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Abstract—Laser particle acceleration is a rapid growing
field due to the compactness and smaller cost when compared
to traditional accelerators, as well as the potential for new
applications resulting from the unique characteristics of the
beams generated. Frequently, laser acceleration techniques
require laser intensities higher than 100's of PW/cm? and high-
density gas targets, with specific profiles. In the effort to
implement laser electron acceleration in our laboratories, we
report the development of submillimetric, supersonic gas
nozzles, the implementation of optical techniques for the
determination of the gas jets density profiles, and the
characterization of laser-induced plasmas obtained at laser
10' W/cm?.  The

intensities surpassing characterization
techniques employed include plasma  spectroscopy,
interferograms and Schlieren images.

Keywords—Laser  Plasma, Ultrashort Pulses, Optical

Characterization, Laser Electron Acceleration

I. INTRODUCTION

Laser plasma particle accelerators were proposed almost
40 years ago by Tajima and Dawson [1], and nowadays high
energy electron and protons beams are generated from table-
top laser systems [2, 3]. This new technology is expected to
allow cheaper and more compact accelerators, with high
temporal resolution and other new features for many present
and future applications [4-6]. Different operating physical
regimes and systems exist, but the underlying requirement
for laser acceleration is the use of tens of femtoseconds
ultrashort pulses focused to intensities above 10'7 W/cm?
over a few millimeters. Those conditions are used to excite a
plasma wakefield behind the laser pulse, which can be used
to accelerate electrons [7]. This plasma wave carries the
electrons and can sustain electric fields higher than
100 GV/m, well above the 100 MV/m typically found in
conventional RF accelerators.

In laser wakefield electron accelerators, beams composed
by ultrafast burst of electrons (bunches) can be obtained with
energies typically ranging from MeV to GeV, with a few
percent energy dispersion, divergence under 1 mrad, electric
charge on the 10-100 pC range and duration as short as
1fs[5, 8], 3 orders of magnitude shorter than those
obtainable in synchrotrons.

The interaction of these beams with matter allows the
development of tunable, compact sources of high energy
ionizing radiation [9], which are already being used in new
imaging techniques [10]. Other researched applications of
laser particle accelerators are the production of isotopes for
medicine [11, 12], protontherapy, hadron therapy [6, 13] and
fast ignition in fusion targets [14, 15].

To accelerate electrons using ultrashort pulses, gas
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targets are generally used [16], in which a plasma is
generated by laser-induced ionization for intensities above
10'* W/cm?. Those intensities must occur in the leading edge
of the laser pulse, and the interaction of the remaining part of
the pulse with the generated plasma is possible only below a
limiting density of plasma electrons, the so-called critical
density, ne, specific for each laser frequency. For the
Ti:Sapphire wavelength, 785 nm, the critical density is
ne=1.8x10* cm>[17, 18]. Typically, in this generated
underdense plasma, the laser pulse propagates without high
losses, displacing the charges by the ponderomotive force
and exciting an intense plasma wave in its wakefield [16,
19].

The technology of gas targets for laser-plasma studies is
mainly composed of nozzles, ducts and cells. Gas nozzles are
simple and versatile devices to create reproducible high-
density, sonic and supersonic gas targets for laser-plasma
experiments. A cylindrical nozzle geometry generates a sonic
flow into a lower pressure chamber, while a conical
divergent nozzle produces a supersonic flow with a Mach
number dependent on the nozzle geometric details. For gas
jets with high Mach numbers, sharp jet-vacuum boundaries
and flat-top gas density profiles are typically obtained,
characteristics that can enhance the laser interaction,
simplifying the design and analysis of laser-plasma
experiments [6]. High-intensity laser experiments currently
using such gas nozzles involve laser frequency upshift and
high-harmonic generation, laser filamentation, relativistic
self-focusing, laser-driven electron acceleration, THz
generation, extreme ultraviolet and x-ray beam generation,
laser pulse compression, among others [20].

Gas jets with submillimetric thicknesses and peak density
from 10'® to 10*' atoms/cm® allow the generation of highly
nonlinear waves of plasma, even for mJ-class laser pulses,
which require tightly focused beams [21]. When using sonic
and low Mach number flows, the laser should be focused in
the region close to the exit of the nozzle, since the gas
density quickly drops when moving away from it. On the
other hand, for high Mach nozzles, the jet is highly
collimated, keeping the density profile almost constant for a
long extension from the nozzle exit, but with much lower
values compared to the sonic one.

In our laboratory we are working to implement a laser
electron acceleration infrastructure, and the first step is to
create controlled gas targets and focus the laser beam to
small spots. For this, we are fabricating nozzles and
developing and implementing gas jet and plasma
characterization techniques. Here we report our first results
of the gas jet characterization by Schlieren shadowgraphy
and interferometry [22], the beam focusing and plasma
spectroscopy.



II. IMPLEMENTING GAS TARGETS FOR LASER-PLASMA

A. Nozzle Design

Fig. 1 exhibits a sketch of a convergent-divergent nozzle,
known as de Laval nozzle [20]. This kind of nozzle is a duct
that contains a region of constriction (a throat, like a Venturi
tube) and an expanding exit section that accelerates a
pressurized gas by converting its heat into kinetic energy.
Two limiting cases exist: the sonic nozzle, in which the
throat and the exit radii are approximately the same, and the
supersonic nozzle, in which the throat radius is smaller than
that of the exit. In both geometries the flow is always sonic
(or choked) at the throat section and the acceleration occurs
at the exit duct. A nozzle will only choke at the throat if the
pressure difference between the chambers is enough to
produce sonic speeds by mass flow through the nozzle,
otherwise no supersonic flow is achieved. The minimum
pressure ratio for the choked flow to occur varies with the
gas type but is typically around 0.53 (for Ny).
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Fig. 1. Sketch of a de Laval nozzle. The throat radius is 7, the exit radius
r., and L is the length of the conical exit section. P, T and p are the gas
pressure, temperature and density, respectively.

The sonic regime, in which the Mach number is M=1, is
characterized by high gas densities at the nozzle exit that
quickly drop with distance, with a bell-shaped density
profile. The highly supersonic regime, M>>1, presents a
collimated gas jet with a flat density profile. The optimal M
is thus determined by the kind of experiment, its objectives,
the available laser parameters such as peak power and
focused beam area and the available gas equipment that
defines the operational backing pressure.

A quasi-1D model of a de Laval nozzle, assuming
isentropic flow, leads to very useful expressions for the mass
flow rate, 71, (1), Mach number as a function of the exit to
throat area ratio, 4./A4;, (2), divergence angle for vacuum-
quality background pressure, @, (3) and maximum jet gas
density, p, (4) (typically a good prediction for the gas jet in
the immediate vicinity from the nozzle exit, at its symmetry
axis) [21]:
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where Py, Ty, po and P;, Ti, p; are reservoir gas pressure,
temperature and density for the backing and experimental
chambers, respectively; y is the heat capacity ratio, or
adiabatic index (~7/5 for N») and R is the specific gas
constant (297 J/kkg'K for N,). Once the thermodynamic
parameters are defined (when the gas is chosen) and the ratio
between the throat and the exit is specified, the Mach number
and the flow parameters are fixed. This model disregards the
exact value of the background density, p;, the presence of
shock waves in the downstream flow, as well as the nozzle
length, (L) and other geometrical features like the length of
the converging region, shapes and curvatures, all these
affecting the jet discharge and speed (and pressure) as
second-order corrections.

Using this simple model, we designed a Mach 2.5 nozzle
to generate a 250 pm-thick, continuous N jet flow in a
vacuum chamber. We manufactured the nozzle in our
laboratory, using a homemade ultrafast laser machining
system to etch a conic-shaped hole on a 500 um-thick wall
on the surface of a 4" diameter copper rod, drilled with an
eccentric hollow duct, as shown in Fig. 2. This “eccentric
pipe section” is open on one end and closed on the other to
withstand the internal pressure, which reaches several bars,
working as a gas line termination element. The nozzle
etching was precisely performed by trepanation using 200 pJ,
30 fs laser pulses at 4 kHz, a 25 cm focusing achromatic
doublet, and a computer controlled 3-axis positioning
system. The nozzle exit diameter is approximately 250 um
(measured by a Zegage optical profiler, Zygo Corp.) and the
inner hole diameter is approximately 150 um, as required for
a M = 2.5 supersonic nozzle.
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Fig. 2. Submillimetric de Laval nozzle, laser-machined in a copper rod.
All dimensions in mm.

Assuming a N backing pressure of 15 bar and using (1)
to (4), we expected to obtain the mass () and flow (v1)
rates, number density (7) and angle (o) shown in Table I,
where no is the atomic number density in the backing
chamber.

TABLE L CALCULATED CHARACTERISTICS FOR THE
MANUFACTURED NOZZLE, MACH 2.5.
v (kg/s) | vim’/h) | n(cm?) nvn a (deg)
6x107° 19.0 6x10" 12 23.6

B. Gas Profile Measurement

To characterize the gas jet, we used two techniques: the
Schlieren  imaging (an  enhanced  variation  of
shadowgraphy) [23, 24] and the Mach—Zehnder
interferometry, with the setup shown in Fig. 3: a polarized



633 nm He-Ne continuous beam is spatially filtered using a
30 pm pinhole and collimated to a 1 cm radius; the beam is
split in a conventional Mach-Zehnder interferometer and
passes through the gas jet in one arm; a 10 cm convergent
lens positioned in the final optical axis, 12 cm away from the
gas jet, produces a 5x magnified image of the jet at the CCD
surface. To produce a Schlieren image, the interferometer
arm without the gas jet is blocked (to eliminate the
interference fringes), and a knife-edge is inserted at the focal
point of the lens, where the He-Ne beam converges to a
focus, and adjusted to maximize the contrast.

Ap=2n/6 at ~300 um above the nozzle exit is observed,
corresponding to the node in Fig. 4a. This phase shift
corresponds to a change in optical length of 106 nm.
Assuming a flat profile for the 200 um wide gas jet, the
refraction index change is 5.0x10%, which for N
corresponds to 2 atm above the background, thus an absolute
value of approximately 3 atm[25]. For the 10 mbar-
background flow, Fig.5b, a phase shift of Ae=2n/5 is
observed immediately after the nozzle exit, corresponding to
a change in optical length of 130 nm. Assuming a flat profile
for the 200 pm wide gas jet, the change in refraction index is
6.5x10%, which for N, corresponds ~2 atm above the
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Fig. 3. Setup for the measurement of the gas jet profile and its density - ——————
through Schlieren imaging and Mach—Zehnder interferometry, respectively. .
Fig. 5. Typical Mach-Zehnder interferograms for 633 nm HeNe

We have also implemented a small vacuum chamber,
with windows at the Brewster angle, which can be fitted to
the cylindrical nozzle. With this chamber we have studied
the nozzle performance when applying a backing pressure
between 10 and 20 bar and the emerging gas jet flowing into
two background pressures: 1 atm and ~10 mbar. Using the
Schlieren technique we could easily identify the gas jet
position, shape and size in the shadowgrams shown in Fig. 4.
These images show the gas flow out of the nozzle into
a) 1 atm background, and b) 10 mbar background. In both
cases, the flow width at the nozzle exit (lower part of
images) is around 200 um. In the low-pressure environment,
the underexpanded jet widens transversally and its density
drops. In the 1 atm environment, nodes can be observed,
where the overexpanded supersonic jet shockwaves converge
into high density regions.

Fig. 4. Typical Schlieren image of the gas flow near the exit of our
Mach 2.5 nozzle, in background pressures of a) 1 atm and b) 10 mbar. The
nozzle exit is in the lower edge of the frame, and both images cover the
first 750 pm of the jet; the applied backing pressure was 15 bars.

By analyzing interferograms like those from Fig. 5,
which correspond to the shadowgrams shown in Fig. 4, the
positions of maximum phase shift and the corresponding
maximum local pressures attained are promptly recognized.
For the 1 atm-background flow, Fig. 5a, a phase shift of

continuous beam transmission through the cross section of the gas jet near
the exit of our Mach 2.5 nozzle, in background pressures of a) 1 atm and
b) 10 mbar. The nozzle exit is in the lower edge of the frame and both
images cover the first 500 pm of the jet; the applied backing gas pressure
was 15 bars.

III. EXPERIMENTAL LASER-PLASMA CHARACTERISTICS

C. Laser Parameters

To create a plasma in the gas jet, pulses from a
Ti:Sapphire CPA laser system (Femtopower Compact Pro
HR/HP, from Femtolasers) were used. This system generates
25 fs (FWHM) pulses centered at 785 nm, with 350 uJ of
energy, in a 4 kHz repetition rate train of pulses, in a beam
with M2=1.2.

To focus the 14 GW pulses on the gas jet target, the laser
beam was expanded and collimated to a beam with ~2 cm in
diameter and focused by a 90° off-axis parabolic mirror, with
2.54 cm aperture and 5 cm focusing distance. To properly
analyze the beam focus, a 10x magnification imaging optics
was implemented using a 5 cm focal length doublet. The
image of the beam at its waist was used to adjust the beam
injection angle on the mirror and minimize the astigmatism.
Fig. 6 presents the CCD image at the focus, showing a
beamwaist of 4 um, near the diffraction limit, with a 115 pm
confocal parameter smaller than the gas jet width. Due to the
asymmetry observed in the beam, which requires an
adaptative optics system to be corrected, the waist
encompasses 75% of the beam energy, generating
2.1x10'* W/cm? of intensity at this spot. We routinely obtain
spots with this size and plan to insert a deformable mirror
before the parabolic mirror, aiming to decrease the
beamwaist and increase the amount of energy contained in it.
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Fig. 6. High-intensity beam profile at the parabolic mirror focus.

D. Plasma Characterization

Switching off the HeNe laser (Fig. 3) allows the use of
the same setup to magnify the plasma glow by using the
lens-produced image on the CCD, registering its position and
size. Fig. 7 shows the 1/e? horizontal and vertical widths of
the plasma obtained at various distances from the nozzle exit,
using the gas jet in a 1 atm background pressure. The widths
at ~350, ~750 and ~1250 pm from the nozzle were measured
at the jet nodes (high density regions), while the others were
measured at anti-nodes (low density) positions. The plasma
length (horizontal) at the nodes are shorter than at the anti-
nodes positions, a consequence of the denser plasmas formed
that concentrate more energy absorbed from the laser pulses;
also, the plasma length exhibits a tendency to grow as the
distance from the nozzle exit increases since the consecutive
nodes have smaller density than the previous ones. This
tendency is not so clearly observed in the transversal
(vertical) dimension of the plasma.

At the currently available laser peak power in the kHz
regime, we have not observed any relativistic self-focusing
effect. Besides, for this power level and experimental setup,
no ionization-induced defocusing effects were detected.
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Fig. 7. Measurement data for the dimensions of the emissions from the
laser-generated plasma (and plume) as function of the distance from nozzle
exit, using the gas jet in 1 atm background.

Fig. 8 exhibits a composite picture of a Schlieren image
of the gas jet and a plasma image. The laser is coming from
the right, positioned to maximize the plasma emission. It can
be seen that the plasma is created in the first half of the jet
and has a length of ~100 um, compatible with the beam
confocal length.

Fig. 8. Superposition of the Schlieren and plasma images, showing where
typically the plasma forms. The laser pulses came from the right.

The plasma ionization state can be obtained by measuring
its emission spectrum, which has two main components. The
first one is its blackbody emission, and the other is composed
by its atomic emission lines, that immediately provide the
ionization state. To perform this measurement, the plasma
emission was collected by a telescope made with fused silica
lenses, injected into an UV optical fiber and sent to an ECCD
Echelle gated spectrometer (Aryelle-Butterfly, LTB). This
gated spectrometer is used to eliminate the blackbody
emission, that evanesces in hundreds of ns (for excitation
with fs pulses) [27, 28], and provides an atomic emission
spectrum with minimized background. Fig. 9 shows emission
lines measured with a 50 ns gate, starting 50 and 80 ns after
the laser pulse. The first spectrum shows 2 emission lines
(414.343 nm and 415.148 nm) for the neutral Nitrogen (N I),
and it can be seen that the background (blackbody emission)
decreases for the spectrum measured 80 ns after the laser
pulse, but do not fade completely. It is also seen that the
spectra have a lot of noise that can mask the emission lines.
In the lower graph, the 50 ns delayed spectrum clearly shows
an emission line at 405.776 nm from the N3* ion (N IV),
which almost disappears on the 80 ns spectrum due to its
15 ns lifetime [29]. We could not detect higher ionization
states, although the theory predicts [30] that, at the intensities
obtained at the focus, N** should have been produced.

414343 nm 415.148 nm|  —50 ns dela
g 2000 NI —80ns de|a¥
£ 1500
<
>
Z 1000 /\/\H\/«\/\\/\—/\/
c
o]
= 500‘/\_/-\/\/

0

413.0 4135 414.0 4145 415.0 4155 416.0

Wavelength (nm)
1200
405.776 nm —50 ns dela

5.- 1000 NIV —80ns dela¥
£ 800
<
> 600
2
g 400 '\/\/\/JW
< ZOOW

0

404.0 404.5 405.0 405.5 406.0 406.5 407.0

Wavelength (nm)

Fig. 9. Atomic emission spectra from the Nitrogen plasma at 50 and 80 ns
after the laser pulse, for neutral and 3+ nitrogen.



IV. DISCUSSION AND CONCLUSIONS

The observed gas jet flowing in a low-pressure chamber
exhibits a 27° divergence angle (half angle from normal).
The corresponding Mach number, retrieved from the model,
would be for this case M=2.2 instead of the predicted 2.5
when designing the nozzle.

The foreseen volumetric rate for the designed nozzle
operating at 15 bar backing pressure is 19 m*/h. The used
vacuum pump, Edwards model E2M18, has a maximum
swept volume rate of 18 m’/h and a nominal ultimate
vacuum (total pressure) 0.2 mbar with gas ballast. Since our
equilibrium background pressure was around 10 mbar, we
infer that a higher-than-expected volume flow rate occurred
(not measured). The same kind of disagreement was
observed when measuring the in-vacuum supersonic jet
pressure: a maximum of 2 atm, while the expected value
when applying 15 bars was 1.2 atm. We consider that the
higher values deviations of pressure and volume rate, as well
as the observed lower Mach number, may be attributed to
partial failure of the quasi-one-dimensional model for the
microscopic supersonic nozzle due to influence of the non-
considered geometrical factors such as length of the conical
exit section, as well as wall-proximity effects [20].

Although we need to improve the signal to noise ratio on
the atomic emission spectra measurements, we could
measure ionization states up to N**, The expected electron
density corresponding to these ionizations, together with the
laser intensity obtained (>2-10'® W/cm?), indicate that our
experimental conditions should be close to obtaining the
relativistic self-focusing, a condition known act as a trigger
to the electron acceleration regime, mostly for low energy
laser pulses [18].
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