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High intensity lasers allow us to explore the phase 
space of hydrogen plasmas
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Intense Laser

Energetic Protons

Cryogenic jets address many challenges of laser driven 
ion acceleration

Cryogenic jets can be designed for experimental needs

Proton beam is characterized using Thomson Parabolas 
and Radiochromic Film (RCF) Stacks

Ion acceleration from planar jets and 150 TW laser is 
comparable to TNSA from metallic foils

Pinching due to magnetic fields leads to the formation 
of an unstable ion filament

Magnetic fields observed to deflect proton beam 
characterized and interpreted using self-generated 

proton radiography model

Preliminary results of pure proton/deuteron acceleration 
using the Texas Petawatt laser

2D/3D PIC simulations accurately predict ion energies 
when picosecond pre-pulse is included

Conclusions and Outlook

Particle-in-cell (PIC) simulations have identified more favorable 
regimes for ion acceleration, such as Enhanced Sheath Field 
Acceleration (ESF) acceleration, using higher peak laser intensities 
and advanced target designs. 

Cryogenic low-Z jets, with tunable thickness and near-critical 
density, can be used to systematically investigate most of these 
alternative acceleration regimes. Here, we present our experimental 
results of laser-driven proton and deuteron acceleration from 150TW 
to 1PW using cryogenic low-Z jets.
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Cryogenic jets can be designed for experimental needs: 
geometry, dimensions, species (H2, D2, Ar, Ne, CH4)

2 -10 µm 
diameter

10 - 19 µm 
diameter

Spherical Droplet Jet

20 - 30 µm 
width,

0.5 - 4 µm 
thick

Planar JetCylindrical Jet

The density and flexibility of the hydrogen jet target (30nc @ 800nm) is ideal 
for studying different acceleration mechanisms.
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Magnetic field characterization using self-generated proton 
radiography

RCF drum

Titan West beam
• 50 J in 700 fs
• 527 nm (2⍵)
• ~ 5 x 1019 W/cm2

10 µm  
Au wire Gauthier et al, PRL, in prep
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- The density and flexibility of the cryogenic jets 
(e.g. H2, 30nC at 800nm) is ideal for studying different acceleration 
mechanisms
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First results of pure proton/deuteron acceleration using the 
Texas Petawatt

Horizontal Emission Vertical Emission
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Experimental platform for laser-driven ion acceleration from 
cryogenic jets 

Cryogenic low-Z jet

High-intensity 
short-pulse laser

Plasma Mirror
Ions

X-raysB

Thomson Parabola Ion 
Spectrometers

RCF

Ion acceleration from cryogenic jets in the relativistic 
transparency regime

B

Planar Hydrogen Jet

Texas Petawatt Laser
( 110 J, 135 fs, 2 x 1021 W/cm2 )

Plasma Mirror 
( R = 0.8 )

Thomson Parabola 
Ion Spectrometer

0.5 – 1 µm thick
15 – 40 µm wide

⌀300µmRCF

1PW

100 TW
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- Contrast enhancement was required to optimize ion acceleration from 
near-critical density cryogenic hydrogen jets

- Proton cut-off energy, flux, and emittance from planar hydrogen jets are 
similar to conventional metallic foils

- TNSA is enhanced if the target becomes relativistically transparent 
near the peak of the laser pulse

- Two-fold increase in proton cut-off energy observed in 2D OSIRIS 
simulations 13

TNSA is enhanced if the target becomes relativistically
transparent near the peak of the laser pulse

X

n i

n0,L0

n(t),L(t)ne, L
a0, �p

1. Target is ionized by the rising edge of the pulse and starts expanding

2. The electron density decreases to satisfy the condition for transparency. If the 
target becomes transparent near the peak of the laser pulse, the laser crosses the 
bulk of the target and re-heats the expanding sheath electrons

3. Increased maximum proton energy is predicted
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Enhanced Sheath Field Acceleration Two-fold increase in proton cut-off
energy in ESF compared to TNSA

R. Mishra et al., New J. Phys. (2018)
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Transition to Enhanced Sheath Field (ESF) acceleration 
from near critical density targets and 1 PW laser

- Pre-pulse can induce a significant pre-expansion before main pulse 
interacts with the target and enter into a different regimes for 
proton acceleration 

- Critical to accurately model the pre-pulse in high intensity 
interactions

Cylindrical Planar Droplets

- Long range spatial modulation of the proton beam has been 
observed in 2D PIC simulations.

- Filament instability may explain the well-defined modulations 
observed experimentally in the proton energy spectrum.

Obst et al., Sci. Rep, (2017) 

(1) First demonstration of high-repetition rate (1 Hz) proton 
source from hydrogen jets

Draco 200TW Laser
3 J in 30 fs
800nm 
5 x 1020 W/cm2

(2) Improved proton emittance with planar jets similar to 
conventional metallic foils

Cylindrical
⊘5 µm

Planar
2x20 µm 
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Gauthier et al., APL, 2017

RCF Drum Experimental RCF 3D OSIRIS
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Cryogenic jets address many challenges of laser-driven ion 
acceleration for applications

Kim at al., RSI (2016)

Cold finger Gas inlet

2x20 µm slit

Cryogenic jet

Aperture

Challenge Solution
High repetition rate Continuous target up to 1kHz

Debris free

Contaminants Single species
Versatile Target Compatible with other gases 

(D2, Ar, Ne, CH4)
Adaptable target geometry 

Maximum energy
Energy bandwidth
Emittance

Low density can favor 
alternative acceleration 
mechanisms (30nC at 800nm)

Challenges Solution
High repetition rate Continuous target
Contaminant species Pure hydrogen target
Energy Low solid density can favor 

alternative acceleration 
mechanisms

Energy spread

20 µm

Hydrogen jets address many 
challenges of proton acceleration

Jet Jet
High-temperature low-Z plasmas Secondary radiation source

Kim et al., RSI, (2016) 

Planar Hydrogen Jet

Planar Deuterium Jet

Gauthier et al., PRL, in prep. Mishra et al., PoP, in prep.

ESF
TNSA

Protons deflected to and focused 
to form azimuthal bands

Temperature-density phase 
space of hydrogen

- Cryogenic jets are debris free and compatible with high-repetition 
rate petawatt lasers

- Protons have been accelerated to >80 MeV energies with the Texas 
Petawatt laser

- Follow up experiments and detailed simulations have been 
performed to understand the proton beam spatial and energy 
distribution

- Future experiments will use cryogenic deuterium jets to generate a 
high-repetition rate pulsed neutron source

- Next generation particle accelerator coupling the proton beam from 
the cryogenic hydrogen jet with a compact RF accelerator has been 
proposed


