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Currently there is considerable interest in creating scalable laboratory plasmas to study the mech-
anisms behind the formation and evolution of astrophysical phenomena such as Herbig-Haro (HH)
objects and supernova remnants (SNRs). Laboratory-scaled experiments can provide a well diag-
nosed and repeatable supplement to direct observations of these extra-terrestrial objects if they
meet similarity criteria demonstrating that the same physics govern both systems. Here we present
a study on the role of collision and cooling rates on shock formation using colliding jets from op-
posed conical wire arrays on a compact pulsed-power driver. These diverse conditions were achieved
by changing the wire material feeding the jets, since the ion-ion mean free path (λmfp-ii) and ra-
diative cooling rates (PRad) increase with atomic number. Low Z carbon flows produced smooth,
temporally stable shocks. Weakly-collisional, moderately-cooled aluminum flows produced strong
shocks that developed signs of thermal condensation instabilities and turbulence. Weakly-collisional,
strongly-cooled copper flows collided to form thin shocks that developed inconsistently and frag-
mented. Effectively collisionless, strongly cooled tungsten flows interpenetrated, producing long
axial density perturbations.

I. INTRODUCTION

Studying the shocks formed when supersonic astro-
physical plasma flows interact with their surroundings,
such as Herbig Haro (HH) objects[1, 2] and supernova
remnants (SNRs)[3, 4], can help answer outstanding
questions on topics such as stellar formation[5] and cos-
mic ray generation[6]. The distances and vast scales of
these astrophysical objects make studying them directly
difficult. Fortunately, repeatable laboratory-scale exper-
iments accompanied by suites of diagnostics can com-
plement direct observations and measurements provided
that they meet certain similarity criteria demonstrating
that both systems are governed by the same physics[7, 8].
Two parameters key to establishing similarity are the col-
lision and cooling rates.
Observations and simulations show that some of the

substantial surface features HH objects develop are due
to cooling processes such as the thermal condensation
instability[9, 10]. This instability, which describes the
globular formations in galaxies and nebulae not at-
tributable to gravity, is formed when the material-specific
plasma cooling function (Λc = n2i PRad where ni is ion
density and PRad is the radiative cooling rate) increases
with decreasing temperature[11, 12].

Supernova remnants self-generate electromagnetic
fields through collisionless mechanisms such as the
Weibel instability. This instability only occurs when
the strong anisotropy of interpenetrating flows creates
a Lorentz force that can act on spontaneous magnetic
perturbations.[13–15].

With such diverse conditions required to generate the
defining characteristics of these shocks, experiments are
generally tailored to specifically reproduce certain colli-
sion or cooling rates. To date, the bulk of these experi-
ments utilize the largest laser and current-driving facili-
ties available, largely due to their ability to create high-
temperature, high Mach number flows[16–19]. For exam-
ple, the mega-ampere pulsed power generator MAGPIE
was used to perform experiments on colliding jets and
produce bow shocks that scaled to HH objects; in the
experiment, cooling instabilities were suggested to play
an important role in the shock fragmentation [16] as is
observed in the astrophysical case. High-power lasers can
create collisionless plasmas by irradiating plastic discs to
generate flow velocities ∼ 10 times those produced in the
pulsed power experiments (108 cm/s in laser experiments
vs 107 cm/s in pulsed power experiments). Experiments
on the kilojoule class Omega laser produced Weibel in-
stabilities, recreating the complex self-generated electro-
magnetic fields seen in SNRs[17, 18]. These fields are
believed to mediate shocks that are responsible for accel-
erating cosmic rays. Recently, at the National Ignition
laser Facility (∼ 2 MJ), the transition from collisional to
collisionless plasma regimes was demonstrated by chang-
ing the separation of the plastic disc targets[19] .

The results presented in this paper demonstrate that a
simple setup can provide access to a wide range of colli-
sionalities and cooling parameters required for astrophys-
ical scaling using a university-scale, pulsed-power driver
at the University of California, San Diego.
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II. EXPERIMENTAL SETUP AND

DIAGNOSTICS

The experiments detailed here collided two counter-
propagating plasma flows from opposed conical wire ar-
rays opening towards each-other[20–22] on the 200 kA,
150 ns rise-time GenASIS driver[23]. A diagram of the
setup is given in Fig. 1, showing the two conical wire
arrays (8 wires each) separated by a central support that
was isolated from the anode and cathode of GenASIS
by being suspended by the top conical array and an-
chored gravitationally by the bottom array. This central
support, dubbed the ‘floating electrode’, allowed jets to
propagate through 0.5 cm apertures at either end into a
1.6 cm interaction region free of non-jet plasma from the
arrays.

Changing the cooling and collision rates of the jets
simply involved changing the wire material in the conical
arrays that supplied the jets, since the cooling function,
Λc, scales with atomic number[24], and the ion mean free
path, λmfp-ii, scales with the atomic mass (A) to the sec-
ond power (detailed later in Eq. 1). While other parame-
ters including ionization level (Z*), ion density (ni), elec-
tron temperature (Te) and jet velocity (ujet) also affect
the cooling and collision rates of the plasma, changing
the material both directly and indirectly played a larger
role in changing the two rates in question. The materials
used here were 200 µm carbon, 25 µm aluminum, 25 µm
copper, and 10 µm tungsten. Material purity of the Al,
Cu, and W wires (purchased from California Fine Wire
Co., Goodfellow and Goodfellow respectively) was≥ 99%
while the C ‘wires’ were 0.02 cm Ain Stein 2B pencil lead.
The wires sizes were chosen to be overmassed (no chance
of early pinching or implosion), and strong enough to sus-
pend the floating electrode while maintaining order-of-
magnitude comparable mass-per-until lengths (excepting
C). While previous work using a similar setup on GenA-
SIS produced bow-shocks using Al and Cu flows that
were scalable to Herbig-Haro objects (see Ref. 22), the
aforementioned array design improvement (using the iso-
lated floating electrode, while the previous work mounted
the central support electrode with an insulator to the an-
ode) produced symmetrical jet interactions and enabled
the use of more resistive wire materials including carbon
and tungsten which dramatically increased the accessible
range of collisionalities and cooling rates.

These experiments were probed with a 200 mJ, 1064
nm, 5 ns pulse width Nd-YAG laser configured to a si-
multaneous four-frame Mach-Zehnder interferometer and
schlieren setup for a total of 8 images. The four frames
were created using a polarizing beam splitter on 45◦ po-
larized light to create two orthogonally polarized beams.
One was delayed 15 ns and the two were recombined and
then split 50/50, with one pair proceeding through the
target chamber, and the other pair delayed another 30
ns (making 0, 15, 30 and 45 ns relative frame delays) be-
fore then passing through the target. The beams in each
pair overlapped to such a degree that a single schlieren

stop could be used to block both, while the two pairs
were separated geometrically so they could be ‘picked off’
with mirrors or beam splitters. The images for the laser
diagnostics were captured using Canon DSLR cameras
with the IR filter removed from in front of the CCDs.
A narrow (3 nm) laser-line filter was mounted on each
camera so that their shutters could be left open for a 5
second exposure (during which time GenASIS was trig-
gered) without any significant self-emission or laboratory
light reaching the CCDs. The spatial resolution for this
setup measured ∼ 50 µm. The interferometer setup pro-
vided areal electron density information which was pro-
cessed using Abel inversions (when there was appropriate
symmetry) to obtain electron density. To obtain quan-
titative structural information from the schlieren images
we performed two-dimensional fast Fourier transforms (2-
D FFTs) and produced Power Spectral Density (PSD)
plots. The spherical schlieren stops measured 0.075 cm,
which along with the collection optic, yielded a window of
observable densities between ∼ 7×1017 - 2×1019 e−/cm3.
A single-frame gated optical camera (2.6 ns gate width,

∼ 200 µm resolution) and a four-frame gated XUV cam-
era (10 ns gate width, ∼ 190 µm resolution, and a lower
photon energy cutoff of ∼ 25 eV) accompanied the laser
probing. A vertical diode array consisting of a bicon-
vex lens that magnified the jet image 3.1X onto optically
sensitive Si diodes outside the vacuum chamber measured
light from the jets to determine the propagation velocity
of the leading edge of said jets. The lines of sight and
data samples from each diagnostic are shown around the
illustration of the array setup in Fig. 1.

III. DETERMINATION OF JET PARAMETERS

Neither key parameter of interest (the ion-ion mean
free path, λmfp-ii, or the radiative cooling rate, PRad in
erg cm−3 s−1) can be measured directly with the diagnos-
tics available, so they must be calculated from the three
experimentally measured quantities: areal electron den-
sity, jet velocity (ujet), and the Mach Number (M). To
determine these parameters, a large number of single-jet
shots were done prior to the colliding jet experiments.
For these single jet shots, one of the ends of the floating
electrode was removed and the two posts were replaced
with longer ones mounting the remaining plate to the
anode or cathode. This kept the opening angle of the
jet, the aperture in the floating electrode, and the rela-
tive position to the current carrying posts the same as in
the colliding jet setup. Single jets propagating in both
directions were tested.
To obtain values for the electron density, ne, 2-D areal

electron density maps of the interferograms were created
of the single jet shots using the software IDEA[25]. An
Abel inversion using a Fourier method [26] was run on
the data to obtain the density profile. The Mach num-
ber, M was determined via 1/arctan (α), where α is the
opening angle of the jet from vertical. To determine α,
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FIG. 1. A three-dimensional scaled drawing of the array setup that is loaded into the chamber is provided along with the
approximate diagnostic paths and samples of their results. A typical current profile from GenASIS is provided along with the
voltage traces for the diode array diagnostic. The space between the floating electrodes measures 1.6 cm, while the height of
each conical array is 0.8 cm.

the areal electron density full-width half-max of the jet
(from the 2-D areal electron density maps) at each ver-
tical pixel along the axis was taken and a line was fit
to these points, where the slope of the line corresponded
to α and thus M. The quotient of ujet (measured with
the diode array) and M gave the sound speed, cs, which
in turn provided Z*Te (ionization level and electron tem-
perature respectively). The experimental Te and Z* were
estimated by running the atomic codes PrismSPECT (for
C, Al and Cu) and FLYCHK[27] (for W) with the mea-
sured ne to find the best match between measured and
calculated Z*Te. This measurement of M and the subse-
quently derived parameters is a derivation of the methods
used in Refs. 21 and 28.

Values of the key measurements and calculated param-
eters from the single jet shots are provided in Table I.
Measurements of mean ne decreased with atomic num-
ber, ranging from 1.4 × 1017 cm−3 for C to 0.9 × 1017

cm−3 for W. Peak values centered around 2× 1017 cm−3

for all materials. Electron temperatures calculated for C,
Al, and Cu were 8, 12, and 26 eV respectively with 15-
25% uncertainty. The tungsten jets did not expand. Be-
cause of this the temperature of the W flows was roughly
estimated as the point where the energy losses due to ra-
diative cooling (in erg/cm3) approached between 5 and
50% of the thermal energy (in erg/cm3) over a 50 - 100
ns window, which is the time it takes a W jet to propa-
gate through the interaction region. With the measured
parameters, this approximate balance occurs around 10
- 20 eV. The determined values for Z* are also given in
table I.

Velocities measured with the diode array showed a
general increase with atomic mass matching previous
studies[29], ranging from 7.4×106 cm/s for C to 1.64×107

cm/s for W. Diagnostic uncertainty and shot-to-shot
variability ranged between ∼ 10 - 40%. No difference
in ujet was measured within the sensitivity limits of the
diode array diagnostic between jets propagating up or
down.

With the required parameters determined, we can now
calculate λmfp-ii for the counter-propagating flows from
equation 5a in Rambo et al.[30]. In the event that the
flow velocity is more than a few times greater than the
thermal velocity (M ≥ 3-4), λmfp-ii simplifies to

λmfp-ii ≈ 1.67× 10−11
u4jetA

2

Z∗4 ln Λ ni

, (1)

where lnΛ is the Coulomb logarithm, and ni = ne/Z
∗

is the ion density. All quantities here are in cgs units un-
less otherwise mentioned. Given the u4jet dependence in
λmfp-ii, the wide range of measured velocities introduces
large uncertainties in the determination of collisionality.
Values for λmfp-ii given in Table I include the average
value using all of the determined quantities, and between
parentheses a range from the minimum to maximum val-
ues compatible with the error bars (where the minimum
λmfp-ii was calculated using the lowest velocity and the
highest ni and Z*, etc.).
Only collisions between counter-streaming ions have

been discussed up to this point. Collisions of ions with
electrons of the opposing jet are thought to play vari-
ous roles in the dynamics of interpenetrating flows such
as producing an electron ‘drag’ on the ions[30–32], and
calculations show that the i-e mean free path (λmfp-ie)
is smaller than the λmfp-ii by an order of magnitude or
more. In the cases of Al and Cu, i-e collisions likely play
a dynamic role in the interactions between jets. However,
given the mass of W ions (the momentum lost by an ion
in i-e compared to i-i collisions scales with ∼ me/mi),
and the relatively long λmfp-ie (∼ 0.8 cm via Eq. 2 in
Ref 31, and ≫ 1 cm via Eq. 5a in Ref. 30), the role
of i-e collisions is assumed negligible here over relevant
time and spatial scales. Therefore, collisions between the
counter-streaming ions are judged to be the key param-
eter in defining the collisionality of the W jets here.
PRad was calculated from the tables provided by FLY-

CHK and PrismSPECT. From these we expect the ra-
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TABLE I. Tabulation of critical measured and calculated parameters from single-jet experiments.

Element ujet M Avg. ne Te Z* λmfp-ii

(105 cm/s) (1017 cm−3) (eV) (cm)
C 74 ± 7 3.8 ± 0.9 1.4 ± 0.4 8 ± 1 3.8 ± 0.5 0.12 (0.07 - .24)
Al 99 ± 13 6.8 ± 1.0 1.3 ± 0.3 12 ± 2 3.4 ± 0.6 2.4 (1.1 - 5.9)
Cu 110 ± 40 5.4 ± 1.7 1.0 ± 0.2 26 ± 6 7.4 ± 1.8 3.2 (0.2 - 48.0)
W 164 ± 65 > 10 0.9 ± 0.3 ≤ 10-20 ∼ 8-9 63 (2 - 2300)

diative power of the jets to rise by orders of magnitude
from C to Al, Cu, and W. Radiation effects become dy-
namically significant when the cooling timescale τc ∝

Te/(niΛc) of the plasma is similar-to or smaller-than the
hydrodynamic timescale τhydro ≈ rjet/ujet (where rjet is
the jet radius)[7]. Here, τhydro ranges from ∼30 ns for W
to ∼60 ns for C, while estimates of τc are of the order of
10 ns for W, Cu, and Al interactions, and hundreds of
nanoseconds for C.

A. Dimensionless comparison to astrophysical

entities

As mentioned in the opening paragraph, the primary
motivation behind these experiments is to develop and
benchmark a platform for laboratory astrophysics. Be-
fore delving into the colliding jet results, we will quickly
demonstrate the scalability of the results presented here.
Cursory calculations of a few key dimensionless scaling
parameters for the different jets tested here as well as for
HH objects and SNRs are included in table II. The pa-
rameters presented were calculated using equations pri-
marily from Refs. 7 and 8. Evolutionary similarity is es-
tablished by M: two systems with similar M and initial
geometry should evolve comparably. This was displayed
in table I, and is given again due to its relevance here.
To compare the individual flows (not the two colliding)
using the fluid equations of motion, the particles must be
localized, given by δloc ≪ 1. This is given by the ratio of
the mean free path (ion-ion here) and the characteristic
scale length, and is a plasma quantity comparable to the
Knudsen number (Kn) in fluid dynamics. The governing
fluid equations can be further simplified if viscosity and
thermal conduction can be neglected, which occurs when
the Reynolds number (Re) and Peclet Number (Pe) ≫ 1.
As mentioned earlier, the significance of radiative cooling
in a system is given by χc = τc/τhydro, where a radiatively
cooled system has χc < 1. We find that radiative cool-
ing should play an important roll in Al, Cu, and W flow
interactions, but not in those involving C flows.

In all the cases tabulated, the particles are localized
and viscosity and thermal conduction can be neglected.
Al and Cu jets scale reasonably well to HH objects, where
the M’s are similar and radiative cooling is important.
The high M of the W flows makes them a better match
to SNRs. C jets could be used to study aspects of HH
objects though the lack of cooling limits this.

IV. COLLIDING JET RESULTS AND

DISCUSSION

From our calculations of individual jet parameters, we
make a handful of assumptions about the colliding-jet
experiments for each material. Carbon interactions are
collisional or weakly collisional with no significant effects
due to radiative cooling. Aluminum and copper interac-
tions are weakly collisional and radiative cooling effects
should be dynamically significant. W flow interactions
are effectively collisionless.
Figure 2 shows the effect of decreasing collisionality

and increasing cooling with atomic mass via early time
gated XUV images from counterpropagating jet experi-
ments of typical C (2a,b), Cu (2c,d) and W (2e,f) interac-
tions. The times given are with respect to the initial signs
of shock formation or interaction. At first glance, the ef-
fect of decreasing collisions seems clear: the collisional
or weakly collisional C and Cu jets form strong shocks,
while initial W jet interactions interpenetrate, forming
transient density increases (two of which are marked by
arrows in Fig. 2e and f) that stream away and develop
into predominantly axial perturbations. The thinness of
the Cu shock compared to the C shock is characteristic of
strong radiative cooling. Additional effects of collisional-
ity and the more subtle roles of cooling will be discussed
on a material by material basis.
High resolution schlieren images of three C shocks from

different shots at different times are shown in figures
3a-c. The schlieren images show two horizontal shocks
encompassing a post-shock region. Initially, as seen in
Fig. 2a, the entire shock structure measures 0.1 - 0.2 cm
(∼ λmfp-ii). Figures 3a-c show that they expand in the
axial direction at ≤ 2×106 cm/s for 100 - 200 ns, and re-
main generally featureless and symmetrical for over 400
ns after formation, beyond which time no data was col-
lected. The varied positions of the different C shocks
seen in Figs. 3a-c relative to the vertical midplane are
likely due to jet asymmetries caused by array defects in-
troduced during loading into GenASIS. Even with these
initial asymmetries the shocks are reproducible in size
and shape from shot to shot.
While ΛC at measured densities for C does increase

as Te falls from 30 to ∼ 5 eV, simple calculations of
shock jump conditions indicate that the electrons will
heat up to ∼ 50 - 100 eV, and cooling them to ≤ 30 eV
(where cooling instabilities might begin forming) would
take longer than the experimental window. As such, no
thermal condensation instabilities are expected in the C
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TABLE II. Preliminary tabulation of key dimensionless parameters of the four materials tested here, as well as for HH Objects
and SNRs.

Regime M δloc Reynolds # (Re) Peclet # (Pe) Cooling Parameter χc

C 4 10−4 105 10 - 100 10
Al 7 10−3 105 10 0.1 - 1
Cu 5 10−3 105 10 0.1 - 1
W > 10 10−3 106 20 0.1 - 1
HH Objects 5 - 30 10−9 1010 108 0.01 - 1
SNRs 10 - 100 10−9 1011 109 0.1 - 1

FIG. 2. The relative effects of radiative cooling and collisionality are shown in the early-time XUV images of C (a,b), Cu (c,d),
and W (e,f). At this early stage, the decreasing collisionality with increasing atomic mass is clear as C and Cu form shocks
while W jets interpenetrate. The thinness of the Cu shock relative to the C shock is characteristic of strong radiative cooling.
Denser structures moving apart from the initial interaction region of the W jets are labeled with arrows in e and f. Times
relative to shock formation are given at the top of each frame. The positions of the floating electrodes and the locations and
directions of the jets are labeled on frames a and b. A scale is given to the right of frame d. Both frames from each material
are from the same shot.

shocks.

Copper flows interact to form a post-shock region
about 0.1 cm thick (see Fig. 2c) that expands slowly
(1×106 - 2×106 cm/s) over the first ∼ 40 ns of formation,
after which time the shock structure grows unpredictable.
This unpredictability is demonstrated in the schlieren im-
ages in Figs. 3d-f. Some shocks remain a single unstable
shock (Fig. 3f) while others fragment into two or more
pieces within the first 75 ns of formation, as seen begin-
ning in Fig. 2d and resulting in the shock shown in Fig.
3d (these images are from the same shot).

Schlieren images of Cu shocks (such as in Fig. 3d-

f) show density perturbations with wavelengths rang-
ing from ∼ 0.05 - 0.2 cm. This could be due to the
strong cooling of the Cu plasma since calculations show
Cu shocks cool in the timespan of a few nanoseconds.
Any observed perturbations are unlikely to be thermal
condensation instabilities though, because in the limited
ranges where ΛC increases with falling temperature, ei-
ther thermal equilibration dominates (at high tempera-
tures) or the perturbations are too small to resolve (≤ 100
µm at low temperatures). The inconsistency and small
size of the Cu shocks and fragments makes analyzing the
perturbations and evolution difficult, and as a result the
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FIG. 3. Schlieren time sequences of colliding C-C and Cu-Cu jet shots. Frames a-c show the similarity in shape and size of three
different C shocks at different times long after formation. Even asymetry in the initial jets resulting in imperfectly centered
shocks did not significantly alter the structure of the shocks. The variability of Cu shocks can be seen in frames d-f, which
show three different Cu shocks over time. Times relative to initial jet interaction are shown near each frame. A 0.2 cm scale is
given for reference in frame f, and the direction and approximate location of the jets is given in frame a

mechanisms driving Cu shock behavior, be they predom-
inantly cooling or collisionality related, remain unknown
to the authors.

With a minimum λmfp-ii ≥ 2 cm, most W ions will
typically travel the entire 1.6 cm floating electrode gap
without experiencing a collision with an ion from the op-
posing jet. As mentioned earlier, opposing e-i collisions
happen slightly more frequently between jets (λmfp-ie ∼

0.8cm), but probably not enough to significantly alter
ion momentum. As a consequence of this, W flows do
not form strong perpendicular shocks. They instead de-
velop axial perturbations as seen in the schlieren image in
Fig. 4. A brief increase in electron density (greater than
the simple doubling of the electron density in overlapping
jets) forms when the flows first meet and this fragments
in < 10 - 15 ns (the time between XUV or laser probing
images). Identifiable features separate at around 5×106

cm/s (two have been marked with colored arrows in Figs.
2e and f). Upon fragmenting, the denser ‘seeds’ appear to
trail axial filaments of higher-density plasma, which exist
in some form for at least another 150 ns across the length
of the interaction region, as shown in Fig. 4. Whether
these correlate to filamentary structures seen in SNRs
remains to be determined.

Results presented to this point show a transition from
weakly-cooled and collisional C shocks to effectively col-
lisionless W interactions. What intermediate physics oc-
curs in the unstable, weakly-collisional, and strongly-
cooled Cu interactions so far remains unclear. Some an-
swers though, may lie in the complex but structurally
stable post-shock regions formed by weakly-collisional,
moderately-cooled Al flows.

As shown in Fig. 5a - c, Al shocks form, grow, and
survive comparably to C shocks, but unlike C shocks,
the Al postshock region develops substantial small-scale
texture within the first 90 ns of evolution that grows in
complexity with time. The nature of the perturbations
in the Al postshock regions, be they formed by cooling
instabilities, turbulence, or some other effects of inter-
penetration due to the weak collisionality may offer clues
as to why the Cu shocks grew unstable so quickly.

The Al cooling function (Λc) at measured densities in-
creases with decreasing temperature in the ranges of 200
- 100 eV, and 10 - 5 eV. Thermal conductivity from 200 -
100 eV is too large to facilitate instability growth. How-
ever, regardless of the initial shock temperature, the post-
shock region should cool down quickly (tens of ns) into
the 10 - 5 eV temperature range. At 5 eV, the wavelength
of maximum growth is of the order of 0.06 cm. Man-
ual measurements of density ‘clumps’ seen in gated op-
tical and schlieren images show some in this wavelength.
Power spectral density (PSD) plots of fully developed Al
shocks such as the 280 ns plot in Fig. 5d show a small
local maximum at a wavenumber k ≈ 102 rad/cm, cor-
responding to λ = 0.06 cm, which could very well be
indicative of the thermal condensation instability.

Despite the quantitative evidence of thermal conden-
sation instabilities, the wide range of wavelengths seen
in the Al shock cell perturbations means that these ther-
mal condensation instabilities may contribute to, but not
completely explain the structure in the post-shock region.
In order to test whether the texture in the experimental
Al post-shock regions approach the ≤ k−5/3 Kolmogorov
criterion for a turbulent fluid (or ∼ k−2 for Burger’s tur-
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FIG. 4. A schlieren image of a W-W jet shot at 200 ns after initial interaction. The direction of the jets are labeled with orange
arrows. A white arrow points to the region where defined axial perturbations formed with transverse wavelengths of 0.6 - 2.0
cm. The absence of a visible top jet in this figure is likely due to the thin support element holding the schlieren stop in place
blocking it.

bulence in a compressible fluid), PSD vs wavenumber (k)
were created from all schlieren images of Al shocks[33–
35]. Though limited in that PSD plots are quite sensitive
to initial conditions, they give a fair quantitative picture
of the overall structural trends in the post-shock regions.

Provided that the three-dimensional (3-D) perturba-
tion statistics are isotropic, the k dependence of the one-
dimensional (1-D) PSD is proportional to the radially
averaged profile taken from the 2-D PSD plots. The re-
lationship between the transmitted intensity of light in a
schlieren image and density is described in detail in the
supplementary materials of White et al., (Ref. 36) and
the methods used to produce the power spectra shown
in Fig. 5d borrow heavily from this work. One key dif-
ference between the setup used here and that detailed
in White et al. is the use of the radial schlieren stop in
this work compared to a 1-D knife edge in Ref. 36. A
rough spectral comparison of PSD plots from simultane-
ously acquired spherical and 1-D stop schlieren images
suggest that they decay within 10 - 20 % of one another,
which is adequate to show trends without making defini-
tive claims. A further concern is that generally when
declaring the presence of turbulence via power spectra,
one wants to observe the PSD decaying at a turbulent
rate for multiple orders of magnitude. This is extremely
difficult experimentally though, and may not even be pos-
sible due to optical resolution limits and limited range of
acceptable wavelengths over which turbulence can occur

in this system.
Having acknowledged their limitations, PSD plots of

three different Al shocks spanning from ∼ 35 - 280 ns af-
ter shock formation are shown in Fig. 5d. The early time
(35 and 90 ns) plots show a steep decay in power across
all wavenumbers, with an average slope of ∼k−3. Beyond
∼100 ns, the complexity of the structures increases and
this is reflected in the power spectra initially decaying
with a much shallower slope. The PSD of the Al shock
at 280 ns (blue circles) decays from 0.2 cm to ∼ 300 µm
(k = 30 - 200 rad/cm) with a slope between k−5/3 and
k−2. The shaded error bars in Fig. 5d are produced by
averaging PSD plots from four regional selections of each
shock (the area from which these regions were selected
is indicated by the dashed rectangle in Fig. 5c). The
decrease in negative slope of the power spectra with time
reflects the visible trend towards increasing small-scale
post-shock structures, and may be evidence of turbulence
developing in the Al post-shock regions. What generates
such potential turbulence and what role it may play in
breaking up the Cu shocks is an area for future study.

V. CONCLUDING REMARKS

Presented here are four distinct interactions of super-
sonic plasma flows using four different materials in an



8

FIG. 5. a-c) Three schlieren images of Al shocks at ∼ 35, 90, and 280 ns after shock formation qualitatively showing the
increase in small-scale structure. d) A PSD vs wavenumber plot of the three Al shocks in a-c showing the quantitative increase

in complex structure over time. Trendlines for Kolmogorov (k−5/3) and Burger’s (∼ k−2) turbulence as well as k−3 are provided
for reference.

identical configuration. The results span from simple col-
lisional shocks, to strongly-cooled and weakly-collisional
flows, to strongly interpenerating flows. Cursory calcu-
lations of the dimensionless scaling criteria described in
references 7 and 8 indicate that the C flows, despite their
lack of cooling, may scale to certain aspects of HH ob-
jects. Al and Cu flows and shocks scale well to the vari-
ous conditions found in HH objects. W interactions po-
tentially scale to SNRs, and may assist in studying the
structures found therein.

The results presented here show collisional to collision-
less plasmas, which will require a multi code (MHD and
PIC) modelling approach that will be the topic of a fu-
ture publication. Determining the amount of advected

magnetic field in the jets and characterizing any self-
generated fields is another area of interest for future stud-
ies. Experiments exploring the formation mechanisms of
the observed perturbations and their role in shock evolu-
tion are also planned.
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