
Lawrence Berkeley National Laboratory
LBL Publications

Title
Gas density structure of supersonic flows impinged on by thin blades for laser–plasma accelerator 
targets

Permalink
https://escholarship.org/uc/item/2b0068ms

Journal
Physics of Fluids, 32(6)

ISSN
1070-6631

Authors
Fan-Chiang, L
Mao, H-S
Tsai, H-E
et al.

Publication Date
2020-06-01

DOI
10.1063/5.0005888
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2b0068ms
https://escholarship.org/uc/item/2b0068ms#author
https://escholarship.org
http://www.cdlib.org/


Gas density structure of supersonic flows impinged on by thin blades for
laser-plasma accelerator targets

L. Fan-Chiang,1, 2, a) H.-S. Mao,1 H.-E. Tsai,1 T. Ostermayr,1 K. K. Swanson,1, 2 S. K. Barber,1 S. Steinke,1

J. van Tilborg,1 C. G. R. Geddes,1 and W. P. Leemans1, b)
1)Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2)University of California, Berkeley, Berkeley, California 94720, USA

Density transition injection is an effective technique for controllably loading electrons into a trapped phase for
laser plasma accelerators. One common technique to achieve the required fluid structure is to impinge a thin
blade on the plume of a supersonic nozzle. Density transitions induced in this way are often assumed to be
bow shocks and therefore sharp, but two-dimensional simulations and fluorescence measurements presented
in this work show that in many cases of interest the density transition accessible to a laser propagating
transverse to the shock is an intercepting shock, and therefore shock thickness and density vary with pressure,
laser height and blade position. The fluid dynamics of a supersonic nozzle impinged on by a thin, flat
object are explored through simulations and relevant features verified via planar laser-induced fluorescence
measurements. Implications of results for tuning electron beam injectors in laser plasma accelerators are
discussed.

I. INTRODUCTION

As laser plasma accelerator (LPA) technology1–9 be-
comes more mature, controlled injection mechanisms to
produce quality electron beams become increasingly im-
portant for a variety of applications such as free elec-
tron lasers10–13, Thomson photon sources14–23, and the
first injection stage for advanced particle colliders24,25.
One popular injection mechanism involves using a thin
blade impinging on a supersonic nozzle16,20,26–47. This
method creates fluid structures in the gas flow that allow
for controlled injection of electrons into an accelerating
structure, either through a density down-ramp, where
the phase velocity of the wake is temporarily reduced to
allow for electrons to become trapped26,29,32, or a sharp
density transition, where the electrons are injected into
an accelerating phase through the sudden wake volume
change28,39.

The fluid structure by which electrons are injected
can have implications on beam quality such as electron
charge and energy spread. The density transition length,
δ, compared to the plasma wavelength, λp, where δ =

∆ne/ (∇ne)max and λp(µm) = 3.3× 1010
√
ne(cm−3),

determines beam properties, most notably the energy
spread. Here, ∆ne is the difference between maxi-
mum and minimum densities across the transition, and
(∇ne)max is the maximum gradient. The density down-
ramp regime is defined by λp � δ, while the sharp density
transition regime is defined by λp > δ.

Although commonly used, performance of electron
beams injected from blade-induced density transitions
has varied widely due to uncharacterized sources of vari-
ation. In an effort to optimize tunability, various studies
have characterized the density transition as a function

a)lfanchiang@lbl.gov
b)Now at Deutsches Elektronen-Synchrotron (DESY)

of blade position relative to nozzle exit. These studies
found that shock angle varies dramatically with blade po-
sition which can result in beam steering34,38,43. Studies
correcting for angle by rotating the gas jet did not elim-
inate dependence of beam quality on blade position43.
Since both downramp injection and shock injection the-
ory predict that the effectiveness of electron injection be
highly dependent on density transition length, several
groups have attempted to measure this length, especially
at blade positions at which optimal beam conditions are
achieved. These measurements have varied widely, rang-
ing from 2.5µm to over 100µm31,32,39,43. Use of different
definitions of shock length further hinder comparison.

In addition to studying the shock transition length,
attempts have been made to characterize the underlying
physics of the flow. Study of the mechanics of the shock
production have been hindered by the difficulty of mea-
suring the gas density profile with traditional methods.
The plasma community routinely uses interferometry and
shadowgraphy to measure gas profiles20,34,35,39,44,48,49.
These techniques, however, are contrast-limited in the
the low neutral density (n ∼ 1018cm−3) regimes required
to operate LPAs. Often, in order to increase signal-to-
noise ratios, an intense laser is used to ionize the gas to
form a plasma, which has a higher refractive index than
neutral gas. This technique, however, measures only the
ionized portion, often tens of microns thin, leaving neu-
tral density, and therefore the rest of the plume, in the
dark.

Another challenge posed by blade-impinged gas plumes
is that they are asymmetric. Interferometric measure-
ments and shadowgraphy alike are line-integrated mea-
surements which project phase variation along the prop-
agation direction of the probe beam and can blur small
features. Additionally, conversion to density requires an
Abel inversion which assumes cylindrical symmetry, a
symmetry blade-impinged plumes do not have. In order
to capture asymmetric gas plumes, tomographic mea-
surements have been made20,36,46. Applying tomogra-
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phy has its own challenges. In addition to also requir-
ing either higher neutral density or ionization for good
contrast, tomography requires images taken from vari-
ous angles, a degree of freedom not available to many
experimental configurations. These images must then be
stitched together in post-processing, making the method
cumbersome as an online diagnostic.

Simulations regarding shock-assisted injection have
overwhelmingly been particle-in-cell simulations of the
narrow region in which the laser interacts with the gas
density transition39–42,47. Results can conveniently be
compared to interferograms of the same field of view27,37.
These simulations, like the interferogram images, prin-
cipally capture the plasma, leaving neutral density and
the rest of the plume out. Detailed flow simulations
have been performed for conical gas targets50–52, how-
ever, neutral flow studies showing the dynamics of the
gas plume as a function of blade positions have not, up
until now, been published.

For this paper we aimed to image and characterize the
formation of the shocks measured in various laser plasma
experiments. We report results of planar laser-induced
fluorescence (PLIF)53,54 measurements and flow simula-
tions of the entirety of the plume produced from flows
impinged by blades with varying position. To our knowl-
edge, this is the first time PLIF has been applied to the
study of laser plasma accelerator gas jet targets. PLIF
fluoresces large two-dimensional (2D) sheets of the gas
and thus reveals the plume structure of the full plume in a
single shot with minimal post-processing. The technique
surmounts many of the challenges posed by traditional
gas density profile characterization methods. Since the
images are effectively cross-sections of the flow, resolution
is only imaging-system-limited and does not assume sym-
metry. Three-dimensional (3D) images can be gathered
easily. Corresponding fluid simulations presented in this
paper show the many changes in macroscopic flow char-
acteristics with blade position, while analysis by method
of characteristics show how multiple types of shocks are
formed.

II. JET WITH BLADE PLUME STRUCTURE

A. Previous Evidence of Intercepting Shocks in LPA Gas
Jet Targets

The density transition generated by an impinging
blade is often assumed to be sharp (λp > δ) and due
to a bow shock at the blade, like that shown in Fig. 1(a).
In the presence of a bow shock, Mott-Smith shock thick-
ness theory, which provides estimates for shock thickness
using the Boltzmann equation, can be used to compare δ
to λp and generally confirms a sharp density transition55.
Experimental evidence38,43, however, has suggested that
for more-than-glancing interception of the blade with the
gas plume, the mechanism for generating the accessible
density drop is not a bow shock.
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FIG. 1. 1(a) Simulation showing the bow shock that is ac-
cessible to an ionizing laser beam which is formed when the
blade grazes the gas plume and does not cover over the nozzle
exit. Here -20% blade coverage is shown, where 0% is taken
to be the position of the blade when its edge is just above the
edge of the mouth of the nozzle. 1(b) shows a simulation of an
intercepting shock formed from a pressure boundary between
the plume and local ambient pressure. Density color scales
have been saturated to highlight relevant features.

Evidence of the formation of intercepting shocks
in LPA targets was first identified and published
by Lawrence Berkeley National Laboratory’s BELLA
Center38,43. In these studies, a conical nozzle with a de-
sign Mach number of ∼ 2.5, was impinged on by a blade
with adjustable position as seen in Fig. 2. The range of
motion of the blade allowed it to be moved from a posi-
tion in which the blade did not cover over the nozzle exit,
but grazed the expanding gas plume (-20% blade cover-
age), to a position in which the blade completely covered
over the nozzle exit (100% blade coverage). 0% blade
coverage corresponds to the edge of the blade directly
above the laser-upstream edge of the nozzle exit. An
ionizing laser propagated from the blade side of the noz-
zle. Transverse to the ionizing laser, a femtosecond (fs)
probe sampled the plasma and was imaged onto a wave-
front sensor. This sensor provided a phase image from
which density information could be extracted through
a phase retrieval algorithm56. Phase images of the gas
plume and resulting plasma were taken as a function of
blade coverage.

Data revealed a localized high density region emanat-
ing from the blade edge of the neutral plume. The angle
of this feature had strong dependence on blade coverage
as shown in Fig. 3. In contrast to behavior expected from
a bow shock, this feature is shown to sweep past vertical
as can be seen in the “10% Blade Coverage” case. Had
this feature been a bow shock, a component of the flow
must be directed upstream, which is unphysical. That
this feature is not a bow shock is corroborated by a den-
sity transition length, δ ≈ 5λp, which is greater than
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10% Blade Coverage
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k

FIG. 2. Schematic of the experimen-
tal setup which consisted of a Mach
2.5 conical nozzle obstructed by an or-
thogonal blade with adjustable posi-
tion. In previous experiments38,43 a fs
transverse probe beam intersected the
laser/plasma interaction onto a wave-
front sensor to obtain density infor-
mation. The inset wavefront image
shows a density perturbation tilting
toward the blade as a result of 10%
blade coverage. In the present study,
PLIF measurements use a fluorescing
laser co-linear with the ionizing laser
depicted here and an EMCCD in place
of the wavefront sensor.
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FIG. 3. Wavefront sensor data from previous experiments43

showed that the angle of the density perturbation changed
for various blade coverage percentages. Note that in the 10%
case, the shock angle tends toward the blade side of the flow,
unphysical for bow shocks. The left column shows phase im-
ages with the perturbation traced out. The images on the
right are identical with a color scale that highlights the per-
turbation in both the neutral plume and the plasma column.

the neutral mean free path38. Additionally, a traditional
bow shock would have had a standoff distance from the
blade which would decrease with increasing Mach num-
ber. Instead, this feature was observed to be attached
to the blade edge independent of Mach number. It was
hypothesized that the feature encountered by the laser
was, instead of a bow shock, an intercepting shock (also
called an coalescing shock) arising from re-expansion of
the subsonic region behind the bow shock resulting in co-
alescence of compression waves. The intercepting shock,
or boundary between a plume and a mismatched local
ambient pressure, Pamb, as shown in Fig. 1(b), is a well-
studied phenomenon that occurs when supersonic flows
are pressure mismatched with Pamb

57. The presence of

compression waves before the coalescence into a shock
would mean that the density transition length scale expe-
rienced by a traversing laser pulse can be large (δ > λp)
and can change depending on the sampling location as
well as blade position. If this hypothesis were correct,
then global flow parameters must be reassessed for LPA
injection calculations. More thorough simulations and
higher resolution diagnostics were required to confirm
this hypothesis.

B. Effects of Blade Coverage on Fluid Structure

In the current study, gas jet target conditions from pre-
vious studies38,43 were replicated and examined through
simulation, experimentally via PLIF, and analytically by
method of characteristics. Two and three dimensional
finite volume simulations of a flow through a conical noz-
zle with a design Mach number of ∼ 2.5 , impinged on by
a blade with adjustable coverage, were conducted using
the OpenFOAM compressible Navier-Stokes flow solver,
rhoCentralFoam58. Technical details about the computa-
tional domain and boundary conditions can be found in
the supplemental material. The flow is symmetric about
the plane transverse to the blade and it was found that
2D simulations captured the salient features. In order
to model the flow which is expanding from a reservoir
through the nozzle into medium vacuum, and therefore
is choked, sonic conditions were specified at the nozzle
throat with a stagnation pressure of 25-100 psi. The
back pressure was varied and the outbound flow was pre-
scribed as homogeneous Neumann boundary conditions.
Simulations were performed using the laminar flow ap-
proximation and flow is modeled as an ideal gas. Al-
though the flow, with Reynolds number on the order of
1× 105, is turbulent, the laminar approximation showed
agreement with the computationally more expensive sim-
ulations which included turbulence to within a plasma
wavelength and below experimental resolution. Hence,

    
Th

is 
is 

the
 au

tho
r’s

 pe
er

 re
vie

we
d, 

ac
ce

pte
d m

an
us

cri
pt.

 H
ow

ev
er

, th
e o

nli
ne

 ve
rsi

on
 of

 re
co

rd
 w

ill 
be

 di
ffe

re
nt 

fro
m 

thi
s v

er
sio

n o
nc

e i
t h

as
 be

en
 co

py
ed

ite
d a

nd
 ty

pe
se

t. 
PL

EA
SE

 C
IT

E 
TH

IS
 A

RT
IC

LE
 A

S 
DO

I: 1
0.1

06
3/5

.00
05

88
8



4

1.5e+203.0e+18 3.0e+20
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(a)Bow Shock
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Intercepting Shock
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FIG. 4. Fig. 4(a) and Fig. 4(b) both
show compressible flow simulations at
50% blade coverage but with different
color scales. Fig. 4(a) shows the flow
with a normalized color scale. Here
the initial bow shock separation can
be seen in front of the blade. Fig. 4(b)
uses a saturated color scale to show
the intercepting shock from the re-
expansion of the subsonic region be-
hind the bow shock.

the simulations presented in this paper were performed
using the laminar flow approximation. Heat conduction
and radiation effects are not significant. To study the
character of the density perturbation, blade coverages
from -20% to 120% were considered.

The simulation for 50% blade coverage is shown in
Fig. 4. Neutral density was converted to plasma den-
sity, ne

(
cm−3

)
by assuming that the laser pulse fully

ionizes the region of flow sampled. The laser pulse origi-
nates from the right-hand side above the blade as shown
in Fig. 2. The density of the jet is shown in Fig. 4(a)
in which the separated bow shock can be seen below the
blade. As previously stated, the bow shock was directly
accessible only in the case where the blade is adjacent
to, but not covering, the nozzle as shown in Fig. 1(a).
When the blade coverage was >0% the main features of
this shock did not travel sufficiently far enough into the
flow to be accessed by the traversing laser.

When the blade coverage was >0%, the density transi-
tion that is accessible to the traversing laser was shown to
be an intercepting shock. The intercepting shock emerges
from the combination of the bow shock and the blade,
which together form the throat of a dynamically created
virtual nozzle. High pressure gas behind the normal por-
tion of the bow shock, subsonic by definition, reaches a
sonic line at the blade, and is subsequently re-accelerated
and re-expanded through this virtual nozzle. The re-
expansion behind the bow shock closely mimics a sonic
nozzle and acts as an under-expanded jet creating an in-
tercepting shock in the plume of the virtual nozzle as
seen in Fig. 4(b)57.

The intercepting shock forms from coalescing Mach
waves which are generated when the pressure from the
nozzle is mismatched with the local ambient pressure.
Note that the local ambient pressure differs from the back
pressure in the chamber which is at high vacuum. This
intercepting shock is the experimentally observed density

perturbation seen in Fig. 3 and adequately explains the
observed reverse perturbation angle.

In order to experimentally explore the 2D simulated
flow features of interest, 2D slices of the gas plume were
imaged via PLIF59. A schematic of the experimental
configuration is seen in Fig 7. Previous density measure-
ments used a wavefront sensor to image phase distortions
through the plasma created by an ionizing laser38,43. As
seen in Fig 3, these measurements gave 1D density line-
outs of the plume. Investigation of the structure of the
plume would have required many measurements at dif-
ferent heights. More importantly, the resolution required
to define shock length was difficult to obtain using avail-
able wavefront sensors. Although interferometry could
obtain sub-λp resolution, the largest obstacle for imaging
was target asymmetry. Wavefront measurements assume
cylindrical symmetry in order to convert phase differ-
ences to density. Such a conversion blurs the features
under investigation. In order to properly account for
asymmetry, tomography can be performed, however the
resolution of a tomographic reconstruction is determined
by the number of angles at which images are obtained,
a degree of freedom often not available to many exper-
imental setups. In order to surmount the challenges of
these techniques, PLIF, which uses a planar beam to flu-
oresce a 2D slice of the plume, was used. The resolution,
44µm/px, was determined by the imaging system, con-
sisting of an electron-multiplying charge-coupled device
and a 50 mm TV lens. The thickness of the fluoresced
slice was determined by the width of focus of the fluo-
rescing beam. Raw images revealed much of the fluid
structure, and could be quickly converted to density by
calibration to fluorescence signals of known densities.

In these experiments, argon and trace amounts of ace-
tone were flowed into low vacuum through a nozzle with
design Mach number 2.5 and a 1 mm exit diameter. A
blade with adjustable position was suspended 600 µm
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5

above the nozzle. A 266 nm wavelength laser was fo-
cused to a 60 µm wide, 5 mm tall line-focus with a 1 cm
Rayleigh length and served as the fluorescing laser sheet.

The resolution enabled by PLIF imaging revealed that
the density transition length δ was on the order of 4λp,
as shown in a fluorescence intensity line-out of the plume
plotted in Fig. 10, in contrast to the sub-λp transition
predicted by Mott-Smith for a bow shock. In addition,
simulations paired with experiments revealed changes in
core flow parameters, characteristic of a redefinition of
the sonic line and corresponding intercepting shock.

Moreover, simulations paired with experiments re-
vealed sensitivity of core flow parameters to blade posi-
tion and pressure. As shown in Fig. 5, simulations showed
that the suspended blade redefined the sonic line of the
plume, generating a sonic nozzle external to the original
nozzle. Varying blade position altered this sonic line and
redirected the vector of the virtual sonic nozzle. Further,
as can be seen by comparing Fig. 5(a) and 5(b), more of
the flow went through the bow shock at a normal angle
for larger blade coverages. Larger blade coverages effec-
tively reduced the stagnation pressure in the subsonic
region and reduced the Mach number needed to match
the pressure of the jet plume after re-expansion. Fig. 6(a)
and Fig. 6(b) show that the same effect was generated by
changing input plume pressure while keeping blade posi-
tion fixed. Note that the simulations shown in Fig. 6 are
3D, while others shown herein are 2D, and are included
here to show contributions to the features discussed, such
as plume angle and density transition length, from 3D
effects. Dimensionality did not change the results signif-
icantly, as expected since the blade is long compared to
the plume scales and analytically the flow is symmetric
about the plane transverse to the blade. Further detail
can be found in the supplemental material. These fea-
tures were corroborated experimentally via PLIF.

Fig. 8 shows PLIF measurements for increasing blade
coverages with fixed reservoir and back pressure. As the
blade covered more of the nozzle exit, the sonic line,
and therefore plume axis, was visibly tilted. Since mea-
sured back (chamber) pressure, Pback, and local ambient
(near plume) pressure, Pamb, differ, calibration simula-
tions were used to correlate plume shape with pressure
ratios Pexit/Pamb and Pamb/Pback. Variation in shock
diamond periodicity indicated a change in Pexit/Pamb

for a fixed design Mach number nozzle. For comparison,
Fig. 9 shows simulations of the same effect in plumes with
no blade and fixed bottle pressure but increasing Pamb.
Since both bottle and back pressure were held constant
in simulations of blade obstructed plumes and in PLIF
experiments, it is clear that characteristic flow parame-
ters, such as stagnant pressure, must be changing with
blade position, resulting in redefined core flow as though
through nozzles of varying design Mach number.

Simulation and measurements showed also that shock
tilt encountered by an ionizing laser is determined by a
combination of plume axis orientation as a function of
blade position, and pressure ratio (Pexit/Pamb) tuned by

3.1     1  5.3

Ma

Laser Axis

Sonic Line

x/r

y/r

1 mm

(a)70% Blade Coverage

3.1      1  5.3

Ma

Laser Axis

Sonic Line

x/r

y/r

1 mm

(b)30% Blade Coverage

FIG. 5. Simulations showing Mach number at 5(a)70% and
5(b)30% blade coverage. The blade coverage strongly effects
the vector of the re-expanded plume along with the fluid struc-
ture of the intercepting shock used for electron injection. Note
the contour and position of the sonic line between the blade
edge and the bow shock. The coordinate system shows the re-
lationship to the method of characteristics simulations shown
in Figs. 11 and 12.

3°

1 mm

Laser Axis

3.8e+183.3e+16 7.2e+18

ne (cm-3)

(a)Pexit/Pamb = 15

12°

1 mm

Laser Axis

3.8e+183.3e+16 7.2e+18

ne (cm-3)

(b)Pexit/Pamb = 11

FIG. 6. 3D Simulation showing pressure of gas flows at vary-
ing pressure ratios Pexit/Pamb for fixed blade position. For
a set blade coverage, the angle of the intercepting shock in-
creases with respect to the sonic line as the pressure ratio
increases which is consistent with the method of characteris-
tics results shown in Fig. 13. Note that 6(a) and 6(b) have
different color scalings. More details about comparison be-
tween 3D simulations and experimental measurements can be
found in the supplemental material.

bottle pressure, as can be seen in Fig. 5, Fig. 6, and
Fig. 8. These two factors combined result in a range of
configurations in which the shock tilts above the blade,
such as had been observed in previous wavefront mea-
surements (Fig 3). The relationship between shock angle
and blade position dependent flow characteristics became
more clear when the flow was analyzed by method of
characteristics.
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FIG. 7. Schematic of planar laser-induced fluorescence experimental configuration.
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FIG. 8. PLIF measurements of nozzle with blade configuration. 8(a) shows the plume with no blade impinging, while in 8(b)
the blade hovers over 9%, 8(c) over 49%, and 8(d) over 71% of the nozzle exit. The image resolution shown is 44µm/px.
Insertion of the blade at various positions changes the periodicity of shock diamonds. This indicates a change in plume internal
pressure/density similar to that shown in Fig. 9.
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FIG. 9. Simulation of a pressure mismatched nozzles at differ-
ent pressure ratios 9(a)Pexit/Pamb = 4.3, 9(b)Pexit/Pamb =
3.3 and 9(c)Pexit/Pamb = 2.6. Note the increase of Mach disk
periodicity as Pexit/Pamb decreases. The density in the plume
increases with increasing diamond frequency.

Density Lineout

FIG. 10. Lineout of a PLIF measured sharp density gradient.
At this density (Ar at n = 2 × 1017) λp would be 32 µm while
the measured density gradient thickness δ = 130 µm.
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C. Intercepting Shock from Coalescing Mach Waves by
Method of Characteristics

The dynamics of the intercepting shock can be better
understood through analysis of the flow by the method
of characteristics, which predicts the flow field by trac-
ing out the interaction of upstream supersonic regions
via their characteristics, or Mach lines. The intercept-
ing shock is formed from Mach waves coalescing into a
shock wave. Upstream of the coalescing point, the den-
sity transition is relatively smooth (� λp). Beyond the
coalescing point the density transition can be taken to
be sharp (∼ λp). The Mach waves can be traced out
from a nozzle using the method of characteristics start-
ing from a sonic line at the throat as shown in Fig. 11
and Fig. 1260,61. In contrast to the finite volume method
where the spatial resolution is determined by the grid
size, the resolution for the method of characteristics is
determined by the number of characteristic lines used.
Note that all spatial dimensions are normalized to the
throat half-width, r. An initial expansion fan is gener-
ated as the flow accelerates around the corner of the sonic
nozzle. The characteristic lines pass through the center-
line, effectively a reflection in the symmetrized model,
and form an expansion region of flow where they contin-
uously accelerate. As the flow expands, the flow pres-
sure will eventually match the local ambient pressure, at
which point a free-boundary is created and the character-
istic lines are reflected back toward the center of the flow.
These converging characteristic lines create an isentropic
compression fan. The gas flow before and after an isen-
tropic compression fan is exactly the same as if the flow
had seen a shock wave. There are two primary differences
between traveling through a shock and traveling through
a compression fan. In contrast to traveling through a
shock, traveling through a compression fan results in (1)
an increase in the stagnation pressure and (2) a density
transition with a length scale that can be much greater
than that predicted by Mott-Smith. The re-expansion
of the sonic nozzle from the blade can be simplified to a
sonic orifice with a flat sonic line expanding into ambient
gas. This is known as an under-expanded free-jet and
has been extensively studied57.

The intersection of the Mach waves in the compression
region signals shock formation. As the ratio of exit pres-
sure to local ambient pressure, Pexit/Pamb, is increased,
the curvature of the free-boundary becomes more se-
vere and the plume expands. The reflected character-
istic line’s convergence also becomes steeper. At a high
enough Pexit/Pamb, the characteristic lines will intersect
at which point they coalesce and form a shock wave. As
the shock waves propagates, more characteristic lines will
coalesce with the shock, creating an increasingly stronger
shock wave and thus a sharper drop in density at the in-
terface. The formation of this shock from two converging
characteristics can be seen in Fig. 12.

By varying Pexit/Pamb, the point at which the com-
pression fan coalesces into a shock wave can be traced

Isentropic Compression Region
Isentropic Expansion Region

0 0.5 1 1.5 2 2.5 3 3.5 4
x/r

0

0.5

1

y/
r

Under-expanded Free Jet Characteristic Network

FIG. 11. The characteristic network created by a sonic free
jet originates from the corner of the nozzle as the flow be-
gins to expand. This creates an isentropic expansion region,
shown with the black solid markers, which first reflects off the
centerline (y/r = 0). Here y/r is the transverse direction nor-
malized to the nozzle exit radius, corresponding to the sonic
line as labeled in Fig 5, and x/r is along the axis of the plume.
As the flow is expanded, the characteristic lines are reflected a
second time off the free-boundary back toward the centerline.
A converging network is formed which acts as an isentropic
compression fan.

0

1

2

3

4

y/
r

Coalescing Shock Conditions

Intersecting Compression Waves
Shock Formation Point

0 2 4 6 8 10 12 14 16
x/r

FIG. 12. Intercepting characteristics coalesce into a shock
wave at sufficiently high Pexit/Pamb. The trajectory of the
coalesced shock is determined by its composite compression
waves. Following the initial formation shown here, subsequent
waves will merge with the shock creating a stronger shock.

out with respect to the sonic line position. Figure 13
shows the shock formation point for several simulations,
such as shown in Fig. 12, for pressure ratios up to 230.
Approximately 100 characteristic lines were used to re-
solve the formation location. Shock formation does not
occur until the pressure ratio is ∼ 5.5 for the simple free-
jet model. As Pexit/Pamb increases, the plume widens
(green line in Fig. 12). As a result, the intersection point
of compression waves occurs later in the flow and distinct
shock forms further down (increased x/r) and further
out (increased (y/r) from the sonic line. The formation
point and the sonic line grows more rapidly in the trans-
verse direction, y/r, manifesting in the full flow field as a
wider plume and thus an angle change of the intercepting
shock. Although ratios differ slightly for re-expansion in
the blade configuration due to the curved sonic line, as in-
dicated in Fig. 5(a), as well as the asymmetry of the flow
not captured in this analysis, this delay explains both
the displaced shock formation point and the expanding
plume manifested in simulations as well as in PLIF mea-
surements described in the preceding section.
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FIG. 13. The shock formation point location as a function of
Pexit/Pamb. As the pressure ratio increases, the shock forma-
tion point travels transversely to the nozzle exit plane. Note
that the discontinuities in the curve stem from different char-
acteristics causing the initial intersection in the simulation.

III. CONSIDERATIONS FOR LPA TARGETS

Knowledge of how plume characteristics depend on the
parameters investigated above may be used in customiz-
ing density transitions for LPA targets. Shock angle rel-
ative to the ionizing laser has been shown to affect the
quality and direction of electron beams38. As discussed
above, this angle can be adjusted with pressure ratio
and blade coverage fraction. These parameters, how-
ever, affect another important quantity: density. Since
blade and bow shock interact to form a secondary vir-
tual nozzle, varying blade position varies the amount of
flow traversing the normal shock upstream of the blade,
changing stagnation pressure of the new subsonic region,
and therefore Pexit/Pamb. The effect is a change in over-
all density in the main plume.

Finally, since the density transition accessible to the
laser for these parameters is an intercepting shock, and
does not coalesce into a shock immediately, it is impor-
tant to consider shock formation location. Although not
all will be accessible for a fixed laser height, by control-
ling pressure ratios, the shock formation height can be
adjusted. This will alter the shock width and angle as
shown in Fig. 6. The formation of the coalesced inter-
cepting shock strongly depends on Pamb, which differs
from the global chamber pressure. Measurement of Pamb

is difficult in practice. Comparison of measured and sim-
ulated gas jets suggests that Pamb is much higher than
that measured in the chamber. Further analysis requires
simulations that include the domain of the full chamber.

While 3D simulations are required for exact fluid struc-

tures, qualitative rules of thumb can be established: the
farther the laser is from the sonic line (i.e., the blade), the
shorter the density transition length (δ) will be since the
shock gets stronger with distance. This is at the expense
of absolute density (ne) through natural expansion.

IV. CONCLUSION

In conclusion, a commonly used supersonic jet-with-
blade LPA target, previously assumed to provide a sharp
density transition by means of a bow shock, was shown
to have a more complex fluid flow than was previously
thought, which may affect how these targets are used.
2D and 3D compressible flow simulations, 2D imaging
via PLIF, and analysis by method of characteristics have
been conducted to study the density perturbation pro-
duced by a blade suspended above a supersonic, coni-
cal nozzle. For these conditions, it was revealed that
with any appreciable blade coverage the accessible den-
sity perturbation is an intercepting shock. The current
study has explained how the density transition length,
δ, can potentially be larger than λp. As a consequence,
comparing λp to Mott-Smith shock thickness theory may
not be applicable for predicting the injection mechanism
for LPAs under many conditions of interest. More im-
portantly it has been shown that flow parameters, shock
angle, density and density transition length are highly
coupled. Although this coupling may complicate tun-
ing of jet-and-blade LPA targets, the variety of density
profiles easily produced by such targets makes them po-
tentially capable of facilitating a wide range of electron
beam parameters.

V. SUPPLEMENTARY MATERIAL

See supplementary material for more information
about more technical specifications of simulation as well
as plots of pressure, temperature and velocity for the case
shown in Fig. 6.
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6J. Wenz, A. Döpp, K. Khrennikov, S. Schindler, M. F. Gilljohann,
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S. Haessler, R. Lopez-Martens, and A. Lifschitz, Plasma Physics
and Controlled Fusion 61, 014012 (2019).

9T. Tajima and V. Malka, Plasma Physics and Controlled Fusion
62, 034004 (2020).

10Z. Huang, Y. Ding, and C. B. Schroeder, Physical Review Letters
109, 204801 (2012).

11A. R. Maier, A. Meseck, S. Reiche, C. B. Schroeder, T. Segge-
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36J. P. Couperus, A. Köhler, T. A. Wolterink, A. Jochmann,
O. Zarini, H. M. Bastiaens, K. J. Boller, A. Irman, and
U. Schramm, Nuclear Instruments and Methods in Physics Re-
search, Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 830, 504 (2016).

37O. Kononenko, N. C. Lopes, J. M. Cole, C. Kamperidis, S. P.
Mangles, Z. Najmudin, J. Osterhoff, K. Poder, D. Rusby, D. R.
Symes, J. Warwick, J. C. Wood, and C. A. Palmer, Nuclear
Instruments and Methods in Physics Research, Section A: Ac-
celerators, Spectrometers, Detectors and Associated Equipment
829, 125 (2016).

38K. K. Swanson, H. E. Tsai, S. K. Barber, R. Lehe, H. S. Mao,
S. Steinke, J. Van Tilborg, K. Nakamura, C. G. R. Geddes, C. B.
Schroeder, E. Esarey, and W. P. Leemans, Physical Review Ac-
celerators and Beams 20, 1 (2017).

39J. Xu, A. Buck, S.-W. Chou, K. Schmid, B. Shen, T. Tajima,
M. C. Kaluza, and L. Veisz, Citation: Physics of Plasmas 24,
83106 (2017).

40H. Ekerfelt, M. Hansson, I. Gallardo González, X. Davoine, and
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