2x 0.5mm wafers,
1.2 TW/cm2 at UCI (a), 2x 0.5mm wafers, 1-1.5 TW/cm2 at HERCULES (b), 2x 0.5mm wafers,
1.7 TW/cm2 at Laserix (c).

At UCI 1.2 TW/cm2 35 fs pulses are spectrally broadened in two 0.5mm fused silica wafers

at Brewster’s angle to produce a broadened spectrum with a 20 fs fourier transform limit (FTL)

3

UCI Michigan

D. Farinella, et al., JOSA B 36, A28-A32 (2019)

LASERIX
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Focusability of broadened pulses
X Lineout Y Lineout

X Lineout Y Lineout

UCI

Michigan
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Focusability of Gaussian Pulses
Unbroadened Broadened

2.3 times 
bandwidth growth

Intensity Gain 
of >63%
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Compression of broadened pulses

Pulse limited by diagnostic <15 fs measuredFig. 4. Reconstructed pulse duration of a compressed pulse (blue) and residual phase (dashed
- blue) measured by a scanning SHG FROG.

5. Conclusion

The bandwidth broadening and focusability of spectrally broadened HILPs after nonlinear
interaction in fused silica wafers has been demonstrated. Though the spectral broadening of
the HILPs is similar at each facility, the negative e�ects associated with the broadening on the
experimental focal spot is mitigated on the largest diameter beams. Further, the compressibility
of this type of spectral broadening has been demonstrated by nearly a factor of two with ⇠99%
energy throughput. This suggests that a flat-top 10 PW beam could be compressed to nearly 20
PW, and with a second stage of pulse compression as high as 40 PW. Further, if modulational
instabilities can be suppressed by use of thin wafers and spatial filters, TFC could even increase
the peak intensity, pushing the limits on high field science.

Funding

Norman Rostoker Fund
Sloan award number
NSF STROBE
ELI-NP

Supplemental
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Extension to MIR

• 1300 nm TFC to FTL of 12 fs
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Example experiment

• Lambda cubed (Michigan) broadened to 1 cycle at 2100 nm
• 2 mJ @ 2100 nm with duration of 8 fs
• 5x1018 Wcm-2 peak intensity (a0 of ~3)

• Lambda cubed with increased laser power
• OPA conversion of 10% assumed
• Require increase of 400% to get similar intensity
• Lambda cubed would require upgrade to 80 mJ
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Future experiments

• UCI and Michigan joint experiments
• Increase focusing capabilities
• Can improve focal quality to >1017 Wcm-2

• Diagnostics for lower order harmonics
• Divergence
• Polarization
• Phase 

• Correlation with x-rays
• Subsurface probing
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Relativistic Laser Plasma Interactions at Short 
Wave Infrared Wavelengths

• Laser solid interactions at 
wavelength of 1300 and 2100 nm 
with intensities a0 ~ 1
• Optical order harmonic spectrum 

and wavefront measured
• Thin Film Compression shows 

intensity gain for relativistic 
intensities
• Few cycle NIR pulses measured

Franklin Dollar - University of California, Irvine

D. Farinella, et al., JOSA B 36, A28-A32 (2019)N. Beier, et al., NJP 21, 043052 (2019)


