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Introduction

Motivation

Laser wake�eld acceleration (LWFA) uses an ultrashort, high-
intensity laser pulse interacting with a gas target to form a
plasma structure and accelerate an electron beam to MeV or
GeV energies. LWFA uses acceleration gradients 1000× stronger
than those in traditional RF systems, reducing accelerator cost
and size. LWFA requires precise laser-plasma characteristics.
Each laser needs a tailored gas target to control acceleration
parameters.
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Objectives

This project designs and develops a gas nozzle for future LWFA
experiments. We will:
1. Simulate nozzle geometries to measure plume parameters;

2. Build an optical setup to test the nozzle;

3. Validate the design and identify improvements.

Design

Scaling Laws

Laser wavelength λ and pulse energy Epulse dictate required op-
tical and plasma characteristics [1], [2]. We vary pulse length
τ and normalized vector potential a0 until resonance conditions
converge. This sets the gas density via the required plasma elec-
tron density:

ωp ≈
2
√
a0 c

w0︸ ︷︷ ︸
plasma frequency

→ ne =
ϵ0meω

2
p

e2︸ ︷︷ ︸
electron density

→ He → He2+ + 2e−︸ ︷︷ ︸
gas ionization

.

Gradient lengths must not exceed the Rayleigh length to limit
di�raction through phase objects:
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We optimized for an 800 nm, 500 mJ terawatt laser system.

Ansys Fluent CFD Simulations

We used Ansys Fluent CFD simulations to optimize a de
Laval nozzle for the desired density and spatial pro�le.

Figure 1: Simulated exhaust plume contours (left) and radial density
lineout (right) for argon at 400PSI.

We quantify density gradient length from the pro�le rise time.
Boundary layer thickness, slow-moving gas layers along nozzle
walls, determines the density gradient sharpness. We will val-
idate the nozzle prototype by comparing experimental results
with simulations.

Methods

We optimized resin printing parameters and
geometry to attain the maximal 50µm trans-
verse resolution without warping and layer sep-
aration. The �nal prototype in Figure 2 is a
de Laval structure with an O-ring sealing the
gas inlet.

Figure 2: The �nal resin printed nozzle prototype.
For a given gas, the Gladstone-Dale relation links refractive
index n to neutral-gas density ρ [3], [4]:

n = kρ+ 1 (1)

A probe beam accrues phase ϕ while propagating through the
gas [5]:

ϕ (x, y) =
2π

λ

∫
L

n (x, y, z, λ) dz =
2π

λ
Ln (x, y, λ) (2)

A Mach-Zehnder interferometer measures phase shifts through
interference between reference and probe beams at angle θ,
creating alternating intensity fringes [6]:
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Figure 3: Bending of interference
fringes at the nozzle exit during gas
�ow (right) compared to background
(left) encodes density data.

We extract the gas density from the bending of fringes when the nozzle is activated under vac-
uum, as in Figure 3. We designed an optical experiment using a HeNe laser and Mach-Zehnder
interferometer to image the fringes onto a CCD camera, seen in Figure 4 and Figure 5.
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Figure 4: (top) A schematic of our optical setup for the neutral gas density Mach-Zehnder interferometry.
(bottom, left to right) HeNe alignment stage; Mach-Zehnder interferometer; 4f imaging system.

Interferogram phase shift measures line-averaged plume density.
Abel inversion recovers the radial density from the cylindrically
symmetric plume.
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Interferograms were collected with argon at 400PSI into 100 Pa
vacuum. Ansys Fluent simulations benchmark the results. Figure 5: The gas lines for supply-

ing argon into the de Laval nozzle.

Results

Figure 6: a) Raw interferogram; b) amplitude map; c) phase map; d) Abel-inverted density distribution.

Interferogram processing is shown in Figure 6. Experimental and simulated density distributions
are compared in Figure 7 and Figure 8.

Figure 7: Comparison of simulated
and experimental density contours.

Pro�les generally match simulations but lack �ne-scale agree-
ment. Results:
� Conical exhaust plume in Figure 7 con�rms supersonic �ow;

� Experimental plume is di�use, with large FWHM in Figure 8;

� Broad density gradients contribute to large FWHM;

� Broader plume yields peak experimental densities ∼ 75% of
simulation.

Primary error sources:
� Transverse resin printer resolution is 10% of the smallest
geometry;

� Printed layer structure exacerbates boundary layers, causing
di�use gradients.

Figure 8: Comparison of simulated and experimental density lineouts at di�ering distances from the
nozzle exit (left), and density pro�le metrics (right).

Conclusions

→ Nozzle produces a supersonic gas plume consistent with simulation;

→ Manufacturing precision limits experimental accuracy.

We demonstrate a viable LWFA nozzle design procedure; further re�nement is necessary before use
in experiment. Higher-precision manufacturing (e.g. micro spark erosion), would reduce gradient
lengths and restore expected densities.
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