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Recent results on laser wakefield acceleration in tailored plasma channels have underlined the
importance of controlling the density profile of the gas target. In particular, it was reported that
the appropriate density tailoring can result in improved injection, acceleration, and collimation of
laser-accelerated electron beams. To achieve such profiles, innovative target designs are required. For
this purpose, we have reviewed the usage of additive layer manufacturing, commonly known as 3D
printing, in order to produce gas jet nozzles. Notably we have compared the performance of two
industry standard techniques, namely, selective laser sintering (SLS) and stereolithography (SLA).
Furthermore we have used the common fused deposition modeling to reproduce basic gas jet designs
and used SLA and SLS for more sophisticated nozzle designs. The nozzles are characterized interfer-
ometrically and used for electron acceleration experiments with the SALLE JAUNE terawatt laser at Lab-
oratoire d’Optique Appliquée. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4958649]

. INTRODUCTION

Particle accelerators are an essential tool in science, indus-
try, and medicine. While a century of R&D has lead to a high
level of control and stability, field emission and subsequent
vacuum breakdown still limit the maximum field gradients
to around 100 MV/m.! This bottleneck prevents high energy
accelerators from becoming more compact and affordable.
Plasma-based accelerators overcome these limitations by use
of a pre-ionized medium and can thus reach higher acceler-
ation gradients, in excess of 100 GV/m.? In particular, it was
observed that electrons can be accelerated to highly relativistic
energies in the wake of an intense laser pulse propagating
through a plasma.® Moreover, it has been demonstrated that
the kinetic energy of these electron beams can be converted
on a millimeter scale into energetic photon beams using, e.g.,
bremsstrahlung conversion,*> magnetic undulators,® inverse
Compton backscattering,”® or betatron emission from plasma
wigglers.’

The density profile of the plasma target plays a crucial
role for the operation of a laser-wakefield accelerator. In
particular, many recent innovations were achieved by means
of target engineering. For instance, it has been shown that
longitudinal density tailoring can be used to localize elect-
ron injection,'®!! increase the beam energy,'”> and reduce
the beam energy spread'? and the beam divergence.'* Target
engineering is therefore very important for the advance of the
research field. However, there are a number of problems with
the current target manufacturing technology. One is that the
targets become more and more complex and the traditional
manufacturing techniques are brought to their limits. Also,
most high-intensity lasers are located at user facilities and
laser-plasma acceleration experiments have a typical dura-
tion of a few weeks. With conventional production chains,
it is therefore often impossible to innovate targets during a
campaign. As an alternative, we have investigated the usage
of 3D printers for gas jet manufacturing.
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The paper is structured as follows: First, we give an
overview of gas targets for laser wakefield acceleration and
the most common 3D printing technologies. Then we present
results using different techniques and compare their perfor-
mance. Last, we discuss how 3D printed nozzles perform in
experiments on laser-driven electron acceleration and what
are the merits of the technology in this special field of
applications.

Il. GAS JET TARGETS FOR LASER-PLASMA
ACCELERATORS

Laser wakefield accelerators rely on a plasma to act as
both electron injector and accelerator.” This plasma is created
via ionization of a gas target and in order to permit a laser
pulse to propagate, the electron density 7, has to be below the
critical density n. ~ 1.7 x 10?! X (1o[um])~2. During propa-
gation through the plasma, the ponderomotive force of the
laser pulse excites a plasma wave in its wake that serves as
accelerating structure. However, as the laser propagates in an
underdense plasma at a group velocity v, ~ (1 — n./2n.)co,
the laser driver and the electrons (with a velocity close to the
speed of light in vacuum v, = ¢p) slowly move with respect
to each other. Once the electrons have reached a decelerating
region of the plasma wave, they are “dephased” and start
losing energy. In a flat density profile, the resulting dephas-
ing length L, ;% then defines the maximum attainable
beam energy, leading to an approximate scaling E,,, o« n',
see Ref. 2. As operation beyond dephasing is inefficient, the
accelerator length is usually optimized around the dephasing
length. This relation is illustrated in Fig. 1, which shows a
collection of experimental data from Ref. 15, with the scalings
of beam energy and matched plasma density. While longer,
low-density targets are adequate to produce beams of highest
energy, high density targets can be of interest to produce beams
with high charge. Here the reduced group velocity of the laser

Published by AIP Publishing.
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FIG. 1. Scalings of dephasing-limited laser-plasma accelerators. As dis-
cussed in Ref. 2, higher beam energies can be reached at reduced plasma
density, which in turn requires longer acceleration length due to the reduced
wakefield amplitude. The lines show the basic scalings, which agree well with
the marked data from various experiments on laser wakefield acceleration. !
As we will discuss in this paper, structures smaller than a millimeter can
currently not be produced using common 3D printers. The technology is ideal
for nozzle sizes in the range between 2 - 10 mm. Above this, capillary targets
may be the better choice due to their additional guiding capabilities.

can facilitate self-injection of electrons into the accelerator.'®
Furthermore, the accelerator length is limited by depletion of
the driving laser pulse. As a result, terawatt-class facilities
often use jets of a few millimeters length, while petawatt-class
lasers employ centimeter-scale targets.

Several different types of such targets have been devel-
oped and the most common designs are discharge and dielec-
tric capillaries, gas cells, and gas jets. The first three types
have a similar layout, where the laser is focused into a tube
with a diameter in the order of 100 um. Note that careful
alignment of the laser beam is imperative since even a slight
misalignment can damage or destroy the target. Discharge
targets provide a preformed plasma with a transverse density
gradient that can provide auxiliary guiding of the laser pulse.'’
The discharge-based accelerator can therefore be operated at
lower plasma density than self-guided laser-plasma accelera-
tors (where the laser creates a focusing density gradient) and
is often chosen for high energy experiments.'®!® However,
during our studies in the past, the complexity of the discharge
target has lead to stability issues. Dielectric capillary tubes
work as waveguides and therefore provide additional guiding
of outer Airy laser modes.”’ Gas cells have a similar design,
but provide no additional guiding capabilities. Yet they offer
certain advantages, e.g., some designs allow to easily vary the
acceleration length.?! In both cases, the gas is supplied from
a reservoir of some hundred millibar backing pressure and the
gas density is constant inside the target, with entrance and exit
gradients of the order of their diameter.??

Gas jets are different from the above layouts as the laser is
focused onto a gas that flows freely into the vacuum chamber.
A gas jet primarily consists of a high-pressure gas valve and
anindividually designed exit nozzle. Many laboratories rely on
Series 9 pulse valves by Parker Hannifin Corp., which operate
at up to 50-80 bars and a sub-millisecond reaction time. Onto
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the valve exit different nozzles can be mounted. These nozzles
are produced usually using computerized numerical control
(CNC) milling in aluminum, with most designs relying on a
conical De Laval layout that leads to a supersonic gas flow
downstream.?>?* The nozzles have usually exit diameters of
a few millimeters, but also nozzles of more than a centimeter
diameter have been used for GeV electron acceleration.?> A
very particular type gas jet nozzle has been developed for laser-
driven proton acceleration. Here near-critical plasma densities
are reached, which requires operation at very high pressure
(>100 bars) and small exit diameters (<1 mm).?°

There are a number of reasons why gas jets have been
the most common type of gas target used for laser wakefield
acceleration during the past decade. First, their open geometry
makes them much simpler to align and offers good accessi-
bility for diagnostics, which is interesting for prototyping and
proof-of-concept setups. But furthermore their superior stabil-
ity and durability makes them a frequent choice for permanent
setups. Note that gas cells have a similar performance. Indeed,
De Laval nozzles with a circular exit are more suitable for short
acceleration length (some millimeters), because otherwise a
large proportion of gas is released without use into the vacuum
chamber. Last, the longitudinal density profile in gas jets can
be tailored to an extend that has not yet been demonstrated with
other targets. For example, the gas flow from a single nozzle
can be manipulated with a blade to create sharp transitions!%'3
or the flow of multiple exit nozzles can be combined to create
density ramps in the profile.?’

Il. ADDITIVE MANUFACTURING TECHNOLOGIES
(3D PRINTING)

What is commonly called 3D printing®® is a number of
different technologies for additive layer manufacturing.?-!
These technologies have been essentially developed since the
1980s and have recently drawn a lot of public attention.’?
While many applications, e.g., in engineering, biotechnology,
and chemistry have been considered,* the technology still
faces many challenges and each novel application has to be
carefully reviewed.**

There are a number of motivations for the usage of 3D
printers. First, pieces can be produced directly from a CAD
drawing,”® which make it ideal for rapid prototyping. The
time from finishing a 3D model to using it ranges from a few
hours (if an in-house printer is available) to a few days (for
outsourced production). Furthermore the field is rapidly evolv-
ing and recently a number of enterprises offer manufacturing
at very competitive prices (usually much cheaper than mill-
ing). These advantages hold especially for small, individual
pieces such as gas jet nozzles. Note that the technology is not
competitive in case of larger pieces and batch production.’!
Last, additive manufacturing can offer more freedom in the
design than conventional milling does. However, in order for
this argument to hold, we need to respect some guidelines,
which we are going to discuss in this paper. As readers from
the laser and accelerator communities may not be familiar with
additive manufacturing, we will briefly introduce the most
common consumer and commercial technologies (see also
Fig. 2).
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FIG. 2. Tllustration of three different additive manufacturing techniques. (a) Fused deposition modeling, (b) PolylJet, a variation of stereolithography, and

(c) selective laser sintering.

A. Fused deposition modeling (FDM)

The basic concept of Fused deposition modeling (FDM)*?
is similar to a common hot glue gun: a thermoplastic filament
is fed through a hot nozzle. Due to the heating, the filament
melts and is extruded. When the material is “printed” onto
the underlying layer of material, it cools down and solidifies.
Due to their conceptual simplicity, FDM printers are used in
most consumer printers (MakerBot, Printrbot, etc.) as well as
for free and open source hardware projects like RepRap or
Fab@Home. Such printers are low-cost and easily affordable
even for small laboratories and research groups. For our study
we have used a commercial FDM printer (HP DesignJet 3D,
now relabeled uPrint SE), which prints at a layer thickness of
0.25 mm.

B. Stereolithography (SLA)

Stereolithography (SLA) is a technique used in many
commercial printers, based on induced polymerization by
light.>> Here a liquid photopolymer (resin) is printed onto a
surface and hardens when it is illuminated by a UV laser.
In contrast to the FDM machines, most SLA printers have
no moving head and instead the laser scans over the liquid
polymer bath using a scanning mirror. Once the laser has
scanned one entire layer, a leveling blade passes to smoothen
the surface. Also SLA printers need to create a support struc-
ture that is removed after printing.

For this study, we have relied on Polylet, a particular
type of SLA, developed by Stratasys. Here the photopolymer
is delivered in the form of droplets, which are immediately
solidified by a UV light in the printer head. In principle, the
resolution of the technique is limited by the droplet size and
not by the laser spot size as conventional SLA. The Stratasys
Objet30 Pro printer, which we used in this study, has a layer
thickness of 28 ym and an xy resolution of 42 ym. In principle,
this technique should lead to the highest resolution (see the
discussion in Sec. IV).

C. Selective laser sintering (SLS)

In selective laser sintering (SLS), a high power laser,
typically a pulsed CO, or ND:YAG laser, is focused on a

powder that is then locally fused via sintering.’® The powder
can be a metal compound or a polymer, e.g., nylon. Once a
whole layer has been selectively sintered, the recoater applies
a new layer of powder and the procedure repeats. A main
difference to FDM and SLA is that SLS does not require
any support structures as the un-sintered powder itself acts as
support.

SLS systems are much more expensive than FDM and
SLA systems as they require high power lasers for the sintering
process. In this study, we used an EOS Formiga P110 printer,
which uses a 30 W CO; laser coupled to an F-theta scanning
lens. The printer material is a PA 12 based fine polyamide (PA
2200) with an average grain size of 60 um. The layer thickness
is 60-150 um.

IV. 3D PRINTING FOR LASER-PLASMA
ACCELERATORS

The use of 3D printing for laser wakefield accelerators
has been pioneered at University of Michigan, where tar-
gets, especially gas cells, were produced using SLA.3” The
group presented very promising results, e.g., 100 ym diam-
eter nozzles.’® However, these parts required post-processing
of the nozzles because the narrowest part of the nozzle was
blocked.

We have tested FDM, SLA, and SLS printers and experi-
enced similar issues, even at diameters exceeding >500 um.
When trying to address these issues with the commercial
manufacturer, we were advised to avoid channels smaller than
2 mm. However, such basic guidelines are oriented to the wide
public and usually differ substantially from the requirements
for special application. This lack of specific documentation
has also been acknowledged in the mechanical engineering
community.*’

During our first tests, we found that the quality of the
printed pieces depends on the nozzle height, aperture, and the
print direction. In order to evaluate the actual limitations of
the systems, we have performed a more systematic evaluation
that involved the basic shapes that form a gas jet nozzle, i.e.,
tubes and hollow cones. As an example, a study of different
cone opening angles (a) using a transparent resin is shown in
Fig. 3(a).
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The main design failure is when a gas jet gets blocked, so
we especially investigated the influence that the performance
of the printers has on the production of tubes of different
sizes. We therefore conceived a test object consisting of holes
of 0.1-5 mm diameter and 1, 2, 5, and 10 um thickness
(Fig. 3(d)). Backlit photographs, taken with a Canon EOS
600D digital camera, for both SLA and SLS are shown in
Figs. 3(b) and 3(c). Using the backlighting, it is evident which
holes are blocked with material and therefore unsuitable for
gas jet design. We observe not only a diameter dependence,
but also strong influence of the channel depth, especially in
the SLA case.

At 1 mm thickness, the SLS printed piece is open up to
diameters of 0.9 mm. Below this the channel is still open,
but the holes are smaller than intended (see Fig. 3(e)), and at
less than 0.7 mm the holes are blocked. At 2 mm thickness
already holes of 1 mm are not always reproducible and above
only holes with diameters greater than 1.5 mm remain open.
For SLA we observe an even stronger dependence on the
aspect ratio: while thin samples of 1 mm thickness remain
open for diameters >0.7 mm, the pieces get quickly stuck
with increasing thickness of the sample. For 5 mm channels,
only samples with an opening >2 mm remain unblocked.
At 10 mm thickness, this value increases to 3 mm (see.
Fig. 3).

We also used a Zeiss Axio Imager.A2m microscope to
look in detail at the quality of the tube openings for 1 mm
depth and 0.8-2.0 mm diameter (Figs. 3(e) and 3(f)). It is
obvious that SLS (e) and SLA (f) have a very different perfor-
mance. The granular SLS reproduces well the circular shape
at 2 mm diameter, but struggles with 0.8 mm. So while it
seemed in Fig. 3(c) that SLA performs well for thin sam-
ples, the microscopy images show that the shape is not well
reproduced.

Figure 4(a) shows the schematics of a standard nozzle
design. We created a set of test nozzles for exit diameters
D, = 1 — 3 mm, different Mach numbers M ~ D,/Dy =2 -4
and opening angles ¢ = 10°-30°. The total set consists of
45 different nozzles heads for each SLA and SLS. Again
we find that only nozzles with diameters greater than 2 mm
can be printed without the need of post-processing. As an
example, Figs. 4(c) and 4(d) show interferometric measure-
ments of the gas flow from Mach 3 nozzles of 3 mm diameter.
The measurements are taken in vacuum with a HeNe laser
illuminating the sample. The beam is then self-interfered
using a Nomarski interferometer.*’ Assuming circular sym-
metry, we apply an Abel transform to obtain estimations for
the gas density from the measured phase shift. While the
exit hole D, is better reproduced by SLS than SLA (see
Figs. 3(e) and 3(f)), we observe that the SLA gas flow is
more homogeneous than the SLS jet. This is due to the
fact that SLS, though leading to a less regular exit hole
shape, has a better performance of printing small tubes of
several millimeter lengths as seen in Figs. 3(b) and 3(c).
This results in an overall better printing of the entrance hole
Dy than for the SLS case. Also, the resin has a reduced
surface roughness compared to the grains used for SLA,
which should also increase the Mach number in favor of
SLS.

Rev. Sci. Instrum. 87, 073505 (2016)

(a) Transparent SLA resin

10 mm 5 mm 2 mm 1 mm

FIG. 3. (a) Example for a cone test print with different opening angles ¢.
(b)-(f) Test prints to determine the effective resolution of SLA and SLS print-
ers. (d) is a render of the original CAD model, with holes from 0.1 to 5.0 mm
diameter and depth from 1 to 10 mm. (b) and (c) show backlit photographs of
the front and back of the test piece. (e) and (f) show microscopy images for a
selection of holes marked by the red rectangle in (d).

V. APPLICATION IN EXPERIMENTS

After the initial characterization from Sec. IV, we have
employed 3D printed gas jet nozzles in laser wakefield accel-
eration experiments. For this we used the SaLLE JAUNE Laser
at Laboratoire d’Optique Appliquée. The system delivers line-
arly polarized 1J/28 fs (FWHM) pulses at a central wavelength
of 810 nm, which are then focused onto the gas target with an
off-axis parabola. As reservoir gas we have used pure helium.

In a first experiment, we have used FDM printed jets. The
density profile of the jet is shown in Fig. 4(b). We observe
acceleration of self-injected electrons®! to energies in the 100-
300 MeV range. As the results of this experiment will be
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FIG. 4. (a) Schematic design of a supersonic de Laval nozzle. Main parameters are the inner diameter D and the exit diameter D, the Mach number M and
the opening angle ¢. (b) Interferometrically measured density profiles at z =0.3 mm for a FDM printed jet. (c) and (d) show density profile maps n.(x, z) for

SLA and SLS printed nozzles, respectively.

published elsewhere, we will focus our discussion on the
performance of the jet. First of all, we have not experienced
significant performance differences between 3D printed and
CNC milled nozzles. During test the nozzles easily withstood
backing pressures of up to 50 bars (higher pressures were
not tested). Also, while the laser-plasma interaction leads
to visible degradation of the surface, performance of the jet
showed no significant change over several hundred laser shots.
Furthermore it was reported that 3D printed materials suffer
from significant outgassing.*' However, for the experimental
requirements of laser wakefield acceleration (vacuum pres-
sures of ~1073 to 107> mbar), this is no problem and 3D printed
parts can be used without concerns.

One of the main premises of 3D printing is the possibility
to create complex geometries. Such geometries can be required
for advanced experimental configuration, like a laser-plasma
accelerator coupled to a laser-plasma lens.'* Here a single laser
pulse serves as driver for the wakefield accelerator, but also
creates focusing fields in a subsequent jet. This second jet
needs to be placed just a few millimeters behind the exit of
the first. The jets cannot be placed opposing to each other,
as this would cause turbulences in the gas flow. Instead, the
nozzle exit has to be placed close to the outer edge of the valve.
Using traditional production techniques, such jets would be
produced using either milling of two separate pieces or by
molding. The former requires high accuracy in production
and alignment, while molding requires a core to be produced
and micro-molding is rather costly. As an alternative, we have
designed a new gas jet nozzle whose exit is displaced with
respect to the valve. The initial CAD model was imported
into the computational fluid dynamics software ANsys FLUENT,
where we simulated the gas expansion into vacuum on a 2D

adaptive mesh. As shown in Fig. 5(a), there is little influence
of the design on the flow symmetry at the exit. We therefore
went on to print the nozzle using SLS and SLA. As expected
from our previous study, the deep channel was blocked for SLS
printing. Instead we chose the SLA nozzle and post-processed
the exit with a drill. The nozzle was then used in the experiment
on relativistic electron beam focusing using a laser-plasma
lens. While the design could not provide a sharp density profile
due to the sonic flow, it allowed the nozzle to be placed very
close to the exit of a first gas jet and thus serve as focusing
element for the electron beam.'*

VI. CONCLUSIONS AND OUTLOOK

In conclusion, we have presented the current state of
our ongoing investigations on various 3D printing (additive
manufacturing) techniques for the production of gas jet noz-
zles. Using commercial printers, we estimate as a current
design guideline to print at least with a minimal diameter of
1 mm in order to avoid obstructions in the gas channel. As
seen in Fig. 1, this will be sufficient for most experiments on
laser wakefield acceleration. We also demonstrated that 3D
printing allows the design of unconventional nozzle designs
for special applications, e.g., as second nozzle for a laser-
plasma lens. As 3D printed parts possess a good structural
integrity (except shear stress along the print layer), we have
also started to investigate further usage in experiment. For
instance, the technique is well-suited to design and timely
produce personalized mounts. Also, for certain materials, an
additional surface treatment, e.g., with acetone, may serve as
simple solution to improve the print quality. Including the
continuing price reduction, availability of new materials, and
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FIG. 5. (a) Ansys FLuenT simulation of the density profile in an asymmet-
ric gas jet nozzle. As seen in the enlarged frame the exit flow is mostly
symmetric, despite the asymmetrical layout. (b) Interferometric gas density
measurements along the laser propagation from experiments on laser-plasma
lensing.'* Due to the sonic expansion, the gas profile of the 3D printed jet
is peaked, while the supersonic flow of the adjacent aluminum nozzle leads
to a sharper density transition. The final printed nozzle design is shown as
inset (¢).

so forth, we anticipate that the technology will soon find its
way into more laboratory applications.
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