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1)Lawrence Berkeley National Lab (LBNL), CA 94720, USA
2)University of California, Berkeley, CA 94720, USA

(*Electronic mail: oceanzhou123@berkeley.edu)

(Dated: 8 June 2021)

Supersonic gas jets produced by converging-diverging nozzles are commonly used as targets for laser-plasma accelera-
tion experiments. A major point of interest for these targets is the gas density at the region of interaction where the laser
ionizes the gas plume to create a plasma, providing the acceleration structure. Tuning the density profiles at this interac-
tion region is crucial to LPA optimization. A "flat-top" density profile is desired at the line of interaction to control laser
propagation and high energy electron acceleration, while a short high-density profile is often preferred for acceleration
of lower-energy tightly-focused laser plasma interactions. A particular design parameter of interest is the curvature of
the nozzle’s diverging section. We examine three nozzle designs with different curvatures: the concave "bell", straight
conical and convex "trumpet" nozzles. We demonstrate that, at mm-scale distances from the nozzle exit, the trumpet
and straight nozzles, if optimized, produce "flat-top" density profiles whereas the bell nozzle creates focused regions
of gas with higher densities. An optimization procedure for the trumpet nozzle is derived and compared to the straight
nozzle optimization process. We find that the trumpet nozzle, by providing an extra parameter of control through its
curvature, is more versatile for creating flat-top profiles and its optimization procedure is more refined compared to
the straight nozzle and the straight nozzle optimization process. We present results for different nozzle designs from
computational fluid dynamics simulations performed with the program ANSYS Fluent and verify them experimentally
using neutral density interferometry.

I. INTRODUCTION

Laser-plasma acceleration (LPA) is a particle acceleration
scheme that uses an ultrafast intense laser pulse to create a
plasma wave that can sustain strong acceleration gradients of
hundreds of GV/m to achieve electron acceleration over short
distances1–9. Such accelerators have become capable of pro-
ducing relativistic quasi-monoenergetic electron beams10–13

in the hundreds of MeV14–19 to above GeV energy level20–25.
Controlled LPA experiments require a well-defined interac-
tion region between the laser pulse and the plasma target26–29.
The plasma target is typically created by ionization of a gas
target in the onset of high power laser pulses used to drive the
plasma wave. A long flat-top density profile is often desired
for laser propagation, plasma waveguide creation, and elec-
tron acceleration29–32. On the other hand, a sharp high density
profile is useful for high repetition rate LPA driven by mJ-
level laser pulses33,34 and electron injection35–44. One com-
mon method of creating desired density profiles is by produc-
ing a supersonic gas jet through converging-diverging (C-D)
nozzles. Numerous studies have been conducted in the con-
text of LPA on nozzle manufacturing techniques45 and nozzle
design27–29,31,32,35,46–53. While the diverging section curva-
ture of C-D nozzles has been examined and optimized for var-
ious applications in past studies48,54–58, more investigation of
the diverging section curvature’s effect in an LPA context is
needed. In this paper, we examine three nozzle designs with
different curvatures shown in Fig. 1(a), (b), (c). The trum-
pet design, which has not been commonly studied or applied
in an LPA context, is based off of previous designs in other
fields54,59. Simulation results suggest that the nozzle curva-

ture has great effect on the resulting density field outside the
nozzle exit. It is also found that the trumpet nozzle, like the
straight nozzle, can effectively yield flat-top density profiles if
optimized while the bell curvature creates highly focused re-
gions of gas with large density fluctuations. Furthermore, the
trumpet nozzle is found to be more versatile in producing flat-
top profiles compared to the straight nozzle as its curvature
can be adjusted to suppress shocks outside the nozzle more
effectively.

(a) Concave "Bell" aka Parabolic

(b) Straight

(c) Convex "Trumpet"

FIG. 1: Three-dimensional profile of each nozzle considered
in this paper

To experimentally verify simulation results, we employ
neutral density interferometry, a popular gas jet characteri-
zation method27,28,31,32,46–49,51–53. The paper is structured as
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follows: Sec. II describes the principles of nozzle design and
the simulation methods used. Sec. III presents the diagnostic
setup. Sec. IV presents simulation results and the compari-
son to measurements and Sec. V summarizes the study and
discusses future areas of interest.

II. GAS JET SIMULATIONS

This section covers the basic theory behind supersonic noz-
zle design, the simulated nozzle geometries and the simulation
methods employed to model the gas jets produced by each
nozzle. The variables shown in the axisymmetric domain in
Fig. 2 are referenced throughout the paper and defined as:

1. r∗,ri,re: nozzle throat, nozzle inlet and nozzle exit ra-
dius. Corresponding diameters defined the same way,
(d∗,di,de)

2. ld : length of diverging section

3. z: normal distance from nozzle exit. z < 0 means inside
of nozzle

4. Rc: radius of curvature of diverging section

5. θe: nozzle exit half-angle

6. O: origin of coordinate system

7. Outlet: where the gas exits in the domain

FIG. 2: Axisymmetric domain used for simulations

A. Nozzle Geometries and Design

For each simulated nozzle geometry, 1D isentropic flow
theory was first used to choose the desired de and d∗ with
various radii of curvature, Rc, and lengths, ld , being chosen
after. The 1D isentropic flow model approximates important
flow parameters such as density ρ and Mach Number M and
relates these parameters to the nozzle geometry through the
cross section area A32,60–62. Any variable with subscript 0 in-
dicates a stagnation quantity, referring to the quantities of the
gas in the gas bottle. Any variable with superscript * refers
to a quantity at the nozzle throat. κ is the specific heat ratio
of the gas. The isentropic flow equations used to design the
nozzles were:

ρ

ρ0
= (1+

κ−1
2

M2)−
1

κ−1 (1)

A
A∗

=
1
M

[
2

κ +1
(1+

κ−1
2

M2)

] κ+1
2(κ−1)

(2)

Eqn. (2) was used to calculate the exit Mach number for
each nozzle, optimizing the nozzle geometry for a desired exit
Mach number, Me. All nozzles were chosen to have the same
exit diameter, de = 3 mm, to match (including consideration
of the gas flow dynamics to the interception point of the laser)
the accelerating structure with laser parameters for dephasing,
depletion and diffraction. The large de also lessens the effect
of boundary layers on the flow as opposed to sub-mm scale
nozzles31. For d∗ = 0.6 mm, isentropic calculations yield Me
= 7.1 whereas for d∗ = 0.8 mm, Me = 5.7. The higher exit
Mach numbers were chosen as a sequel to previously lower
Me nozzles used35–37 as high exit Mach numbers correspond
to more flat-top density profiles32. Both d∗ were also chosen
so that, with a backing pressure of 500 psi, isentropic exit
density ρe would be on the order of 1019 cm−3, the optimal
LPA density range29,31. κ = 5/3 for Helium (He) and Argon
(Ar).

Three different curvatures were simulated, with their geom-
etry parameters defined below:

1. Concave "Bell" (Rc > 0) nozzle: d∗ = 0.6 mm, Rc =
+31 mm

2. Straight conical nozzle: d∗ = 0.8 mm, Rc = ∞, ld varied

3. Convex "Trumpet" (Rc < 0) nozzle: d∗ = 0.8 mm, Rc
varied, ld varied

To compare the effect of curvature, three of the simulated
nozzles, one from each curvature, were constrained to have ld
= 9 mm with all other parameters also kept constant. The bell
nozzle having d∗ = 0.6 mm as opposed to d∗ = 0.8 mm was
found to not have significant impact on the qualitative fea-
tures observed. The straight and trumpet nozzles were chosen
to have greater d∗ to loosen manufacturing constraints. The
inlet diameter di, which has little effect on the gas jet56, was
chosen to match the valve diameter of 2.24 mm. The diverg-
ing section length, ld , was varied to optimize the trumpet and
straight nozzles. In past studies of the straight nozzle, ld was
approximately optimized using the "1/Me" condition, which
matched exit half-angle, θe, to the Mach angle, also known
as the shock angle, of sin−1 (1/Me), to minimize the shock
intensity29,32,48. The radius of curvature of the bell nozzle, Rc
= +31 mm was chosen to demonstrate the effect of the bell.
The trumpet Rc was varied to find the optimal trumpet geom-
etry for producing flat-top density profiles.

B. Simulation Methods

The gas jet simulations were performed using the computa-
tional fluid dynamics (CFD) program ANSYS Fluent, which
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TABLE I: Characteristic thermodynamic and flow values for He and Ar

Gas Cp [J/kg*K] k [W/m*K] A n µ0 [Pa*s] S [K] T0 [K]
He 5193 0.152 4.078×10−7 0.6896
Ar 520.64 0.0158 2.125×10−5 144.4 273.11

provides a range of numerical solvers for the Navier-Stokes,
continuity and energy equations63. Both 2D-axisymmetric
and 3D simulations were performed. While 2D-axisymmetric
simulations are computationally less expensive and can be
more refined, 3D simulations model turbulence and flow more
accurately. Thus, density maps were extracted from the
3D simulations whereas 2D-axisymmetric simulation results
were used to resolve finer features such as shocks. The do-
main used for the 2D-axisymmetric simulations is shown in
Fig. 2. The mesh for the domain consisted of about 2.5×105

quadrilateral elements, also called cells. Most of the cells
were close to being perfectly square, which is ideal for CFD
simulations64. The solver settings were the exact same as the
3D simulations settings. The boundary conditions (BCs) were
also the same except with an added "axis" BC due to the ax-
isymmetric nature. The axisymmetric profile of the 3D do-
main had the same nozzle profile as the 2D domain but was
smaller in outlet area by 75% in order to allow for a more re-
fined mesh with the cells being closer to cubes, which is ideal
for CFD simulations64. The profile was revolved to create the
3D domain. The mesh for 3D simulations contained 4.5×105

cells, with the average skewness being 0.062. The average or-
thogonality is 0.983, and the average aspect ratio is 3.74. An
implicit coupled density-based steady-state solver was used
with double precision accuracy. Turbulence was modeled us-
ing the k−ω shear stress transport (SST) model, which mod-
els turbulence both near and far from the walls well65. Spa-
tial discretization was done with the Least Squares Cell-Based
(LSCB) method given its better accuracy, stability and speed
compared to other provided methods such as the Green-Gauss
Node Based (GGNB) method64,66. Turbulence was modeled
with a third order method while flow was modeled with a sec-
ond order method to yield more accurate solutions. The gases
tested were Helium (He) and Argon (Ar), modeled by the ideal
gas equation of state. Heat capacity Cp and thermal conductiv-
ity k were assumed to be constant for both gases. Viscosity for
He was modeled with the power law model, µ = AT n, while
for Ar, the Sutherland 3-coefficient model was employed, µ =
µ0(

T
T0
)

3
2 T+S

T0+S . The power law was interpolated from past em-
pirical data67. Otherwise ANSYS Fluent’s default parameters
imported from the NIST database were used64. The param-
eters for the gases are shown in table I. The following BCs
were applied:

1. inlet: Pressure BC of 500 Psi. Temperature set at 300
K.

2. outlet: Pressure BC of 1 milliTorr, the ambient vacuum
pressure, Pamb. Temperature set at 300 K.

3. wall: no-slip condition with no roughness assumed.

These conditions were chosen to closely represent typical
experimental conditions. From each nozzle simulation, the
2D density map along the diameter of the nozzle exit was ex-
tracted for the output gas jet plume where z > 0. Density
profiles at mm-scale distances from the nozzle exit were then
obtained, as are used for typical LPA experiments.

III. EXPERIMENTAL METHOD

Three nozzles, one from each curvature, out of all the sim-
ulated nozzle designs were manufactured and experimentally
characterized using neutral density interferometry. All three
manufactured nozzles had ld = 9 mm and de = 3 mm. The bell
nozzle had d∗ = 0.6 mm and Rc = +31 mm while the trumpet
nozzle had d∗ = 0.8 mm, like the straight nozzle, and Rc = -
100 mm. The three nozzles were manufactured using a special
tool to create the required curvatures with an average surface
roughness of 0.8 µm. A ball endmill was used to ensure a
quality surface finish. A Michelson interferometer was used
to characterize the gas jet density field of each nozzle. The
setup is shown in Fig. 3(a). The experiment was performed
using the Hundred Terawatt Thomson (HTT) laser system at
the Berkeley Lab Laser Accelerator (BELLA) center, specifi-
cally using the 1 Hz mJ-level probe laser beam, which is split
after the first main amplifier stage and independently com-
pressed to 40 fs with 800 nm center wavelength and 15 mm
beam diameter. It propagates through the gas jet, imaging the
gas jet plane, and is focused by a f/# = 20 lens. The beam is
then split by a beamsplitter (BS) which directs the reflected
beam into a retroreflecting roof mirror pair (image) and the
transmitted beam into a 0-degree high reflective mirror (refer-
ence). Both beams are then recombined by the same BS and
imaged onto a CCD camera calibrated to 2.64 µm/pixel in the
gas jet plane with a field of view of 4.6 x 3 mm2 and a resolu-
tion of 15 µm. The gas jet nozzle is mounted onto a solenoid
valve that allows for continuous or pulsed gas delivery. Shot-
to-shot fluctuation was observed to be low at ∼ 2%, with 1/3
of this being from the imaging system and laser pulse fluc-
tuations (determined by analyzing the variations of reference
scans that contained no gas flow). Ar gas was used due to its
higher index of refraction compared to He.

The laser beam passing through the gas flow experiences
a phase shift, quantified by fringe shifts on the resulting in-
terferogram compared to the reference. The phase shift dis-
tribution is reconstructed from the fringe shifts. Because the
nozzles are axisymmetric, an Abel inversion is used to sym-
metrize the phase shift distribution and extract the variation in
the index of refraction, n, through the following equation,
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FIG. 3: (Color) (a) Interferometry setup. The raw interferogram, in (b), is compared with the reference interferogram, in (c), to
extract the corresponding phase distribution, shown in (d). The phase distribution is then converted to a density map by

performing an Abel Inversion, shown in (e).

TABLE II: Comparison of average exit density ρe, exit Mach number Me, and throat Mach number M∗ between simulation
results and 1D isentropic flow predictions for all three nozzle geometries

Nozzle Sim. ρe [cm−3] 1D ρe [cm−3] Sim. M∗ 1D M∗ Sim. Me 1D Me
Bell 1.09 ×1019 1.11 ×1019 0.83 1 6.73 7.09

Straight 2.27 ×1019 2.00 ×1019 0.80 1 5.26 5.74
Trumpet 2.37 ×1019 2.00 ×1019 0.86 1 5.09 5.74

∆φ(r) = k
∫
(n(r, l)−1)dl =

2π

λ

∫
(n(r, l)−1)dl, (3)

where ∆φ is the phase shift, k is the wavenumber and λ is
the laser wavelength68. The variation of the index of refrac-
tion, n, is then related to gas atom or molecule number density,
N, through the Lorentz-Lorenz equation,

N =
3

4πα

n2−1
n2 +2

, (4)

where α is the mean polarizability, defined as α = 3A
4πNA

47,69.
A is the molar refractivity and NA is Avogadro’s number. Sub-
stituting the relation for α , we get:

N =
NA

A
n2−1
n2 +2

(5)

Index of refraction data for Ar was used to calculated the mo-
lar refractivity, A, of Ar using Eqn. (5), found to be (4.138 ±
0.012) × 10−6 m3/mol70.

To maximize interferometry signal, scans for each nozzle
were taken at the maximum regulator pressure of 1000 psi.
The interferograms were averaged and converted to 2D den-
sity maps, outlined in Fig. 3(b)-(e). Inherent noise close to the
axis from the Abel inversion coupled with uncertainty of the
nozzle axis led to larger apparent density fluctuations closer
to the nozzle axis. The density maps and density lineouts ex-
tracted from the maps were compared to simulation results.

IV. RESULTS

A. Effect of Diverging Section Curvature

2D density maps and radial density lineouts were extracted
from each simulation for the manufactured geometries. The
qualitative features between the maps and lineouts produced
by each curvature were then compared. Test simulations were
first done to confirm that wall roughnesses set at 10 µm or
below as well as d∗ being altered between 0.6 and 0.8 mm
had little effect on simulation results. The simulated 2D den-
sity maps for the three manufactured geometries are shown
in Fig. 4 while corresponding simulated density lineouts are
shown in Fig. 5. The similarity in gas jet behavior and shock
features between He and Ar, with the density maps and pro-
files for all three geometries having like shapes between the
two gases, matches expectations in accordance with the isen-
tropic flow equations, Eqns. (1) and (2), as He and Ar have
the same specific heat ratio, κ = 5/3. A further comparison,
shown in Table II, between 1D isentropic flow predictions,
calculated from using Eqn. 1 and 2, and simulation results,
indicates that the simulated gas flows roughly follow 1D isen-
tropic flow as expected. The differences are due to the 1D
model not accounting for shock features and losses from 2D
and 3D effects32.

Observed from the density maps in Figs. 4(a), (b), the bell
geometry creates a focusing effect that places a shock dia-
mond at around zd = 3.7 mm for He and zd = 4 mm for Ar,
right in the region of interest. This causes large density fluc-
tuations, where the density is much lower at positions before
the shock diamond, z < zd , compared to points closer to the
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FIG. 4: (Color) Atomic density maps extracted from 3D simulations for the three nozzle geometries. Density in units of cm−3.
The black dashed lines on each map denote the FWHM of the density profiles. Note the focusing effect of the bell nozzle,

where the FWHM decreases noticeably close to the shock diamond. Density profiles at z = 1, 2, 3 and 4 mm are extracted from
each map, along the colored dashed lines drawn. The left column shows the extracted maps when using He as the gas: (a) 600
µm Throat Bell Nozzle (c) 800 µm Throat Straight Nozzle (e) 800 µm Throat Trumpet Nozzle. The right column shows the

maps for Ar as the gas: (b) 600 µm Throat Bell Nozzle (d) 800 µm Throat Straight Nozzle (f) 800 µm Throat Trumpet Nozzle

TABLE III: FWHM of the simulation density profiles for all three geometries across both gases. Units in mm.

z [mm] He, Bell He, Straight He, Trumpet Ar, Bell Ar, Straight Ar, Trumpet
2 2.27 2.81 2.92 2.43 2.91 3.01
3 2.09 2.87 3.08 2.31 2.99 3.19
4 0.75 2.89 3.23 2.05 3.05 3.37
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FIG. 5: (Color) Axisymmetric density lineouts extracted from 3D simulations for the three nozzle geometries. The inset plots
show the density lineouts along the nozzle axis extracted from 2D simulations, with the sharps discontinuities indicating

presence of shock diamonds. The left column shows the extracted profiles when using He as the gas: (a) 600 µm Throat Bell
Nozzle (c) 800 µm Throat Straight Nozzle (e) 800 µm Throat Trumpet Nozzle. The right column shows the profiles for Ar as

the gas: (b) 600 µm Throat Bell Nozzle (d) 800 µm Throat Straight Nozzle (f) 800 µm Throat Trumpet Nozzle

to the shock diamond position, z ≈ zd , preventing effective
formation of flat-top density profiles, seen in Figs. 5(a), (b).
For example, for the case of He in Fig. 5a, the density pro-
files for z = 1, 2 and 3 mm all have an "M" shape, dipping
down to a density of ∼ 8× 1018 cm−3. These "M" shape
profiles have also been observed in past studies on the bell
nozzle48, yielding uneven profiles32. The z = 4 mm profile,
closer to the shock diamond, displays a density spike up to
∼ 4× 1019 cm−3, about 5 times the density dip before the

shock diamond. This density spike produced by the bell can
be useful for creating short, high-density gas targets. This fo-
cusing effect, also seen in past studies48,71, is observed in the
Full Width Half Maximum (FWHM) of the profiles, listed in
Table III, where the FWHM decreases significantly for the z
= 4 mm profile of the bell nozzle. The large fluctuations and
focusing effect are caused by the formation of standing shock
waves from the nozzle throat to its outer region due to its exit
pressure and ambient pressure not matching35,51. Transition-
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FIG. 6: (Color) Measured gas jet plume density maps for the three nozzles shown on left column. The black dashed lines on
each map denote the FWHM of the density profiles. Measured profiles are compared with simulation on the right. The

simulation profiles are normalized to be around the same density as the measured profiles to compare shape. The shaded
regions represent the RMS density fluctuations of each profile. The z = 4 mm measured bell profile is compared with the z = 4.3

mm simulation bell profile to compare the shape of the density spikes at the shock diamond.

ing to the straight nozzle map, shown in Fig. 4(c), (d), the
shock diamond is no longer intensely concentrated to a point,
demonstrating a weaker focusing effect as observed before48.
While the straight nozzle profiles, shown in Figs. 5(c), (d),
are closer to the flat-top shape, noticeable density variations
along potential laser interaction paths remain, matching past
observed density lineouts of straight nozzles31,53. Since this

could cause unwanted beam injection72,73, further efforts were
taken to approach flat-top profiles. When the curvature is in-
verted to the trumpet geometry, shown in Figs. 4(e), (f), the
shock diamond is suppressed as the trumpet geometry reverses
the focusing effect of the bell curvature. The shock suppres-
sion of the trumpet nozzle prevents large density fluctuations
at the output, leading to the formation of flat-top density pro-
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files, seen in Figs. 5(e), (f). This suppression makes the pro-
files more homogeneous with longer flat-top region lengths
compared to the straight nozzle profiles as the side perturba-
tions observed on the straight nozzle profiles are not observed
for the trumpet. In the case of He, the profiles have density
plateaus at around 1-2×1019 cm−3. The lengths of the flat-top
region, defined as the region within 10% of the mean flat-top
density, are 2.20, 2.19 and 2.06 mm for the z = 2, 3 and 4 mm
profiles respectively. The flat region decreasing in length as
we venture out farther from the nozzle exit is expected as the
plume expands more at farther distances, affecting the flat-top
uniformity. This is also reflected in the increase of density
gradient thickness, ∆l, and FWHM. ∆l is the length along the
profile over which the density rises from 10% to 90% of the
mean flat-top density. ∆l = 0.71, 0.96 and 1.27 mm for the z
= 2, 3 and 4 mm profiles respectively, while FWHM increases
from 2.92 to 3.23 mm, with these increases corresponding to
the decrease of the flat-top region length as we move farther
out from the exit. The simulation density gradient thicknesses
agree well with the 1D isentropic theory estimates, where ∆l
= 2z/Me

29,61, with the estimates being ∆l ≈ 0.70, 1.05, 1.40
mm for z = 2, 3 and 4 mm respectively.

The different shock features between the curvatures can
also be observed from the density lineouts along the noz-
zle axis, shown in the inset plots of Fig. 5. Sudden spikes
in the axial profiles correspond to shock diamonds created
from standing shock waves51, which are formed due to a
sufficiently high Pexit/Pamb, causing compression waves to
coalesce into focused shocks35. This is typical for under-
expanded jets, where Pexit > Pamb, and has been extensively
studied74. The position of the nozzle throat and exit are
marked in the inset plots to indicate the relative positions of
the shock diamonds. For the bell nozzle, the second shock di-
amond is ∼4 mm from the exit, outside of the nozzle and is
comparable to the first shock in magnitude. When observing
the straight nozzle’s axial profile, this second shock diamond
is pushed back into the region inside the nozzle between the
throat and exit with no observable density spike in the region
outside the nozzle, indicating a weaker focusing effect. For
the trumpet nozzle, in addition to the second shock diamond
being pushed back behind the exit, a third shock diamond,
weaker in magnitude, is also pushed to sit behind the exit, ex-
hibiting the trumpet nozzle’s shock suppression. This third
shock diamond is circled in the inset plots of Figs. 5(e), (f).

B. Comparison of Simulation Results with Experimental
Measurements

The experimental measurement results are shown in Fig. 6.
For each nozzle, the interferograms taken closer and farther
from the nozzle exit were concatenated to yield the full den-
sity map. The measured density maps matched well with sim-
ulation maps in shape and shock features, such as the FWHM
lines. The strong focusing effect in the measured density field
of the bell nozzle, shown in Fig. 6(a), is observed, where
the density before the shock diamond is low but spikes up as
closer to the shock diamond. The shock suppression of the

trumpet nozzle is similarly observed, shown in Fig. 6(c) and
(e) respectively.

The actual pressure delivered to the nozzle inlet is unknown
and likely lower than set by the gas regulator due to the lossy
connections between the valve and regulator. This explains
why the measured density is lower than that from simulation,
which treats the inlet pressure as the same as the regulator
pressure. Because backing pressure only changes the quanti-
tative density and not the normalized profile shape32, the sim-
ulation profiles were normalized to the measured profiles for
profile comparison. The measured profiles demonstrated the
qualitative features predicted by simulation. For the bell noz-
zle profiles in Fig. 6(b), the z = 2 mm measured profile shows
a dip similar to the simulation profile. At z = 4 mm, the mea-
sured profile displays a spike, characteristic of the large spikes
observed in simulation when close to the shock diamond. The
measured straight nozzle profiles contained the slight density
dips observed in simulation, preventing them from being flat-
top. The measured trumpet nozzle profiles at z = 2 and 3 mm
were flat-top as predicted by simulation. For the trumpet noz-
zle, the simulation profiles are broader at the edges compared
to the experimental profiles, which can be explained by wall
slip not being modeled in the simulations, affecting the bound-
ary layer formulation75 and thereby influencing the density
gradient thicknesses and profile edges31. All profiles had rela-
tively small RMS fluctuations, indicated by the shaded regions
around the measured profile in Fig. 6(b), (d) and (e).

C. Optimization of the Trumpet Geometry

FIG. 7: (Color) Density profiles along the nozzle axis for
trumpet geometries with various Rc. Gas used was He. Nozzle
throat and exit are marked.

Multiple trumpet geometries were simulated to optimize
the flat-top profiles produced by the nozzle. The optimiza-
tion procedure was then compared to the straight nozzle opti-
mization process. The trumpet geometry’s shock suppression
does not automatically guarantee flat-top density profiles. The
strength of the trumpet nozzle’s shock suppression is inversely
related to Rc’s magnitude, shown in Fig. 7. For example, for
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the case of Rc = -50 mm, the third shock diamond is much
closer to the throat than for trumpet geometries with larger
Rc. On the other hand, for Rc = -125 mm, the third shock dia-
mond is closer to the exit than for the other radii of curvatures.
A larger curvature, meaning a smaller |Rc|, leads to shock di-
amonds being pushed further back into the diverging section,
yielding a stronger suppression.

Because d∗ and de are constrained, the optimal trumpet ge-
ometry involved finding the right combination of Rc, ld and
θe. Defining the start of the diverging profile as the origin and
∆r = re− r∗, the following two equations can be written to
define the two endpoints of the arc, corresponding to Fig. 8:

x2
c + y2

c = R2
c ; (ld− xc)

2 +(∆r− yc)
2 = R2

c (6)

FIG. 8: The trumpet nozzle’s diverging section. Important
parameters labeled.

The slope of the nozzle exit is then dy
dx = −(ld−xc)

∆r−yc
. Solving

the two equations shown above, we find the exit slope to be:

dy
dx =

−(∆r)(
√
−(∆r)2((∆r)2+l2

d )((∆r)2+l2
d )−4R2

c+(∆r)2ld+l3
d )

(∆r)4+(∆r)2l2
d−ld

√
−(∆r)2((∆r)2+l2

d )((∆r)2+l2
d )−4R2

c

(7)

This exit slope corresponds to a exit half-angle of θe =
tan−1 ( dy

dx ). The final optimization condition is then:

θe = sin−1 (1/Me) = tan−1 (
dy
dx

(de,d∗, ld ,Rc)) (8)

This condition can be met by tuning the radius of curvature
while keeping all other parameters the same. The calculated
half-angles, θe, corresponding to different radii of curvatures
for the trumpet geometry used, where Me = 5.7 and ld = 9
mm, are tabulated in Table IV. The optimal Rc = -85 mm is
labeled.

TABLE IV: Corresponding exit half-angles, θe, for various Rc
for the trumpet nozzle with ld = 9 mm and all other parameters
kept constant. The optimal half angle, matching the Mach
angle, is marked with an asterisk.

Rc [mm] θe [◦]
-50 12.17
-70 10.68
-85 10.03*
-100 9.56
-125 9.05

(a)

(b)

FIG. 9: (Color) Simulation density profiles for trumpet ge-
ometry nozzles with various radii of curvature, Rc. All other
parameters were kept the same and all nozzles had Me = 5.7.
Note the consistent flat-top profiles for nozzles that have exit
half-angles close to the Mach angle. The optimal radius of
curvature, Rc = -85 mm, is marked with an asterisk.

The radial density profiles for the various simulated Rc in
the trumpet geometry are shown in Fig. 9. For trumpet ge-
ometries with θe closer to the Mach angle, the density profiles
remain flat-top, with z = 2 and 4 mm being shown as exam-
ples. The best consistency of the flat-top profiles is achieved
at the optimal Rc = -85 mm. With Rc = -125 mm, the shock
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suppression is too weak, leading to more noticeable density
variations. On the other hand, in the case of Rc = -50 mm, the
larger half-angle causes the output plume to diverge and dis-
perse more, leading to a lower overall density and a nonuni-
form density profile. This optimization condition minimizes
shocks by matching the θe to the Mach angle, analogous to
the straight nozzle’s Mach angle condition29,32,48.

FIG. 10: (Color) Simulation density profiles of the trumpet
nozzles with various Rc and thus ld with θe being held con-
stant. The optimal radius of curvature, Rc = -85 mm, is marked
with an asterisk.

FIG. 11: (Color) Simulation density profiles of the trumpet
nozzles with various θe with Rc held at the optimal -85 mm.
Note how the flat-top profile shape is present even with dif-
ferent θe. The Mach angle, θe = 10.03◦, is marked with an
asterisk.

Holding ld constant while Rc is varied also changes the θe,
which can create interference between the respective effects
of the two parameters. To isolate the effect of Rc, θe was held
constant at the Mach angle θe = 10.03◦ while Rc was varied,
which in turn changed ld . As seen in Fig. 10, a difference
in profile shape is observed between the three different Rc ge-
ometries. In particular, the Rc = −95 mm profile has a small
bump, which can be explained by the weaker shock suppres-

sion. This indicates that while optimizing the trumpet nozzle’s
θe to be the Mach angle will approximately create flat-top pro-
files, further adjustment of Rc is needed afterwards to ensure
such profiles are created.

On the other hand, for the trumpet nozzle, θe can be varied
while Rc is maintained at the optimal value of −85 mm. As
observed in Fig. 11, the flat-top shape is maintained at the
optimal Rc even though the θe varies. This further suggests
that adjusting Rc after optimizing θe to the Mach angle for
the trumpet nozzle is more effective in producing consistent
flat-top profiles than only optimizing the θe.

(a)

(b)

FIG. 12: (Color) Simulation density profiles of straight noz-
zles with various exit half-angles, θe. All other parameters
were kept the same and all nozzles had Me = 5.7. The Mach
angle, θe = 10.03◦, is marked with an asterisk.

For the straight nozzle, density perturbations can also be
minimized to yield flat-top profiles by varying θe, as seen in
Fig. 12, which is done by varying ld since d∗ and de are held
constant. Matching the nozzle exit angle θe to Mach angle
sin−1 (1/Me) roughly leads to a flatter profile as it minimizes
the effects of the shocks in perturbing the density, agree-
ing with past studies on straight nozzle optimization29,32,48.
Further refinement of θe, specifically increasing it above the
Mach angle, will lead to flatter profiles as shown in Fig. 12.
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However, because the only way to control the shock features
of the straight nozzle is by varying the θe (since d∗ and de
are held constant), optimizing the straight nozzle lacks the
extra parameter of control in adjusting Rc, unlike the trum-
pet nozzle. This lack of curvature removes the ability to tune
shock suppression in addition to using the θe optimization to
minimize shock effects, explaining why the density profiles
shown in Fig. 12 still show fluctuations near the optimal an-
gle. Therefore, although both straight and trumpet nozzles
can be optimized to create flat-top profiles, the trumpet nozzle
allows for better refinement.

V. DISCUSSION AND CONCLUSION

In this paper, we examined three different nozzle curvatures
in the bell, straight and trumpet nozzles and investigated the
effect of this curvature variation on the gas jet density field as
well as shock features. The trumpet nozzle was also optimized
to produce consistent flat-top profiles in mm-scale distances
from its exit. The trumpet optimization procedure was then
compared to the straight nozzle optimization.

The study of the diverging section curvature’s effect on gas
jet density was conducted in two parts. The first part involved
simulating various nozzle geometries to study this effect for
few mm-scale nozzles. The main result was that the nozzle
curvature had great impact on the resulting gas jet density field
and therefore, is an important parameter for LPA gas jet de-
sign. It was found that the trumpet geometry, like the straight
nozzle, could be optimized to create consistent flat-top density
profiles. The trumpet θe optimization condition was similar to
the Mach angle condition of the straight nozzle although with
an added parameter of control in its radius of curvature, which
allowed for additional adjustment of the nozzle’s shock sup-
pression strength. This added parameter of curvature provided
better refinement for the trumpet optimization and made the
trumpet nozzle more versatile in producing flat-top profiles
compared to the straight nozzle. The bell nozzle created a fo-
cusing effect that amplified shock diamonds near the nozzle
exit, leading to density spikes, which can be exploited as a
design concept for short, high density kHz LPA targets driven
by few cycle laser pulses33,34. Simulation results were veri-
fied with neutral density interferometry measurements, show-
ing very good qualitative agreement with simulation findings.

The manufactured trumpet nozzle will be applied in on-
going LPA-based MeV Thomson photon source experiments,
leading the way to a compact, affordable and narrow band-
width x-ray source76. Future work will focus on designing
nozzles with tailored density profiles, e.g., to integrate injec-
tion, acceleration and deceleration in one jet or to optimize be-
tatron radiation with multiple sections of varying density77–79.
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