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TAGGEDPA B S T R A C T

The replication of astrophysical flows in the laboratory is critical for isolating particular phenomena and
dynamics that appear in complex, highly-coupled natural systems. In particular, plasma jets are observed in
astrophysical contexts at a variety of scales, typically at high magnetic Reynolds number and driven by
internal currents. In this paper, we present detailed measurements of the plasma parameters within def-
lagration-produced plasma jets, the scaling of these parameters against both machine operating conditions
and the corresponding astrophysical phenomena. Using optical and spectroscopic diagnostics, including
Schlieren cinematography, we demonstrate the production of current-driven plasma jets of »100 km/s and
magnetic Reynolds numbers of »100, and discuss the dynamics of their acceleration into vacuum. The
results of this study will contribute to the reproduction of various types of astrophysical jets in the labora-
tory and indicate the ability to further probe active research areas such as jet collimation, stability, and
interaction.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

TaggedPAstrophysical plasma jets are ubiquitous throughout the uni-
verse, occurring in environments such as planetary nebulae, active
galactic nuclei, and young stellar objects. Many of the jets arising
from these sources achieve high velocities, v »100�300 km/s, while
still maintaining remarkable collimation over vastly different time-
scales [1,2]. For example, planetary nebulae have been observed to
produce periodic jets with characteristic timescales around
1000 years where as Herbig�Haro objects yield outflows lasting up
to 105 years. In terms of spatial evolution, the majority of jets are
fractions of parsecs in length and feature large length-to-width
ratios indicating they remain narrow as the jets propagate over vast
spatial scales [3]. Even with the ubiquitous nature and contemporary
interest in plasma jets, there is still little known about the formation
dynamics, role of instabilities, and the nature of interactions with
their respective backgrounds.

TaggedPMany of the remaining unknowns in astrophysical systems are
driven not only by the complexity of the environments but also the
vast disparity in scales involved. When also considering the enor-
mous distances such objects are from Earth, it comes with little sur-
prise that many astrophysical data sets are limited in their spatial,
temporal, and even spectroscopic resolution. Laboratory experi-
ments overcome much of these shortcomings by offering a
TaggedPrepeatable, high resolution platform that can be used to complement
astrophysical observations and numerical simulations. Although the
benefits of superior repeatability and access are apparent for labora-
tory experiments, it is still a challenge to ensure that a similarity is
maintained to relevant astrophysical systems. Without such similar-
ity, there is no guarantee that predictions made regarding the behav-
ior of laboratory experiments will hold when scaled larger systems.
The most direct way of ensuring this similarity is by achieving the
exact astrophysical conditions in the laboratory. For situations
where this is not possible, similarity is still maintained when quanti-
ties of interest (such as pressure, density, space, time, etc.) can be
mapped between the systems via multiplicative constants. With the
advent of high energy devices (lasers, fast z-pinches), it has become
possible over recent years to produce and study hypersonic jets in
the laboratory setting [4,5]. Using such facilities as the OMEGA laser,
recent work [6] has produced and studied the interaction of jets
with ambient media leading to the formation of bow shocks. Other
research [7,8] has utilized fast z-pinches in the form of a conical
array of fine exploding wires to produce radiatively cooled hyper-
sonic jets. Although scaled jets with impressive velocities and densi-
ties can be produced with such devices, there is significant research
[9�11] that points to the jet’s magnetic field, associated electric cur-
rent, and lifetime as important metrics when trying to emulate the
structure and dynamics of astrophysical flows.

TaggedPIn this work we present detailed experimental measurements of
a plasma deflagration accelerator to gauge its ability to produce
scaled astrophysical jets. The experiment and resulting flows
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TaggedPdetailed in this paper provide a unique combination of being
completely driven by internal current and boast added stabilization
mechanisms that result in jets lasting much longer that conventional
pinch schemes. In Section 2 of this paper the physics and unique fea-
tures of the plasma deflagration accelerator are discussed. Section 3
presents a comprehensive characterization of the device by discus-
sing the experimental setup and resulting data. Finally, Section 4
combines the data detailed in Section 3 into relevant dimensionless
groups and discusses how these numbers relate to astrophysical sys-
tems.
2. Plasma deflagration accelerator

TaggedPThe plasma source employed as a part of this work is a pulsed
Lorentz force accelerator that is an extension of the classic Marshall
plasma gun [12]. The device, as shown schematically in Fig. 1, fea-
tures a coaxial rod configuration which has been used extensively in
past studies for a variety of applications [13�16]. In terms of geome-
try, the entire accelerator region is 26 cm long, 5 cm in diameter and
features a set of stainless steel rod anodes and a single central cop-
per cathode. To ensure consistent and reliable performance, the
accelerator is connected to a vacuum chamber that is maintained at
10¡7 Torr between firing events.

TaggedPThe production of plasma jets first requires charged high voltage
capacitors to be connected between the rod electrodes. A 56 mF
capacitor bank was used throughout this study with charging vol-
tages ranging from 3 to 9 kV. Given the accelerator is initially under
high vacuum conditions, the anodes float at high voltage until a
breakdown path occurs. To provide that, a fast rise-rate, variable
mass-bit gas puff valve, detailed in [17], is used to inject neutral gas
to the device upstream of the electrodes continuously during the fir-
ing process. Typically for the operating conditions considered in this
paper, hydrogen gas is injected for »1 ms where as the energy trans-
fer and thus plasma dynamics occur over 20 ms. As the neutral gas
accelerates in vacuum, it is ionized by the applied electric field
resulting in a net radial current flow inward toward the cathode (as
depicted by the blue arrows in Fig. 1). As this current is collected by
the copper cathode and travels out of the system, an azimuthal B-
field is produced. As a result of both the current flow and induced B-
field, a strong J £ B force accelerates the quasineutral plasma to high
velocities.

TaggedPAs the plasma jet moves along the length of the accelerator, the J
£ B force remains the primary source of axial acceleration until the
field topology changes near the end of the electrodes. At this point,
the behavior of the device is strongly dependent on the operating
mode of the accelerator. Previous work [18] has focused on under-
standing these modes and specifically investigating the transition of
the device between the so-called delfagration and detonation or
snowplow mode. For the geometry and operating parameters
Fig. 1. Schematic detailing the underlying physics involved with the coaxial plasma deflagra
its internally generated magnetic field and shear flow stabilization. In the diagram, blue ar
ionization) which produce a resulting B where as the red arrows indicate the direction of t
reader is referred to the web version of this article.)
TaggedPconsidered in this paper, the deflagration mode occurs for the first
»10 ms of the capacitor discharging process after which a transition
occurs. For astrophysical applications, it is this delfagration mode
that is of interest as it produces collimated, high-density jets.

TaggedPAs detailed in Fig. 1, the deflagration mode ensures the produc-
tion of such jets by creating a radial compression in the form of a
pinch. This pinch is produced because near the end of the accelerator
volume, the current streamlines are still forced to terminate at the
cathode which cause a radially directed J £ B force. The remaining
structure and dynamics of the jet are determined by the current con-
vected downstream by the plasma in addition to the associated con-
version of magnetic pressure to kinetic energy. One of the unique
features of this device is the comparatively long lifetime of the jet.
Research points to the shear flow [19] around the pinch as a stabili-
zation mechanism against inherent instabilities that limit its life-
time.
3. Experimental characterization

TaggedPSeparate measurements of plasma density, velocity, and the
resulting pinch structure were made to better understand the inher-
ent properties of the plasma jet. These specific properties along with
calculations of both the plasma temperature and magnetic field
were determined to be critical parameters in deciding whether or
not there may be relevant similarity to astrophysical flows.

3.1. Plasma density

TaggedPPlasma density was measured at the exit plane of the deflagration
accelerator, operating on hydrogen, where a maximum in optical
emission and pinch dynamics have previously been observed [20].
To quantify the density, Stark broadening of the nD3 to nD2 hydro-
gen Balmer-alpha (Ha) electronic transition at 656.28 nm was mea-
sured using the configuration detailed in Fig. 2. Light was collected
and focused on the entrance slit of a 0.75 m Spex 750 M spectrome-
ter. Within this spectrometer, a 1200 groove/mm grating, blazed at
5B10

0
; was used to disperse the light and tune the output window to

be centered around 656.28 nm. The light leaving the system was
recorded using a Princeton instruments intensified CCD camera that
was triggered coincidentally with the breakdown of the gas and fea-
tured a gate window of 10 ms to capture the entire deflagration
event. The wavelength calibration factor (0.125 A

�
/pixel) and height

calibration factor (0.16 mm/pixel) of the system were determined
by placing a mercury lamp at the location of the plasma jet. Finally,
the instrument broadening of the system was determined and even-
tually deconvolved from the measured Stark broadening using a
hydrogen lamp.

TaggedPAn Abel transform was employed to convert the raw chord inte-
grated intensity profiles to radially resolved plasma density. This
tion accelerator operating in deflagration mode. Unique features of this device include
rows represent current conduction pathways (from anode to cathode via neutral gas
he J £ B force. (For interpretation of the references to colour in this figure legend, the



Fig. 2. Experimental setup used for measuring the plasma jet density, velocity, and
pinch structure. The plasma density was measured by collecting optical emission
from the jet, passing it through a spectrometer, and measuring its line broadening.
The pinch structure was measured using a z-type Schlieren imaging setup with laser
back-lighting. Finally the jet velocity was measured using the Schlieren imaging setup
with no F1 or F2 filters and no laser back-lighting to only record a time-resolved video
of optical emission. PH: Pinhole, L1: Beam expanding lens, M1, M2, M3: Mirrors, F1:
Sooted slide gradient filter, F2: Laser line filter.
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TaggedPinversion process can be expressed mathematically according to,

�ðrÞD¡ 1
p

Z R

r

dIðyÞ
dy

dyffiffiffiffiffiffiffiffiffiffiffiffiffi
y2¡r2

p ; ð1Þ

where I(y) is the measured chord-integrated intensity, �(r) is the
radially resolved emissivity, and R is the radius at which the mea-
sured intensity reaches background levels. A number of different
methods have been historically employed to evaluate Eq. (1) ranging
from direct numerical integration to Fourier series representation.
We chose to utilize the Nestor-Olsen method, given as,

�ðrkÞD¡ 2
pDy

XN¡1

n¡k

IðynÞBk;n; ð2Þ

where Dy is the physical distance between adjacent pixels and k/n
are the indices representing position in the radial and vertical pro-
files respectively. The values for the weighting coefficients Bk, n

required for the evaluation of Eq. (2) can be found in Ref. [21].
TaggedPOne other important consideration is to determine the radial

symmetry of the measured intensity profile. As the Abel inver-
sion process implicitly makes a symmetry assumption, it is very
sensitive to any structural anisotropies within the data. To get
Fig. 3. (a) Example of a chord integrated intensity profile captured with the PI-MAX
camera, I(λ, y), as a function of vertical height, y, and wavelength, λ. (b) Resulting
Abel-inverted emissivity profile as a function of radius and wavelength, �(r, λ).
TaggedParound the limitation, the raw Stark broadened Ha line, as
shown in Fig. 3, was symmetrized around its centroid. The upper
and lower left quadrants were not considered due to the fre-
quent smearing of the Ha line with neighboring Fe impurity
lines. Once symmetrized, the spectra was broken into individual
vertical slices (each at a different λ), fit with a Gaussian function
for smoothing purposes and inverted. A complete �(λ, r) was
then generated for each vertical slice. This data was then taken,
broken into radial slices, and fit with a Voigt profile. As the Lor-
entzian component of the Voigt function is dominated by Stark
broadening for the Ha line, this component was isolated from
the fit after instrument broadening was removed, and used to
calculate the plasma density via empirical correlations [22].

TaggedPRepresentative time-averaged plasma density, n(r), profiles over
10 ms obtained for capacitor charging voltage conditions ranging
from 3 to 9 kV are detailed in Fig. 4a. The curves shown at negative
radii are derived from data incorporated into the symmetrization
procedure from the lower-righthand (LR) quadrant where as the
data at positive radii originate from the upper-righthand (UR) quad-
rant (for the same trial). The peak data and radial structure of the
two profiles are slightly different due to the sensitivity of the inver-
sion process, however, given both the LR and UR profiles are
completely independent, their variation compared to the structure
2 3 4 5 6 7 8
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Fig. 4. (a) Selected plasma density radial profiles derived from measured intensity
profiles. The green and red curves are derived from different quadrants of the inten-
sity profile detailed in Fig. 3(a). (b) Scaling law of peak plasma density as a function of
charging voltage. As V/I for the device, data indicates that ne/Va/Ia. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web
version of this article.)



Fig. 5. Selected time resolved images of the early formation stages of the plasma deflagration event for a capacitor charging voltage of 9 kV. These images are a view of broadband
plasma self-emission and are used to estimate jet velocity in Fig. 6.
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TaggedPof the underlying data clearly indicate the radial symmetry assump-
tion of the jet is justified.

TaggedPThe empirical scaling law measured for the peak density varia-
tion as a function of charging voltage is detailed in Fig. 4b. The uncer-
tainty in this plot was estimated by taking an average of 10 trials for
each operating condition considered for the device. The final error
estimate is a combination of shot-to-shot variability in addition to
uncertainty caused by differences in peak density between the LR
and UR profiles. For a function of the form Va, a best fit parameter of
aD1:838§0:188 was found. Over all operating conditions of the
device, it was found that the discharge current is linearly propor-
tional to the charging voltage, thus the power law can also be
expressed as »I2. The fitting parameter is therefore consistent with a
scaling law proportional to the magnetic pressure of the system or
B2.

3.2. Jet velocity

TaggedPThe plasma deflagration velocity was estimated using a time of
flight method where the position of the jet’s leading edge was
tracked as a function of time. To achieve this, a high frame rate Shi-
madzu HPV-X2 CCD camera was employed and setup in the configu-
ration detailed in Fig. 2. Both the laser backlight and gradient filters
required for Schlieren imaging were removed to allow an unob-
structed view of broadband plasma self-emission. The Shimadzu
camera utilized in this work featured 50 ns exposure times and a
100 ns inter-frame time allowing a total of »100 frames to investi-
gate jet dynamics. Unlike other studies where a questionable
assumption of experimental repeatability must be assumed due to
device limitations, this camera allowed a complete time-resolved
video of each individual trial. A neutral density filter with optical
density, dD2; was used to ensure the CCD camera was not saturated
during discharge events. To illustrate the higher end of the velocities
achievable with the device, a capacitor charging voltage of 9 kV was
selected for this component of the study.

TaggedPOf the »100 images of the jet, a small subset were identified at
early times in the deflagration event where the interface between
the plasma and vacuum was clearly visible. A total of six of these
images are detailed in Fig. 5. It is clear from these emission images
that many of the structural features of astrophyscial flows, namely,
high-velocity and collimation are produced from the accelerator. To
TaggedPestimate velocity from these emission snapshots, an edge tracking
algorithm was used to identify the position within each image of the
plasma-vacuum interface. Using the spatial calibration determined
for the plasma self-emission optical system, 0.36 mm/pixel, a map-
ping of position as a function of time was found and is shown in
Fig. 6. A resulting jet velocity of V D109§1 km/s was found via the
slope of the resulting line. Reported uncertainties in this number
were due to both spread in the identified plasma-vacuum edge and
structural variations observed within the jet from frame to frame.
3.3. Pinch characteristics

TaggedPAlthough optical emission itself provides detailed information
about plasma dynamics, the fact that it depends on n2 makes it less
attractive for resolving fine spatial structures. Schlieren imaging was
used instead for uncovering the dynamics and structure of the pinch
region because its signal is directly proportional to the gradient in
density. Although Schlieren and other refractometry based methods
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TaggedPhave been used to visualize flow fields of countless experiments,
great care was taken in the design of our optical setup. When
attempting to image dense plasmas in particular, it is mandatory
that the source of collimated light completely dominate any self-
emission over the timescales relevant to flows of interest. A 637 nm,
250 mW diode laser was used to satisfy this constraint and ensure a
signal to noise ratio, SNR, of 100 or more was achieved even during
periods of the greatest optical emission.

TaggedPA z-type Schlieren configuration was used featuring two 15.2 cm
diameter f/4 mirrors, as shown in Fig. 2, as the system inherently
minimizes coma and other optical aberrations. The use of a laser as a
background source also added significant diffraction and artifacting
effects to the Schlieren signal. Thus, as documented in Ref. [23], the
standard knife-edge was replaced with a sooted slide. The soot was
uniformly deposited on a glass slide with a flame to remove any
hard edges that lead to diffractive effects. A plano-concave lens was
added to the optical setup to expand the laser beam such that it was
able to visualize the entirety of the accelerator exit plane. To further
improve stray light rejection, a 635 nm laser line filter with a 10
nm bandpass was added to the optical system. As with the optical
emission configuration, a Shimadzu HPV-X2 camera was employed
featuring 50 ns exposure times and a 100 ns inter frame time which
allowed a time-resolved video to be generated for each operating
condition.

TaggedPThe spatial structure of the deflagration jet was investigated for
two different capacitor charging conditions, namely, 5 kV and 9 kV.
Unlike the time-average density measurements, which can also the-
oretically be used to obtain spatial properties of the jet, a unique
advantage of the Schlieren configuration in this paper is the ability
for the diagnostic to capture transient structures and instabilities of
the plasma. In this study, the Schlieren diagnostic was used to iden-
tify gradient length scales within the jet and specific estimates of its
total length and radius. The measurements of critical length scales
for the accelerator are essential for evaluating dimensionless param-
eters relevant to astrophysical flows. Fig. 7 illustrates still images of
the plasma jet 11 ms after breakdown once the essential features of
the pinch have been established. Using the spatial calibration of the
system, 0.23 mm/pixel, a minimum pinch radius of 5.3 mm and 3.6
mm was found for the 5 kV and 9 kV trials respectively while a jet
length of more than 56 mm was found for both. It was also found
that both the pinch radius and associated jet collimation were strong
functions of the charging voltage of the capacitors and thus device
current. As the induced magnetic field is a critical parameter in
determining the pinch properties, the conclusion that the pinch
Fig. 7. Schlieren images of the plasma jet 11 ms after initial gas breakdown for (a) 5 kV and
observed to be strong functions of charging voltage.
TaggedPbecome narrower as the current flow and thus magnetic field/pres-
sure increased is consistent with expectations.

TaggedPAn equilibrium pinch model was used to determine the remain-
ing critical features of the jet, namely magnetic field and tempera-
ture. Significant prior work [24] has been done that conclude the
equilibrium profile predicted for the classic imploding z-pinch and
shear-stabilized pinch, as in the deflagration accelerator, are the
same. Such a model, in conjunction with the Stark-broadened den-
sity and pinch current, Ip, profiles allow estimates of spatially depen-
dent parameters with the aid of empirical parameters.

TaggedPA constant drift velocity model was applied to fully close the
equilibrium pinch model. This amounts to assuming the current
density is proportional to the measured number density, jDCn. The
proportionality constant, C, can be determined from both n and Ip
according to,

CD IpR 2p
0

R a
0 nðrÞr drdu

; ð3Þ

where a is the radius of the pinch. Noting the form of the current
density, the azimuthal B-field can be determined via Ampere’s Law,

BuðrÞD m0

r

Z r

0
jðr0 Þr0dr0 : ð4Þ

In the absence of an applied axial field, the momentum equation
yields the equilibrium profile for a radial pinch,

dp
dr

D¡BuðrÞ
m0r

d
dr

rBuðrÞ½ �; ð5Þ

which can be solved to yield the pressure profile, p(r). Finally com-
bining this with the density profile and utilizing the ideal gas law,
the temperature profile becomes,

TðrÞD pðrÞ
ð1C1=ZÞnðrÞkb

; ð6Þ

where Z is the ionization state of the bulk plasma ions (ZD1 for
hydrogen).

TaggedPThe evaluation of Eqs. (3)�(6) requires explicit knowledge of
both n(r) and Ip. As with the jet velocity measurement, the peak jet
parameters attainable over our operating range are of particular
interest. Thus calculations were carried out for capacitor charging
voltages of 5 kV and 9 kV. The density profile required for Eq. (3)
was obtained from the Stark-broadening spatial profiles detailed in
Fig. 4. The device current was measured by placing a wide-band cur-
rent transformer around the transmission lines connecting the
(b) 9 kV capacitor charging conditions. Both the pinch radius and jet collimation were



Fig. 8. Plot of the measured current being fed into the device from discharging capaci-
tors at both 5 kV and 9 kV charging voltages as a function of time. The waveform of
the capacitor discharge resembles a underdamped LRC oscillator. The current going
through the pinch, Ip, was taken at tD11 ms.
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TaggedPanodes and capacitors. A representative trace of the current wave-
formmeasured in this manner is detailed in Fig. 8.

TaggedPAlthough the device current is convenient to measure, the Ip that
is referenced in Eq. (3) is the amount of current flowing through the
pinch. Past studies [25] have investigated the spatial and temporal
distribution of current within the deflagration accelerator and con-
cluded that both effects are important to consider. It was found that
virtually all of the current for much of the first positive half-period
of the underdamped LRC oscillation is collected by the cathode
within the accelerator volume and used to induce a B-field to accel-
erate the plasma. By the time the plasma has reached the end of the
accelerator volume, the vast majority of the current flows directly
through the concentrated area occupied by the pinch. Thus as with
the estimates of characteristic length scales, a time of 11 ms after ini-
tial gas breakdown was used to obtain Ip, as marked in Fig. 8.

TaggedPThe resulting pinch properties calculated using the equilibrium
model are detailed in Fig. 9. These properties and specifically of
note, the pressure profile, indicate the magnitude and structure
required to maintain a stable pinch. The spatial scale shown in Fig. 9
is a reflection of the measured density profiles which feature charac-
teristic radii comparable to the time-resolved gradient length scales
measured with the Schlieren diagnostic. Calculations made using
the model are also consistent in both structure, trend, and value
with surface mounted magnetic probe and Thomson scattering
measurements for B and T respectively for a similar device in
Refs. [24,26].

4. Astrophysical scaling

TaggedPIt is important to establish both device parameters and to calcu-
late relevant dimensionless numbers for laboratory astrophysics
experiments. The experimental measurements presented in this
work were used to quantify the plasma jet properties. Namely, Stark
broadening was used to measure the density, time of flight was used
to measure velocity, Schlieren imaging was used to measure gradi-
ent length scales and the pinch model was used to obtain both the
plasma’s magnetic field and temperature. From these properties, a
number of other quantities can be calculated that are relevant to
magnetohydrodynamic flows.

TaggedPA number of studies have investigated the scaling and similarity
properties of the governing plasma fluid equations by establishing
dimensionless groups. Some research such as Ref. [30] include addi-
tional physics to account for optical depth effects of the plasma. As
TaggedPthere are so many different similarity variables for virtually any
astrophysical body, there are no laboratory experiments that can
claim to recreate all essential physics. Thus in many cases, the suit-
ability of a laboratory experiment is instead determined by its ability
to recreate specific physics of interest. Three dimensionless groups
that are universally cited as important metrics for establishing
the similarity between astrophysical and laboratory systems are the
Reynolds number, Re, magnetic Reynolds number, Rem, and Euler
number, Eu,



Table 1
Characteristic scales and dimensionless parameters for a variety of astrophysical environments and laboratory scale experiments
[28,29]. The properties specified for the deflagration accelerator were the maximummeasured and L* was taken as the pinch radius.

Environment L* [m] V [m/s] n [m¡3] T [eV] B [T] Re Rem Eu

Warm ISM 3 £ 1016 105 106 1 10¡9 107 1019 10
Dense cloud 3 £ 1016 5 £ 103 109 10¡2 10¡8 7 £ 1013 6 £ 1014 6
Stellar atmosphere 107 105 1021 1 10¡2 5 £ 1012 4 £ 109 10
AGN disk 2 £ 1011 3 £ 106 1018 103 102 7 £ 107 6 £ 1013 10
XRB disk 104 3 £ 105 3 £ 1027 103 102 109 4 £ 1011 1
Omega Hohlraum 10¡4 105 1028 102 102 3 £ 103 5 £ 101 1
NIF Hohlraum 3£10¡4 2 £ 105 1028 3 £ 102 102 103 2 £ 103 1
Z experiment 10¡3 105 1028 102 102 3 £ 104 5 £ 102 1
Short pulse laser 10¡5 106 1030 103 104 103 103 4
Wire Z-Pinch [27] 10¡3 105 1024 102 » 50 104 10 1
Deflagration accel. 4£10¡3 105 1023 6 £ 101 2 10 2 £ 102 1

Table 2
Comparison of critical length and temporal
scales for the laser produced jets [33,34] and
those from the device considered in this work.

Quantity Laser Deflagration

Jet length [m] 5£10¡3 6£10¡2

Jet radius [m] 1:5£10¡4 4£10¡3

Time scale [s] 2£10¡9 10¡5
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TaggedP

ReD VL
n
; ð7Þ

Rem DVLm0s; ð8Þ

EuDV
ffiffiffiffi
r
p

r
: ð9Þ

Within these expressions, V refers to the jet velocity, L is the charac-
teristic length scale in the flow, n is the plasma kinematic viscosity
and s is the conductivity. Expressions for both n and the plasma
resistivity, h, are given in Refs. [31,32] as,

n½m2 s¡1�DMin
3:3£10¡6

ffiffiffi
A

p
½TðeVÞ�5=2

LZ4rðkg m¡3Þ;

2aTðeVÞ
ZBðTÞ

8>>><
>>>:

ð10Þ

h? ½V m�D1:96h k D1:039£10¡4 ZL

T3=2
e ðeVÞ

: ð11Þ

where the plasma resistivity is related to the conductivity by
hD1=s. Within the equation for n, two different formulas are pre-
sented where in one the effect of a magnetic field is neglected and
the second it is taken into account. As detailed in Ref. [31], the mini-
mum of the two is taken as the plasma viscosity. Remaining terms in
Eqs. (10) and (11) include, the Coulomb logarithm (L � 10), the ion
atomic mass number, A, and magnetic field entanglement parame-
ter, a. In Eq. (11), it was further assumed that the current flow in the
pinch is normal to the self-generated magnetic field.

TaggedPThe measured characteristic parameters for the deflagration
accelerator along with a variety of other experimental platforms and
astrophysical flows is detailed in Table 1. The pinch radius was cho-
sen as the characteristic length scale in evaluation of all dimension-
less numbers. Compared to many of the laser experiments, our
device offers a larger characteristic length scale, similar velocity/
temperature, but lower plasma density and magnetic field. However,
the deflagration jet offers significant advantages in lifetime (over
1000 times longer than those summarized in Refs. [33,34]) and both
radial and axial extent, as shown in Table 2. These features allow the
accelerator to offer a unique ability to study dynamics and instabil-
ities with longer timescales.

TaggedPIn terms of dimensionless numbers, the scale between experi-
ments and astrophysical flows is large. In many cases for validation
of numerical codes and testing of physics, it is sufficient to ensure
the regime of the governing equations is maintained between sys-
tems. As nearly all astrophysical flows of interest, and all of those
shown in Table 1, feature both large Re and Rem, an important deter-
mination is if a given experiment can maintain the ideal magnetohy-
drodynamic constraints, Re � 1 and Rem � 1. In terms of the
TaggedPmagnetic Reynolds number, our experiment maintains the require-
ment that Rem � 1 implying that flux lines of the magnetic field are
advected by the resulting flow. The other constraint is not strictly
met as Re � 10 implying that viscous effects might be important,
however it is still an order of magnitude above unity. The applicabil-
ity of the experiment for simulating specific physics not considered
directly in this paper can be answered by taking the experimental
parameters in Table 1 and evaluating the appropriate dimensionless
group of interest.

5. Conclusion

TaggedPThis work has presented an experimental characterization of a
novel device in the context of astrophysical flows. The deflagration
accelerator boasts enormous advantages of inexpensive upkeep,
high repeatability, and nearly unprecedented diagnostic access com-
pared to conventional laser facilities. This ease of access allows for
systematic studies of not only the properties of astrophysical jets
but also their interaction with neutral gases. Perhaps the most
unique application is the device’s ability to study jet stability, forma-
tion and interaction in a truly spatial and time-resolved manner
while still retaining appropriate scaling to astrophysical environ-
ments. With jets that last »10 ms, state of the art continuous framing
cameras (10 million frames per second) can be used with the accel-
erator to take videos of astrophysical flows. Such studies would not
be possible with other devices featuring characteristic timescales in
the nanoseconds as only a handful of images would be captured.
Beyond that, the device removes practical issues such as target fabri-
cation while incorporating essential physics in that the produced jet
is completely driven by internal current flow and resulting induced
magnetic fields. With the measured similarity parameters and ability
to study time-resolved phenomena including instability dynamics
and plasma interactions, this experimental platform is well suited to
investigate contemporary astrophysical problems.
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