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High-power lasers can generate energetic particle beams and astrophysically-relevant pressure and temperature 
states in the high energy density (HED) regime. Recently commissioned high repetition rate (HRR) laser 
drivers are capable of producing these conditions at rates exceeding 1 Hz. However, experimental output 
from these systems is often limited by the difficulty of designing targets that match these repetition rates. 
To overcome this challenge, we have developed tungsten microfluidic nozzles which produce a continuously-
replenishing jet that operates at flow speeds of approximately 10 m/s and can sustain shot frequencies up to 
1 kHz. The ambient-temperature planar liquid jets produced by these nozzles can have thicknesses ranging 
from hundreds of nanometers to tens of microns. In this work we illustrate the operational principle of 
the microfluidic nozzle and describe its implementation in a vacuum environment. We provide evidence 
of successful laser-driven ion acceleration using this target and discuss the prospect of optimizing the ion 
acceleration performance through an in-situ jet thickness scan. Future applications for the jet throughout 
HED science include shock compression and studies of strongly-heated non-equilibrium plasmas. When fielded 
in concert with HRR-compatible laser, diagnostic, and active feedback technology, this target will facilitate 
advanced automated studies in HRR HED science, including machine learning-based optimization and high-
dimensional statistical analysis.

I. INTRODUCTION

Until recently, reaching the pressures and tempera-tures 
of interest in high energy density (HED) science required 
high intensity lasers or pulsed-power drivers whose shot 
rates rapidly decreased with increasing en-ergy delivered 
to the target, limiting high-energy experi-ments to shot 
rates below 1 shot/hour. The emergence of laser drivers 
capable of operating at high repetition rate (HRR, ≥1 Hz) 
with drive energies of 10s of Joules will lead to dramatic 
changes to the study of HED science. It offers the capacity 
to increase experimental throughput a thousandfold or 
more and thus dramatically expands the rate at which 
new scientific knowledge can be obtained1,2. For sustained 
operation of target delivery systems at laser repetition 
rates, several conditions must be met1,3. Most 
importantly, the target must be refreshed quickly enough 
to provide an undisturbed surface for each laser pulse. 
The target delivery system must also be able to withstand 
repeated exposures to the extreme envi-ronments 
produced by the laser driver. Additionally, it should be 
compatible with vacuum system requirements
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and generate minimal debris. Finally, online optimiza-
tions of both laser and plasma properties are a promis-
ing method for efficiently navigating the highly coupled 
experimental parameter spaces characteristic of HED sci-
ence. To perform these optimizations, it would be advan-
tageous to use a target with the capacity to dynamically 
adjust key parameters such as thickness or density.

Various HRR-compatible target delivery systems have 
demonstrated a subset of these features. Solid target con-
cepts include tape drives4–7based on Ti, Cu, Al, and CH 
foils and spinning disks8,9, but these produce high lev-
els of debris and are not dynamically adjustable. Cryo-
genic systems delivering jets10–12 or droplets13,14 have 
been used for HRR ion acceleration15, but are limited to 
few to tens of µm thicknesses and require intricate plat-
forms for efficient operation. Ambient-temperature sys-
tems delivering liquid droplets16,17, free-standing films18, 
or free-flowing jets19–26 are simpler to operate and impose 
fewer constraints on the process fluid or resulting target 
geometry. Here we highlight two commonly used types 
of free-flowing jets: colliding jets27–31, in which separate 
capillaries collide two individual jets to form a sheet jet, 
and converging jets25,26, in which two flows within the 
same volume converge to form a sheet jet. Both ap-
proaches form a jet of a few millimeters in length with 
sub-µm to multiple µm thickness. While colliding jets can
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face alignment challenges due to the use of two indepen-
dent capillaries, the single output aperture of converging 
jets facilitates alignment and operation.

In this work, we present a HRR-compatible, micron-
scale, ambient-temperature, planar liquid jet target pro-
duced with tungsten microfluidic converging nozzles. 
This design builds on previous work24–26 developing glass 
microfluidic converging nozzles for liquid-phase studies 
predominantly in biology or chemistry. Our nozzles are 
capable of sustained in-vacuum operation and produce 
jets composed of a series of liquid sheets with varying 
thickness across the length of each sheet. Tungsten noz-
zles are robust against the extreme environments gener-
ated in laser-target interactions with laser intensities ex-
ceeding 1021 W/cm2 while achieving identical jet sizes 
and thicknesses to glass nozzles. In experiments us-
ing these jets, no target degradation or changes to the 
output surface of the nozzle were observed after thou-
sands of shots. The flow velocity of the jet is approxi-
mately 10 m/s, supporting repetition rates up to the kHz 
level and separating irradiated regions by a distance of 
one cm or more. This target is therefore well-suited for 
advanced HRR experiments in a variety of fields rang-
ing from shock compression to secondary source devel-
opment. It will provide new opportunities to navigate 
the high-dimensional, highly-nonlinear parameter space 
of these experiments with statistical techniques and ad-
vances from machine learning. To illustrate the capa-
bilities of the jet target, we show exemplary data from 
laser-driven proton and deuteron acceleration from water 
and heavy water jets to multi-MeV energies.

II. NOZZLE DESIGN

The HRR-compatible liquid jet is generated using a 
two-piece microfluidic nozzle assembly made of tungsten. 
As illustrated in Fig. 1, this design consists of a “top 
plate” and a “bottom plate.” Initially, these components 
are identical “blank” plates. The sealing surface of each 
plate is polished to a peak-to-valley surface roughness 
of at most 300 nm using 1 µm diamond lapping disks. 
Precision micromachining is then used to bore the 1.6 mm 
diameter through hole used for the liquid inlet in the top 
plate and to etch a 25 µm deep converging microfluidic 
channel into the bottom plate.
To ensure a high-quality seal around the channel, the 

sealing surface of the bottom plate is coated with a 100 
adhesive layer of titanium followed by a 500 nm thick 
layer of gold. Four through holes, one at each corner of 
the nozzle assembly, permit high-strength stainless steel 
fasteners to create a seal by exerting uniform pressure 
across the interface between the plates. Finally, the out-
put surface of the nozzle assembly is polished to create 
a smooth transition between the plates and to ensure 
that the jet emerges perpendicular to the nozzle output 
surface. Liquid flow is maintained during the polishing

FIG. 1. (a) Exploded-view computer rendering of the hard-
ware used to create the liquid jet. The microfluidic channel 
is etched into the bottom plate, and liquid enters through the 
inlet in the top plate. (b) Side view of the collapsed nozzle 
design and liquid jet. Note that the wide axis of the first sheet 
is perpendicular to the sealing plane between the top and bot-
tom plate. (c) Schematic illustration of the nozzle geometry 
and the formation of the jet sheets as described in the text.

process to ensure that removed material does not enter 
the channel and produce blockages.
As illustrated in Fig. 1(c), the internal channel geome-

try of the nozzle creates opposing, high-speed flows along 
the channel wall that converge at the nozzle exit. These 
flows then flatten the liquid from the center of the channel 
into a sheet perpendicular to the channel plane25,26,31. 
Surface tension ultimately overcomes the fluid inertia, 
preventing further lateral expansion of the sheet and col-
lapsing its edges into rims with diameters of several tens 
of µm. With increasing distance from the nozzle the sheet 
narrows and grows thinner, resulting in a thickness gra-
dient across the sheet. As the sheet continues to nar-
row, the rims ultimately recombine. Below the recombi-
nation point the jet expands into a subsequent, smaller 
sheet oriented orthogonally to the preceding sheet. Sub-
sequent sheets are produced according to the same prin-
ciple, growing successively smaller as energy dissipates 
through viscous effects in the “fluid chain” structure29,32. 
Eventually the rims no longer separate and the jet col-
lapses into a cylinder after a maximum of 5 consecutive 
sheets with alternating perpendicular orientations.

III. JET OPERATION AND CHARACTERIZATION
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During jet operation, constant liquid flow is applied 
throughout the nozzle assembly by a high pressure liquid 
chromatography (HPLC) pump (LC-20AD, Shimadzu 
Scientific Instruments). Depending on the flow rate set-
ting, flow speeds of 10 m/s or higher allow operation of 
this target at repetition rates up to 1 kHz. The width and 
length of the sheets are proportional to the applied flow 
rate26,33. This relation holds until the flow rate reaches a 
critical value determined by the nozzle geometry, above 
which shear instabilities cause the primary sheet to fray 
into a spray of droplets and prevent the formation of the 
fluid chain. During operation, two large field of view 
imaging systems at approximately 110◦ to each other, as 
shown in Fig. 2, monitor the macroscopic structure of the 
jet continuously so these instabilities can be avoided.

FIG. 2. Two large field of view cameras image the liquid jet at 
110◦ from each other and enable precise alignment of the nozzle 
and catcher. The jet is collected by the catcher approx-imately 
8 mm below the nozzle. A magnified view of the first sheet of 
the liquid jet is shown in the center using thin-film 
interferometry imaging. At a flow rate of 5–6 mL/min, the jet 
is up to 4 mm long, 0.7 mm wide and between 1.5 µm and 450 
nm thick.

In-situ thin-film interferometry with either ultrafast, 
pulsed monochromatic illumination or time-integrated 
broadband illumination can provide precise measure-
ments of the jet thickness as a function of distance from 
the nozzle. Unlike the overall jet dimensions, the thick-
ness gradient across each sheet is determined by the noz-
zle geometry and is independent of the flow rate26. Here, 
the measurement was set up in reflection geometry at a 
15◦ angle of incidence. The jet was illuminated with a 
broadband light source (Thorlabs LIUCWHA). Thin-film 
interferometry measures the interference of light reflected 
by both jet surfaces, the one facing towards and the one 
facing away from the light source. The resulting interfer-
ence pattern is imaged using a 5x microscope objective 
(Thorlabs LMU-5X-NUV) and color CMOS camera (Al-
lied Vision Mako G-223C). For constructive interference 
to occur between the two reflected waves, both surfaces 
(front and back) must be sufficiently flat in the area of 
interest. Depending on the jet thickness, different wave-
lengths in the white light source interfere constructively 
due to the differences in the optical path length. Con-

sequently, the color of the detected light can be directly 
related to the thickness of the jet at a given point. While 
this technique is most effective for few-µm to sub-µm 
thicknesses, monochromatic light can be used to mea-
sure the thickness of thicker jets. Fig. 2 shows an image 
of the first sheet of a liquid jet produced using one of the 
tungsten nozzles with thicknesses ranging from 1.5 µm 
to 450 nm along the sheet. Ripples, usually appearing 
brighter and more white than other areas, are visible in 
the image and correspond to areas where the surface of 
the jet is slightly curved. Dark (black) regions are ar-
eas of high surface roughness. Previous work using glass 
nozzles has shown that surface nonuniformities similar to 
those depicted here can be associated with the roughness 
of the output surface and that smoother jets can be gen-
erated by modifying the output surface of the nozzles26. 
These techniques are under development for the tung-
sten nozzles to further improve the liquid sheet surface 
quality.

A. Operation Under Vacuum

During jet operation under vacuum rapid evaporation 
from the surface of the liquid target causes the jet to be 
surrounded by vapor. A heated in-vacuum catcher sys-
tem collects the fluid and vapor 8 mm below the laser-
target interaction point. This system allows the ultimate 
vacuum pressure to reach approximately 10−3 millibar 
under sustained jet operation (with only slight variations 
depending on flow rate). Liquid introduced into the vac-
uum chamber is efficiently evacuated and the amount of 
vapor generated is minimized by reducing the total sur-
face area of liquid exposed to vacuum. This is necessary to 
ensure that the propagation of the drive laser will not be 
disturbed (e.g. by nonlinear effects such as Kerr lens-ing) 
and to protect sensitive components such as optical 
gratings or photoinjectors in connected vacuum volumes. 
The catcher assembly, made of C360 brass, consists of a 
hollow cylindrical body which narrows to a 500 µm ori-

fice. The interior of the catcher body is 
�

connected to an external scroll pump via metal vacuum tubing to create a 
pressure difference between the two ends of the tubing. 
Heating the catcher body beyond 100◦ C to increase the 
temperature of the evacuated liquid and consequently the 
vapor pressure near the heated surface generates an ad-
ditional pressure difference. The resulting pressure gra-
dient assists gravity in evacuating the liquid vapor from 
the interior of the catcher, which is collected using both 
liquid and cold traps along the vacuum line outside the 
vacuum chamber.
High-intensity short-pulse laser systems require high 

vacuum in the laser compressor to protect the optical 
gratings. The vacuum pressures achieved during liquid 
jet operation are unsuitable for long-term operation of 
laser compressors due to increased risk of damage to the 
gratings on-shot. To mitigate this concern, we separate
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the target and compressor chambers by placing a thin (≤ 
0.5 mm) fused silica vacuum isolation window between 
the two chambers16. The use of a thin optic minimizes B-
integral and pulse broadening due to material dispersion, 
with values of B < 0.5 and pulse broadening of <5%
achievable in practice. By using an antireflection-coated 
optic and placing the window at a slight angle, energy lost 
due to back reflections can be minimized and damage to 
the laser system from back-propagating pulses avoided.

IV. LASER-DRIVEN ION ACCELERATION

Early experiments studying the interaction of high-
power, short-pulse lasers with thin planar targets 
demonstrated efficient ion acceleration through the ro-
bust, widely-studied target normal sheath acceleration 
(TNSA) mechanism34–36, and subsequent studies ex-
plored alternative mechanisms both theoretically and 
experimentally37–41. Proof-of-principle work using liquid 
H2O and D2O jets produced by the tungsten microfluidic 
nozzles has demonstrated the generation of proton and 
deuteron beams with cutoff energies of several MeV. In 
these experiments, the third leaf of the jet was irradi-
ated by the ALEPH laser at Colorado State University 
(400 nm, 5.5 J, 45 fs) focused onto the target using an 
f/2 off-axis parabola to a focal spot size of 1.8 µm full 
width half maximum (FWHM), yielding an intensity of 
1.2 × 1021 W/cm2. The target thickness was determined 
to be 5 ± 1 µm using measurements of jet thickness as 
a function of nozzle dimensions described in Ref. 26 and 
conservation of mass throughout the liquid jet. The en-
ergy spectra of the laser-accelerated ions were measured 
in the target normal direction using a Thomson parabola 
ion spectrometer equipped with a BAS-MS imaging plate 
(Fujifilm, Tokyo, Japan)42,43 or a microchannel plate as-
sembly (MCP) coupled with a phosphor screen imaged 
by a CCD camera.
Fig. 3(a) shows four deuteron energy spectra obtained 

from consecutive shot-on-demand laser-target interac-
tions with a liquid D2O jet44. The deuteron beams were 
detected using an MCP. All four traces show a cut-off 
energy between 1.8 and 1.9 MeV/nucleon and a semi-
Maxwellian spectrum reaching a peak flux of 2 × 1011 

deuterons/MeV/sr. The consistency of the cut-off energy 
and flux of these spectra demonstrates that the quality of 
the interaction was maintained throughout the shot series 
even after multiple high-intensity interactions. A larger 
dataset at the same laser conditions showed a standard 
error of 12% in the average deuteron flux at a sample 
energy of 1 MeV, further demonstrating the robustness 
of the target44.
In Fig. 3(b), the fourth shot in the series shown in 

Fig. 3(a) is compared to the energy spectrum of protons 
accelerated from a liquid H2O jet and measured using an 
image plate detector. The two spectra were obtained on 
different dates using different tungsten nozzles with the 
same channel dimensions and operated at similar flow 
rate settings. The laser interacted with the third leaf

FIG. 3. (a) Consistent deuteron energy spectra across four 
consecutive laser shots demonstrate that the tungsten nozzle 
is not significantly degraded by repeated high-intensity laser-
target interactions. Deuteron data presented in the figure 
above have been published with additional data demonstrat-
ing 0.5 Hz ion acceleration using the same target in Ref. 44.
(b) Energy spectra of proton and deuteron beams accelerated 
by the interaction of a high-intensity laser with H2O and D2O 
sheet jets.

for both shots but at slightly different locations. Conse-
quently, the D2O jet was up to 1 µm thinner than the 
H2O jet at the interaction point based on thin film in-
terferometry measurements. Both the proton and the 
deuteron spectra exhibit a semi-Maxwellian distribution 
with peak fluxes above 1011 ions/MeV/sr. The proton 
spectrum shows a low energy cut-off energy of 0.65 MeV 
due to ion stopping in the protective layer of the image 
plate. The cutoff energy of the protons is approximately 
twice the cutoff energy of the deuterons.
This reduction in the ion cutoff energy for deuterons 

is consistent with the results of 2D particle-in-cell 
(PIC) OSIRIS45,46 simulations of a high-intensity, high-
temporal contrast laser interacting with liquid H2O and 
D2O jets. (Details of the simulation setup are provided 
in the Supplementary Material.) In Fig. 4, we show 
proton and deuteron energy spectra for different initial 
target thicknesses. The simulated laser pulse (400 nm, 
10 J, 45 fs, 1.2 µm FWHM spot size) uses parameters 
achievable by frequency-doubling commercial petawatt-
class lasers to improve the laser pulse contrast47,48. For 
the ultrathin liquid jet, high laser contrast is key to main-
taining an undisturbed front surface before the arrival of 
the main laser pulse. Similar to the scaling observed ex-
perimentally, at a target thickness of 1 µm a factor of 2.25 
higher cut-off energy is observed for protons compared to 
deuterons.

For both H2O and D2O jets, as the target thickness 
decreases the peak ion energy increases, reaches a max-
imum, and decreases. A variety of studies have theo-
retically and experimentally investigated the increases 
in proton cutoff energies observed with decreasing tar-
get thickness, finding that thin targets reduce the trans-
verse spread of hot electrons inside the target and im-
prove hot electron recirculation, thus increasing the rear-
surface sheath field strength49,50. Additionally, when 
high-contrast laser systems and ultrathin (submicron)
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FIG. 4. Proton and deuteron energy spectra obtained from 
2D PIC OSIRIS simulations of planar H2O and D2O jet tar-
gets irradiated by a high-power laser show the prospect of 
optimizing peak ion energies with online tuning of the jet 
thickness. Ion energies in MeV/nucleon have been normal-
ized to the maximum energy obtained in the simulations.

targets are used, relativistic transparency effects can 
further enhance the ion acceleration process37,38,41,51,52. 
Our simulation results support the assumption of a tran-
sition between acceleration regimes for ultrathin jets by 
showing higher cut-off energies in those cases compared 
to µm thick jets. Thinner targets also exhibited reduced 
ion fluxes at low energies compared to thicker targets, 
further supporting the hypothesis that in these regimes, 
pre-accelerated low-energy ions were subsequently sub-
jected to additional acceleration. Finally, the simulations 
show pronounced changes in the spatial emission profile 
for increasing target thicknesses, with lobes above and 
below the laser plane for thinner targets progressing to 
more uniform emission with increasing thickness. (For 
more information, see Figure S1 in the Supplementary 
Material.)

The liquid jet’s capacity for tuning the thickness at the 
interaction point to submicron levels by simply translat-
ing the nozzle makes it a promising platform for studying 
the transition between different regimes of laser-driven 
ion acceleration. Fielding the liquid jet on currently-
available laser systems therefore presents an opportunity 
to explore the large parameter space of target thickness 
and laser intensity illustrated in Fig. 5 and identify key 
acceleration mechanisms at play in various regions.
In future experiments, the liquid jet’s capacity for 

HRR parameter scans will also make it possible to span 
the high-dimensional space of laser and target parame-
ters with unprecedented precision, providing validation 
of experimentally-observed scaling relations36,53. Online 
diagnostic feedback and automated control of experimen-
tal parameters using tools such as genetic algorithms54 

or Bayesian optimization55,56 will accelerate decision-

making and consequently the efficiency of searches for 
experimental optima. The optimizer can be tuned to 
achieve improvements in parameters of interest for appli-
cations, such as peak ion energy and flux, beam diver-
gence, and spectral bandwidth. The optimal experimen-
tal parameters can then be modeled computationally in 
order to clarify the microphysics underlying the observed 
acceleration performance55.

V. ADDITIONAL APPLICATIONS

As HED science increasingly leverages HRR-capable 
x-ray free electron lasers (XFELs), shock drivers, and 
high-power lasers, target systems compatible with HRR 
operation will become essential. The robustness of the 
liquid jet to the extreme environments of high-power 
laser-matter interactions makes it suitable for use with 
a wide range of laser pulse energies and durations. Con-
sequently, this target can be used in a variety of HRR 
studies relevant to HED science. In these studies, the 
HRR target will be key to enabling the collection of dra-
matically larger datasets or finer parameter scans. Ad-
ditionally, these studies can take advantage of the liquid 
jet’s capacity to deliver thicknesses from hundreds of nm 
to tens of µm and ability to operate with various process 
fluids. We feature applications throughout HED science, 
including shock compression, ultrafast heating, and radi-
ation generation physics.

FIG. 5. Plot of laser intensity vs. target thickness showing
achievable liquid jet thicknesses and the approximate target
thicknesses and laser intensities typically of interest for studies
in several areas of HED science and related fields. Current
capabilities are shown in solid color and future capabilities
are indicated with dashed lines or crosshatching.
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A. Shock Compression

When the liquid jet target is operated with thicknesses
of tens of µm or more (achievable with the current de-
sign), it is well-suited for HRR shock compression studies
at pressures of tens of GPa and higher. These conditions
are relevant to planetary interiors57,58. Liquid mixtures
can be used to reproduce the atomic ratios of icy gi-
ant planetary interiors in order to study their internal
structures and unusual magnetic fields59,60. The planar
geometry of the jet helps produce a well-defined shock
state and allows the shock conditions to be monitored by
VISAR diagnostics, facilitating comparison to theoretical
modeling. Until recently, the high-energy, nanosecond-
duration lasers required to shock-compress materials to
GPa pressures generally operated at repetition rates of
one shot/several minutes, even with liquid targets60,61.
However, HRR shock drivers matching the jet’s repe-
tition rate capabilities are becoming available at a va-
riety of facilities, including the HiLASE Center62, the
European X-Ray Free-Electron Laser63, and the upcom-
ing MEC-U facility at the Linac Coherent Light Source
(LCLS)64.

B. Ultrafast Heating

Ultrafast (fs-scale) heating of the liquid jet with in-
tense extreme ultraviolet (XUV) or x-ray pulses can
be used to study highly nonequilibrium states of liq-
uids. While the nonequilibrium ultrafast dynamics of
strongly-excited solids are increasingly being studied
with x-ray free electron lasers (XFELs)65–67, measure-
ments of strongly-excited liquids on fs–ps timescales re-
main rare68,69. These studies provide insight into the
fundamental properties of liquid compounds in extreme
pressure and temperature environments and clarify their
influence on scattering signals when used as sample en-
vironments in XFEL studies. In both cases, the optimal
sample thickness is determined by the skin depth of the
heating radiation. As shown in Fig. 5, radiation up to
XUV energies can efficiently excite liquid jets with thick-
nesses up to several hundred nm69. Highly penetrating
hard x-rays can heat jets with thicknesses up to tens of
µm, generating larger volumes of heated material and
allowing a wider region of k-space to be accessed with
diffraction on a single shot.

C. Radiation Generation

Another application of the liquid jet is the produc-
tion of secondary radiation ranging from THz to x-rays.
THz radiation is commonly generated via optical rectifi-
cation of ultrafast laser pulses in solid nonlinear media,
but recent work has shown that laser-driven ionization
of planar liquid water jets can be a high-efficiency source
of THz radiation70–72. In continuously-refreshing jets,

material damage from high pump laser intensities ceases 
to be a concern. Additionally, reduced absorption from 
phonons makes laser irradiation of liquid jets a promising 
approach for high-energy, broadband THz pulse genera-
tion. Ionization in a liquid jet is also key to the x-ray laser 
oscillator (XLO) concept. Photoionization in a liq-uid 
gain medium by a seed pulse from an XFEL pro-duces 
amplified spontaneous emission in an x-ray cavity. Kα1 
signal radiation circulates in the cavity and interacts with 
subsequent XFEL pulses in the jet, ultimately pro-ducing 
coherent x-ray lasing with time-bandwidth prod-ucts 
down to 1.8 eV fs and > 5 × 1010 photons/pulse73. In both 
of these cases, planar jets with thicknesses of 100–300 µm 
balance radiation generation with absorp-tion in the gain 
medium, and the use of varied process fluids is of interest 
for tuning the output pulse energy or frequency71,73. 
Additional development and adapta-tion of the nozzle 
design described here will make this thickness range 
accessible to jets produced by converging tungsten 
nozzles, providing an alternative to the dye laser jets or 
non-converging cylindrical jets previously consid-ered for 
these applications73,74.

VI. CONCLUSION AND OUTLOOK

We have demonstrated an ambient-temperature liquid 
jet target with several key properties that make it well-
suited for HRR studies in HED science. The jet con-
sists of planar sheets with alternating orientation and 
thicknesses that decrease with increasing distance from 
the nozzle. Different nozzle geometries provide access to 
thicknesses ranging from hundreds of nm to tens of µm. 
The jet is compatible with in-vacuum operation and can 
be operated with a variety of process fluids. Combined 
with its inherently HRR nature, this target is a com-
pelling option for experiments including, but not limited 
to, machine learning optimization of laser-driven ion ac-
celeration and shock-compression studies reaching plan-
etary interior conditions.
The tungsten microfluidic nozzles, which have been 

shown to be robust against laser intensities above 
1021 W/cm2, and the catcher assembly used to create and 
efficiently evacuate the liquid jet are key to the platform. 
By collecting the jet with a heated in-vacuum catcher 
system, we significantly reduce residual vapor levels dur-
ing jet operation and thus mitigate spatiotemporal dis-
tortions to the drive laser. The use of a thin vacuum 
isolation window can further separate vapor from deli-
cate optical components such as the compressor gratings 
of a high-power short-pulse laser system.
An initial experiment implementing µm-thick liquid 

H2O and D2O targets at the ALEPH laser at Colorado 
State University showed proton and deuteron accelera-
tion to MeV-scale energies. Repeated irradiation of the 
liquid D2O jet accelerated deuterons in four consecutive 
shots with minimal differences in cut-off energy and gen-
erated deuteron flux. Simulations performed using the
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2D PIC code OSIRIS suggest a transition to an alterna-
tive acceleration regime for sub-µm thick liquid targets.
Ongoing development efforts and adaptation of exist-

ing nozzle designs will allow us to extend the thickness
range accessible with the jet from tens of nm to hun-
dreds of µm. This advance will enable the jet to be used 
as a HRR source of energetic THz and high-brightness
x-ray pulses. It will also facilitate studies of liquid-phase
ionization dynamics with higher pump laser fluences
than have previously been achievable75,76 and investi-
gations of supercooled water using transient x-ray ab-
sorption spectroscopy or ultrafast electron diffraction77.
Additional plans for this target delivery system include
the development of multilayered jets (preliminarily de-
scribed in Ref. 78) for ultrafast mixing experiments and
jets doped with nanoparticles for studies of catalysis79 

or nanofabrication80. Supplementing this unique tar-
get with HRR-compatible laser, diagnostic, and feedback
technologies will yield significant improvements in exper-
imental data quantity and quality and thereby advance
the state of the art in multiple domains of HED science.

SUPPLEMENTARY MATERIAL

The supplementary material provides details of the
setup of our PIC simulations and additional discussion
of the simulation results.
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J. Hornung, V. Bagnoud, C. Rödel, and M. Roth, Physical Re-
view E 104, 045210 (2021).

54S. J. D. Dann, C. D. Baird, N. Bourgeois, O. Chekhlov, S. Eard-
ley, C. D. Gregory, J.-N. Gruse, J. Hah, D. Hazra, S. J. Hawkes,
et al., Physical Review Accelerators and Beams 22, 041303
(2019).

55R. J. Shalloo, S. J. Dann, J. N. Gruse, C. I. Underwood, A. F.
Antoine, C. Arran, M. Backhouse, C. D. Baird, M. D. Bal-
cazar, N. Bourgeois, et al., Nature Communications 11, 0 (2020),
arXiv:2007.14340.

56S. Jalas, M. Kirchen, P. Messner, P. Winkler, L. Hübner, J. Dirk-
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