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ABSTRACT
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 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 dynam-
ics of a supersonic nozzle impinged on by a thin, flat object are explored through simulations and relevant features are verified via planar
laser-induced fluorescence measurements. The implications of the results for tuning electron beam injectors in laser plasma accelerators are
discussed.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0005888., s

I. INTRODUCTION

As laser plasma accelerator (LPA) technology1–9 becomes more
mature, controlled injection mechanisms to produce quality electron
beams become increasingly important for a variety of applications,
such as free electron lasers,10–13 Thomson photon sources,14–23 and
the first injection stage for advanced particle colliders.24,25 One pop-
ular injection mechanism involves using a thin blade impinging on
a supersonic nozzle.16,20,26–47 This method creates fluid structures
in the gas flow that allow for the 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
the electrons to become trapped,26,29,32 or a sharp density transition,
where the electrons are injected into an accelerating phase through
the sudden wake volume change.28,39

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

) determine beam properties, most notably the
energy spread. Here, Δne is the difference between maximum and
minimum densities across the transition, and (∇ne)max is the maxi-
mum 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, the performance of electron beams
injected from blade-induced density transitions has varied widely
due to uncharacterized sources of variation. In an effort to opti-
mize tunability, various studies have characterized the density tran-
sition as a function of the blade position relative to the nozzle exit.
These studies found that the shock angle varies dramatically with
the blade position, which can result in beam steering.34,38,43 Stud-
ies correcting for the angle by rotating the gas jet did not eliminate
the dependence of beam quality on the blade position.43 Since both
down-ramp injection and shock injection theories predict that the

Phys. Fluids 32, 066108 (2020); doi: 10.1063/5.0005888 32, 066108-1

Published under license by AIP Publishing

https://scitation.org/journal/phf
https://doi.org/10.1063/5.0005888
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0005888
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0005888&domain=pdf&date_stamp=2020-June-30
https://doi.org/10.1063/5.0005888
https://orcid.org/0000-0003-1665-4175
https://orcid.org/0000-0002-8364-5204
https://orcid.org/0000-0002-8667-5468
https://orcid.org/0000-0001-6913-1066
https://orcid.org/0000-0002-6164-0816
https://orcid.org/0000-0001-7251-8755
https://orcid.org/0000-0003-0507-698X
https://orcid.org/0000-0002-7028-7735
https://orcid.org/0000-0002-3763-9743
https://orcid.org/0000-0001-6573-8434
mailto:lfanchiang@lbl.gov
https://doi.org/10.1063/5.0005888


Physics of Fluids ARTICLE scitation.org/journal/phf

effectiveness of electron injection is highly dependent on density
transition length, several groups have attempted to measure this
length, especially at blade positions at which optimal beam condi-
tions are achieved. These measurements have varied widely, ranging
from 2.5 μm to over 100 μm.31,32,39,43 The use of different definitions
of shock length further hinders comparison.

In addition to studying the shock transition length, attempts
have been made to characterize the underlying physics of the flow.
The study of the mechanics of the shock production has been hin-
dered by the difficulty of measuring the gas density profile with
traditional methods. The plasma community routinely uses inter-
ferometry and shadowgraphy to measure gas profiles.20,34,35,39,44,48,49

These techniques, however, are contrast-limited in the low neu-
tral density (n ∼ 1018 cm−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, mea-
sures only the ionized portion, often tens of micrometers thin, leav-
ing neutral 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 measurements and shadowg-
raphy alike are line-integrated measurements that project phase
variation along the propagation direction of the probe beam and
can blur small features. Additionally, conversion to density requires
an Abel inversion that assumes cylindrical symmetry, a symme-
try that blade-impinged plumes do not have. In order to cap-
ture asymmetric gas plumes, tomographic measurements have been
made.20,36,46 Applying tomography has its own challenges. In addi-
tion to also requiring 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 experimen-
tal 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 over-
whelmingly been particle-in-cell simulations of the narrow region in
which the laser interacts with the gas density transition.39–42,47 The
results can conveniently be compared to interferograms of the same
field of view.27,37 These simulations, like the interferogram images,
principally capture the plasma, leaving neutral density and the rest
of the plume out. Detailed flow simulations have been performed
for conical gas targets,50–52 however, neutral flow studies showing
the dynamics of the gas plume as a function of blade position have
not, until now, been published.

For this paper, we aimed to image and characterize the forma-
tion of the shocks measured in various laser plasma experiments. We
report results of planar laser-induced fluorescence (PLIF)53,54 mea-
surements and flow simulations of the entire plume produced from
flows impinged by blades with varying positions. 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 struc-
ture of the full plume in a single shot with minimal post-processing.
The technique surmounts many of the challenges posed by tradi-
tional 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 symmetry. Three-dimensional

(3D) images can be gathered easily. The corresponding fluid simula-
tions presented in this paper show many changes in macroscopic
flow characteristics with the blade position, while analysis by the
method of characteristics shows how multiple types of shocks are
formed.

II. JET WITH THE 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 thickness theory, which provides estimates
for shock thickness using the Boltzmann equation, can be used to
compare δ to λp and it generally confirms a sharp density transi-
tion.55 Experimental evidence,38,43 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.

Evidence of the formation of intercepting shocks in LPA targets
was first identified and published by Lawrence Berkeley National
Laboratory’s BELLA Center.38,43 In these studies, a conical nozzle
with a design Mach number of ∼2.5, was impinged on by a blade
with an adjustable position, as shown in Fig. 2. The range of motion

FIG. 1. (a) Simulation showing the bow shock that is accessible to an ionizing laser
beam that 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. (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.
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FIG. 2. Schematic of the experimental setup that consisted of a Mach 2.5 conical
nozzle obstructed by an orthogonal blade with an adjustable position. In previ-
ous experiments,38,43 a fs transverse probe beam intersected the laser/plasma
interaction onto a wavefront sensor to obtain density information. The inset wave-
front 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 electron-multiplying
charge-coupled device in place of the wavefront sensor.

of the blade allowed it to be moved from a position in which the
blade did not cover over the nozzle exit but grazed the expand-
ing gas plume (−20% blade coverage), to a position in which the
blade completely covered over the nozzle exit (100% blade cov-
erage). 0% blade coverage corresponds to the edge of the blade
directly above the laser-upstream edge of the nozzle exit. An ion-
izing laser propagated from the blade side of the nozzle. Trans-
verse to the ionizing laser, a femtosecond (fs) probe sampled the
plasma and was imaged onto a wavefront sensor. This sensor pro-
vided a phase image from which density information could be
extracted through a phase retrieval algorithm.56 Phase images of the
gas plume and the resulting plasma were taken as a function of blade
coverage.

Data revealed a localized high density region emanating 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 the 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 density transition length,
δ ≈ 5λp, that is greater than the neutral mean free path.38 Addi-
tionally, a traditional bow shock would have had a standoff distance
from the blade that would decrease with increasing Mach number.
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 intercept-
ing shock (also called as coalescing shock) arising from re-expansion
of the subsonic region behind the bow shock, resulting in coales-
cence 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

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.

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

B. Effects of blade coverage on the fluid structure
In the current study, gas jet target conditions from previ-

ous studies38,43 were replicated and examined through simulation,
experimentally via PLIF, and analytically by the method of char-
acteristics. Two and three dimensional finite volume simulations
of a flow through a conical nozzle 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, rhoCentralFoam.58 Technical details about the computational
domain and boundary conditions can be found in the supplemen-
tary 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 that is expanding from
a reservoir through the nozzle into medium vacuum, and there-
fore is choked, sonic conditions were specified at the nozzle throat
with a stagnation pressure of 25 psi–100 psi. The back pressure
was varied and the outbound flow was prescribed as homogeneous
Neumann boundary conditions. Simulations were performed using
the laminar flow approximation and flow is modeled as an ideal
gas. Although the flow, with Reynolds number on the order of
1 × 105, is turbulent, the laminar approximation showed agreement
with the computationally more expensive simulations that included
turbulence to within a plasma wavelength and below experimen-
tal resolution. Hence, the simulations presented in this paper were
performed using the laminar flow approximation. Heat conduction
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FIG. 4. (a) and (b) both show compressible flow simulations at 50% blade coverage
but with different color scales. (a) shows the flow with a normalized color scale.
Here, the initial bow shock separation can be seen in front of the blade. (b) uses a
saturated color scale to show the intercepting shock from the re-expansion of the
subsonic region behind the bow shock.

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. Neu-
tral density was converted to plasma density, ne(cm−3

) by assuming
that the laser pulse fully ionizes the region of flow sampled. The laser
pulse originates 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 sep-
arated 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 transition that
is accessible to the traversing laser was shown to be an intercept-
ing 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 portion 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 intercepting shock in the plume of the
virtual nozzle, as shown in Fig. 4(b).57

The intercepting shock forms from coalescing Mach waves that
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 that is at high vac-
uum. This intercepting shock is the experimentally observed density
perturbation shown in Fig. 3 and adequately explains the observed
reverse perturbation angle.

In order to experimentally explore the 2D simulated flow fea-
tures of interest, 2D slices of the gas plume were imaged via PLIF.59 A
schematic of the experimental configuration is shown in Fig. 5. Pre-
vious density measurements used a wavefront sensor to image phase
distortions through the plasma created by an ionizing laser.38,43 As
shown in Fig. 3, these measurements gave 1D density line-outs of
the plume. The investigation of the structure of the plume would
have required many measurements at different heights. More impor-
tantly, the resolution required to define the shock length was diffi-
cult to obtain using available wavefront sensors. Although interfer-
ometry could obtain the sub-λp resolution, the largest obstacle for
imaging was target asymmetry. Wavefront measurements assume
cylindrical symmetry in order to convert phase differences to den-
sity. Such a conversion blurs the features under investigation. In
order to properly account for asymmetry, tomography can be per-
formed, 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 experimental setups.
In order to surmount the challenges of these techniques, PLIF, which
uses a planar beam to fluoresce a 2D slice of the plume, was used.

FIG. 5. Schematic of planar laser-
induced fluorescence experimental
configuration.
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FIG. 6. PLIF measurements of nozzle with blade configuration. (a) shows the plume with no blade impinging, while in (b) the blade hovers over 9%, (c) over 49%, and (d)
over 71% of the nozzle exit. The image resolution shown is 44 μm/px. Insertion of the blade at various positions changes the periodicity of shock diamonds. This indicates a
change in the plume internal pressure/density similar to that shown in Fig. 10.

The resolution, 44 μm/pixel, was determined by the imaging system,
consisting of an electron-multiplying charge-coupled device and a
50 mm TV lens. The thickness of the fluoresced slice was deter-
mined by the width of the focus of the fluorescing beam. Raw images
revealed much of the fluid structure, and could be quickly con-
verted to density by calibration to the fluorescence signals of known
densities.

In these experiments, argon and trace amounts of acetone were
flowed into low vacuum through a nozzle with design Mach number
2.5 and a 1 mm exit diameter. A blade with an adjustable position
was suspended 600 μm above the nozzle. A 266 nm wavelength laser
was focused 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 den-
sity transition length δ was on the order of 4λp, as shown in a fluo-
rescence intensity line-out of the plume (shown in Fig. 6a) plotted
in Fig. 7, in contrast to the sub-λp transition predicted by Mott-
Smith for a bow shock. In addition, simulations paired with exper-
iments revealed changes in core flow parameters, characteristic of
a redefinition of the sonic line and the corresponding intercepting
shock.

FIG. 7. Lineout of a PLIF measured density gradient. At this density (Ar at
n = 2.0 ⋅ 1017cm−3), λp would be 32 μm, while the measured density gradient
thickness δ = 130 μm.

Moreover, simulations paired with experiments revealed the
sensitivity of core flow parameters to the blade position and
pressure. As shown in Fig. 8, simulations showed that the suspended
blade redefined the sonic line of the plume, generating a sonic noz-
zle external to the original nozzle. Varying the blade position altered
this sonic line and redirected the vector of the virtual sonic nozzle.
Furthermore, as can be seen by comparing Figs. 8(a) and 8(b), more
of the flow went through the bow shock at a normal angle for larger
blade coverages. Larger blade coverages effectively reduced the stag-
nation pressure in the subsonic region and reduced the Mach num-
ber needed to match the pressure of the jet plume after re-expansion.
Figures 9(a) and 9(b) show that the same effect was generated by
changing the input plume pressure while keeping the blade position
fixed. Note that the simulations shown in Fig. 9 are 3D, while others
shown herein are 2D, and are included here to show contributions to
the features discussed, such as the plume angle and density transition
length, from 3D effects. Dimensionality did not change the results
significantly, as expected since the blade is long compared to the
plume scales and analytically the flow is symmetric about the plane

FIG. 8. Simulations showing Mach number at (a) 70% and (b) 30% blade coverage.
The blade coverage strongly affects the vector of the re-expanded plume along
with the fluid structure 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 relationship with the method of characteristic
simulations shown in Figs. 11 and 12.
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FIG. 9. 3D Simulation showing the density of gas flows at varying pressure ratios
Pexit /Pamb for a fixed blade position. For a set blade coverage, the angle of the
intercepting shock increases with respect to the plume axis as the pressure ratio
increases, which is consistent with the method of characteristic results shown in
Fig. 13. More details about comparison between 3D simulations and experimental
measurements can be found in the supplementary material.

transverse to the blade. Further detail can be found in the supple-
mentary material. These features were corroborated experimentally
via PLIF.

Figure 6 shows PLIF measurements for increasing blade cover-
ages with a 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 measured back (chamber) pressure, Pback,
and local ambient (near plume) pressure, Pamb, differ, calibration
simulations were used to correlate the plume shape with pressure
ratios Pexit/Pamb and Pamb/Pback. Variation in shock diamond peri-
odicity indicated a change in Pexit/Pamb for a fixed design Mach
number nozzle. For comparison, Fig. 10 shows simulations of the
same effect in plumes with no blade and fixed bottle pressure but

FIG. 10. Simulation of pressure-mismatched nozzles at different pressure ratios (a)
Pexit /Pamb = 4.3, (b) Pexit /Pamb = 3.3, and (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.

increasing Pamb. Since both bottle and back pressure were held con-
stant in the simulations of blade obstructed plumes and in PLIF
experiments, it is clear that characteristic flow parameters, such as
stagnant pressure, must be changing with blade positions, resulting
in a redefined core flow as though through nozzles of varying design
Mach numbers.

Simulation and measurements showed also that the shock tilt
encountered by an ionizing laser is determined by a combination
of plume axis orientation as a function of the blade position, and
pressure ratio (Pexit/Pamb) tuned by bottle pressure, as shown in
Figs. 6, 8, and 9. These two factors combined result in a range of
configurations in which the shock tilts above the blade, as had been
observed in previous wavefront measurements (Fig. 3). The rela-
tionship between shock angle and blade position dependent flow
characteristics became clearer when the flow was analyzed by the
method of characteristics.

C. Intercepting shock from coalescing Mach waves
by the method of characteristics

The dynamics of the intercepting shock can be better under-
stood through the analysis of the flow by the method of character-
istics, which predicts the flow field by tracing out the interaction of
upstream supersonic regions via their characteristics or Mach lines.
The intercepting shock is formed from Mach waves coalescing into
a shock wave. Upstream of the coalescing point, the density tran-
sition 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 characteris-
tics starting from a sonic line at the throat as shown in Figs. 11
and 12.60,61 In contrast to the finite volume method where the spa-
tial resolution is determined by the grid size, the resolution for the
method of characteristics is determined by the number of charac-
teristic lines used. Note that all spatial dimensions are normalized
to the throat half-width, r. An initial expansion fan is generated as
the flow accelerates around the corner of the sonic nozzle. The char-
acteristic lines pass through the centerline, effectively a reflection in
the symmetrized model, and form an expansion region of flow where

FIG. 11. The characteristic network created by a sonic free jet originates from
the corner of the nozzle as the flow begins 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 normalized to the nozzle
exit radius, corresponding to the sonic line, as labeled in Fig. 8, 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.
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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.

they continuously accelerate. As the flow expands, the flow pressure
will eventually match the local ambient pressure, at which point a
free-boundary is created and the characteristic lines are reflected
back toward the center of the flow. These converging characteris-
tic lines create an isentropic compression fan. The gas flow before
and after an isentropic 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 compres-
sion fan. In contrast to traveling through a shock, traveling through
a compression fan results in (1) an increase in the stagnation pres-
sure 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 studied.57

The intersection of the Mach waves in the compression region
signals shock formation. As the ratio of exit pressure to local ambient
pressure, Pexit/Pamb, is increased, the curvature of the free-boundary
becomes more severe and the plume expands. The reflected charac-
teristic 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 wave propagates, more
characteristic lines will coalesce with the shock, creating an increas-
ingly stronger shock wave, and thus a sharper drop in the density
at the interface. The formation of this shock from two converging
characteristics is shown in Fig. 12.

By varying Pexit/Pamb, the point at which the compression fan
coalesces into a shock wave can be traced out with respect to the
sonic line position. Figure 13 shows the shock formation point for
several simulations, as shown in Fig. 12, for pressure ratios up to
230. Approximately, 100 characteristic lines were used to resolve
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 a distinct shock forms further down (increased x/r) and fur-
ther out (increased y/r) from the sonic line. The formation point
and the sonic line grow more rapidly in the transverse direction,
y/r, manifesting in the full flow field as a wider plume, and thus
an angle change of the intercepting shock. Although ratios dif-
fer slightly for re-expansion in the blade configuration due to the
curved sonic line, as indicated in Fig. 8(a), as well as the asym-
metry of the flow not captured in this analysis, this delay explains

FIG. 13. The shock formation point location as a function of Pexit /Pamb. As the pres-
sure ratio increases, the shock formation point travels transverse to the nozzle exit
plane. Note that the discontinuities in the curve stem from different characteristics
causing the initial intersection in the simulation.

both the displaced shock formation point and the expanding plume
manifested in simulations as well as in PLIF measurements described
in Sec. II B.

III. CONSIDERATIONS FOR LPA TARGETS
The knowledge of how plume characteristics depend on the

parameters investigated above may be used in customizing density
transitions for LPA targets. The shock angle relative to the ionizing
laser has been shown to affect the quality and direction of elec-
tron beams.38 As discussed above, this angle can be adjusted with
the pressure ratio and blade coverage fraction. These parameters,
however, affect another important quantity: density. Since blade and
bow shock interact to form a secondary virtual nozzle, varying the
blade position varies the amount of flow traversing the normal shock
upstream of the blade, changing the stagnation pressure of the new
subsonic region, and therefore Pexit/Pamb. The effect is a change in
overall 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 important to consider the shock formation
location. Although not all will be accessible for a fixed laser height,
by controlling pressure ratios, the shock formation height can be
adjusted. This will alter the shock width and angle, as shown in Fig. 9.
The formation of the coalesced intercepting shock strongly depends
on Pamb, which differs from the global chamber pressure. The mea-
surement of Pamb is difficult in practice. The comparison of mea-
sured and simulated 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.
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While 3D simulations are required for exact fluid structures,
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 tar-
gets are used. 2D and 3D compressible flow simulations, 2D imag-
ing via PLIF, and analysis by the method of characteristics have
been conducted to study the density perturbation produced by a
blade suspended above a supersonic, conical nozzle. For these con-
ditions, it was revealed that with any appreciable blade coverage, the
accessible density perturbation is an intercepting shock. The cur-
rent 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 pre-
dicting the injection mechanism for LPAs under many conditions
of interest. More importantly, it has been shown that flow param-
eters, shock angle, density, and density transition length are highly
coupled. Although this coupling may complicate the tuning of jet-
and-blade LPA targets, the variety of density profiles easily produced
by such targets makes them potentially capable of facilitating a wide
range of electron beam parameters.

SUPPLEMENTARY MATERIAL

See the supplementary material for more information about
more technical specifications of simulation as well as plots of pres-
sure, temperature, and velocity for the case shown in Fig. 8.
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