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Development of mid-infrared lasers for 
soft X-ray high harmonic generation

1Above: the lab



Outline
Part one
What motivates the project:

Why is a tabletop source of laser-
like soft X-ray light needed, and 
how do you do it? 
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Part two
Building a 3.1 micron wavelength 
ultrafast laser

- Optical parametric chirped pulse 
amplification

- Stretching, shaping and compressing 
laser pulses

- Fiber front end laser



Soft X-ray light
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Carbon k-edge @ 282 eV
Water window

Oxygen k-edge @ 533 eV

Thesis of Ben Galloway



The usefulness of coherent soft X-ray light
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“If you can’t measure it, you cannot understand or optimize…"

Semiconductor chip 
metrology

Core-level 
spectroscopies

Biological imaging

sample are detected [29]. This reduces both source flux requirements and radiation exposure 
to the sample. However, the drawbacks of XCDI include the requirement for a coherent 
illumination source, and need for a computer deconvolution to obtain an accurate image. 
These disadvantages have been convincingly addressed over the past decade, by faster 
algorithms and computers, higher flux coherent soft x-ray light sources based on x-ray free 
electron lasers and high harmonic sources, and a wide range of successful image retrievals. 

 

Fig. 1. Experimental configuration for tabletop soft x-ray coherent diffractive imaging. A 
femtosecond laser is focused into a gas-filled waveguide. Bright, coherent 13 nm high 
harmonic beams are produced and focused into the sample. The resultant diffraction pattern is 
captured on a CCD camera and the image is retrieved using an iterative phase retrieval 
algorithm. 

2. Methods 

Figure 1 shows a schematic of the tabletop high harmonic generation (HHG) source and 
microscope used in this work. Light from an ultrafast Ti:sapphire laser-amplifier system 
(KMLabs Dragon , 2 mJ pulse energy, 780 nm wavelength, 2 kHz repetition rate, 25 fs pulse 
duration) is focused into a  5  cm   long,  150  ȝm  diameWeU,  heliXm-filled hollow waveguide to 
generate fully coherent high-harmonic beams around 13 nm [30]. An increased high harmonic 
flux at 13 nm was critical to our experiments, in order to significantly enhance the spatial 
resolution with much reduced exposure times. The waveguide geometry allows a long 
interaction length to establish excellent laser and HHG modes that can be fully phase matched 
and fully spatially coherent [30±32]. Moreover, at 13 nm wavelength, the nonlinear medium 
(He) is strongly absorbing, and the gas pressures required for phase matching are very high 
( 1 atm). Unless the high harmonic beam emerges into vacuum over a sharp gas density 
gradient, the losses due to phase mismatch in the end sections and gas absorption can be 
significant. 

To reject the laser light that co-propagates with the high harmonic beam, we use a 
combination of a Brewster-angle silicon substrate coated with ~210 nm of ZrO2 [33,34], 
combined with two 200 nm thick Zr filters. The Brewster plate absorbs nearly all of the 
infrared light and reflects ~60% of the HHG beam, while the filters each have a calculated 
transmission of 50% at 13 nm. The broadband EUV light is then spectrally filtered and 
refocused onto the sample using a pair of 73% efficient multilayer reflectors centered at 12.8 
nm (1 flat and one 1 m ROC), resulting in a flux of >108 photons/s at the sample. After 
illuminating the sample, the scattered light is collected in the far field using a back-
illuminated, x-ray sensitive CCD detector with 13.5 micron square pixels on a 2048x2048 
array (Andor iKon DO436). In the far field, the diffraction pattern is related to the exit wave 
of the object by a Fourier transform. Using the Hybrid Input-Output (HIO) phase retrieval 
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(C) 2011 OSA 7 November 2011 / Vol. 19,  No. 23 / OPTICS EXPRESS  22474

Example: coherent diffractive imaging

Optics Express 19, 22470 (2011); PNAS 118 (3) e2019068118 (2021) 

• nanometer spatial resolution (1 keV → λ=1.2 nm)
• femtosecond temporal resolution (for HHG)

Mapping coral crystal orientation using O 
edge (536.5 eV) at COSMIC, ALS



Current sources of coherent soft X-rays 
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als.lbl.gov

Synchrotrons & free electron lasers 

xfel.eu



Current sources of coherent soft X-rays 
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als.lbl.gov

Synchrotrons & free electron lasers 

xfel.eu

Tabletop sources complimentary



High harmonic generation (HHG)
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High harmonic generation (HHG) in a waveguide
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laser field

- Phase matching requirement limits peak laser intensity
- Using a gas filled waveguide increases interaction volume

An early high pressure HHG source

Laser machined gas inlets

Science 280, 1412 (1998); Physical Review Letters 83, 2187 (1999)



Higher HHG photon energies require longer 
wavelength driving lasers
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hνmax∝ Ilaserλ2

Popmintchev, Science 336, 1287-1291 (2012)

Conventional Ti:sapphire
800nm laser

Mid-IR OPCPA 
Set to 700 C and feel 3 µm 
micron wavelength light



Outline

Drew Morrill: SSGF Program Review 2022 10

Part two
Building a 3.1 micron wavelength 
ultrafast laser

- A fiber-based front end
- Stretching, shaping and compressing 

laser pulses
- Optical parametric amplification 



A laser source to drive soft X-ray HHG

• 2-4 μm wavelength 

• Pulse duration ~ 8 cycles (80 fs)

• Repetition rate ≥ 1 kHz

• Pulse energy 1-3 mJ
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Depends on spot size

mid-infrared

laser field



CliffsNotes version for experts: 
overview of the OPCPA
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In 8 minutes, you will understand this, 

or your money back! 



Mid-infrared laser sources
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Direct laser emission in the mid-infrared is possible 
(ie, Cr- and Fe-doped chalcognides), but technology 
is still immature. 

https://en.wikipedia.org/wiki/Laser

Our approach: 

nonlinear frequency conversion



Optical parametric amplification (OPA)
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An actual OPA crystal in the lab

Easy to make 

laser light

No well-behaved 

existing lasers Energy conservation
ħωpump = ħωsignal + ħωidler

Phase matching 
Δk = kpump - kpump - kpump = 0

• 1-μm pump light easy to make
• No heat load 
• High gain, tuneable, broad 

bandwidth



Simplified laser schematic
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Seed laser @ 1.5 μm

Pump laser @ 1 μm

(nJ energy)

(mJ energy)

Optical parametric 
amplifier

3 μm, 
mJ pulses



Optical parametric chirped pulse amplification (OPCPA)
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Stretcher Amplifier Compressor

Optical parametric amplification

Amplifier



Stretching, compressing and shaping laser pulses
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Stretching, compressing and shaping laser pulses
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SLM

Lens

Grating

Isolator

Pulse shaper



Stretching, compressing and shaping laser pulses
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SLM

Lens

Grating

Isolator

Pulse shaper
Without pulse shaping With pulse shaping



Simplified laser schematic
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Seed laser @ 1.5 μm

Pump laser @ 1 μm

(nJ energy)

(mJ energy)

Optical parametric 
amplifier

3 μm, 
mJ pulses



Overview of the OPCPA
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Generation of synchronized 1 μm and 1.5 μm
light via highly nonlinear fiber

ASSL 2021 - Morrill et al., JILA, Boulder, CO, USA 22
F. Tauser, A. Leitenstorfer, W. Zinth, Opt. Exp. 11 (2003)

Photo of HNLF

Dispersive 
wave near 1 µm

NLSE simulation, 
spectral evolution

40 fs, 4 nJ pulse 
at 1.55 µm Measured spectrum after HNLF

Measured spectrum 
before HNLF



3.1 µm stability (limited by environment)

3.1 µm beam profile

ASSL 2021 - Morrill et al., JILA, Boulder, CO, USA
23

3.1 µm spectrum

1.7% rms energy instability over 2.7 days 

XUUS5 HHG system from KM Labs

OPCPA delivers excellent mode 
and stability at 3.1 μm

Antiresonant hollowcore fiber for HHG

Future work …

Jaworski et al, Sensors 20 (2020)

Scaling pulse energy by factor of 4



Acknowledgements

Drew Morrill: SSGF Program Review 2022 24

JILA
Margaret Murnane
Henry Kapteyn
Michaël Hemmer 
Daniel Carlson 
Will Hettel

NIST 
Dr. Scott Diddams
Dr. Dan Lesko 
Dr. Tsung-han Wu

CU Physics
Tin Nguyen
Thomas Schibli


