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Abstract 
 

Laboratory facilities employing high pulsed currents and voltages, and called generally 
“pulsed-power facilities”, allow experimenters to produce a variety of hydrodynamical 
structures replicating, often in a scalable fashion, a broad range of dynamical 
astrophysical phenomena. Among these are: astrophysical jets and outflows, 
astrophysical blast waves, magnetized radiatively dominated flows and, more recently, 
aspects of simulated accretion disks. The magnetic field thought to play significant role in 
most of the aforementioned objects is naturally present and controllable in pulsed-power 
environments. The size of the objects produced in pulsed-power experiments ranges from 
a centimeter to tens of centimeters, thereby allowing the use of a variety of diagnostic 
techniques. In a number of situations astrophysical morphologies can be replicated down 
to the finest structures.  The configurations and their parameters are highly reproducible; 
one can vary them to isolate the most important phenomena and thereby help in 
developing astrophysical models. This approach has emerged as a useful tool in the quest 
to better understand magnetohydrodynamical effects in astronomical environments. The 
present review summarizes the progress made during the last decade and is designed to 
help readers identify and, perhaps, implement new experiments in this growing research 
area. Techniques used for generation and characterization of the flows are described. 
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I. Introduction 
 

This Introduction starts with a brief discussion of the unique elements pulsed power facilities bring to 
laboratory simulations of astrophysical magnetohydrodynamic phenomena. Especially impressive is a high 
degree of control of the flow parameters and resultant structures that can be achieved on these facilities. 
We then proceed to articulate specific examples of objects which have been/can be explored in pulse-power 
settings. Finally, we address the interdependence of observations, numerical simulations and laboratory 
experiments in developing a better understanding of phenomena seen on the sky.  
 

Hydrodynamical and magnetohydrodynamical (MHD 2 ) phenomena in 
astrophysics cover an enormous range of spatial and temporal scales. They are the basis 
for some of the most spectacular astronomical phenomena, like supernovae shocks, 
accretion discs, and collimated jets.  They sometimes occur on a relatively short time-
scales allowing for the direct detection of their variability. These dynamically evolving 
flows may be quite bright, thereby making possible the detection of quite intricate 
morphologies and fine details. This, in turn, helps in inferring the processes occurring at 
the sources of these flows, even if those sources are not directly resolvable. Magnetic 
fields are often detected in these objects, or at least can be inferred from their 
morphology and dynamics. Despite an enormous diversity of morphologies and spatio-
temporal scales, there is one point of commonality in many of these phenomena: they can 
be described by magneto-hydrodynamics or by radiative magnetohydrodynamics 
(RMHD).   

It was realized decades ago that pulse-power facilities offer a natural platform for 
the study of these phenomena in laboratory environments. By “pulsed-power” we mean 
facilities where the plasma motion is triggered by high, short-pulse currents which drive 
the matter via the “j-cross-B” forces though sometimes motions can also be driven by the 
fast Joule heating of a sample or by a combination of the two processes. High magnetic 
fields are generated naturally and may become an integral part of the dynamical system.  

The ability to generate flows with fields allows researchers to design laboratory 
experiments where flows that are morphologically similar to their astrophysical 
counterparts can be generated under controlled conditions and studied by a variety of 
diagnostic techniques. An expectation is that not only can morphology of astrophysical 
MHD flows be reproduced, but also one can detect effects that may be hard to resolve 
and identify in astrophysics. Examples of this would be the development of a small-scale 
turbulence, or the appearance of non-MHD effects (like the Hall effect). This general 
philosophy was earlier – and quite successfully – applied to the astrophysically-relevant 
hydrodynamic experiments based on high-power lasers (Remington et al., 1997; Kane et 
al., 1997, Drake, 1999, Robey et al, 2001).  The first dedicated experiments with the 
pulsed-power facilities followed a few years later (Lebedev et al., 2002).   

In addition to the exploration of MHD processes, there are other applications of 
the pulsed power devices that can benefit astrophysics. Due to their ability to develop 
high pressure in relatively large diagnosable volumes, pulsed power devices are also used 
for studies of equations of state relevant to the planetary physics.  The ability to generate 
very bright flashes of radiation has also been used for studies of opacities of various 
plasmas of interest for astrophysical systems (Rochau et al., 2014; Bailey, et al., 2015; 
Knudson et al., 2015). In what follows we, however, will focus on the MHD applications.  

                                                        
2 Definitions of acronyms used in this review are given in Section IX.  
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Pulsed power devices are not the only platform suitable for the studies of 
astrophysical MHD: other platforms include high-power lasers and magnetic confinement 
facilities. Each of these platforms has its own advantages. Lasers are flexible and are 
capable to deliver enormous energy fluxes into small volumes. Pulsed power systems are 
typically less expensive and allow for larger experimental volumes. Quasi-steady state 
plasma devices produce even larger plasma volumes and allow researchers to naturally 
enter the regimes of low or negligible particle collisionality. This characterization is, of 
course, quite crude as there may be combinations of elements of more than one approach 

in a single experiment. We will describe 
some specific examples later.  

In general, laboratory astrophysics 
based on a variety of experimental 
platforms has experienced explosive 
growth during the past decade, with 
several dozens of experimental papers 
appearing every year. We have chosen to 
summarize a subset of these results: the 
studies of astrophysics-relevant MHD with 
the pulse-power facilities. By narrowing 
the scope, we gain an opportunity to 
provide more comprehensive analysis of 
this area of research which has developed 
its own efficient techniques for generating 
and diagnosing dynamical flows 
morphologically similar to their 
astrophysical counterparts.  

One has to remember that a 
laboratory experiment can properly 
reproduce only a relatively narrow subset 
of processes affecting a particular 
astrophysical phenomenon. Still, if 
properly scaled, it provides a reliable test-
bed for validating numerical codes used in 
astrophysics, especially given that the 
experimenter can vary the input 
parameters and repeat an experiment many 
times. The main benefit to astrophysics is 
the capability of the laboratory 
experiments to reproduce the observed 
phenomena and thereby validate the 
conjectured underlying mechanisms. 

A reader who might be interested 
in a broader view of laboratory 
astrophysics, can benefit from an older 
comprehensive review (Remington et al., 
2006) that covers, in particular, the first 

 
FIG. 1. A jet from a young star. The star 
situated inside the lowest knot (indicated by 
an arrow) is obscured by a compact 
reflection nebula. A knotty structure of the 
jet is obvious. At the top of the figure a bow 
shock produced by the interaction of the jet 
with the ambient medium is visible. For 
more details see Reipurth et al., (2002). 
Courtesy B. Reipurth, with permission of 
AAS. 
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steps in the use of one type of pulsed-power devices, the Z-pinches. Another important 
publication is a brief review titled “The impact of recent advances in laboratory 
astrophysics on our understanding of the cosmos” (Savin et al., 2012) that summarizes 
the state of the field as seen from the astrophysicist’s perspective. There are available 
also two studies on the promises of the laboratory astrophysics that have been produced 
by community-based workshops (Prager et al., 2010; Rosner and Hammer 2010), where 
one can find some brief discussion of pulsed-power approaches to the problem. Broad 
reviews of the Z pinch physics, technology and applications can be found in (Ryutov et 
al., 2000; Haines 2011). 

To provide the reader with some background regarding astrophysical flows that 
pulsed power facilities have explored or are currently working on, we present several 
examples taken from the astrophysical literature; more details and references are 
provided in the further sections. 

Figure 1 shows a jet generated by a young star. Such collimated supersonic 
streams of plasma driven from a central source are a common phenomenon in 
astrophysics.  Most outflows and jets are thought to be generated near a central engine 
(e.g. a young, still forming star or a compact object like a black hole) surrounded by an 
accretion disc. The experimental modeling of all ingredients of this process is still 
impossible, but significant features like episodic events, intra-jet clumps, the interaction 
with external medium and others phenomena have been studied in a number of 
experiments (which we discuss in detail in Secs. II and III).    

Creating an analogue of the accretion disc (see an image in Fig. 2) is a harder 
problem. The intrinsic difficulty here is the impossibility of reproducing the inward 
gravitational force that causes the disc material to spiral towards the central engine via 

various types of turbulent viscosity (Shakura 
and Sunyaev, 1973; Balbus and Hawley, 
1991, see also Velikhov, 1959).  What is, 
however, possible in the lab is confining the 
rotating plasma from centrifugal radial 
expansion by maintaining the ram pressure of 
the incoming plasma flow. This configuration 
will be discussed in Sec. IV. 

A large segment of astrophysical 
MHD is related to the formation of shocks in 
supersonic and super-alfvenic flows. In a 
number of cases the shocks may be of a 
collisionless nature (Sagdeev and Kennel, 
1991). The shocks may also be strongly 
affected by radiative processes (Drake, 2006). 
Shocks, including radiative shocks, are 
discussed in Sec. V. 

Thus far we considered single-fluid 
magneto-hydrodynamics.  This may become 
insufficient even at scales large compared to 
the particle mean-free path. In such cases one 
has to switch to two-fluid MHD, that gives 

 
FIG. 2. Hubble Space Telescope image 
of HH-30 jet (NASA press release of 
June 6, 1995). An accretion disk 
observed edge-on is seen at the top of the 
image as a dark band between its outer 
parts illuminated by the central star. The 
young stellar object is obscured by the 
densest part of the disk. See Madlener et 
al. (2012) for the detailed analysis. 
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rise to new effects not covered by the 
“standard” MHD, in particular, to the Hall 
effect. The Hall effect may play a significant 
role in the evolution of astrophysical flows, 
in particular in the jets (Konigl, 2010) and in 
stellar flares and stellar winds (Mandt, 
1994). These issues are discussed in Sec. VI.   

Another aspect of non-
hydrodynamical effects is the formation of 
fast particles (high-energy beams and “hot” 
electron and ion populations). These effects 
may be important as an injection mechanism 
for further particle acceleration in cosmic 
rays. These phenomena lie beyond the 
boundaries of even a two-fluid 
hydrodynamics. Still, as high voltages 
formed in the disruptions of the current 
channels (see Fig. 3) may be triggered by 
hydrodynamic instabilities, we briefly 
discuss fast particles in Secs. III.B and VI.C.  

  
Magnetic reconnection is one more 

phenomenon affecting dynamics of many 
astrophysical systems. Depending on the 
plasma parameters, it may occur via 
dissipative processes cascading down to the 
scales much shorter than the collisional 
mean-free-path, or via development of 
hydrodynamic turbulence (e.g., Yamada et 
al., 2010; Ryutov, 2015). In the high-
energy-density environment of pulsed-
power facilities, one can in principle access 

both regimes. We touch upon this possibility in Sec. VII. 
 An important issue in simulating astrophysical processes in laboratory 
experiments is the scalability between the two systems even though their spatial and 
temporal scales differ by many orders of magnitude. It turns out that the MHD equations 
allow for a broad class of similarities in situations where fluid viscosity and thermal 
conductivity are sufficiently low (Ryutov, Drake, Remington, 2000).  This occurs in a 
number of both astrophysical and laboratory settings. Importantly, shock waves are 
covered by this similarity. A different set of similarities covers aspects of two-fluid 
description and collisionless phenomena.  
 In Appendix A we present a discussion of the similarity transformations, and 
other conditions, which should be satisfied to allow meaningful connections between 
astrophysical and laboratory phenomena. It goes without saying that it is impossible to 
create in the lab a fully operating astrophysical object: laboratory experiments can only 
model a subset of a system for which such a representation is possible. Thus the 

 
FIG. 3 The image of the fine filamentary 
structures near the center of our galaxy, 
consisting of a network of vertical 
filaments with lengths of about 30 pc 
(Yusef-Zadeh et al., 1984, Yusef-Zadeh et 
al., 2004); it is speculated (Trubnikov, 
1992) that those may be disrupting pinches 
leading to development of high voltages 
and particle acceleration. The image is 
taken by the NRAO Very Large Array at 
the wavelength of 20 cm.  
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successful design of the experimental system requires not only performing the scaling 
transformations, but also creating appropriate initial conditions and determining a time-
interval over which the scaling restrictions remain satisfied such that meaningful 
connections to astrophysical processes remains valid.  
Experiments described in different Sections of this review are at different stages of 
implementation of the outlined approach. Some of them are at relatively advanced stages, 
e.g. experiments with laboratory plasma jets (Sec. II, Sec III), and it is possible to discuss 
the scaling correspondence between the laboratory and astrophysical phenomena. In other 
cases the experimental systems are still under development and a full scaling to a 
particular astrophysical system is not possible (e.g. experiments with rotating plasmas, 
Sec. IV). Experiments discussed in Sections V-VII do not attempt to model particular 
systems, focusing instead on the physics of fundamental and astrophysically relevant 
processes such as shocks, non-MHD effects and magnetic reconnection.                     

These experiments provide data for verification of numerical simulations of the 
processes. Codes tested in this way can be then reliably used to predict the behavior of an 
astrophysical system down to certain scale established in a laboratory experiment.  

In equations throughout the paper we use SI (mks) units, whereas in the Tables 
and when presenting experimental data we use mixed units specified in each case. 

 
 
 
 

II. Jets and outflows – weak magnetic field 
 
Hydrodynamic jets with weak fields are an important class of astrophysical outflows. Special experimental 
techniques developed on pulsed-power facilities allow for high degree of control over lab-scale jets 
suitable for exploring a variety of their astrophysical counterparts. Scalable experiments on the generation 
of highly collimated jets, their interaction with the side winds, and their collisions with dense gaseous 
clouds are described and related to astrophysical observations. Experimental techniques are briefly 
outlined. 
 

A. Generating plasma streams and plasma jets with wire arrays. 
 
The generation of the astrophysically-relevant jets was probably the most visible 

and important contribution of pulsed-power facilities to the laboratory studies of 
astrophysical MHD. An important part of these experiments was their capability to 
generate and control plasma flows by the use of so-called “wire arrays”, which were 
initially developed for research in the areas of radiation sources and controlled fusion 
(see Matzen et al., 1999 and references therein). In the simplest case, “a cylindrical 
array” is made of identical fine wires, from a few microns to few tens of microns in 
diameter, all parallel to the axis of the cylinder and distributed evenly over its 
circumference (i.e., an angle subtended by the two neighboring wires is 2/N, with N 
being the total number of wires). Such systems allow one to create a well-controlled 
initial state for fast z-pinches. They have led to the controlled generation of intense pulses 
of soft and hard X-rays. A general setup of the wire-array experiment can be found in 
Matzen et al., 1999. Figure 4 represents a simple schematic. 
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Investigation of an early stage of the wire array implosion (Lebedev et al.,  2001) 
has revealed that early in the current pulse plumes of plasma with a relatively low density 
are formed around each wire and begin to expand. This occurs prior to the onset of any 
radial motion of the wires themselves. This early stage of the discharge is illustrated by 
Fig. 5 (Lebedev et al., 2001). Under the action of a global azimuthal magnetic field, the 
plasma plumes gain radial momentum, converging to the array axis well before 
significant motion of the wire cores begins. These separate streams merge somewhere 
half-way to the axis and form a continuous converging flow. A high resistivity of wire 
cores means that they do not carry a significant current and remain at their original 
positions, while majority of the current concentrates in a layer of plasma surrounding the 
cores. This plasma layer is continuously replenished by the material ablated from the wire 
cores providing a long-lasting injection of ablated plasma streams accelerated towards the 
array center by the JxB force. The converging cylindrical plasma flow carries some axial 
current and, therefore, an azimuthal magnetic field. For sufficiently small azimuthal 
separations between the wires the azimuthal inhomogeneities smooth out at some 
distance inward from the wire cores, and 
we get a converging cylindrical plasma 
stream that is typically supersonic and 
superalfvenic. It is this smooth radial flow 
that served as a basis for a number of 
experiments described in this review, in 
particular, in Sec. II, III.A, IV, V and VII.  
Other techniques for producing plasma 
flows suitable for the studies of the 
astrophysical MHD phenomena are 
described in Sec. III.E, V.B and VI.  

As an aside, one can mention that 
formation of the plasma flow propagating 
inward still allowed for the production  of 
high-quality wire-array implosions used in 
the applied (fusion, radiation sources) 
research (Cuneo et al., 2006). The current 
per wire in these experiments was in the 
range from one kilo-ampere to tens of kilo-
amperes, with the rise-time of ~100ns. 

The use of the wire arrays allows 
one to create a diverging plasma flow by 
putting the reverse current conductor on the 
axis of a wire array as shown in Fig.6 
(Harvey-Thompson et al., 2009). This 
produced an expanding plasma shell outside 
the wire array. Such a configuration 
facilitates an access to the experimental 
zone, which is now situated outside the 
wire array.  

  
FIG. 4. Schematic of a wire array z-pinch. 
The cylindrical array of wires is fed through 
the gap at the bottom of the figure by the 
current supplied via the pulse-power 
generator (not shown). The current flows 
along the wire array (the position of which 
is show by arrow) and returns through an 
outer cylinder, usually having holes for  
diagnostic access or made of separate return 
current posts. An azimuthal magnetic field 
present outside the array pushes it inward. 
In the fusion and radiation applications, 
implosion of the array leads to a short pulse 
of extremely high pressure. For the 
applications considered in this review, the 
main focus is the early stage of the pulse, 
when the wires have just started moving 
towards the axis (Courtesy M.J. Bennett).	
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Returning to the generation of plasma 
jets, we describe the corresponding 
experimental configuration (Lebedev et al., 
2002), which is illustrated in Fig. 7. Here we 
have not a cylindrical, but a conical wire 
array, with the apex half-angle of 15-30 
degrees. Accordingly, after the pinch current 
is turned on, the plasma flow (that moves 
normal to the array surface) converges on the 
array axis. The plasma is highly collisional 
(see below), and the process has to be 
described as a hydrodynamic phenomenon. As 
the radial (towards the axis) component of the 
velocity is highly supersonic, a conical shock 
forms near the axis, which will redirect the 
flow momentum in the axial direction (a 
hydrodynamical “shaped-charge effect”, 
Walters, 1998). Such conical shocks are not a 
stranger to the astrophysical world. The role 
of these kind of shock structures has been 
discussed, e.g., in Canto et al. (1988), where 
the possibility of young stellar object (YSO) 
jet formation by converging conical shock.  In 
addition, Frank et al. (1996), used conically-
converging flows in the environment of stellar 
wind-blown bubbles to create highly 

collimated flows. In both cases conical flows were explored as a jet formation mechanism 
years before laboratory experiments were carried out.  In the laboratory, dense, strongly 
radiating jets have also been produced by the irradiation of the inner surface of conical 
targets by high-power lasers by Farley et al. (1999) on NOVA facility and by Shigemori 
et al. (2000) on GEKKO-XII facility. 

 
FIG. 5. Formation of a plume of plasma 
around a wire core (a white annulus 
around the dark circle). The global 
magnetic field vector Bgl is shown by a 
grey curved arrow. Interaction of an 
axial current in the plume with the global 
magnetic field causes acceleration of the 
light plume material towards the center. 
At some distance from the wires, the 
plumes merge to form a continuous flow 
carrying some axial current (after 
Lebedev et al., 2001).	

 
FIG. 6. Inverse wire array. The current comes from the bottom, flows upward along the wires 
of the array (16 in this case), and comes back through a central post (gray). Diverging 
cylindrical plasma flow is created due to magnetic pressure acting on the plumes in the 
outward direction (Courtesy J. Hare)	
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 The dense plasma formed near the 
axis in the configuration of Fig. 7 has 
significant axial momentum and may be 
additionally accelerated by the pressure 
gradient in the axial direction. As a result, a 
well-collimated plasma jet emerges from 
the cone. Note that the wires in this 
scenario serve only as a source of plasma 
for jet generation, and do not significantly 
participate in the motion (they remain too 
heavy to be accelerated).  

This configuration and its variations 
allowed the experimenters to produce a 
broad range of astrophysics-relevant 
hydrodynamic objects: highly radiative 
weakly diverging jets; jets propagating 
through an external medium including 
emulation of a “side wind”; rotating jets; 

simulated accretion disks; and others applications. The corresponding results will be 
discussed in Sec. II.B, II.C and IV. In the next section we describe the use of the just 
described techniques for the studies of some aspects of the physics relevant to the YSO 
jets.  
 

B. Hypersonic, radiatively cooled hydrodynamic jets and their interaction with an 
ambient medium 

The configuration of a conical wire array shown in Fig. 7 led to the most 
astrophysically relevant set of jet experiments from the early stage of the laboratory 
pulsed power astrophysics research. In this way they served as an early model for what 
was possible with High Energy Density 
Laboratory Astrophysics (HEDLA). 
The first experiments with conical wire 
arrays (Lebedev et al., 2002) have 
indeed shown the relevance of such jets 
to astrophysical problems, in particular, 
to the outflows from young stars which 
have comparable Mach numbers and 
radiative cooling parameters. Several 
wire materials were used in these 
experiments: tungsten, stainless steel, 
and aluminium. The wire diameters 
were 25, 25 and 18 m, respectively. 
The number of wires was 16 with a 
bottom radius of the array set at 8 mm, 
and an openning angle of the wires at 
30o. The length of the array was 1 cm. 
The velocity of the jet was measured 

 
 
FIG. 7. Generation of the jet in a conical wire 
array (after Lebedev et al., 2002). 

 
 
FIG. 8. Laser probing images of plasma jets 
formed in aluminum, stainless steel, and 
tungsten wire arrays show that degree of 
collimation increases for elements with higher 
atomic number in which the radiative cooling is 
higher. Lebedev et al., 2002.	
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via laser probing diagnostics and was found to be ~ 150 km/s.  
 The structure of these jets is shown in Fig. 8 borrowed from Lebedev et al., 2002. 
The parameters of the jet beyond the upper surface of the array are either measured 
directly (Lebedev et al., 2002) or inferred from numerical simulations matching the 
experiment (Ciardi et al., 2002) and are presented in Table I; some most important 
derived parameters are presented in Tables II and III.  
 
 
TABLE I. Measured and inferred parameters of the tungsten plasma formed in conical arrays: ne 
(electron density); T (common value of the electron and ion temperatures), Z (average ion 
charge), a (jet radius at the upper surface of the wire array), S (sound speed in the jet plasma), V 
(jet velocity at the exit from the array), LC (cooling length, estimated from soft X-ray emission 
decay along the jet)	

ne† T* a Z* S V LC 
1019 cm-3 50 eV 1.5 mm 10 5106cm/s (1.5-2)107 cm/s 0.3cm 
 
†The definitions of the entries are provided in the heading to the Table. 
* Parameters inferred from numerical simulations 
 
 
TABLE II. Derived parameters: ei, ii - electron-ion (ion-ion) collision length;  ion kinematic 
viscosity; DM magnetic diffusivity, therm electron thermal diffusivity; B0 the magnetic field 
strength at which the plasma beta evaluated for the thermal pressure would become dynamically 
significant =20p/B2

0 =1. 
 ei ii  DM therm B0 

0.1 m 0.1 m 60 cm2/s 105 cm2/s 4103 cm2/s 15 T 
 
 
TABLE III.	Main dimensionless parameters: ; ; ; 

L/LC	

Re ReM Pe L/LC 
3104 20 500 2-7 
 
Note that the experiments achieve a remarkably high Reynolds number. The other 

dimensionless parameters, ReM and Pe, also significantly exceed the unity. This provides 
a reasonable degree of confidence that the hydrodynamical phenomena occurring in this 
laboratory-generated jet will correctly replicate the same phenomena in hydrodynamical 
astrophysical jets, despite an enormous difference in the scales.  

One of the most distinctive features of the YSO jets is their high degree of 
collimation, with the length-to-radius ratios as high as 10 to 20.  In addition the 
astrophysical flows are characterized by high Mach numbers of M ~10-20. It is thought 
that such divergence and high values of M are related to the fast radiative cooling of the 
jets (Blondin et al., 1990; Stone et al., 1993a, 1993b). The observed trend in the 
divergence of the laboratory-made jets vs. the jet material supports this viewpoint: the 
tungsten jet is much better collimated than the aluminium jet. The same trend was found 

Re  aV / ReM  aV / DM Pe  aV /  therm
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in the earlier laser-driven experiments (Farley et al., 1999; Shigemori et al., 2000). 
Two-dimensional (r-z) simulations automatically produced azimuthally 

symmetric outflows due to their imposed azimuthal symmetry. In experiments the 
converging plasma flow inside the conical array was initially strongly modulated in the 
azimuthal direction due to the relatively small number of wires used (typically 16, 
sometimes as little as 8). Nevertheless it was observed that the jets had very good 
azimuthal symmetry at the exit from the array, which allowed concluding that formation 
of jet via converging conical flows is stable to the azimuthal perturbations. Note that this 
was a conclusion that could not be reached from traditional astrophysical studies alone. 
The characteristic cooling length in the experiments was estimated from the 
measurements of the soft x-ray emission decay along the jet.  

With regard to the magnetic field strength, it was not measured directly in these 
early experiments, but one could get an upper bound for it by noting that the jet didn’t 
show development of a pinch instability. The absence of this potent instability in a 
system perfectly describable by MHD could be interpreted as a magnetic pressure that 
was smaller than the plasma pressure, yielding an estimate presented in Table II.  In  
subsequent experiments the magnetic field was measured directly, yielding the value of a 
few T, i.e. well below the upper bound given in the right-most column of Table II and, 
correspondingly, not playing significant dynamical role. We note that in astrophysical 
jets the magnetic fields appear to become less important at large distances from the 
region of collimation (Hartigan et al., 2007).  

 
C. Hydrodynamic interaction of the jets with a side wind 
 
The jets described above were truly hydrodynamic in that their plasmas were 

highly collisional and showed no significant effects due to magnetic fields. In a 
subsequent series of experiments such jets created by conical arrays were used to study 
the interaction of hydrodynamical stellar outflows with plasma clouds encountered during 
their propagation. To generate a miniature analogue of such a cloud, a plastic foil was 
placed at some distance from the jets axis, at an oblique angle, as shown in Fig.9a. XUV 
emission from the standing conical shock and individual wires of the array interacted 
with the foil and led to formation of a plasma flow (plasma wind) crossing the path of the 
jet (Lebedev et al., 2004; Lebedev et al., 2005; Ampleford et al., 2007).  

This setup mimics the interaction of the YSO jet with a cross-wind, a process that 
is thought to be responsible for the formation of the C-shaped YSO jets, whose 
observations are summarized in Reipurth and Bally (2001).   While there had been a 
number of analytic and simulation studies of these jet-wind interactions (relevant to the 
HH110 system, Raga et al., 2002), the pulsed power studies described below allowed for 
theory to be directly compared with controlled experimental studies for the first time. 

In the experiment, the presence of the cross wind was shown to cause deflection 
(bending) of the jet. The jet trajectory/shape was measured using laser probing and XUV 
self-emission images, and the densities of the jet and the ambient plasma (wind density) 
were measured by the interferometry. The wind velocity was only estimated, but not 
directly measured in these experiments. The observed behavior of the jet, its modified 
trajectory, was then interpreted using results of numerical modeling in which the plasma 
wind velocity was adjusted to fit the jet trajectory. The typical numbers for the jet (V) 
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and wind (Vw) velocities, as well as their densities are given in Table IV (taken from 
Lebedev et al., 2004).  

The same density/velocity ratios, as well as the jet Mach number were then used 
to model the bending of astrophysical jets by the same mechanism. Simulations (Ciardi et 
al., 2008), in addition to reproducing the overall trajectory similar to predicted by the 
analytical model of Canto and Raga (1995) show that the interaction also leads to 
formation of density perturbations (i.e. knots) in the jet. It is important to emphasize that 
in the simulations both the jet and the wind are initially uniform and smooth, and the 
perturbations (knots) arise from the development of the combination of Rayleigh-Taylor 
and Kelvin-Helmholtz instabilities. The duration of the laboratory jet interaction was 
insufficient to see such a development in the early experiments. Simulations also assessed 
effects of jet rotation on the morphology of the interaction, suggesting that there could be 
some observable differences.     
 
 
TABLE IV. Parameters of the jet and crosswind in experiments (Lebedev et al., 2004). 

Area Density (g cm-3) Velocity (cm s-1) T (eV) Z 
Jet ~10-4 a) (10-20) x 106 < 50 5-10 
Wind ~10-5 b) (2.5-5.5) x 106 c) Unknown 1-2 
a) at ne ~ 5 x 1018 cm-3, A = 183, and Z = 10. 
b) at ne ~ 1018 cm-3, A = 6, and Z = 1. 
c)  Velocity of crosswind was determined from the measured delays in the start of jet-wind 
interaction, observed for different separations between the foil position and the jet axis  

  
 
FIG. 9. (a) Schematic of the jet formation in a conical wire array and a side wind generation 
by surface plasma expansion from the plastic panel; (b) time-resolved laser schlieren image of 
the jet bending (340 ns after the start of the current); the capability of resolving fine features 
of the interaction zone makes this platform attractive for selecting the most plausible 
scenarios of analogous effects in astrophysics; (c) The line-integrated density structure in the 
jet termination area, from numerical simulations of Ciardi et al., 2008. (Adapted from Ciardi 
et al., 2008)  
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Another common astrophysical configuration is represented by a jet plowing into 

a stationary gaseous cloud (see, e.g., Fig 1).  This occurs in star forming environments 
when a jet penetrates denser regions of its natal molecular cloud and in galactic-scale jets 
when they propagate through the clumpy media surrounding the central super-massive 
black hole.  To explore these phenomena in the laboratory, in Ampleford et al. (2005) 
and Suzuki-Vidal et al (2012) the ambient medium was formed using a cloud of neutral 
gas positioned on the path of the jet. The cloud was typically formed using a supersonic 
gas nozzle.  The velocity of the gas flow was, however, significantly smaller than the jet 
velocity so the gas cloud could be considered as a stationary mass distribution. In this 
way astrophysically relevant ratios of jet/ambient densities were produced. For laser-
based experiments on the interaction of jets with an ambient medium see Foster et al. 
(2005) and Nicolaï et al. (2008).            

In some of the experiments the gas cloud had a relatively sharp boundary, 
allowing direct study of the interaction of the jet crossing a density discontinuity. In 
Ampleford et al. (2005) it was observed that the interaction produced a broad bow shock 
(Fig. 10). The overall dynamics of the working surface (Blondin et al., 1990) formed at 
the head of the jet interacting with the gas cloud was in reasonable agreement with the 

standard expressions describing its dependence on the density ratio. In addition, 
experiments show development of asymmetries in the shape of the bow-shock, and in 
particular a transverse displacement of the brightest regions of the working surface with 
time. One possible explanation is the presence of advected B-field in the jets and in the 
plasma surrounding the jet. The ionization of the gas cloud by the XUV radiation could 
lead to formation of a new, asymmetric path for the current, which led to appearance of 
unbalanced JxB force slowly displacing the jet. 
 

 
 
FIG. 10. (a) – Schematic of experiment in which a radiatively cooled plasma jet interacts with 
a gas cloud. On the time-scale of the plasma jet propagation, the gas cloud can be considered 
stationary. (b)  Self-emission image of a plasma jet (formed from stainless steel wires) 
interacting with an argon gas cloud. Position of working surface (marked as WS) seen as a 
region of enhanced emission at the head of the jet is labelled in (b). Velocity of the working 
surface graphed in (c) is two times smaller than the jet velocity in the absence of the gas cloud, 
consistent with the jet-ambient density contrast of ~1. Adapted from Ampleford et al., 2005. 
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D.	Highly‐collimated	jets	produced	by	ablation	of	the	central	area	of	a	metal	foil	
	

This approach is based on the configuration where the central cathode post is 
connected with the surrounding cylindrical return current conductor by a thin, vacuum-
tight planar metal foil, as shown in Fig. 11. The attractiveness of this technique is related, 
in particular, to the fact that it allows one to create a setting where the jet is interacting 
with an ambient medium from the very beginning of the jet formation. This allows one to 
address an important issue of the effect of ambient medium on the formation and 
propagation of the astrophysical jets. This question is particularly important as conditions 
in the medium surrounding an astrophysical jet may not be directly probed by 
observations so that the medium’s conditions (and collimating pressure) may not be 
directly inferred. 

In the experiments the jet is formed because the radial current flowing through the 
foil between the central post and external cylindrical return current conductor is heating 
the foil predominantly near the center due to the radial divergence of the current flow. 
Therefore, intense heating of the foil occurs only near the center, and the ablated plasma 
column turned out to be highly collimated. This technique was used in Suzuki-Vidal et al 
(2012). 	

We start from the situation where the ambient gas density above the foil is 
negligible, and the ablated plasma expands into “empty space.” Even in this case, some 
lower density plasma appears outside the dense central jet due to the heating and ablation 
of the foil. This “halo” plasma has density a factor of ~10 smaller than that in the central 
jet but moves with the same axial velocity.  

These (and related, Suzuki-Vidal et al (2013)) experiments produced jets with a 
very high degree of collimation: an opening angle of 2-5 degrees is sustained over the 

distance exceeding the jet radius by a 
factor of >10, with a sharp density 
contrast at the boundary between the 
jet body and the halo plasma 
(Fig.12). The internal Mach number 
in these experiments was measured 
by Thomson scattering (TS) 
diagnostic: the Doppler shift of the 
ion feature provided jet velocity. 
Spectral broadening provided 
measurements of ZTe and thus the 
ion sound speed.  From these 
measurements the Mach number was 
determined to be only ~2.5, too 
small to explain the observed very 
small divergence of the jet (30 
opening angle would require M ~ 
20).  

Explanation of this 
discrepancy came from MHD 
simulations (Suzuki-Vidal et al 

  
 
FIG. 11.  Schematic of a thermal mechanism of the 
jet generation on the planar metal foil.  A 
“distributed” magnetic field structure is formed due 
to advection of magnetic field diffusing through the 
resistively heated foil.  Ablation, strongest near the 
axis, combined with the magnetic hoop force, leads 
to the formation of a dense jet surrounded by a 
lower density plasma flowing upward. (Courtesy F. 
Suzuki-Vidal). 
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(2012)), which suggest that 
the halo plasma surrounding 
the jet carries some level of 
frozen-in toroidal magnetic 
field, with the current path 
responsible for this field 
closing at the boundary of the 
halo plasma. The pinch force 
associated with this B-field 
produced the inward 
convergence of the halo 
plasma. The collimation of 
the central, dense part of the 
jet was provided by the ram 
pressure of this converging 
flow. What is remarkable in 
this set-up is that this is 
essentially a magnetic 

collimation of the outflow by the “distributed” magnetic field structure. It provides strong 
collimation but does not destroy the jet stability. In these experiments the maximum 
observed jet length (≈ 45mm with a length to radius ratio >20) was determined by the 
duration of the current pulse driving the plasma ablation from the foil, which allowed the 
jet to propagate distances exceeding the radius of the plasma emitting foil by a factor of 
2. The question of how much longer the steady, stable propagation of the jet is possible in 
this set-up has not been investigated as yet. 

As mentioned earlier, the set-up with the use of radial foil provided more 
flexibility for adding ambient media for jet-plasma interactions, in particular allowing 
creating a uniform distribution of the neutral gas above the foil. In this case the 
interaction remains azimuthally symmetric, with formation of a bow shock ahead of the 
central jet.  

As shown in Fig. 13, two distinct features are formed (Suzuki-Vidal et al (2012)). 
Firstly there is a curved shock, gradually becoming a conical shock and driven into argon 
prefill by the lower density halo plasma. The shock position is determined by the radial 
profile of ram pressure in the flow and the temporal delay in the plasma formation at the 
foil (plasma forms earlier at smaller radius as it is driven by a higher current density of 
the radial current). 

Secondly, the bow shock is developing above the central jet from ~300ns and can 
be seen above the conical ablation shock in the last 5 images of Fig.13a. This is also 
illustrated by Fig.15a, where the tops of the last three images of Fig. 13a are shown with 
higher magnification. Fig. 15b shows the images for a different shot – the similarity of 
the two rows shows the robustness of this feature. The bow shock is driven by the faster 
axial velocity of the plasma ejected by the high pressure created at the top of the central 
jet.  

	

FIG. 12. XUV self- emission images of a jet from a radial 
foil propagating in vacuum. The images were obtained 
during the same experiment and times are relative to the 
start of the current. Position and diameter of the cathode are 
shown below the jet images, including the initial position 
of foil in the first image. The jet starts ~1.5mm above the 
initial foil position due to expansion of the central part of 
the heated foil. From Suzuki-Vidal et al., 2012, Courtesy F. 
Suzuki-Vidal.	
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This experiment was modeled with GORGON 3-D resistive MHD code 
(Chittenden et al., PPCF 2004; Ciardi et al., PoP 2007), with the simulations accounting 
for the radiative cooling of the plasma. As can be seen from Fig.13b, which shows 
synthetic XUV emission images, the simulations were able to reproduce all of the main 
features of the evolution of the system. Maps of the force densities and the stream lines of 
the plasma flow (Fig. 14) show that collimation of the central jet is provided by the 
converging plasma streams: the plasma ablated from the foil is redirected towards the 
axis by the radial component of the JxB force3. The motion of the interface between the 

                                                        
3 Simulations shown in Fig.14 correspond to the case when a low density ambient gas was added 
above the foil, but the same mechanism of jet collimation was observed in simulations of jet 
formation in the absence of the ambient material: in both cases the pinching azimuthal magnetic field 
was located in the material ablated from the foil. 

 
 
FIG. 13. (a) Sequences of XUV emission of a jet generated via an aluminium foil and 
propagating in argon, showing the formation and evolution of the jet together with the 
formation of two distinctive shock features: an “ablation shock” formed at early times, 
followed by the later formation of a “bow-shock” seen above “ablation shock” from ~300 ns. 
The diameter and position of the cathode and the foil are shown on the first and last frames. (b) 
MHD simulations of the experiment reproduce the main features of the jet formation and 
evolution (synthetic XUV images). Courtesy F. Suzuki-Vidal. 
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ambient gas and foil material (the “ablation shock” indicated in Fig.13a) is also 
magnetically driven, by the JxB force provided by the toroidal magnetic field and current 
flowing along the ablation shock surface.      

The simulations also suggest that the bow shock seen in Fig.13 is formed due to 
an increase in pressure at the tip of the ablation shock. This is driven to large extent by 
the enhanced toroidal magnetic field in this region, forming a structure resembling a 
nozzle. The bow shock driven by the fast plasma flow develops a number of regular, 
larger scale structures with the size comparable to the bow shock radius. It is interesting 
to note that very similar structures were recently observed in numerical simulations of the 
astrophysical bow shocks (Hansen et al., 2017) where they were interpreted as due to 
development of thin-shell instability advected along the bow-shock. Similar structures of 
bow shock were also seen in computational studies of radiatively cooled astrophysical 
jets (see e.g. Figure 5 in Blondin et al., 1990). 

In addition to these large scale features, the experiments also show the 
development of small-scale perturbation at the bow shock surface. The structure is best 
observed using laser probing in a shadowgraphy set-up (Fig. 15c), as this diagnostic is 

sensitive to the gradients of the 
refractive index (plasma density). 
Note that the image in Fig.15c 
provides a high resolution view of 
the jet’s fine details, and can 
admit the use of correlation 
analyses and a full parameter 
study, to be compared with the 
numerical runs. Similar fine 
details develop in astrophysical 
jets (see, e.g., Fig. 17 in Hartigan 
et al., 2011) though in the lab we 
have the privilege of being able to 
control their development via 
manipulation of external 
parameters. The most probable 
reason for the development of 
these structures is the presence of 
strong radiative cooling. The 
characteristic spatial scale seen in 
the experiment is close to the 
calculated cooling length.  

Comparison of the 
observed and simulated structures 
in Fig.15c and Fig.15d shows that 
though the simulations reproduce 
the overall structure of the bow 
shock quite well, they do not 
show the presence of much 
smaller, ~200m scale 

 

	

FIG. 14. MHD simulations of a jet from a radial foil 
propagating through argon ambient gas. (a) - The 
background shows mass density (in logarithmic scale, 
in units of kg/m3). Superimposed are contours of 
plasma =1. The arrows represent force densities in 
the plasma, JxB (green) and pressure gradient 
(orange). (b) - Flow stream lines showing the direction 
of the plasma flow and contour lines of constant 
density (with values -4, -2, and -1 of scale shown in 
part (a)). From Suzuki-Vidal et al., 2012, Courtesy F. 
Suzuki-Vidal.	
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perturbations seen in the 
experimental images. The absence 
of such structures in the simulations 
comes from the insufficient spatial 
resolution (100um) in this global 
simulation which included modeling 
of the whole experimental system 
(50mm diameter, 30mm height). 
This example illustrates the 
potential for experimental systems 
to model significantly larger ranges 
of spatial scales than global 
numerical model can since 
numerical diffusion at the grid level 
effectively reduces the “numerical” 
Re, Pe, ReM numbers to values 
much smaller than those determined 
by the physical parameters of the 
system. 
 

In conclusion, the use of 
pulsed power machines allowed for 
the of production supersonic, 
collimated plasma flows with weak 
magnetic field applicable to studies 
of hydrodynamic aspects of 
astrophysical jets. The relevance of 
these laboratory plasma jets to their 

astrophysical counterparts, in particular to stellar jets at distances far from the central 
star, is based on the similarity of the relevant dimensionless parameters determining their 
dynamics. This is illustrated by Table V, which compares typical dimensionless 
parameters characterising astrophysical stellar jets and laboratory plasma jets described in 
this section (see Appendix A for a discussion of the scaling issues).   

Table V shows that the Re, ReM and Pe numbers are all much greater than unity, 
which means that both systems are well described by the equations of ideal MHD and the 
effects of viscosity, diffusion of magnetic field and thermal conduction are negligible on 
the global scale L. The noticeable differences in the values of these parameters mean that 
the ideal MHD description becomes invalid at different relative spatial scales 𝛿 𝐿⁄ , which 
are, however, much smaller than the global scales of the systems, 𝛿 𝐿⁄ ≪ 1.  

Consider two examples: 1) For a model of the Rayleigh-Taylor instability on the 
background of a smooth density variation with the scale 𝐿 ≡ 𝜌 |∇𝜌|⁄ , the viscous effects 
are small for the scales 𝛿 𝐿⁄ 𝑅𝑒 ⁄  (Ryutov 1999). 2) For the Kelvin-Helmholtz (KH) 
instability of sheared flow, with a scale L of velocity variation, viscosity is negligible for 
the perturbations with the scale 𝛿 𝐿⁄ 𝑅𝑒 𝑅𝑒⁄ ⁄ , where 𝑅𝑒 ~1000  is the 
critical Reynolds number for the onset of the KH instability (Landau & Lifsitz, 1987).  

 
 
FIG. 15. (a)-(b) XUV emission of the bow-shock 
ahead of the jet from two experiments. The images 
show the formation of spatial features at the front of 
the shock. Both images are centered on the strongly 
emitting region at the tip of the jet. (c) Dark-field 
laser schlieren image showing the presence of 
small-scale structures inside the shock. (d) 
Simulation results (Suzuki-Vidal et al., 2012) 
showing the formation of spatial features at the 
front of the shock.	
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Thus for laboratory experiments discussed here the range of the spatial scales 𝛿  
which can be modelled correctly is orders of magnitude less than the corresponding 
global scale L, albeit the ratio 𝛿 𝐿⁄  is not as small as in the astrophysical jets. It is worth 
noting here that similar limitations are applicable to computational modelling, where 
effects of numerical viscosity are equivalent to the relatively small values of effective 
“numerical” Reynolds numbers (Table V).  Therefore, the laboratory experiments provide 
a good basis for advancement and validation of the astrophysical codes. 

 
TABLE V. Comparison of typical dimensionless parameters characterising astrophysical 
stellar jets and laboratory plasma jets described in this section.   

Parameter Stellar jets Laboratory jets 
   

Reynolds number Re >108 105 *) 

Magnetic Reynolds number ReM >1015 50-500 *) 

Peclet number Pe >107 20-500 *) 

   

Mach number M 2 **) –  20 2 – 10 

Density contrast jetambient 0.1 – 10 1 – 10 

Cooling parameter cooldyn 0.1 0.1 – 0.001 

Spatial scale  ***) 15000 AU 10 mm 

Relation between time-scales ****)  

tAst=tLab
.(LAst/LLab)

.(VLab/VAst) 

700 years 200 ns 

   

*) effective values of Re, ReM, Pe numbers for global 3-D simulations, determined by 
discretisation in numerical schemes, are Re ~ ReM ~ Pe ~103 

**) smaller value of Mach number corresponds to internal shocks in the jets [e.g. Hartigan et 
al., 2011] 
***) characteristic sizes of bow shocks shown in Fig.1 for HH34 object and in Fig.15 for 
laboratory experiment 
****)  using the above spatial scales for LAst=15000AU; LLab=10mm, and VAst=200km/s, 
VLab=100km/s 
 
 

 There is a close match for the dimensionless parameters which determine the 
temporal and spatial evolution of the systems. For jets in which magnetic fields are not 
dynamically significant (plasma  >>1), the dimensionless parameters commonly used in 
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the astrophysical jet literature are as follows: the Mach number (equivalent to the Euler 
number in Appendix A); the density contrast (equivalent to the similarity in morphology / 
initial conditions in Appendix A); the radiative cooling parameter (ratio of radiative 
cooling time to hydrodynamic flow time in Appendix A). Discussion of these 
dimensionless parameters in the context of numerical simulations of astrophysical jets 
can be found in e.g. Norman et al., 1982, 1983, Blondin et al., 1990. As is seen from 
Table V there is a good overlap between these parameters.  Thus the evolution of 
structures developing in the interaction of laboratory jets with ambient plasma is scalable. 
Using the transformations discussed in Appendix A, we can determine that the scaling 
between the laboratory and astrophysical time-scales goes as tAst=tLab

.(LAst/LLab). Taking 
spatial scales corresponding to the characteristic transverse size of the bow shock in 
HH43 (top part of image in Fig.1), and the size of the bow shock in experiments (Fig.15), 
we find that a 200ns duration of the laboratory jet evolution corresponds to ~700 years of 
the astrophysical jet evolution.   

 
 
III. Jets and outflows – significant magnetic field 
 
In this section we consider experiments relevant to those types of astrophysical jets whose evolution is 
dominated by magnetic forces. Such jets are prone to a variety of MHD instabilities and may manifest 
intermittent behavior.  Special experimental techniques have been developed to explore these jets in the 
laboratory. The techniques and experimental results are presented and compared with astrophysical 
models. The possible role of MHD activity in the generation of high-energy ions is briefly discussed. The 
section is concluded with description of the merger of multiple current channels that may occur in the 
atmosphere of magnetically active stars.  
 

A. Magnetically-dominated tower jets 
 
In the previous section, we considered jets and their interaction with the external 

medium for the cases where magnetic fields were absent or relatively weak (aside from 
the formation mechanism). We also established the connection with some astrophysical 
phenomena. In the current section we address the case where the magnetic field becomes 
critically important in jet creation, propagation, and the interaction with the ambient 
medium. Both “weak field” and “strong field” scenarios will be realized in astrophysical 
systems, see Pudritz et al. (2007) and Lovelace et al. (2002) for further details. 

In a number of theoretical models, astrophysical jets are believed to be driven by 
a combination of toroidal and poloidal magnetic fields, where generation of toroidal 
components are attributed to the differential rotation in the accretion disc or between the 
disk and the central star. Launched and collimated by magnetic forces, these jets can 
propagate distances that are tens to thousands of times greater than their radius. Note also 
that these jets can be either kinetic or magnetic (Poynting Flux) energy dominated 
(Lynden-Bell, 2003; Kato et al., 2004). Figure 16 illustrates results of numerical 
simulations of a jet well outside the domain where it was formed. In the experiments 
described below a single collimated beam is created as opposed to the bipolar jets formed 
in most astrophysical situations.  

The experimental work discussed next is most closely related to the magnetic 
tower scenario (Linden-Bell., 2003; Kato et al., 2004, Uzdensky & MacFadeyn, 2006, 
2007). This scenario involves the presence of a magnetic cavity with highly wound-up 
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and predominantly toroidal magnetic 
field.  It is the magnetic pressure of this 
field which accelerates the outflow. The 
second key ingredient of this model is 
the presence of an external ambient 
medium, acting to confine the magnetic 
cavity. A simplified schematic of the 
magnetic tower jet model is shown in 
Fig.17. The toroidal magnetic field in 
the cavity is supported by the current 
propagating through the central jet and 
the cavity’s envelope. The growth of 
the cavity is driven via injection of 
magnetic energy at its base. In 
astrophysical scenarios this is provided 
by the winding of the initially poloidal 
magnetic field by rotation of an 
accretion disc. In laboratory 
experiments a similar configuration is 
generated via appropriately configuring 
the path of electrical current driven by a 
pulsed power generator as will be 
discussed below. 

One of the experimental 
approaches to study these jets is based 
on the use of radial wire arrays which 
consist of a pair of concentric 
electrodes connected radially by thin 
metallic wires (Lebedev et al., 2005a; 
Lebedev et al., 2005b; Suzuki-Vidal et 
al., 2010), see Fig. 18a for the 
schematic. The plasma formation and 
the flow dynamics during the initial 
stage of the experiment are the same as 
those observed in conical wire arrays. 
The main difference in the radial set-up 
is that the system reaches a stage where 
the wire cores near the central electrode 
become completely depleted of 
material, triggering the formation of a 
‘magnetic bubble’ and a magnetically 
dominated jet. 

 
 
FIG. 16. The results of numerical simulation of 
a magnetically-driven jet. The “engine” that 
drives the current through the central column is 
situated near z=0. The return current flows in 
the outer shell that forms a characteristic 
“cocoon” structure. The central jet is unstable 
with respect to the kink mode. From Nakamura 
et al., 2007.	

 
FIG. 17. Schematic of a magnetic tower jet. The 
toroidal magnetic field in the cavity is supported 
by the current propagating through the central 
jet (red arrows). The ambient plasma acts to 
prevent rapid expansion of the cavity. A 
Poynting flux through the base injects magnetic 
energy driving the growth of the cavity. From 
Ciardi et al., 2007.	
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The development of the jet in this system is shown schematically in panels (b)-(d) 
of Fig. 18. During the first stage (Fig.18b) ablated plasma is accelerated axially by the 
Lorentz J × B force and fills the region above the radial array forming an ambient 
medium into which the magnetic tower will eventually expand. As with the conical 
arrays, the magnetic field and the currents remain confined in the proximity of the wires 
leading to a relatively high-β background plasma. Thus the magnetized jets that form will 
propagate into a relatively weakly magnetized medium as is the case in many 
astrophysical settings. Characteristic parameters for this plasma are: electron densities of 
~1017–1018 cm−3 and temperatures of ~20 eV.  Injection of plasma into the upper regions 
continues until the wires are fully ablated and stop acting as mass sources. The ablation 
rate is highest close to the axis and at some moment in time the wires near the central 
electrode will be fully ablated. The disappearance of parts of the wire cores means that 
the swept-up plasma cannot be replenished, and the current path shown schematically in 
Fig.18b) is no longer available. Wire breakage thus leads to development of a magnetic 
cavity in the background plasma, which is pushed by the rising toroidal field loops (Fig. 
18c). This is the beginning of the second phase of the experiment: the formation of a 
magnetically driven jet. The current is now forced to flow along the surface of the cavity 
and through the central region, where a dense jet-like plasma column develops (Figs.18c 

 
FIG.	 18. (a) Schematic of a radial wire array experiment. Currents flow radially through fine 
metallic wires and along the central electrode, producing a toroidal magnetic field which lies 
below the wires; typical radius of the radial wire arrays is ~ 1 cm; (b) The J × B force acting 
on the plasma ablated from the wires produces a plasma background above the array; resistive 
diffusion is slow and the current path remains close to the wires. (c) Full ablation of the wires 
near the central electrode leads to formation of a magnetic cavity, which evolves (d) into a 
magnetic tower jet driven upwards by the pressure of the toroidal magnetic field. From 
Lebedev et al. (2005b).	
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and 19d). The pressure of the toroidal magnetic field, associated with the current flowing 
in the plasma column, leads to radial and axial expansion of the magnetic tower and to 
the axial acceleration of the jet column. Furthermore, the confinement of the magnetic 
cavity is largely determined by the thermal pressure of the background ambient plasma. 
This is quite similar to what the models of the astrophysical magnetically-driven jets 
assume (Lovelace et al., 2002; Lynden-Bell, 1996, 2003; Uzdensky & MacFadeyn, 
2006).  

During the past decade, laboratory experiments of the aforementioned type have 
produced a number of finely resolved features that are suitable for comparing with  
corresponding features in astrophysical jets. Parameters characterizing these experiments 
are summarized in Table VI, and the derived dimensionless parameters are shown in 
Table VII. The values of the Re, ReM and Pe numbers are all much greater than unity, 
meaning that these laboratory plasma jets can be well described by ideal MHD equations. 
Thus one could expect that the evolution of the laboratory jets should be similar to that in 
the magnetic tower models of astrophysical jets, occurring on the temporal scales 
connected via scaling relations discussed in Appendix A.  

 
Table VI. Summary of physical parameters in magnetic-tower jet experiment.  [Lebedev 
et al., 2005b] 
Parameter Symbol Jet Background plasma 
Velocity (km/s) V 100-200  10-15 *)    
Density (cm-3) ni 1018-1019 1016-1017 
Temperature (eV) T 120 <20 
Magnetic field (kG) B >500 <50 
Ionization  Z 20 10-15 
Atomic number A 184 (W) 184 (W) 
*) Sound speed 
 
Table VII. Derived dimensionless parameters for the magnetic-tower jet experiment  
Reynolds 
number, Re 

Magnetic 
Reynolds 
number, ReM 

Peclet 
number, Pe 

Mach 
number, M 

Plasma  Cooling 
parameter, 
cooldyn 

>104 20 – 200 5-20 3-5 ~1 10-3 – 10-4 
 
The main conclusions following from the results of these experiments can be 

summarized as follows.  
The central column on axis is held from radial expansion by the toroidal magnetic 

field, associated with the axial current. The current then closes through the outer part of 
the shell, forming a familiar cocoon structure. The axial expansion of magnetic tower 
occurs with velocity determined by the magnetic pressure inside the cavity and the 
density of the ambient plasma ahead of the cavity (at Alfven velocity VA calculated using 
magnetic field inside the cavity and the ambient density ahead of it). In these experiments 
the length of magnetic tower reached ~30mm, a factor of 15 larger than the radius at 
which the magnetic energy was injected through a narrow gap at the base of the magnetic 
tower (at radius ~2mm, corresponding to RC in Fig.17). 
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The high-beta plasma near the 
axis is generally unstable with respect to 
necking and kinking instabilities (see e.g. 
Kadomtsev (1965)). With the jet 
propagating upward, the corresponding 
features are advected along the axis. All 
this is clearly seen in the set of images 
(Fig. 19) taken from Lebedev et al. 
(2005a). The central jet on the axis of the 
magnetic tower cavity shows the 
development of m=0, m=1 instabilities 
with characteristic wavelengths of 
~1mm, comparable to the central jet 
radius (kr0 ~ 5). Their growth time of 
~2ns is consistent with that expected for 
the MHD modes (~ Rjet/VA), and is 
significantly shorter than the overall 
evolution time of the magnetic cavity of 
~200ns in these experiments.  

On the other hand, Figure 19 
shows that these instabilities do not 

disrupt the plasma acceleration. A well-
collimated, though highly structured, 
outflow is produced. In the experiments 
the level of instability development is at 
least partially determined by the balance 
between the jet acceleration time (cavity 
expansion time) and the time required for 
the driving current to “short-circuit” at the 
base of the jet.  This removes, or at least 
reduces, the axial current in the jet 
reducing the driving force for the 
instability. Similar mechanisms may act 
at the base of an astrophysical disk-driven 
jet, near the disk surface (Pudritz et al., 
2007 and Lovelace et al., 2002). The 
fragmentation of astrophysical jets, 
particularly stellar jets, is well known as 

observations show the flows to be clumpy on small scales (Hartigan et al., 2011).  
The observed morphology agrees well with extensive numerical simulations of 

the tower jets with both laboratory plasma codes and with astrophysical codes (Ciardi et 
al. 2007, Huarte-Espinosa et al., 2012).  Fig.20 shows a comparison of soft X-ray images 
from an experiment with synthetic images from simulations using a laboratory plasma 
code Gorgon [Chittenden et al., 2004; Ciardi et al., 2007]. The overall evolution and the 
main observed features are fairly well reproduced. In both simulations and experiments 
the most intense emission comes from the magnetically confined central jet. The other 

 
 
FIG. 19. Time sequence of soft x-ray images 
(~300eV) obtained during a single shot 
showing expansion of the magnetic cavity and 
development of instabilities in the central jet 
column. The four images in part (b) were 
taken with smaller inter-frame time 
separations and from different viewing angle. 
Lebedev et al., 2005b. 

 
 
FIG.20. (a) time-sequence of experimental 
soft x-ray images (~30eV) obtained at four 
different times in the same experiment and 
(b) synthetic x-ray images from MHD 
simulations of the experiment. Ciardi et al., 
2007. 
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prominent emitting region is the 
shock formed at the envelope of the 
cavity that is expanding 
supersonically (M>2) into the 
cavity confining ambient material .  

Simulations (Fig.21) show 
the formation of tangled magnetic 
field structures inside the cavity, 
developing from the purely toroidal 
field due to the growth of the kink 
instabilities. This is seen in 
simulations of both the laboratory 
and astrophysical magnetic tower 
jets. The morphological similarity 
of the field structures in Fig.21 is 
obvious, despite the very different 
spatial and temporal scales 
involved.     

The magnetic tower jet 
scenario creates an outflow 
propagating away from the region 
there the driving magnetic field is 
injected.  In Fig. 22, we show an 
extreme case of separation of the 
well-formed plasma column from 
the base. The azimuthal field in the 
separated part of the jet is 
maintained by the poloidal current 
circulating within this separated 
piece. This section of the flow 
continues propagation in the vertical 
direction and forms an isolated 
“bullet.” The current at the foot of 
the “cocoon” zone is now re-
established and can drive the next 
burst of the plasma. Formation of 
the isolated plasma bullet is 
illustrated by the shadowgraphs in 
Fig. 22. In these experiments the 
total duration of the electric current 
pulse generated by the experimental 
facility was comparable with the 
time of the magnetic cavity 
expansion, so only one episode 
(pulse) of jet formation occurred. A 
modification of the set-up, allowing 

 
 
FIG. 22. Laser shadowgraphs of the magnetic jet 
evolution. (a) At 233 ns the magnetic cavity is well 
developed. A collimated jet is clearly visible on-axis 
inside the cavity. (b) The magnetic cavity elongates 
axially and expands radially. Because of instabilities, 
sections of the jet on-axis are no longer visible, and the 
jet assumes a clumpy structure. (c) The upper edge of 
the magnetic cavity breaks up and disappears. A well 
collimated clumpy jet is still visible on axis. (d) 
Schematic of the last stage of the magnetic jet evolution, 
showing how currents reconnect at the foot-point of the 
magnetic tower and a jet is ejected with entrained 
magnetic fields (Lebedev et al., 2005a).	

 
 
FIG. 21. Structure of magnetic field lines inside the 
cavity of radiatively cooled magnetic tower jest from 
MHD simulations; the colors represent the field 
strength decreasing from red to blue: (a) laboratory 
experiment, 230ns, jet height ~15mm (Ciardi et al., 
2007); (b) astrophysical jet, 118year, jet height 
300AU (Huarte-Espinosa et al., 2012).  
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formation of several episodes of magnetic tower jets, is discussed in part D of this 
Section. 

New possibilities of generating larger-scale jets suitable for both the testing of 
scaling arguments and the introduction of new diagnostics would appear with the higher-
power, higher current drivers. The first steps in this direction have been made with the 
PTS facility in China (Xu et al., 2017), where the magnetic tower jets have been 
produced and characterized with the driving currents of up to 4 MA. 
 

 
B. Formation of energetic ions in a magnetic cavity 
 

The cavity around the central jet is magnetically dominated, and the magnetic 
field is sufficiently strong to confine high energy ions (Suzuki-Vidal et al., 2013).  These 
ions can be injected into the cavity by potential difference at the base of the cavity (~100 
kV, see Burdiak et al., 2013 and Suzuki-Vidal et al., 2011). Injection may also occur 
during a clump formation, where the current may experience sharp turns or even 
complete disruption (Cf. Sec. VI.B). There is a good reason to believe that the ions most 
susceptible to acceleration are the protons, due to their highest Z/A ratio. The protons are 
always present in the system due to their residual presence in the metals used in the 
hardware (Suzuki-Vidal et al., 2013), in particular in tungsten wires used in the 
experiments.  

The presence of higher-energy ions with W>100 keV was tested by a variety of 
techniques, including a magnetic spectrometer and an array of the proton imaging 
techniques based on the use of the CR-39 radiochromic films (Fleischer et al., 1965). The 
main findings were as follows: the proton spectrum extended from ~100 keV to ~ 3 MeV. 
The higher-energy (>600 keV) protons clearly originated from the central area of the 
cavity around the clumpy jet well above the wire array. We take 3 MeV as a reference for 
the maximum energy. Note that the protons with an energy exceeding 100 keV have a 
very long mean-free path in the “cocoon” plasma. For the tungsten plasma of T=20 eV 
temperature ne=1018 cm-3 density, and Z=5 the 100 KeV protons have a mean-free path of 
60 m. The 100 keV proton slowing length (due to the friction against the electron gas) is 
also large, ~ 20 cm. These numbers become very large near the cut-off energy of 3 MeV. 
This means that the high-energy proton formation is not affected by collisions. This is 
especially true inside the magnetically dominated cavity where the plasma density is 
smaller. 

To get an energy of 3 MeV in one “kick” the proton would have to cross a voltage 
drop of 3 MV.  This is far too high (by factor of 10 to 30) compared to what the circuits 
involved in the experiments can produce. The maximum inductive voltage drop is ~ 100 
kV. Also, the presence of 3 MV drop would show up in the generation of intense electron 
beams inevitably accompanied by the hard X-rays (up to 3 MeV), which are absent in the 
experiment. Therefore, we conclude that the ion acceleration cannot occur in one big 
step, but is rather produced in the multiple ion interactions with time-varying (“moving”) 
magnetic field non-uniformities, very much like in a Fermi mechanism (Fermi, 1949).  

Taking as a cut-off energy of accelerated protons the energy of Wmax=3 MeV, we 
should consider whether such protons could be confined in a cavity of the observed size 
and the magnetic field strength. For the current Ijet through the central jet of 1 MA, and 
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the cavity radius of 1 cm, the field strength at its periphery is Ba=Ijet/2a~20T. For such 
a field strength the gyro-radius of 3 MeV protons is 1.25 cm, i.e, comparable to the cavity 
size. Imposing this condition as a rough constraint on the maximum proton energy 
compatible with the size of the “cocoon”, one can write this constraint as: 

(max
2 1)1/2  2I jet / IpA ,       (3.1) 

where I pA  2mpc / e0  30MA is a so called proton Alfven current.  We introduced 

here a factor W/mpc
2 in order to be able to cover relativistic energies, if needed (see 

below). In the non-relativistic case it agrees with the aforementioned estimate of the 
maximum proton energy in experiment by Suzuki-Vidal et al. (2013). 

The protons execute complex orbits, with a characteristic orbiting period of 
~2a/vp,max. The presence of random variations of the centroid of the current-carrying 
column caused by its MHD instabilities, produces random perturbations of the magnetic 
field with a characteristic time-scale of ~rjet/vA.  This generates random vortex electric 
fields which can cause diffusion of the protons in velocity space with a diffusion 
coefficient Dv~(v)2/, (where v is the velocity change in each event). The same 
statement can be rephrased in terms of the second-order Fermi mechanism, where the 
inductive electric field would be associated with the magnetic features with velocities 
v , giving small random “kicks” to the protons.  

The fastest diffusive acceleration would occur in the vicinity of the jet, since the 
instability-induced fluctuations of the magnetic field are highest there. For a strongly 
distorted jet, the changes of the velocity would be on the order of the Alfven velocity 
itself, with vA evaluated at the jet surface. Making a standard diffusive estimate for the 
velocity of protons achieved within some time t, 

V2 ~ 2DVt ,         (3.2) 

one finds that  

 V ~ vA 2vAt / rjet .        (3.3) 

This part of the discussion pertains to a non-relativistic case as in (Suzuki-Vidal et al. 
(2013)). Taking the numbers typical for this experiment, vA~4107 cm/s, rjet~0.1 cm, and 

t~250 ns, we find V~6108 cm/s 
corresponding to the proton 
energy W~150 KeV. Obviously, 
this number is significantly 
smaller than the maximum energy 
of 3 MeV. However, the Gaussian 
tail of the diffusive distribution 
would extend at least a factor of 
2-3 over the r.m.s. value of 
V~6108 cm/s, easily yielding an 
energy of 600 keV. In this regard 
the number looks consistent with 
the spectral information from the 
experiment (Fig. 23).   

With regard to the highest 
detected energies (~ 3 MeV) some 

 
 
FIG. 23. Proton spectrum from the magnetic spectrometer 
(Courtesy Suzuki-Vidal) 
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non-Gaussian effects may play a role, in particular, related to special choice of the initial 
phase-space characteristics of the accelerated particle (location and three velocity 
components). One can then get a non-diffusive acceleration (first-order Fermi), limited 
only by the particle confinement within the “cocoon”, as mentioned above (“Hillas 
constraint”, Hillas, 1984). Although the first-order mechanism has been studied in great 
detail (e.g. Longair, 2011) its existence and efficiency in the cocoon setting described 
above has not been proven yet. If this mechanism turns out to work for the astrophysical 
jets, higher-energy protons should be generated there as well. The maximum (cut-off) 
energy would still be determined by Eq. (3.1). In the astrophysical setting the jet current 
can easily reach (103-105)IA. If the basic physics behind the clumpy high-current jets 
remains similar to that described in Sec. III.A-C, then the magnetic tower jets should 
correlate with the sources of relativistic protons and be considered as injection points for 
cosmic ray acceleration.  We note that astrophysical jets, particularly relativistic flows 
associated with gamma ray bursts have often been suggested as particle acceleration sites 
(Bosch-Ramon and Rieger, 2012). A strong support to the mechanism discussed above 
would be experimental scaling of the maximum proton energy vs. the pinch current, as 
described by Eq. (3.1). Such experiments have yet to come. 

 
C. Possible role of an axial magnetic field 
 
In the physics of the jet launching from the central part of an accretion disk, an 

important issue is that of the relative role of the toroidal and axial components of the 
magnetic field (Pudritz et al., 2007 and Lovelace et al., 2002). Experiments with radial 
wire arrays provide a natural platform to address this issue experimentally. In the study of 
Suzuki-Vidal et al. (2010a) the axial field was added using a solenoid connected in the 
path of current driving the radial wire array. The axial field produced near the center of 
the launch area was BZ~5 T. Because of a significant magnetic Reynolds number of this 
experiment (ReM ~20, Table VII), the field was line-tied to the plasma of the emerging jet 
and compressed together with it.  

The contribution of the axial field pressure limited the jet compression at the radii 
somewhat larger than in the absence of the field. The maximum value of the axial field 
was as high as 200 T, comparable with the magnitude of the drive field (100T). The limit 
to the achievable degree of compression should have led to lower plasma temperatures 
(compared to the no BZ case); indeed, an increase of the minimum jet radius and 
reduction of the x-ray emission intensity at compression are observed. 

The axial magnetic field of the achieved values is not sufficient to stabilize the 
fastest-growing modes of MHD instability of a current-carrying column. So, the 
formation of clumps was not noticeably affected. The main conclusion from this 
discussion is that (compressed) axial fields even those as high as the drive toroidal field, 
do not have any dramatic effects on the jet launching. 

To address the role of the jet instabilities on the global properties of the magnetic 
cavity growth and jet propagation (in the setting with the anode made of a thin foil), a 
thin metal needle (stainless steel, 400 m diameter, 1 cm long) was added above the foil 
along the axis of the system (Suzuki-Vidal et al., 2010b). The presence of the needle 
provided a well-defined, fixed path for the current which was not affected by the 
instabilities. This prevented radial displacements (wiggling) of the jet and excluded 
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disruptions of the current.  The needle made an early stage of the discharge more smooth 
and led to faster growth of the magnetic cavity (~ 40% faster in both radial and axial 
directions), which is consistent with the larger value of current flowing through the 
central jet.  

Current-driven instabilities of the central column were also experimentally 
observed and numerically simulated in Gourdain et al. (2012)  for a thin (10 m) Al foil 
driven through a small-diameter (0.5 mm) “pin” cathode. The development of kink mode 
was clearly identified and they observed that insertion of a metal needle on the axis of the 
system led to suppression of this mode and to general symmetrization of the discharge. In 
general, experiments with the central needle suggest that the development of MHD 
instabilities in the central plasma column could provide a feedback for the process of 
episodic formation of magnetic cavities.  
	
D.	Episodic	magnetic	tower	jets	

 
In the magnetic tower jet model (Linden-Bell, 2003) the formation of the 

magnetically driven jet / cavity is intrinsically transient, and experiments described in 
Section IIIA investigated properties of the outflows formed during a single episode of the 
magnetic cavity expansion. A closure of the gap through which the magnetic flux is 
injected into the cavity by a plasma could lead to current reconnection at the jet base (Fig. 
22d.). Such reconnection restores the initial magnetic field configuration, providing 
conditions for a new episode of magnetic tower jet formation as schematically illustrated 
in Fig.24.  The possibility of episodic magnetic tower jet activity was investigated using a 
modified experimental set-up in which the radial wires were replaced by a thin radial foil 
(Suzuki-Vidal et al., 2009; Ciardi et al., 2009). Average mass per unit area decreased in 
the radial direction of a radial wire array, whereas for a foil of constant thickness, the 
same parameter didn’t depend on the radius. The foil was therefore ablated and pushed 
up to form a cavity in a narrower region near the axis leading to ejection of a bubble of 
smaller radius and energy content. The smaller radial extent where all foil material was 
ablated created conditions for more frequent “reconnection” of the current at the base.  
This lead to generation of several subsequent magnetic cavities / jets (Suzuki-Vidal et al., 
2009; Ciardi et al., 2009). A detailed experimental characterization of the processes 
occurring in the foil during the discharge can be found in Gourdain et al. (2010) based on 
the COBRA pulsed power device at Cornell University. 

After the reconnection event had occurred and led to a separation of the jet from 
the base (similarly to what is shown in Fig. 22), a new cavity could start growing, with a 
new jet emerging from the base. This was accompanied by episodic burst of soft x-rays 
generated during compression of the central jet. The time evolution of the jets and 
bubbles is presented in Figure 25. A succession of multiple cavities and embedded jets 
are seen to propagate over length scales spanning more than an order of magnitude – 
from the smallest to the largest bubble. The central jet in each of the subsequent cavities 
is unstable to current driven instabilities, with the characteristic growth-time of a few 
nanoseconds.  This corresponds to the Alfven propagation time across the jet radius. The 
second time-scale in this experiment is the magnetic cavity ejection period, which was a 
factor of 10-20 longer and linked to the temporal variability of the Poynting flux feeding 
the cavities. It is important to note that episodic jet formation appeared in several 
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numerical simulations of young 
stellar objects jet launching 
(Goodson et al., 1997; Goodson et 
al., 1999; Goodson and Winglee 
1999; Romanova et al., 2006).  

The resulting flow 
observed in the experiments is 
heterogeneous and clumpy, and is 
injected into a long-lasting and 
well-collimated channel made of 
nested cavities. It is worth 
remarking that the bow-shaped 
envelope is driven by the 
magnetic field and not 
hydrodynamically by the jet. 
Another interesting observation 
was the increase of the axial 
expansion velocities of the 
subsequent cavities. This occurs 
due to their propagation through a 
smaller density as substantial part 
of the plasma was “swept” to the 
central column in a previous 
episode (Ciardi et al., 2009). The 
subsequent clumps may have 
higher axial velocity than the 
preceding ones, this leading to an 
overtaking effect and formation of 
the internal shocks in the clumpy 
outflow.  The characterization of 

 
FIG. 25. Time sequence of soft X-ray images showing evolution of episodic magnetically driven jets, 
with images taken at (a) 286 ns, (b) 346 ns, (c) 376 ns, (d) 406 ns, and (e) 487 ns after the driving 
current start. The schematic cartoon serves to guide the eye; the features are described in the main text. 
(Ciardi et al., 2009)	

 
 
FIG. 24. Schematic illustrating formation of episodic 
magnetic tower outflows in experiments. Filling of the gap 
at the base of the magnetic cavity by plasma restores the 
initial magnetic configuration. A new jet and bubble (shown 
in red) then formed (panel (d), which propagate and interact 
with the plasma and “tangled” magnetic field left by the 
previous ejection event (shown in blue) (Courtesy A. 
Ciardi) 
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knots in many astrophysical jets also shows them to be propagating into environments 
that are already in motion (Hartigan et al., 2011).  Thus the experiments allow 
researchers to explore a key aspect of astrophysical jet evolution.  

The dimensionless parameters characterizing this experiment are similar to that 
shown in Table VII and a similar scaling can be applied to consider astrophysical 
implications of the results of this experiment. This was discussed in Ciardi et al., 2009 
and Suzuki-Vidal et al., 2010, where the authors suggest that the scaling of the 
experiment to the parameters of protostellar jets indicates that the presence of multiple 
bubble-like features should be observed on scales of few hundreds of AU from the 
source, while the non-axisymmetric features from the current-driven instabilities should 
appear within tens of AU. This is consistent with the observations of outflows from e.g. 
DG Tauri star which demonstrate many morphological features similar to the observed in 
the experiments: ejection variability, limb-brightened bubble-like structures and the 
presence of wiggles in the optical jet evident on scales ranging from tens to few hundreds 
of AU from the source (Bacciotti et al., 2000, 2002; Dougados et al. 2000). Some 
possible connections between the results of the episodic magnetically driven jet 
experiments and the astrophysical observations and numerical models were discussed in 
[Agra-Amboage et al., 2011; White et al., 2014; Pascoli and Lahoche, 2010; Moll 2010; 
McKinney et al., 2009; Savin et al., 2012; Federrath et al., 2014; Ciardi and Hennebelle, 
2010].   
 

E. Magnetic arches and their stability 
 
Interesting features of astrophysically 

relevant jets have been revealed in the 
experiments by the Caltech group based on the 
pulse-power techniques related to the 
spheromak magnetic configuration, see Bellan 
(2000) and references therein. The dimensions 
of the plasma objects in these experiments 
reach tens of centimeters, and the evolution 
time of the plasma objects exceeds several 
microseconds, i.e., orders of magnitude larger 
than in the fast z-pinches. Still, the basic 
physics underlying the evolution of the jets 
remains the same and some of the images are 
very similar to their mm-size counterparts. This 
once again indicates the potential of the 
scalings and similarities in relation to 
astrophysics. A detailed comparison of the 
spheromak-produced laboratory jets with 
astrophysical models can be found in Bellan 
(2018a, 2018b). See also You et al., 2018.  

The basic configuration of the Caltech 
experiment is shown in Fig. 26 (Bellan et al., 
2005). The poloidal magnetic field threads two 

 
 
FIG. 26. Schematic of the Caltech 
experiment on the merging of current 
channels and formation of an axial jet. 
This structure is attached to a large 
vacuum chamber (not shown) extending 
by ~ 1.5 m to the left, with diameter ~ 1.4 
m. The formed plasma objects are 
observed through several ports in the 
chamber; magnetic probes are used for in 
situ measurements of the magnetic field. 
Figure courtesy P. Bellan.	
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electrodes, the inner disc (cathode) and the outer annulus (anode). In several points 
(roughly at the foot-points of those field lines that are shown in the figure) the working 
gas is injected, and the voltage of a few kV is applied between the inner and the outer 
electrodes. As breakdown occurs the current starts flowing predominantly between the 
footpoints ending at the location of the gas inlets. The poloidal current causes mutual 
attraction of the inner “stems” of the current channels and, at the same time, pushes the 
outer stems outward, similarly to the magnetic tower jet configuration discussed earlier. 
This dynamics is reflected in the optical images shown in a set of consecutive snapshots 
in Fig. 27 (from Hsu and Bellan, 2002).  

In the first few frames, one sees a process of merging of the inner stems and 
formation of one bright current channel; the current is closed through the outer shroud 
which grows in size and eventually leaves the field of view. The central jet propagates 
away from the electrodes.  As it propagates it shows signs of kinking and then, 
eventually, dissipates. The characteristic plasma parameters in this experiment were (Hsu 
and Bellan, 2002): plasma density (hydrogen) ne~1014 cm-3, Te , Ti < 5–20eV, B=0.2 – 1 
kG,  the duration of the shot ~15 s. The length of the jet at t=10 s is L ~ 50 cm. The 
Coulomb mean-free path for Te=Ti= 10 eV is 3 cm, i.e., the plasma is mildly collisional. 

 
 
FIG.  27. A sequence of the snapshots showing an evolution of the plasma. The time after applying the 
voltage between the electrodes is shown in each frame. Courtesy S. Hsu.	

 
FIG. 28. Development of finer structure on the twisted jets, experiencing lateral acceleration. Courtesy 
X. Zhai and P. Bellan.	
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The ion gyro-radius for Ti=10 eV and B=0.5 kG is ~ 1cm, i.e. less than the jet radius.  
The magnetic diffusivity DM is ~105cm2/s, i.e, the magnetic diffusion time diff over the 
jet radius of r~3 cm is diff ~r2/2DM~30 s.  Thus an MHD approach can be used in the 
analysis of the jet behavior, at least qualitatively. The jet kinking is a part of the MHD 
predictions, although specific results may depend on such factors as axial current 
distribution over the radius, as well as possible effect of the velocity shear, similar to 
those discussed in Sec. III.F. 

As the authors emphasize, applying a voltage between the electrodes in the pre-
imposed poloidal field is equivalent, in terms of the effects produced, to the rotation of 
the electrodes. Therefore, the setting of Fig. 26 imitates processes occurring near the foot 
of the jet and related to the presence of the differentially-rotating accretion disk (see 
Bellan, 2018). This kind or phenomena has been a subject of considerable interest in 
astrophysical disk simulations (Romanova et al., 2004).  

Higher resolution optical imaging used in recent experiments of the Caltech group 
allowed them to detect some finer features on the jet images (Fig. 28 that contains 
snapshots of a shorter segment of the jet seen in Fig. 27). In the course of violent lateral 
motions generated by the kink instability, the surface of a jet may also experience high 
lateral acceleration. This creates conditions for the Rayleigh-Taylor instability at the 
interfaces. Moser & Bellan (2012) and Zhai & Bellan (2016) attribute the features shown 
in Fig. 28 to this instability. In these experiments both hydrogen and argon plasma was 
used. In an argon plasma (Fig. 28a) the lateral acceleration of 1010 cm/s2 generated this 
effect quite reproducibly. In hydrogen, with the same acceleration the effect was not 
detectable (Fig. 28b); however, at higher acceleration of 1011 cm/s2 it re-appeared as 
shown in Fig. 28c.  
 

F. MHD equilibria stabilized by the shear flow 
 

A plasma column where the plasma pressure is balanced by the magnetic pressure 
is often considered as a reasonable representation of magnetically dominated 
astrophysical jets. However, it is well known that an equilibrium pinch is unstable with 
respect to formation of “necks” (m=0), as well as “kinks” (m=1). These instabilities are 
identified as a common occurrence in the dynamics of long, thin, current-carrying 
astrophysical jets (see e.g. Benford, 1978; Begelman, 1998; Reipurth & Bally, 2001; 
Nakamura & Meier, 2004). The growth of both modes is associated with the release of 
the magnetic energy due to changes in the current distribution and can be evaluated on 
the basis of the MHD energy principle, see review by Kadomtsev (1965). The growth rate 
 is highest for the perturbations with the axial length scale 1/kz comparable to the 
equilibrium pinch radius a, (i.e., for kza~1), and is roughly equal to , where vA is 
the Alfven velocity. Note that there are special pressure distributions (Kadomtsev’s 
profile) for which the instability is stabilized (Kadomtsev, 1965); however, if the pinch 
equilibrium is not specially tailored from the outset, this profile does not form 
automatically.  

A possibility to stabilize such MHD instabilities by introducing a sheared axial 
flow velocity (vz(r)) was investigated in experiments with so-called “flow pinch”, 
described in the context of the laboratory astrophysics in Shumlak et al. (2007, 2017). 
The parameters of the hydrogen plasma in these experiments are (Shumlak et al., 2007): 

 ~ vA / a
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plasma radius a=1 cm; plasma length 100 cm; plasma density n=1016 cm-3; plasma 
temperature T=100 eV, flow velocity on axis v=107 cm/s. The azimuthal magnetic field is 
zero on axis and reaches 25 kG on the pinch radial boundary. The particle mean-free path 
(3 cm) is somewhat larger than plasma radius. Importantly, the plasma flow has 
significant shear in the radial direction, with the flow being faster on axis and slower on 
the periphery. The presence of velocity shear leads to stabilization of the sausage 
instability. It is noteworthy that such shear flows are likely to occur in jets from accretion 
disks as the footpoints of flow rotate at the local Keplerian velocity (e.g. Ferreira et al., 
2006). The characteristic growth-rate of the sausage instability in this experiments is 
~vA/a and stabilization occurs if the radial shear, dv/dr, is sufficiently high, dv/dr > vA/a. 
The qualitative explanation of the shear stabilization is that the shear destroys radial 
coherence of the mode, by stretching the perturbation along the axis. This, perhaps, may 
serve as one of the factors explaining a remarkable length of some of the astrophysical 
jets. 
 
 
IV. Rotating plasmas – towards an accretion disk experimental 
platform 
 
Momentum transport in accretion disks is among the most intriguing issues of the modern astrophysics. Is 
the momentum transport caused by the plasma turbulence? If so, what kind of turbulence is involved? Is the 
magnetic field a significant player? Novel techniques developed on pulsed power facilities have allowed 
experimenters to make first steps in producing rotating plasma disks whose behavior may help in 
answering some of the aforementioned questions.  
 

Accretion disks (e.g., Pringle, 1981) are formed around a variety of celestial 
objects, from young stars to supermassive black holes in the center of galaxies. They 
“feed” central objects and are also thought to be responsible for the formation of jets that 
emanate from the vicinity of the central object.  To feed a central object, meaning to 
allow accretion to occur, some viscous mechanism is needed for transferring angular 
momentum from the inner to outer parts of the disk. Despite a very high Reynolds 
number (>1010), purely hydrodynamic turbulent viscosity is insufficient to produce the 
necessary momentum transfer (e.g., Shakura, Sunyaev, 1973; Balbus, 2011).  Magnetic 
fields are thought to play an important role in this process through the creation of new 
unstable modes such as the Magneto-rotational Instability (Balbus & Howley, 1991; see 
also Velikhov, 1959). The interaction of gravity, shear flows, and magnetic fields creates 
a complex dynamical system that is the subject of active study observationally, 
theoretically and numerically. The role of the fluid turbulence, magnetic fields and disk 
vertical structure are all examples of open questions in the study of accretion disks (e.g., 
Thompson, 2006; Käpylä et al., 2010; Balbus, 2011). 
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Unfortunately, laboratory experiments, including those using pulse-power 
devices, cannot reproduce the gravity of the central object, and this limitation makes 
laboratory simulation of full accretion disk physics impossible. Still, as was shown in 
recent years, it is possible to reproduce key aspects of the sheared rotation of magnetized 
plasmas and transformation of the radially convergent flow into the bipolar jets (Ryutov, 
2011). This experimental approach allows studies of fast phenomena occurring on a time-
scale of one rotation period.  Modeling phenomena that develop on time-scales of many 
(~100) rotation periods remains beyond the current capabilities of pulsed power or laser 
driven experiments.  

In spite of this limitation, plasma effects occurring in a turbulent rotating plasma 
disc during a single rotation period are of interest as these can occur in the zone in the 
inner-most part of the astrophysical disc-jet system, including the launch of jets and the 
transfer of angular momentum to these jets. Specific aspects of accretion disc physics 
which could be amenable for laboratory study include turbulent anomalous viscosity, the 
interaction of differentially rotating discs with a magnetic field, and the formation of 
axial outflows from the inner boundaries of the disc.  

First steps in creating plasma flows with non-zero angular momentum were made 
in Ampleford et al. (2008) using a “twisted” conical wire array (Fig. 29) to add spin to a 
jet. Compared to untwisted arrays, in this case some axial magnetic field was generated 
by the azimuthal component of the currents appearing due to the twisting. The plasma 
streams flowing towards the axis received a finite angular momentum from the global 
axial magnetic field (in addition to the radial momentum that they receive from the global 
azimuthal field).  Converging near the axis, these streams merged into the plasma jet 
spinning around its axis and propagating upwards, as was described in Sec. II.A,B. The 
difference between the jets exiting the wire arrays in a twisted (Fig. 29b) and untwisted 
(Fig. 29a) cases is obvious. The larger diameter of the rotating jet is related to the effect 
of the centrifugal force. Typical flow parameters in the jets formed from tungsten wires 
were: A=183, Z=5, ne=41016 cm-3, Te=20 eV, jet axial velocity at the upper end of the 
array V=107cm/s, rotation velocity 25 km/s (all values were inferred from MHD 

simulations, shadowgraphy 
and interferography). As seen 
from these numbers, the jet is 
made of a highly collisional 
plasma (ei~60 m, ii~ 2.5 
m) that can be accurately 
described by the standard 
MHD equations. 
Dimensionless parameters 
characterizing the jets are 
similar to those reported for 
young stellar object jets (as 
discussed in Chapter II), 
including the ratio of 
rotational and axial velocities 
of 10-25% (Coffey et al., 
2004).   

 
FIG. 29. Schlieren images of the plasma flows in a non-
twisted (a) and twisted (b) Al wire arrays. The jet is a dark 
feature near the axis. Also seen are wires and upper and 
lower electrodes. Note that the jets look dark due to high 
density gradients within them. The presence of plasma 
rotation in the jets is inferred from the twisted filamentary 
features visible on the shadowgrams at higher 
magnification (see Fig. 4 in Ampleford et al., 2008).	
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 Formation of “braids” in the rotating jets is related to the discrete nature of the 
sources; aforementioned twisting of the braids (visible in Fig. 29b and, more clearly, in 
Fig. 2 of the original paper Ampleford et al. (2008)) is caused by the plasma rotation and 
can be used for determining the pitch of the rotating flow, allowing for the estimate of the 
azimuthal velocity. The larger width of the rotating jet is consistent with the centrifugal 
effect. Taken as a whole this configuration provides an interesting platform for 
developing a better understanding of the physics of rotating jets. For example, numerical 
simulations of astrophysical jets interacting with ambient media suggest that jet rotation 
could lead to observable differences in the morphology of interaction (Ciardi et al., 
2008), and experimental platform allow one to test such predictions. We note the 

 
FIG. 30. Generation of a rotating plasma disc (From Bennett et al., 2015). a) The wire array 
(16 Al wires) is only 4 mm tall and occupies a short section in the middle of the whole 
structure, whose diameter is 16 mm. Therefore, the plasma would indeed form a disc. The 
rest of the hardware is made of two sets of 1-mm diameter conductors supplying a current 
separately to each wire. The upper and lower sets are twisted in the opposite directions but 
match the positions of the wires of the wire array.  The presence of the twists in the upper 
and lower structures leads to formation of an axial magnetic field directed oppositely above 
and below the mid-plane. This causes formation of a cusp magnetic field around the mid-
plane, with the field being almost radial at the location of the wires. b) The flow, formed by 
the plasma ablated from the wires, streams toward the center with some off-set, caused by 
the “kick” produced by the azimuthal force  jzBr . As a result, a rotating plasma disc is 

formed that is held from the expansion in the radial direction by the ram pressure of the 
incoming plasma (cf. Ryutov, 2011); c) The orientation of the incoming and scattered light in 
the Thomson scattering system that allows measuring the rotation velocity and plasma 
temperature.	
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importance of such flows in astrophysical studies where observations have measured the 
rotation rates for a number of YSO jets. These rotation rates have then been used to 
distinguish between different jet launching models (i.e. physics occurring in the accretion 
disks, (Bacciotti et al., 2002; Coffey et al., 2015; Frank et al., 2014, Lee et al., 2017).  
 The next important step was to limit the axial extent of the rotating plasma and 
thereby to produce a rotating disc. This was attained by using a novel configuration 
(Bennett et al., 2015) of conductors and wires, illustrated in Fig. 30 where explanations 
of the operation are given in the figure caption. 
 Self-emission optical and XUV images indicate formation of a disc of diameter 3 
mm near the axis (with the diameter of the array of 16 mm!), Fig. 31. The Thomson 
scattering measurements of the rotation velocity yield vrot~6ꞏ106 cm/s. Fine structure 
appearing at the images late in time and reminiscent of spiral arms may be driven by 
shear-flow instabilities. Note that between the first and last frames, the plasma makes a 
full rotation around the axis. 

There is, of course, no gravity, but the disc is confined radially by the ram 
pressure of the incoming streams. Since there is no confinement in the z direction, a 
bipolar plasma outflow is formed, very similar morphologically to outflows from 
astrophysical discs where gravitational “confinement” cannot counter the combination of 
the magnetic and thermal pressure pushing plasma away from the center along the 
vertical axis.  

MHD simulations (Bocchi et al., 2013) of these experiments reproduce the main 
features of the overall evolution of the rotating plasma discs and the formation of bipolar 
outflows (Fig. 32). Characteristic plasma parameters in a disc made by ablation of copper 
wires are as follows (at 160 ns from the driving current start): radius of the spinning disc 
a~1.5 mm; electron density ne~3ꞏ1017cm-3; temperature T~15 eV; rotation velocity 
vrot~6ꞏ106 cm/s; axial velocity v~3ꞏ107 cm/s;  A=64; Z~3. For this set of parameters we 
find the magnetic diffusivity DM~2ꞏ105 cm2/s and kinematic viscosity ~10 cm2/s. Note 
we have used simple approximate expressions of Ryutov, 2015 (note also a typo in Eq. 
(27) of that paper, where the exponent of the temperature should be 5/2 instead of 3/2 
though the numerical coefficient is correct).  

The corresponding dimensionless parameters are: ReM=avrot/DM~5;  
Re=avrot/~105;   Pr = ReM/Re ~5ꞏ10-5. The small value of magnetic Prandtl number is 

relevant to conditions expected 
in the inner parts of 
protoplanetary discs (Balbus and 
Henri, 2008). The magnetic 
Reynolds number exceeds unity 
which means that the radial 
magnetic field embedded in the 
rotating disc will experience 
significant stretching by  
differential rotation. Such 
“winding” of the field is an 
essential step in so-called  
dynamo models which are 
expected to be a principal means 

 
 
FIG. 31. XUV images of the disc obtained in two 
identical shots (top and bottom rows, respectively) with 
aluminum wire array, 16 wires, 30 mm diameter. From 
M. Bennet et al., 2015. 
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by which fields are generated in disks (e.g., Moffatt. 1978).  Experiments on higher-
current facilities, like the PTS facility in China (Xu et al., 2017), could allow production 
of discs with higher values of magnetic Reynolds number.  

The large Reynolds number implies that hydrodynamic turbulence in the 
experiment can be fully developed. The rotating disc formed in these experiments is 
initially smooth, but then demonstrates the development of azimuthal perturbations which 
start at the longest spatial scale (m=2 azimuthal mode) and rapidly progress towards 
much shorter scales (Fig.31). Even more important, the late-time images in Fig.31 show a 
significant inward expansion of the inner boundary of the disc, which occurs on a time-
scale of only ~50ns (~ 0.5 of rotation period). This time-scale is significantly, (by 4-5 
orders of magnitude), smaller than the diffusion time (t ~ a2/Sp ~ 2x10-3s) calculated for 
the classical (Spitzer) viscosity. The observed fast inward expansion of the rotating disc 
can be interpreted as an evidence of the development of anomalous viscosity in this 
system. Indeed, for Re >> 1 the growth rate of shear-flow instabilities is of order ~vrot/a 
(e.g., Landau and Lifshitz 1987).  Thus one revolution time (2a/vrot) would provide a 
significant growth factor, ~exp(2a/vrot) = exp(2). Given that initial perturbations are 

 
 
FIG. 32. Results of the reference case simulation (50 μm resolution). (a) Time sequence of 
slices of mass density on the XZ plane. From left to right: 120, 160, 310, and 500 ns. Only part 
of the computational domain is shown. The color scale is logarithmic, ranging from 10-7 g cm-3 
(darker tones) to variable levels (lighter tones) to highlight structures. (b) Same as (a) but for 
the XY plane instead. The inset in the bottom left corner is a magnified version of the central 
region. (c) Time sequence of average radial profiles of density (red solid line) and toroidal 
velocity (blue dashed line). The times are the same as in (a) and (b). Courtesy M. Bocchi.	
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large due to the discrete nature of the plasma streams forming the disc, the development 
of turbulent viscosity should be possible on the time-scale of the experiment. It is 
interesting to note that the value of viscosity required to explain the fast inward material 
transport observed in this experiment, tr ~ 105Sp corresponds to the value of the  
parameter in the -prescription (tr = CSH) of Shakura-Sunaev (1973) of ~0.1.     

Although the laboratory experiments investigating accretion disks are in their 
initial stages, they provide a promising platform for future studies of a number of 
physical processes affecting real astrophysical accretion discs.  
 
 
V. Astrophysics-relevant shocks 
 
Shock waves form naturally in many dynamical astrophysical environments.  They appear wherever large 
energy releases occur or where the supersonic/superalfvenic plasma streams collide or meet other 
obstructions.  Shocks effectively convert the flow’s kinetic energy into thermal energy and radiation. They 
are also thought to play important role in particle acceleration. Pulsed-power techniques provide an 
excellent opportunity to study the physics of magnetized shocks of astrophysical relevance. In particular, 
issues related to a number of problems have been explored such as: i) blast waves and radiative 
precursors; ii) blast wave instabilities; iii) the structure of intra-jet shocks; iv) interaction of shocks with 
obstructions. 
 
A. General comments 

 
Shock waves are an integral part of supersonic hydrodynamical and magneto-

hydrodynamical flows and appear in a variety of forms, including blast waves following 
SN explosions, termination shocks formed at transition of supersonic to sub-sonic 
expansions, bow shocks forming in the interaction of supersonic flows with impermeable 
obstructions, and many others. Of a particular interest are the effects of radiation on 
MHD shock structure and shock stability. Pulsed-power techniques provide an excellent 
opportunity for studies of shocks and, in particular, magnetized shocks of astrophysical 
relevance. Specific examples are presented below. 

Shocks appearing at the tips of astrophysical jets, as well as intra-jet shocks 
(called “working surfaces”, Sec. II) caused by the variability of the flow velocity have 
been discussed in some detail in Sec. II, as they are an integral part of the jet physics.   
Below, we cover broader aspects of astrophysical shocks: blast waves of various kinds, 
shocks in a magnetic field and radiative effects in shocks. We also discuss instabilities 
with a particular emphasis on thermal instabilities of the shocked flow.  

In the ideal MHD description, shocks appear as sharp discontinuities in the flow; 
i.e. the transition width is assumed to be infinitesimal (e.g., Landau and Lifshitz, 1984, 
1987). In reality the width of the shock transition in density is determined by the particle 
mean-free path (m.f.p.) and – for the magnetic field – by the resistivity of the medium. If 
both scales are small compared to the global scale of the flow, then MHD, with shocks 
included, provides a valid description of the global flow. An example of the situation 
where such description is valid are shocks propagating through an expanding supernova 
material (Arnett, 1996). Plasmas produced in pulsed-power experiments are typically 
highly collisional, with the m.f.p. significantly shorter than the global dimensions of the 
flow. Thus pulsed power experiments deal here with the canonical MHD shocks. 
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The main dimensionless parameter that characterizes the presence of the shock is 
the width of the shock transition compared to the global scale of the underlying flow: the 
former must be much less than the latter. The shock strength is characterized by the Mach 
number. In the case of flows with significant radiative loss, the cooling time of the 
shocked material with respect to the hydrodynamic time scale are of significance. In 
partially ionized gas, the degree of ionization affects equation of state and thereby a 
Mach number. These effects and corresponding dimensionless parameters are discussed 
below in relation to specific types of shocks and corresponding effects. 

In astrophysics, one can meet also situations where flows occur in media having 
very long m.f.p. An example is a late stage of expansion of supernova remnants into the 
interstellar medium (see, e.g., images and plasma parameters for SN 1006 remnant in 
Ghavanian et al, 2002; Bamba et al, 2003). In this case, the collisionality of the medium 
may be re-instated due to development of microinstabilities of the interpenetrating 
plasma flows.  In this way so called “collisionless” shock can be formed (see a summary 
in Sagdeev and Kennel, 1991). Although the properties of these shocks are somewhat 
different from the “canonical” collisional shocks (in particular, the concept of the 
adiabatic index has to be modified), the global structure of the flow will still be similar to 
that occurring in a collisional medium. The general morphology of the collisionless 
shocks could then be reproduced in the collisional flows generated in pulse-power 
facilities. 

There is a significant on-going effort in the generation of collisionless shocks in 
the lab as well as studies of their internal structure.  Many of these experiments are based 
on laser-generated plasma streams (e.g., Fox et al., 2013; Huntington et al., 2015), thus 
any substantive discussion of these experiments would bring us well beyond the scope of 
this review. 

 
B. Blast waves and radiative precursors 

 
A blast wave is usually defined as a diverging shocked flow initiated by a sudden 

energy release in a small initial volume. The ensuing structure then consists of a hot core 
expanding into the surrounding medium and driving a strong (but gradually weakening) 
shock. Depending on the density distribution in the ambient medium, there may appear a 
reverse shock in the hot driver that may be propagating backwards towards the center. 
This reverse shock may have a smaller velocity than the expanding gas and be advected 
outward. There exist many good tutorials on blast wave structure and these flows are also 
described by the well-known Sedov-Taylor self-similar solution (e.g., Landau and 
Lifshitz, 1987).  

The Sedov-Taylor solution shows that the matter in front of the shock is 
compressed to a thin shell that, in the frame of the blastwave, accretes the pre-shock 
material. The shell thickness depends on the equation of state of the gas and on the 
intensity of radiative losses in the case of an optically-thin shell. A number of instabilities 
can develop in the propagating shock, and the presence of small scale structures is visible 
in the images of many of the supernova remnants, see Fig. 33 as an example.  
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The shell may experience ripple 
instabilities (Vishniac instability, 
Vishniac, 1983); a qualitative 
assessment of those for the Z-pinch 
setting can be found in Ryutov et al. 
(2000), Eq. (4.32). In astrophysical 
environment, the Vishniac instability is 
important in a number of situations 
(Ostriker and McKee, 1983). 

A complementary (conjugate) 
configuration of a blast wave is a 
converging strong shock that can be 
produced by turning on a high pressure 
on the spherical or cylindrical surface 
and pushing an imploding shell inwards. 
The physics behind the diverging and 
converging (imploding) thin shell is 
similar in many respects, in particular, in 
the properties of the Vishniac instability 
as long as perturbations of the scale 
smaller than the curvature radius are 
concerned.  

Systematic studies of the 
converging blast waves have been carried out on the MAGPIE pulse-power facility 
(Imperial College), (Burdiak et al., 2013a; Burdiak et al., 2014; Burdiak et al., 2015), 
with Ne, Ar, and Xe. A schematic of one such experiment is shown in Fig. 34. A 
cylindrical shock was launched from the inner surface of an Aluminium cylinder of 5.8 
mm inner diameter and 14 mm long. The wall thickness was 0.09 mm.   The axial current 
of 1 – 1.4 MA caused some inward displacement of the inner surface that pushed the gas 
and generated a strong converging shock. [Specific details of the processes that caused 
the inward push are still under study.]  The temperature increase at the shock front 
created a radiation field that could ionize the pre-shock gas (a radiation pre-cursor, see 
e.g., Drake, 2006). The initial mass density of the gas fill was 1.3ꞏ10-5 g/cm3 in all cases. 
This corresponded to the particle density of 6ꞏ1016 cm-3 for Xe. Given that atomic 
collision cross-section for Xe is ~ 10-15 cm-2, this corresponded to mean-free paths of ~ 
0.15 mm for Xe, so that the anticipated shock thickness was much less than the inner 
radius of the tube (2.9 mm). The shock velocity was ~ 20 km/s, so that the post-shock 
temperature reaches a few eV. Such temperatures cause partial ionization of the gas and 
excitation by electron impact. This, in turn, produces a flux of intense ionizing radiation 
from the shock – a radiative precursor. The ionization states in a shocked region reach 
Z~2.  

 
FIG. 33. Tycho’s (1572) supernova remnant 
X-ray image (false colours); Chandra X-ray 
telescope. The highly structured surface of the 
blast wave is thought to be a result of a variety 
of instabilities. NASA/CXC/Rutgers/J.Warren 
& J.Hughes et al. - 
http://chandra.harvard.edu/photo/2005/tycho/ 
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The electron (and ion) 
density at the shock transition 
produced a characteristic peak 
typical of the blast wave (Fig. 
35b). Instabilities of the front 
show up very clearly (Fig. 
35a). The high azimuthal mode 
number and the localization 
near the blast wave may 
indicate the presence of the 
Vishniac-type instability 
(Vishniac, 1983), although the 
thermo-radiative instabilities 
behind the shock are also 
possible. The measured shock 
velocity of ~20km/s 
corresponds to Mach numbers 
of M=60 for Ar and M=110 for 
Xe with respect to the sound 
speed of non-preheated gas. 
However, the significant pre-
heating of the upstream 
material by the radiation from 
post-shock plasma reduces the 
Mach number to M~7 (Burdiak 
et al., 2013a). The radiative 
cooling of the post-shock 
plasma is significant: the 
radiative cooling time of 5-
10ns (Rodriguez et al., 2012) 
is a factor of 10-20 shorter that 
the shock propagation time.     

On larger scales, 
radiative precursors have been 
studied on the Z facility at 
SNL (Rochau et al., 2008). 
The precursor was driven into 

a CH2 foam by the imploding inner liner in a nested arrays Z pinch. The shock velocity 
exceeded 250 km/s, and the shocked foam temperature reached 400 eV. Under these 
conditions, the shock radiated 30-50 GW into the un-shocked foam, leading to its 
ionization prior to the shock arrival. An extensive set of data presented in Rochau et al. 
(2008) allows one to obtain opacity data suitable for benchmarking astrophysical 
radiative codes against the experiment (e.g. Falcon et al., 2015). 

 
 
 

 
 
FIG. 34. Schematic of the blast-wave experiment from 
Burdiak et al. (2015). Note that the liner (shown in grey) 
is not imploding as a whole; however, its inner surface 
gives a strong kick to the gas inside, thereby driving a 
converging blast wave (red). The density distribution 
during the implosion was found by the end-on 
interferometry. Courtesy G. Burdiak. 

 
FIG. 35. (a) The electron density distribution 
reconstructed from the end-on interferometry (Ar, 182 
ns after the start of the current pulse); (b) Radial electron 
density distribution at that time. The radiative precursor 
extending far beyond the shock transition is clearly 
visible. From Burdiak et al. (2013a), Courtesy G. 
Burdiak. 
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C. Shocks in the colliding streams 
 

As has been discussed in Secs. II and III, in clumpy jets one can often encounter a 
situation where one of the later clumps moves faster than the previous one and eventually 
overtakes it. As the Mach numbers are quite high (especially in the presence of radiative 
cooling), the Mach number for the relative velocity is also high, and the interaction of 
colliding clumps leads to a formation of intricate shock structure often referred to as 
“working surfaces” (Section II, see also Hartigan, 2005).  
 The process of collision of two non-identical clumps was simulated in a dedicated 
experiment (Suzuki-Vidal et al., 2015). This was done by investigating interaction of two 
counter-streaming plasma jets. The set-up shown in Fig. 36 produced currents flowing in 
the opposite direction in the lower and the upper foils. This is a situation where the Hall 
effect should lead to a difference in the densities and velocities of the two jets (see details 
in Sec. VI.A). Indeed, the upper jet turned out to be faster and denser than the lower one, 

thereby creating a desired situation 
of collisions of two non-identical 
jets. 

The resulting configuration 
(Fig. 37), if considered in a 
reference frame moving with the 
average jet velocity, is equivalent 
to the interaction of the faster part 
of an astrophysical jet catching up 
with slower moving jet material. 
The emerging bow shock is 
initially smooth, but the 
development of small-scale 
structures is subsequently 
observed. The spatial and 
temporal scales are consistent with 
those expected for the thermal 
instabilities, developing at the 
appropriate slope of the radiative 
cooling curve. The dimensionless 
parameters characterising this 
experiments are similar to that 
discussed in Section II.D. Suzuki 
et al. (2015) discussed the scaling 
of the observed shock evolution to 
the conditions of shocks in 
Herbig-Haro (HH) objects. The 
temporal scale of the shock 
fragmentation in these 
experiments (~30ns) corresponds 
to ~15 years for plasma conditions 
typical for the shocks in HH 

 
 
FIG. 36.  Schematic experimental configuration to 
study the formation of a bow shock from the 
interaction between two counterstreaming jets with 
different axial velocities, represented as opposite 
vertical arrows on axis. The schematic depicts a side-
on (radial), cut view of the system, which has 
azimuthal symmetry. The dashed (red) arrows 
represent the path of the current that drives the two 
plasma flows. The (blue) arrows pointing into and out 
of the page correspond to the azimuthal magnetic 
field generated by the current, which provides the 
driving force for the two outflows. The jets are 
surrounded by lower-density plasma (yellow regions), 
which moves with the same axial velocity as the jets. 
Smaller arrows in these regions represent the plasma 
flow direction. The images depict the two 
counterstreaming outflows (a) before their collision 
and (b) after they collide, triggering the formation of a 
bow shock moving toward the bottom foil. (Suzuki-
Vidal et al., 2015) 
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objects, while the observed 
spatial scales (between 
~100um and ~1mm) 
correspond to 3-30 AU. It 
was noted in this paper that 
the size of the larger scale 
non-uniformities is 
consistent with the size of 
the new knots appearing in 
HH 1 object (Hartigan et al., 
2011).  

Experiments with 
colliding plasma jets in 
which the jets were 
produced by two conical 
wire arrays are reported in 
Valenzuela et al. (2015). 
These experiments also 
show development of 
clumpy structures, 
consistent with development 
of cooling instabilities in 
which the cooling time is 
shorter than the flow 
dynamical time.  

Besides the jets 
produced in wire arrays and 
foils, the pulsed-power 

technique allows for a great variety of other configurations, with other plasma 
parameters. An interesting example is the interaction of plasma jets formed in the 
railguns (Moser and Hsu, 2015; Merritt et al., 2014). Well-collimated plasma streams 
with velocity of 35-45 km/s, Mach number of 3-10,  initial density of (1-2)ꞏ1016  cm-3, 
electron temperature of 1-2 eV, diameter of 5 cm, and length of 20 cm have been 
produced. The working gas was hydrogen with heavier admixtures of argon, and other 
gases.     

Several experiments on the collision of the plasma jets produced by two 
individual guns were performed. One experiment was made for the geometry where two 
such jets collided head-on in the middle of a large (2.7 m diameter) vacuum chamber, as 
illustrated in Fig. 38. Due to high directed energy of the ions, the Coulomb collisions 
between the ions of the two jets correspond initially to a long mean-free-path, greatly 
exceeding the length of either of the jets. However, the friction between the common 
electron population (in the overlap zone of the two jets) and the streaming ions is very 
high (Ross et al., 2012). The electrons are then rapidly heated driving sufficient 
ionization of the initially singly charged ions to the higher Z states. Then, as the ion-ion 
collision cross-section scales as Z4, the mean-free path becomes low and a rapid braking 
of the stream occurs.  Therefore a transition from initially collisionless interpenetration 

 
FIG. 37. Counterstreaming jet interaction results from 
optical self-emission of the plasma obtained from the same 
experiment. The arrows in the first three frames indicate the 
position of the tip of both jets (visibility dependent on image 
contrast levels), with their collision highlighted at 370 ns. 
The last six frames are focused on the bow shock region, 
which is seen to fragment most evidently in the last three 
times. (Suzuki-Vidal et al., 2015). 
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changes to a strong collisional 
interaction. In astrophysics this would 
correspond to the onset of enhanced 
particle scattering driven by plasma 
microinstabilities (i.e., formation of 
shocks in the initially collisionless 
system).  

In another set of experiments 
Merritt et al. (2014) used different set 
of ports for injecting the jets creating an 
oblique collision of the two jets. The 
relative velocity of ions of the two 
identical jets was now small due to a 
small intersection angle and, although 
the common “parallel” velocity was 
large, the merging of the jets was 
collisional and gave rise to formation of 
collisional oblique shocks, as illustrated 
in Fig. 39.  We remind the reader that 
such flows represented some of the 
earliest models for jet formation in the 
astrophysical literature (Canto et al., 

1988). 
Similar structures were earlier 

observed and analyzed in Swadling et al. 
(2013) in conjunction with the merging 
of the jets emanating from the wires in 
wire arrays. In this latter case the spatial 
scale was in the range of a millimeter, 
compared to tens of centimeters of Fig. 
39. This is one more example of the 
scalability of hydrodynamic equations 
(the change of scale by a factor of 30 
maintains even the finest features of the 
flows). 
 
 
D. Introducing magnetic fields 
 

The presence of the magnetic 
field adds a new degree of freedom to 
the dynamic processes occurring in 
complex plasma flows. In Lebedev et al. 
(2014), interaction of a magnetized 
plasma flow with an obstacle was 
studied. The schematic of the experiment 

 
 
FIG. 38. Schematic of the experiment with two 
counter-propagating, high Mach numbers 
plasma bunches from the right-hand-side 
(RHS) and left-hand –side (LHS) railguns. 
Note the size of the spherical vacuum chamber 
(2.7 m  in diameter). Courtesy A. Moser. 
	

 
 
FIG. 39. Oblique merging of the two high-
Mach number jets. False-color optical image 
for two instants of time. The notation is 
explained in panel (a). Courtesy E. Merritt 
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is shown in Fig. 40. The 
cylindrically-diverging plasma 
flow is produced in the inverse-
pinch configuration discussed 
earlier (Sec. II.A). The flow 
carries an azimuthal magnetic 
field B1 ~ 2T measured by 
miniature magnetic probes. 
Plasma density along vertical 
lines of sight is measured 
interferometrically, whereas the 
flow velocity and temperature of 
the electrons and ions are 
measured by Thomson scattering. 
The parameters of the upstream 
flow are summarized in Table 
VIII.  

This well-diagnosed 
experiment produced some 
unanticipated results. When an 
obstacle in the form of a 
rectangular Aluminum foil 
(0.5cm1cm or 1cm1cm, 17 m 
thick) was introduced to the flow, 
one could anticipate the formation 
of a reverse shock propagating 
away from the foil, with 
parameters determined by MHD 
shock conditions (Landau and 
Lifshitz, 1984).  In particular, the 

density should have increased by a factor of 4 or more, depending on the details of the 
equation of state. Experimentally, however, the density jump didn’t exceed a factor of 2 
(we call this shock-like structure a “sub-shock”). Other peculiarities of this flow 
configuration are discussed later. 

To understand the flow a parameter called the ion-ion m.f.p. can be evaluated for 
the directed energy of the incoming ions (~700 eV for the incoming flow). It determines 
the width of the shock front: the incoming ions get scattered on and “mixed” with the 
shocked ions at this distance. An estimate in table VIII is rather crude, as it does not 
account for the density increase behind the shock. Still, it indicates that the collisional 
shock thickness will be no less than a few millimeters, whereas the distance between the 
aluminum foil and the sub-shock is also ~ a few millimeters.  

 
 
 
 
 

 
FIG. 40. Schematic of an experiment investigating 
interaction of a magnetized plasma flow with a planar 
conducting obstacle (thin Al foil). (a) Side-on and (b) 
end-on views of the set-up and diagnostics; (c) The 
Doppler shift of the TS spectra measured in the 
upstream plasma was used to determine plasma flow 
velocity and temperature. (Lebedev et al., 2014) 
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TABLE VIII. Characteristic parameters of the upstream plasma flow in experiments by 
Lebedev et al. (2014). ne - electron density; Te – electron temperature; - average ion 
charge; Vfl – flow velocity; ii – ion-ion m.f.p.; ii_V – ion-ion m.f.p. for the directed 
energy*; DM – magnetic diffusivity; M – Mach number; MA – Alfvenic Mach number; Re 
– Reynolds number; ReM – magnetic Reynolds number.  

 
ne 
 

 
Te 

 

 

 
Vfl 

 

ii 

 

ii_V * 

 
DM 

 
M 

 
MA 

 
Re 

 
ReM 

 
1018 cm-3 

 

 
20 eV 

 
3 

 
107 cm/s 

 
<1 m 

 
2 cm 

 
3105 cm2 

 
5 

 
2 

 
105 

 
20 

 
* See explanations in the text 

 

Interestingly, the ion gyro-radius for the incoming flow in a 2 T magnetic field is 
~ 3-4 mm, so that the magnetic field can affect the formation of the observed transition 
e.g. via two-fluid plasma effects; several examples of the importance of two-fluid MHD 
effects in astrophysical settings can be found in Kurlsrud et al., 1997; Königl, 2010; 
Gregori et al., 2012. We note that experiment is also relevant to on-going discussion of 
the relation and transition between the collisional and collisionless effects in shock 
formation (e.g. Ross et al, 2017).  

 
E. Interaction of magnetized streams with clumps and globules  

 
The interaction of supersonic flows with clumps of various nature is of a 

significant interest for astrophysics (e.g., Klein, et al. 1994, Hartquist and Dyson, 1996, 
Jones, et al. 1996, Hartigan, 2005, Yirak, et al. 2010). In particular, the issue of clump 
destruction processes by shear flow instabilities is still an active area of research. Some 
experiments based on the use of high-power lasers have been performed (e.g. Klein et al., 
2003, Poludnenko et al., 2004, Hansen et al., 2007), but with no magnetic field.  
Astrophysical flows are, however, likely to carry significant embedded magnetic fields. 
Pulsed power techniques allow one to simulate both the effect of a magnetic field and 
radiation on the flow-clump interaction. This can be done via converging or diverging, 
magnetized plasma streams produced by a standard or an inverse wire arrays (see Sec. II). 
In this way the first experiments on flows around small obstacles have been recently 
carried out.  

Ampleford et al. (2010) investigated formation of bow shocks in experiments 
where the plasma stream was produced in the standard Z-pinch configuration and 
propagated inward.  This flow then collided with wires of a target array (Al, 15 m 
diameter) positioned inside main, ablating wire array (Fig. 41). The current in each wire 
of the inner array could be varied and made sufficiently large to create a dynamically-
significant magnetic field of up to ~40 T. The flow of Al plasma with Z~5, ne~31018 cm-

3, and velocity of V=1.5107cm/s emerging from the outer array collided with the inner 
array and produced a set of intersecting bow shocks. The dimensionless parameters 
characterizing the bow shock formation in these experiments were: M = 4-12; MA = 1-5; 
 =0.1-5; ReM = 4-10 (Ampleford et al., 2010). Reduction of the current (magnetic field) 
in the inner array resulted in the smaller apparent size of the obstruction, indicating that 
the magnetic field is an essential factor in the formation of the shock structure. Transition 

Z

Z
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from Al wires to W wires in the outer 
array caused significant decrease of the 
Mach angle compatible with increased 
radiation losses. 

 This work also included a 
detailed and, in general, favourable 
comparison of the experimental results 
with simulations by numerical code 
GORGON (Chittenden et al., 2004, 
Ciardi et al., 2007), widely used for 
simulation of astrophysics-related 
experiments on pulsed-power devices. 
Example of such comparison is 
presented in Fig. 41 for the case of 
plasma flow from Al wires. The 
simulations reproduced reasonably 
well the formation of the bow shocks 
around the wires of the target array, 
including the dependence of the shock 
angle on the strength of radiative 
cooling.  However, the experimentally 
observed angles of the bow shocks 
were a factor of ~2 larger than those 
found in the simulations. The reasons 
for this discrepancy were not further 
investigated in that paper, in part due 
to the difficulties in obtaining detailed 
measurements of the plasma 
parameters of the incoming plasma and 
of the formed shocks, as the diagnostic 
access in this set-up were limited to 
probing only along the axial direction.       

Significantly improved 
diagnostic access, allowing more 
detailed characterisation of the bow 
shock formation and evolution, was 
achieved using plasma flows from 
“inverse wire array” z-pinch 
configurations, similar to shown in 
Fig.40. 

Experiments of Bott-Suzuki et 
al. (2015), based on the pulse-power 

generator XP at Cornell University, generated currents of 260 kA (Kalantar, 1993).  Since 
the current was relatively low in these studies the authors used an array made of only two 
wires. Each wire (made of tungsten) then produced a plasma stream propagating radially, 
away from the central post, and carried with it a magnetic field embedded in the flow in 

 

 
 
FIG. 41. (a) MHD simulations showing density 
distribution of ablation streams inside a 
cylindrical wire array and positions of obstacles 
for formation of bow shocks. Simulated maps of 
density (b); XUV emission (c); magnetic field 
(d), and emission map (e) recorded in 
experiment.    (Ampleford et al., 2010). 
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the vicinity of the wire. The stream was, therefore, interacting with an obstruction made 
of another wire (Al, 25 m diameter), bent in such a way as to allow unhindered 
diagnostic access along the z axis. The characteristic flow parameters in these studies 
were: temperature T~15 eV; flow velocity V~107 cm/s; average charge state Z~10 
(A=184); electron density ne~1018cm-3. The magnetic field carried by the flow and 
measured in the absence of the obstruction (i.e. in the undisturbed flow) was ~ 5 T at the 
point where the obstruction would be inserted. A nice picture of the bow shock shrouding 
the obstruction was obtained by end-on interferometry (Fig. 42a). Gated pinhole images 
show the shock transition as a narrow but strong emitter of the hard UV, compatible with 
the anticipated post-shock temperature of ~ 50 eV. The presence of a diffuse emission 
region in front of the shock transition may be a sign of a radiative precursor, similar to 
that seen in Fig. 35. 
 Interestingly, the width of the shock transition - determined by the collisions of 
the incoming ions with the slower ions of the post-shock plasma - is rather large. Indeed, 
the upstream tungsten ions have the energy of 9 keV, so that the shock width is at a scale 
of a few mm, quite large compared to the obstruction diameter. The ion charge state in 
the shocked material may have become higher than 10 thus increasing the ion-ion 
Coulomb cross-section and making the width consistent with the observations. 
 The magnetic diffusivity for a Z=10, T=15 eV plasma is DM=6105 cm2/s. For a 
flow velocity of V=107 cm/s, this would correspond to a penetration distance  of the 
shock-compressed magnetic field into the upstream region ~DM/V~0.6 mm. Even for the 
higher temperature of the shocked plasma (T~50eV) the magnetic diffusivity remains 

high, ~105 cm2/s, so that  stays well 
beyond the wire diameter. As the 
size of the obstruction is much 
smaller than , it is hard to imagine 
a strong compression of the 
magnetic field behind the shock.  In 
other words, the magnetic field in 
the shock transition stays at its pre-
shock level. It may still play a role 
in setting the shock structure, as the 
electrons, heated to ~ 50 eV behind 
the shock, start to become 
magnetized even by this relatively 
weak field, , 

and the electron heat conduction is 
suppressed.  

An experiment of Burdiak et 
al. (2017) investigated how the level 
of magnetic field pile-up at an 
obstacle affects the structure of bow 
shocks. Supersonic plasma flow (MS 
= Vflow/CS =5; MA = Vflow / VA =2-
2.5), produced with an inverse wire 
array set-up similar to shown in 

ei ~ 7m;e ~ 5m

 
 
FIG. 42. (a) Interferometric image of the flow 
around the cylindrical obstruction placed at 4 mm 
from the plasma source; (b) a gated pinhole image 
of the same structure in the extreme UV range 
h>80 eV (Courtesy Bott-Suzuki). 
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Fig.40.  This flow interacted with 
conducting cylindrical obstacles oriented 
parallel or perpendicular to the magnetic 
field which was frozen (ReM =20) into 
the plasma flow. It was found that both 
the orientation and the conductivity of 
the obstacles significantly affected the 
shape of the bow shock and the stand-off 
distance from the obstacles (Fig.43). For 
cylindrical obstacles oriented along the 
magnetic field (Fig.43a,c), the measured 
angle of the bow shock was consistent 
with the fast-magneto sonic Mach 
number of the plasma flow. The 
presence of magnetic field has been seen 
to be affecting the plasma 
compressibility.  The stand-off distance 
in this case was, however, small due to 
the limited pile-up of magnetic field at 
the obstacle. Both the plasma and B-
field were able to slip past the small- 
diameter obstacle. For the parallel 
orientation of B-field (with respect to the 
obstacle axis) both the shock curvature 
radius and the stand-off distance were 
much larger (Fig.43b,d), indicating a 
significant pile-up and draping of field-
lines over the obstacle.   

The set-up and diagnostics used 
in this experiment allowed detailed 
measurements of the bow shock 
structure and plasma parameters. These 
included spatially resolved 
measurements of flow velocities and 
plasma temperatures via Thomson 
scattering diagnostics, measurements of 

the density distributions with intereferometry and of the magnetic field with miniature 
magnetic probes. From these measurements detailed comparisons of the experimental 
results with 3-D resistive MHD simulations performed with GORGON code (Chittenden 
et al., 2004, Ciardi et al, 2007) could be carried out. For the BII case, the simulations (Fig. 
43e) reproduced the history of the shock formation observed in the experiments, 
including the small values of the shock opening angle and the small stand-off distance. 
For the 𝐵┴ case, however, the simulations did not reproduce the initial stages of the shock 
formation. In simulations the shock is first formed at the obstacle surface, as would be 
expected for an MHD shock, and then gradually moves away from the obstacle due to 
pile-up of the advected magnetic flux. In experiments, the shock in this time-dependent 

 
FIG. 43. Interferometric images (a,b) of bow 
shocks formed around cylindrical obstacles 
(red spots indicate  diameter and position of the 
obstacles) and derived electron density maps 
(c,d) for the of the flows with magnetic field 
oriented parallel (a,c) and perpendicular (b,d) 
to the obstacles. Panels (e,f) show 2-D electron 
density slices from 3-D GORGON MHD 
simulations for parallel and perpendicular 
orientations, respectively (Courtesy G. 
Burdiak). 
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flow was formed not at the obstacle, but at a large (~1.5mm) stand-off distance from the 
obstacle via a gradual steepening of the density perturbation. At the start of the 
interaction the ion-ion m.f.p. is large and the streaming ion flow is quite collisionless, and 
therefore one should not expect an MHD model to fully capture the formation dynamics. 
Instead the initial interaction is governed by 2-fluid plasma effects, when the magnetised 
electrons are decelerated by the piled-up magnetic field while the non-magnetized ions 
are decelerated by the cross-shock electric field. The thickness of the layer where the de-
coupling of the electron and ion velocities is possible is the ion-inertial length (c/pi). 
The value of the ion-inertial length agrees well with the stand-off distance of the shock at 
the formation time. We note that inspite not being able to correctly reproduce the initial 
phases of the shock formation, the MHD modelling reproduces very well the structure of 
the shock for the later times (Fig. 43f). 
   
 
VI. Non-MHD effects 
 
In this chapter we go beyond the single-fluid magnetohydrodynamics and discuss two astrophysically 
relevant extensions. The first is the Hall effect which is significant in objects such as astrophysical shocks 
and stellar flares. The second is generation of fast particles by the disruption of the current-carrying 
plasma columns. We conclude with a discussion of astrophysical systems where such effects can take place 
and consider their scaling to laboratory experiments.  
 
A. Hall effect 
 
In some cases of astrophysical significance a magneto-hydrodynamical description 
requires a refinement that would amend MHD equations with terms accounting for the 
Hall effect. This effect appears in two-fluid MHD (Braginski, 1965), which has separate 
equations for the mass, momentum, and energy of both electron and ion components of 
the plasma. The Hall effect stems from the electron momentum equation, which reads: 

  eiee Fenp  BE ev0 .      (6.1) 

Here pe, ne  and ve are the electron pressure, particle density and velocity, respectively, 
and Fei is a friction force between the electrons and ions. The latter is, in particular, 
responsible for the plasma resistivity. In Eq. (6.1) we neglected the electron inertia due to 
the small electron mass.  
 In the absence of the electron pressure gradient and electron-ion friction, Eq. (6.1) 
becomes a familiar line-tying equation, . Note however an important 

qualification, the magnetic field is line-tied to the electron fluid.  
One can express ve in terms of the mass velocity v of the plasma, which to a high 

accuracy is equal to the ion velocity vi, and the plasma current j. To do that, one uses an 
expression for the current density, j=ene(vi – ve), solves it for ve, and substitutes the latter 
to Eq. (6.1), with the understanding that . The result reads: 
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We assume that plasma is quasi-neutral. In the case of one ion species with a charge Z, 
the quasineutrality constraint implies ni=ne/Z. The electron-ion friction force can be 

vi  v
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expressed in terms of the plasma current density, , where  is electrical 

conductivity. 
For a medium at rest and without a pressure gradient one finds a textbook relation 

describing the Hall effect in a resting conducting medium (like solid metal): 

 j  E  j B

ene









.        (6.3) 

This equation indicates that if an electric field is applied to a solid conductor immersed in 
a magnetic field, the current generated will acquire a component flowing perpendicularly 
to the electric field – a textbook setting for the Hall effect. 
  In an environment of a conducting medium experiencing a complex and 
sometimes turbulent motion, the Hall effect may acquire new significance. As mentioned 
above, in terms of MHD problems, the change brought by this effect comes from the fact 
that the magnetic field is frozen into electron fluid, whose velocity may differ from the 
mass velocity at sufficiently high current density. If this is the case, the magnetic field 
interacts with the mass flow very differently compared to a single-fluid MHD, where the 
r.h.s. of Eq. (6.2) is dropped and the magnetic field is advected with hydrodynamic 
velocity.   
 We focus here on fully ionized plasmas, where the role of neutral particles in the 
plasma dynamics and magnetic field evolution is negligible. In a weakly ionized plasma 
one needs to consider the dynamics of all three components (electrons, ions, neutrals), 
this leading to a variety of additional effects. For example the friction of gravitationally 
unstable, collapsing molecular clumps against magnetically supported ionized gas may 
play significant role in star formation (Mckee and Zweibel, 1992 and Zweibel, 2002), and 
the Hall effect may contribute to this process (Wardle, 2004; Bai, 2014; Tassis and 
Mouschovias, 2005). The presence of a neutral component in these problems means a 
low temperature of the plasma and makes it difficult to simulate them in pulsed-power 
experiments. So, we consider below only the case where the neutral density is negligible. 
 The difference between velocities of the two components, u, can be expressed in 
terms of the current density: . It is convenient to characterize the role 

of the Hall effect by the dimensionless parameter Ha, “the Hall number,” that indicates 
by how much the velocities of the two plasma components differ, 

.         (6.4) 

One can express it in terms of the characteristic values of the magnetic field B and the 
spatial scale of the system L . From equation, B  0 j , we get j~B/0 L, so that 

Ha  B /0neevL.        (6.5) 

One sees that favorable conditions for the observation of the Hall effect include small 
spatial scales, low densities, and slow hydrodynamic motions.  

Due to very large spatial scales of the astrophysical systems, the Hall number is 
typically very small for them. As an example, one can take the inferred parameters of a 
typical Herbig-Haro outflow (Reipurth et al., 2002): B~10-7 T, ne~10-9 m-3, L~1015 m, 
v~106 m/s (see Table IX in Sec. VI.C). This yields the Hall number of 610-10.  However, 
the Hall parameter can be large in the systems like astrophysical MHD shocks, where the 
small spatial scale is associated with the shock thickness. The Hall effect is significant in 

Fei  nej /
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Ha  u / v  j/neev
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the space environment, as well in environments such as the Solar wind and its interaction 
with the Earth magnetosphere (see, e.g., Xu et al., 2015).  

An interesting feature of the Hall effect is that it breaks the symmetry properties 
of a single-fluid MHD.  Equations of single-fluid MHD allow for the transformation  
B-B; vv, or, similarly, j-j; vv. This means, in particular, that if one changes 
polarity of electrodes, the system evolves in exactly the same manner as for the initial 
polarity, just with the signs of the current and the magnetic field change. On the other 
hand, if the Hall effect is present, this symmetry breaks down: the evolution of two 
systems of different polarity differs substantially.  

The polarity effect was tested experimentally in Gourdain and Seyler (2013) in 
the radial foil configuration (Cf. Sec. III). The heating of the foil by a high current causes 
the appearance of the plasma on the outer side of the foil. This plasma intercepts part of 
the radial current and gets accelerated in the upward direction. The current sheath moves 
upward, with the current closing through a central column.  

When the “normal” polarity was reversed (with the central post becoming an 
anode), the jet parameters experienced detectable changes (Gourdain and Seyler, 2013): 
the jet became more collimated near the axis and faster than in the normal polarity. This 
is interpreted as a result of the sign change of the Hall contribution to the radial current: 
in the “normal” case, it is directed oppositely to the radial current formed due to plasma 
inertia. In the reverse case the currents add up, increasing the upward “push.” This is 
illustrated in Fig. 44. The characteristic plasma parameters that define the value of the 
Hall number (6.5) were (Gourdain and Seyler, 2013, 2014): ne=51019cm-3, L=210-2 cm, 
B=105 G, v=107 cm/s. This yields a modest value of Ha~1/15, sufficient to detect the 
difference between two cases.  

In problems where one considers turbulent dynamos and amplification of initially 
very weak magnetic fields, the Hall 
effect is negligible, and the polarity 
effect does not show up. In other 
words, a given turbulent velocity 
field will enhance in the same way 
initial magnetic fields of opposite 
polarity. Thus, if one wants to see 
effects of the broken symmetry, one 
has to assume that the magnetic 
field is sufficiently strong from the 
outset. On the other hand, there 
exists an observationally proven 
correlation between the vector of 
angular velocity of the AGN 
accretion disc and the Faraday 
rotation measure, making the Hall 
effect one of the potential 
explanations (Königl, 2010).  

The polarity effect was 
demonstrated in a very graphic form 
in Suzuki-Vidal et al. (2015), where 

 
 
FIG. 44. Density distribution of the jets generated in 
Gourdain and Seyler (2013). This figure is a 
combination of two “halves”: the left one is a left 
half of the density distribution in the normal 
polarity, whereas the right is a right half in the 
reverse polarity. The results are obtained by the 
Abel inversion of interferometric column densities. 
Courtesy P.-A. Gourdain. 
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two oppositely-directed jets were driven in exactly the same configurations, but with 
opposite polarities, in conjunction with the bow-shock experiment (Sec. V.C).  

In the laboratory experiments there exist other polarity effects, not related to the 
Hall effect. In particular, if an experiment includes interfaces between plasmas and 
condensed matter, the electron/ion emission from the interface may significantly depend 
on the polarity. A significant polarity effect was observed in Bland et al. (2005), where 
the experimental design allowed one to see the effect of the radial electric field polarity 
on the performance of the wire array. This circumstance may obscure the presence of the 
Hall effect.	
	

B. Generation of energetic particles 
 
It has long been understood that in astrophysical environments there may exist natural 
sources of localized current channels driven by the motion of conducting medium with 
embedded (possibly, self-generated) magnetic fields. Examples where these currents 
would naturally appear include stellar atmospheres, stellar outflows, accretion discs and 
giant planets (Severnyi, 1959; Hardee, 1982; Trubnikov, 1992; Szego et al., 2015). These 
currents may experience disruptions caused by the development of various instabilities, in 
particular, the sausage and kink instabilities driven by the combination of Rayleigh-
Taylor and field-line curvature mechanisms. Particularly interesting is the sausage 
instability that causes formation of narrow “necks” in the current channel, and 
corresponding increase of the current density that may lead to a rapid growth of kinetic 
instabilities, onset of high anomalous resistance, and corresponding spikes in the voltage 
across the neck. Note that this mechanism is different from the Fermi-like acceleration 
occurring outside the current channel, in the cocoon area of the tower jets and described 
in Sec. III.B. Here we have acceleration occurring right at the neck, with a combination 
of direct, one step beam acceleration and, possibly, electromagnetic microturbulence 
leading to fast formation of the ion tail in the neck area (not considered here). 

The plausibility of this chain of events became clear in an extensive set of 
laboratory studies using Z-pinches, plasma foci and X-pinches (Pikuz et al., 2015a, 
2015b). Although not motivated by astrophysical connections, these studies revealed 
effects that could be of relevance to astrophysics: the formation of energetic, non-thermal 
ion populations, and generation of particle beams. Among the most important 
manifestations of such processes may be the conjectured current disruptions in 
filamentary structures (Trubnikov, 1990) observed near the center of our Galaxy 
(depicted in Fig.3 of Introduction, Yusef-Zadeh et al., 1984) .  

In the remaining part of this section, we briefly summarize the experimental 
findings relevant to fast particle formation in current disruptions.  We then discuss (still 
tentative) theoretical models for this process and speculate about the scaling of these 
results to their possible astrophysical counterparts. We emphasize again that this is a 
different mechanism from the one discussed in Sec. III.B. 
 We base our discussion on recent publications on the subject (Bakshaev et al., 
2014; Klir et al., 2016; Shelkovenko et al., 2016), which contains an extensive list of the 
earlier papers. Information on the ion distribution function was obtained mostly via the 
neutron measurements in deuterium discharges (Klir et al., 2016). The ion spectrum and 
its anisotropy were related to neutron time-of-flight measurements along multiple chords. 
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By fitting the power spectrum of deuterons to the observed neutron spectrum, the authors 
have concluded that the neutron data can be explained by the time-integrated deuteron 
energy spectrum of the form const/En with n being 2.5 – 3. The anisotropy was related to 
the orbit effect of the deuterons moving along the pinch in an azimuthal magnetic field 
(Fig.1 in Haines, 1983; Fig.10 in Bakshaev et al., 2014): for isotropic ion population near 
the axis, the larger fraction would leave the constriction towards the cathode than towards 
the anode. The characteristic “temperature” of these deuterons was ~ 10 keV. 
 In addition to the main group of the ions, there can be generated also much 
higher-energy ions, forming a weakly diverging stream detected at the cathode by the use 
of a radiochromic film (Klir et al., 2016). The ion energy in this stream reached tens of 
MeV. 

Alongside with the fast ions, fast electrons are also formed in the pinched plasma, 
with the energies exceeding 300 keV, thereby approaching the relativistic domain. The 
most recent results as well as the earlier references are presented in Shelkovenko et al. 
(2016).  

In all cases, the formation of high-energy ion tails and electron beams was 
correlated with the formation of “hot spots” near the constrictions of the axial current. 
Note also that, despite high plasma density in the constrictions, the mean-free paths of 
fast particles (ions, electrons) were much greater than the constriction size.  This 
indicates that the collisionless description of the formation process may be adequate. 

The appearance of fast particles in pulsed-power devices, and the astrophysical 
significance of this effect has recently gained attention from the research community. We 
note a recent study (Takezaki et al., 2016), where fast ions were formed in the interaction 
of plasma flow generated in a plasma focus device, with a perpendicular magnetic field 
and indicating one more mechanism of fast ion formation that may have astrophysical 
relevance. 
 
C. Energetic electrons produced by current disruptions and conjectured scaling  
 
 In this section we discuss a specific model of the fast particles generation by the 
“necking” effect and attempt to scale the experimentally observed characteristics of the 
fast particles to the corresponding characteristics in the analogous astrophysical systems. 
Despite the presence of many uncertainties, this exercise may serve as a useful template 
for similar future studies based on more detailed analyses. 

When the constriction starts to develop, as shown in the schematic form in Fig. 46 
the total current within a column remains almost constant due to a high inductance.  The 
azimuthal magnetic field in the constriction area must therefore increase. Ions are heated 
due to compression and their pressure increases to match the increased magnetic 
pressure.  They are pushed out of the constriction zone along the axis (both ways). It is 
not certain what limits the width of the “neck” from below.  

As the current remains constant, the shrinking of the “neck” radius leads in 
parallel to increase of the relative velocity u of the electrons and ions. When u exceeds a 
threshold for the development of micro-instabilities of ion-acoustic and/or lower-hybrid 
type, the micro-fluctuations cause enhanced scattering of the electrons and may lead to a 
rapid growth of the anomalous plasma resistivity (see references in Sec.VII.B of Ryutov 
et al., 2000). To sustain the current, the electric field increases, reaching a runaway 
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threshold for the electrons on axis. The electrons may form a beam with the energy ~eEa 
in the direction of the anode. The combination of these effects creates a complex and not 
yet fully understood picture. 

To relate laboratory observation to possible astrophysical counterparts, we assume 
that the underlying physics of the laboratory and astrophysical pinches and their 
disruptions is the same. In particular, we assume that the shrinking of the constriction 
occurs with a non-relativistic velocity (i.e., vA<c), as is the case in the laboratory 
experiments. Accordingly, we can extend our similarity consideration only to those 
astrophysical phenomena where vA<c. This does not mean that we cannot have 
relativistic electron beams formed in the neck, as these beams still do not change the 
overall nonrelativistic evolution of the constriction zone, and the energy taken away by 
relativistic electrons is small.  

The acceleration mechanism discussed in this section is directly related to the 
formation of very high electric fields and the rapid collapse of a constriction. This is the 
situation usually met in the laboratory experiments with Z- and X-pinches and plasma 
foci. In the astrophysical tower jets, as well as in their laboratory counterparts, additional 
mechanisms can work for the ion acceleration related to a long wandering of the ions in 
the magnetic field outside the central jet but inside the return current shroud (see Sec. 
III.B). Here the acceleration will be a gradual Fermi-like one and may lead to formation 
of long ion tails (Sec. III.B). This should favor ion acceleration as the ions go through a 
longer non-relativistic phase, which the electrons may not survive due to their much 
stronger attachment to the field lines and a rapid loss through a “leaky” magnetic field 

prior to reaching relativistic energies. Direct 
electron acceleration by the enormous 
inductive voltage in the disrupting current-
carrying column may contribute to the 
appearance of highly relativistic electrons 
observed in a number of astrophysical sources. 

The pinch length l will be assumed 
significantly larger than its radius, and the 
processes in the constriction can be 
characterized by the length-scale a (Fig. 45) 
related to the constriction size. The ratio 
  l / a 1will be called an aspect ratio. The 
time can be measured in the units of the 
Alfvenic time a/vA. As we are not going to 
develop a comprehensive theory model, but 
rather use the experimentally determined 
energy of fast electrons to scale it to the 
corresponding values in an astrophysical 
problem, we can skip the numerical 
coefficients in the scaling relations that 
follow.  

The time scales will be related as the 
Alfvenic time-scales, so that 

 
FIG. 45. Geometry of constriction. 
Effects of particle heating and 
acceleration occur predominantly in the 
zone of the neck with the length 
comparable to its diameter. The hot ions 
are ejected both ways, whereas the 
electron (ion) beam is directed towards 
anode (cathode) situated far to the left 
and right and not shown in the figure. 
The red arrow shows direction of the 
current flow. The characteristic 
evolutionary time of the constriction is 

, where Alfven velocity vA is 
evaluated for the magnetic field and 
plasma density in the neck area. 

 ~ a / vA
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,       (6.6) 

Now we consider the energy of accelerated electrons. Inductive accelerating voltage U 
appears with the onset of the anomalous resistance and resulting rapid current decrease:  

U ~ LI /   LI  (I / I ) (1 /  ),       (6.7) 
where L is inductance of the column. One has  

Lastro

Llab

 (a )astro

(a )lab

        (6.8) 

We present also relation for the pinch current: 

.        (6.9) 

There are two dimensionless parameters that characterize both systems. Those are 
an aspect ratio   and the current drop ∆𝐼 𝐼  .⁄   Combining Eqs. (6.6) – (6.10), we find 
scaling for the energy We=eU of the electron beam generated at the constriction:  

 
We astro

We lab


aB

2 / n 
astro

aB
2 / n 

lab

 astro

lab


I / I astro

I / I lab

     (6.10) 

We assumed that the relative current drop  and aspect ratio  are the same for both 
systems. If the identification of the acceleration mechanism is correct, then the 
assumption of the same relative current drop in the pinch columns with the same aspect 
ratio is natural. We emphasize that this is an assumption.  

The laboratory experiments allow one to verify the scaling (6.10) by comparing 
the energies of accelerated electrons between pinches of various currents and plasma 
densities. This would offer an experimental test of the scaling. We are not aware of such 
experimental comparisons made to this date.  

To get some impression of the parameters involved, we present in Table IX a 
comparison of some generic mid-size pinch and a plasma jets described in Reipurth et al. 
(2002) and visible in the lower part of Fig. 1 of the Introduction.  
 
TABLE IX. Comparison of the characteristic parameters of laboratory and astrophysical 
pinches  
 
 
 
 
 
 
 
 
 
 
 
 

 astro   lab

B / a n 
lab

B / a n 
astro

Iastro  Ilab

aB astro

aB lab

I / I

Parameter Lab Astro 
Aspect ratio   10-20 10-20 

Pinch radius, a (cm) 0.1 1017 

Magnetic field, B(G) 106 10-6 

Plasma density, n (cm-3) 1022 10-3 

Pinch current, I (MA) 1 106 

Alfven velocity, vA (cm/s) 3ꞏ106 6ꞏ106 
Evolution time,  (s) 

3ꞏ10-8 
 
1010 

Electron beam energy, We(keV) 300 109 
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If the scalings presented above can be supported by a more thorough analysis, one 
can predict that the pinches associated with currents flowing along the central part of a 
young star jet may serve as a source of synchrotron radiation by the GeV-range electrons.   
   
 
VII.	Magnetic	Reconnection	
 
Magnetic reconnection is one of the most basic processes affecting many astrophysical phenomena. 
Pulsed-power devices open up the possibility to study this process in collisional resistive plasmas in well 
characterized environments. After a brief general introduction we describe first steps in the development of 
relevant experimental platforms. 
 

Magnetic reconnection is phenomenon by which the global topology of the 
magnetic field can be changed by localized redistribution of the electric current. The idea 
of reconnection can be traced back to ground-breaking works by Parker (1957) and 
Dungey (1958); in a cartoon form, it can be illustrated by Fig. 46. 

Imagine two magnetic flux-tubes as shown in Fig. 46a immersed in an ambient 
plasma and initially separated by some distance in the direction normal to the figure. 
Imagine then that the motion of the ambient plasma brings the tubes closer in this 
direction, and they “touch” each other. Then, in the contact zone, the components of the 
magnetic field directed oppositely to each other would annihilate, and the configuration 
would change to that shown in Fig. 46b.  Remarkably, the local rearrangement of the 
field in a contact zone leads to a global change of the topology: the points 1 and 2 that 
were not initially connected along the magnetic field lines, become connected. This 
global change may give rise to a number of secondary processes. In particular, the 
electron heat conductivity between points 1 and 2 takes the parallel form. The other 
important consequence is that the field tension causes a “sling-shot” effect and may lead 
to straightening of the flux tubes. This “cartoon” picture may actually be realized in the 
stellar convective zones. In other settings, in particular, in the Solar corona, the geometry 
may be more complex. 
 Besides its ability to change the topology of the system, magnetic reconnection 
can also occur very rapidly, on time-scales much shorter than the resistive diffusion time 
in the initial configuration. In a number of situations, the reconnection process involves 

small spatial scales associated with 
collisionless instabilities driven by 
the plasma current. The plasma 
turbulence that starts at the largest-
scale magnetic islands, produced by 
the resistive tearing instability 
(Furth et al., 1963), cascades to 
scales as small as the anomalous 
skin depth (Drake et al., 2008; 
Yamada et al., 2010; Yamada et al., 
2016). 
 Magnetic reconnection is a 
mechanism underlying Solar and 
stellar flares, and is thought to be a 

 
 
FIG. 46. Magnetic reconnection of two magnetic 
flux tubes immersed in an ambient slowly moving 
plasma. 
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significant player in a number of astrophysical phenomena: accretion discs; the 
interaction between accretion disks and the central object; in determining the thermal 
balance of the interstellar gas; and as an injection mechanism for particle acceleration 
(Zweibel and Yamada, 2009 and references therein).  
 In the case where initial plasma pressure is small compared to the magnetic 
pressure ( ) – a case typical for example in the solar flares – the magnetic field 
initially has a nearly force-free geometry and the plasma current is almost exactly parallel 
to the magnetic field. In this case the rapid dissipation of the magnetic field causes strong 
plasma heating, so that plasma pressure in the reconnection zone becomes comparable to 
the magnetic pressure.  In the simplest geometry that is often used in the physics analyses 
of reconnection, one starts with a planar situation where the field has initially only z 
component, the current has only y component and all the parameters depend only on x.  
An array of instabilities then can occur starting from purely resistive tearing modes and 
going down to various current-driven collisionless microinstabilities.  
 In a more realistic version, one may have a situation where there is a uniform 
“guiding” magnetic field in the z direction and, overlaid with it, a “reconnecting 
component” that is directed along y and changes sign as a function of x (being, say, 
positive at x>0 and negative at x<0). Here the reconnection would release only the energy 
of the reconnecting component (Furth et al., 1963; Drake et al., 2008; Zweibel and 
Yamada, 2009; Yamada et al., 2010; Yamada et al., 2016). 
 Studies of magnetic reconnection in a plasma are best suited for magnetic 
confinement devices. In these devices one can create and control magnetic configurations 
in the regimes where the plasma manifests its collisionless properties. The efficacy of this 
approach has been demonstrated, in particular, in beautiful experiments of the Princeton 
Plasma Physics Laboratory group (Yamada et al., 2010; Yamada et al., 2016).  
 But reconnection effects may also be important in plasmas. These are likely 
to be quite common in many astrophysical settings where flows dominate the energetics 
but the fields can still play important roles.  In these cases, the plasma heating becomes a 
subdominant effect, but there still remain two other important effects: 1) change of the 
magnetic topology; 2) dissipation of magnetic energy leading to slowing down and even 
destroying the magnetic dynamo. Z-pinches could naturally create plasmas of high beta 
and high collisionality and therefore open up a window to the processes not easily 
covered by the magnetic confinement facilities.  High-beta reconnection regimes have 
been also produced with high-power lasers (see, e.g., Nilson et al., 2006; Fiksel et al., 
2014 and Rosenberg et al., 2015). 
 In considering laboratory studies and astrophysical phenomena, it’s important to 
note that magnetic reconnection is a multi-faceted phenomenon involving a tremendous 
range of scales, from global scales (thousands of kilometers in the stellar convective 
zones and parsecs in galactic accretion discs) to microscopic scales as small as 
micrometers (anomalous skin depth) in stellar interiors. The global scales are described 
by the MHD equations, whereas the processes in the reconnection zones are described by 
small-scale, sometimes kinetic, instabilities. One can introduce a large number of 
dimensionless parameters characterizing the relative role of all these processes. The most 
basic ones are the plasma beta and the plasma collisionality characterized by the ratio of 
the ion skin depth to the ion mean-free path. For one particular example these are shown 
later in this section, in Table X. 

 1

 1

 1
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Below we focus on what pulsed power facilities have contributed and can 
contribute to collisional reconnection studies. An example comes from an experimental 
platform (Suttle et al., 2016; 2018; Hare et al., 2017a; 2017b; 2018) based on the use of 
MAGPIE pulsed power facility. This platform offers significant flexibility in controlling 
the parameters of the inflowing magnetized plasma flows.  It also offers the opportunity 
to vary the dimensionless parameters characterizing the reconnection process, such as 
Lundquist number ( S = 0LVA/ ) and plasma .  

The overall experimental setup is shown in Fig. 47; the details will be discussed 
later in this section. The basic element of this experiment is generation of a cylindrically-
diverging, magnetized plasma flow using the inverse wire array z-pinch configuration 
(discussed in Section IIa). The magnetic reconnection setup involves two inverse arrays 
positioned side-by-side and driven in parallel by a 1.4MA, 500ns current pulse. The 
arrays produce radially divergent plasma flows which advect azimuthal magnetic fields. 
When the flows collide between the two arrays, the magnetic fields they carry are anti-
parallel and magnetic reconnection occurs with formation of a long-lasting current sheet 
in which the magnetic field is annihilated.  The 2-D magnetic reconnection configuration 
that forms is sustained in a quasi-stationary state by incoming plasma flows for more than 
20 hydrodynamic crossing times. 

This system manifests a number of interesting features briefly discussed below 
and has been very thoroughly characterized by a variety of diagnostics which provided 
detailed measurements of all of the key plasma parameters. Thomson scattering was used 
to measure spatial variations of the directed flow velocities, as well as the ion and 
electron temperatures. The magnetic field distribution in the reconnection plane was 
evaluated by laser polarimetry. The line-integrated density was obtained by the imaging 
laser interferometry, as illustrated in Fig.47b,c. As particle mean-free paths are much 
shorter than the global scale of the experiment, one can use the hydrodynamic picture of 
the flow. In the geometry of Fig. 47, the plasmas come along the x-axis from the left and 
right to interact in the y-z plane, where the radial flow stagnates.  The plasma then flows 
out predominantly along the y-direction, and some plasma expansion can also occur in 

 
 
FIG. 47. (a) Experimental configuration of the reconnection experiment (with cut-away in the 
right wire array to show the current path). The current is applied in parallel to the two inverse 
wire arrays, producing magnetized plasma flows which collide to create a reconnection layer. 
Raw interferometry images of the reconnection layer along the z-direction (b) and along y-
direction (c).  In the explanations related to this figure, we use a Cartesian coordinate system 
shown in (a) with the origin in the mid-point of the annihilation layer. [Suttle et al. (2018)].  
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the z-direction at the top and the bottom edges of the reconnection layer. 
For the further discussion, we present in Table X some important characteristics 

of the plasma in a reconnection layer formed from Al or Carbon plasma flows, including 
the derived dimensionless reconnection parameters. These characteristics change in space 
and time; the numbers given in the table roughly correspond to a central point of the layer 
at t = 215ns.  

 
TABLE X. Characteristic plasma parameters in the magnetic reconnection layer. [Suttle 
et al., 2018; Hare et al., 2018]  
Parameter Symbol Carbon plasma 

(A=6, Z=6) 
Aluminium plasma 
(A=27, Z=7) 

Physical parameters      
Electron density (cm-3) ne 6x1017 1x1018 
Electron temperature (eV) Te 100 40 
Ion temperature (eV) Ti 600 300 
Magnetic field (T) B0 3 2 
Layer half-length (mm) L 7 7 
Layer half-thickness (mm)   0.6 0.3 
Inflow velocity (km/s) V0 50 50 
Outflow velocity (km/s) Vout 130 100 
    
Derived plasma parameters    
Alfven speed (km/s) VA 70 20 
Sound speed (km/s) CS 85 45 
Ion skin depth (mm) di = c/pi  0.4 0.35 
Ion-ion m.f.p. (mm) ii  3x10-3 3x10-3 
Electron-ion energy equilibration 
time (ns) 

ei
(E)  140 40 

Radiative cooling time (ns) rad  600 5 
Magnetic diffusivity (cm2/s) DM 104 5x104 
Electron-ion relative velocity (km/s) ue = B0/0ene 40 30 
     
Dimensionless parameters    
Lundquist number S 120 10 
Inflow thermal Beta th = 20p/B0

2  0.4 1 
Dynamic beta dyn = 20V2/B0

2  1 10 
Mach number MA=V0/VA 0.7 2.5 
Dimensionless layer thickness  /di  1.5 0.85 
Ion skin depth to ion-ion m.f.p. ratio diii 130 110 
Dimensionless layer length  L/  >10 >20 
 

The formation of the reconnection layer in Al and C plasmas has many features 
which are common for both materials: the layer thickness is comparable to the ion skin 
depth (/di ~1); the incoming plasma flows are re-directed and accelerated in the y-
direction to velocities Vy > VA; the plasma is strongly heated, and the ion temperature 
significantly exceeds both the electron temperature (Ti ~ ZTe, with Z=6-7) and the kinetic 
energy of the incoming ions. Measurements show that the conversion of the magnetic 
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energy provides a significant contribution 
to the overall energy balance, ~50% for 
Carbon (Hare et al., 2017a). The 
mechanism responsible for the 
preferential ion heating in these 
experiments is still under investigation. 
The observed relation between the 
electron and the ion temperatures in the 
reconnection layer, Ti~ZTe, and the large 
“current” drift velocity, comparable to 
the ion sound speed, suggests that the 
kinetic plasma effects could be 
responsible for the heating. The spatially 
resolved measurements of the plasma 
velocity and temperatures performed with 
Thomson scattering (Fig.48), combined 
with polarimetry measurements of the 
distribution of the magnetic field (similar 
to Fig.49), allow calculation of the 
electric field in the reconnection layer 
(Fig.48). For steady-state resistive MHD 
reconnection, the variation of the 
convective electric field (Vx x By) should 
be balanced by the variation in the 
resistive term (SpJz).  Measurements 
show however, that the resistive 
component with Spitzer-Braginskii 
resistivity is a factor of ~10 smaller than 
necessary to support the reconnecting 
electric field.  
    There are also important differences in 
the behaviors of the reconnection layers 
formed in Al and C plasmas, arising from 
the differences in the inflow parameters 
(Mach numbers) and in the radiative 
cooling rates. Firstly, the inflows are 
super-Alfvenic (MA=2.5) for Al, but sub-
Alfvenic for Carbon (MA=0.7). The 
stagnation of the Al flows lead to 
formation of two shocks whose separation 
sets the thickness of the hot plasma zone. 
Polarimetry measurements of magnetic 
field distribution (presented in Fig.49) 
show an increase (pile-up) of field at the 
layer boundary by a factor of two with 
respect to the field in the incoming flow 

 
 
FIG. 49. The measured Faraday rotation 
angle (a) and the reconstructed profile of the y 
component of the magnetic field (b), showing 
a pile-up of the magnetic field at the 
boundary of the reconnection layer. From 
Suttle et al. (2018). 

 
FIG. 48. Spatial profiles of the inflow 
velocity (a) and the electron and ion 
temperatures (b) measured by Thomson 
scattering in the reconnection layer for carbon 
plasma. (c) – components of the reconnecting 
electric field. From Hare et al. (2017b). 
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and a rapid decrease of field in the layer consistent with magnetic flux annihilation. 
Secondly, there is a significant difference in the importance of radiative cooling of 
plasma in the reconnection layer. Cooling is significant for Al (rad ~5ns), but negligible 
for Carbon (rad ~600ns). As a result, a much higher electron temperatures were observed 
in the case of Carbon (Te =100eV for C versus 40eV for Al), with a corresponding 
increase of the Lundquist number to S=120 compared with ~10 in Al.  

Measurements of the layer structure in the reconnection (x-y) plane showed that it 
is fairly uniform and steady in the case of Al, but highly unstable in the case of C. In the 
latter case the layer rapidly breaks up into a chain of plasmoids which are visible in the 
electron density maps (Fig. 50) and in multi-frame self-emission images (Hare et al., 
2017a). Measurements with miniature magnetic probes (Hare et al., 2018) also indicate 
the presence of an O-point magnetic field structure as expected in a plasmoid. It is 
interesting to note that plasmoids in these experiments were observed at a relatively small 
Lundquist number of S~100. This is however consistent with theoretical predictions for 
the semi-collisional regime of plasmoid instability (Loureiro and Uzdensky, 2015), 
including the observed number of plasmoids and the characteristic growth time of the 
instability.   

As Table X shows, the plasma in this experiment is strongly collisional with the 
ion mean-free path being shorter than their gyroradius and the electron mean-free path 
being comparable with their gyroradius. This means that the platform used is suitable for 
the reconnection studies in the poorly explored regimes of high plasma collisionality. In 
particular, a significant contribution of un-magnetized (i.e. strong) Nernst effect may 
eventually become identifiable.  

In general, highly collisional reconnection regimes are of significant interest for 
magnetic field generation in stellar 
convective zones (e.g., Sec. V in 
Ryutov, 2015), where the 
collisionless effects are absent, but 
filamentation (tearing) instabilities 
(Furth et al., 1963) are still possible 
and may interfere with dynamo 
activity (Loureiro & Boldyrev, 
2017). Direct observations of 
reconnection processes in stellar 
interiors are not possible and 
experimental results characterizing 
reconnection under such conditions 
would be helpful for benchmarking 
codes describing such phenomena. 
Table X illustrates the level of 
detailed information available on 
plasma parameters in experiments 
which, together with the information 
on the formation and evolution of 
spatial structures in the reconnection 
layer, can be used for comparison 

 
FIG. 50. Electron density maps obtained from laser 
interferometry (in the x-y) in the same experiment 
with a delay of 20ns, showing a reconnection layer 
at x=0 which extends across the entire field of view. 
Arrows indicate a plasmoid moving in the +y 
direction with velocity Vy=130km/s. From Hare et 
al. (2018). 
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with simulations. The relevant information regarding the tearing modes may be also 
obtained in experiments with thin metal foils with magnetic fields having opposite 
directions on the two sides of the foil (Zier et al., 2012). In this setting one should 
eliminate contamination from MRT instability, which can develop if the fields on the 
opposite sides of the foil are not quite equal in magnitude.   
 
 
 
VIII. Summary and outlook 
 
Achievements made with the use of pulsed power facilities are summarized and possible areas of future 
growth are identified. 
 

This paper discusses achievements made in the area of experimental modeling of 
dynamical astrophysical phenomena via pulsed power techniques. The merit of these 
techniques is their capability to produce well-controlled plasma flows of desired 
geometries: jets; diverging or converging blast waves; rotating plasma discs; 
combinations of these structures. One of the advantages of pulsed power techniques is 
their intrinsic ability to introduce and control magnetic fields in the system. Plasma 
parameters can be controlled to change the plasma collisionality, the role of radiation, 
and ionization degree. Such control allows researchers to tailor the experiment in the best 
way for studying specific astrophysical phenomena. One characteristic example is the 
study of magnetic tower jets (Section III), where experimental studies provide support for 
the plausibility of models discussed in the astrophysical literature. Both the general 
morphology and dynamical characteristics of magnetic tower jets have now been 
reproduced in experiments. Other similar examples are discussed in this review.  

In astrophysical environments hydrodynamic flows typically have very high 
Reynolds numbers.  These are well in excess of the Reynolds numbers accessible in 
numerical simulations and limited by the numerical viscosity. Pulsed power experiments 
allow researchers to, at least partially, bridge this gap. They allow one to reach Reynolds 
numbers of order of 105, thereby providing necessary conditions for entering regimes 
with developed, high Re turbulence. The magnetic Reynolds number that characterizes 
the entraining of the magnetic field by the plasma flow ranges in the pulsed-power 
experiments between a few tens to a few hundreds, allowing access to the early stages of 
the field evolution in a turbulent plasma.  

Progress in developing dedicated diagnostic instrumentation has opened up the 
possibility of resolving fine structures appearing within global flows: turbulent vortices 
(e.g., Fig.15c), multiple closely-spaced shocks (e.g., Fig. 9b), and magnetic reconnection 
current sheets (e.g., Fig. 50).  These features are often not resolved in astrophysical 
images and their role is inferred only through MHD simulations. The scaled laboratory 
counterparts described in our review allow one to make direct comparisons between the 
“numerical” and real flows that have been experimentally produced and characterized in 
the laboratory.  

As was recognized early in the laboratory astrophysics studies, hydrodynamic 
flows with subdominant dissipative processes allow scaling over tremendous range of 
spatial and temporal scales, provided the hydrodynamic description holds over this whole 
range. The similarity (called Euler similarity, see a summary in Appendix A) is 
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dynamical, i.e., it covers the whole spatio-temporal evolution of the system from some 
initial state, onward for several dynamical times. In this regard the Euler similarity is 
different from the similarities sometime used to find the scaling of some particular 
characteristics of the system (say, the friction force acting on the body, or the plasma 
confinement time in the fusion confinement experiments). In the Euler similarity we deal 
with the whole dynamical process. Importantly, the shocks and turbulence are covered by 
the Euler similarity as well.  This critical similarity holds for the MHD flows too 
allowing one to make meaningful comparisons between astrophysical systems and their 
laboratory counterparts, including the presence of shocks.  

Interestingly, Euler similarity may manifest itself in comparing two laboratory 
experiments of different scales. An example was discussed in Sec. V.C, where a very 
similar shock structures were observed in two experiments with the global scales 
differing by 2-3 orders of magnitude (~ 1m vs. ~ 1 mm).  This (albeit unintended) 
synergy between laboratory experiments of disparate spatial scales provides additional 
support to the soundness of the general concept of scaling astrophysical structures to 
manageable laboratory models.  

A promising development of recent years was the generation of an analogue of an 
accretion disc, where a rotating plasma disk is contained in the radial direction by the ram 
pressure of the incoming flow. The images of these discs reveal a rapid inward plasma 
transport occurring on time-scales much faster than classical diffusion time, possibly 
indicating the development of turbulent viscosity. 

The generation of fast, suprathermal particles is a feature manifested by a number 
of pulsed-power facilities, most notably, z-pinches. Particles with the energies orders of 
magnitude greater than applied voltages have been observed in such experiments for 
decades. It is believed that their generation is related to disruptions of the pinch current 
by the sausage and kink instabilities, although details of related particle acceleration 
processes have not been fully understood. By assuming that the current disruptions in the 
current-carrying jets in astrophysics have the same underlying physics, one can produce a 
simple scaling from the laboratory to astrophysics. This scaling predicts that disrupting 
jets in astrophysics may produce copious amounts of multi-GeV electrons and, 
accordingly, be a source of intense synchrotron radiation. 

A recent development in this area is an experimental detection of high-energy 
ions in tower jets (Sec. III. B). The ion energy reaches here 3 MeV, way above the values 
usually observed in Z-pinches and attributed, as mentioned above, to the ion compression 
in the “necking” area. We speculate that these ions get to high energy as they are 
confined in a larger magnetic structure of the tower jet, and experience the second- or 
first-order Fermi acceleration when bouncing in the whole cocoon. The jet “wiggling” 
near the axis creates temporal variations of the magnetic field in the cocoon, as needed 
for this acceleration mechanism. We further speculate that the maximum energy 
achievable by this mechanism is determined by the ions reaching large orbits and 
escaping the cavity. If so, the maximum attainable energy can be scaled to the 
astrophysical tower jets and falls into the range of tens of TeV.  
 Pulsed-power facilities with relatively dense and cold plasmas may offer an 
excellent platform for studies of resistive reconnection not involving development of 
microturbulence, anomalous resistivity and non-fluid effects. These regimes, beside their 
conceptual importance, may be the only ones available in the stellar convective zones 
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where plasma becomes nearly non-ideal and the standard separation of scales between 
collisionless and collisional processes loses its relevance. Such reconnection can be still 
fast, accelerated by the development of the hydrodynamic turbulence on the appropriate 
scales (Cf. the plasmoid model, e.g. Loureiro & Uzdensky, 2016).  

The results summarized in this review have been mostly obtained on modest 
pulsed power facilities that have been and can be deployed in university-scale 
laboratories. The multiplicity of these facilities made possible a rapid progress and cross-
checking of the results. The key factor that is also within the reach of the university 
laboratories is development and fielding of novel, inventive diagnostics. We anticipate a 
continuous flow of physics information needed for the development of comprehensive 
models of astrophysical phenomena and a strengthening the interaction between 
astrophysicists and practitioners of pulsed-power experiments. 
 
IX. Acronyms 
 
AGN – Active Galactic Nuclei 
 
COBRA – Cornell Beam Research Accelerator 
 
EOS – Equation Of State  
 
HEDLA – High-Energy Density Laboratory Astrophysics 
 
KH – Kelvin-Helmholtz (instability) 
 
MAGPIE  – Mega Ampere Generator for Plasma Implosion Experiments 

 

m.f.p. – mean free path  

 
MHD – Magneto-Hydro-Dynamics 
 
MRT – Magneto-Rayleigh-Taylor (instability) 
 
PF – Plasma Focus 
 
PPPL – Princeton Plasma Physics Laboratory  
 
YSO – Young Stellar Object   
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Appendix A. Similarity considerations 
 
 When establishing connections between a laboratory experiment and its 
astrophysical counterpart a natural question arises as to how one relates phenomena 
occurring on the enormous spatial and temporal scales of astrophysical objects to their 
laboratory models with the size of less than a centimeter and time-scale of less than a 
microsecond. In discussing this issue we focus on hydrodynamical and 
magnetohydrodynamical phenomena.  

There is a large number of publications on scaling techniques, and among them 
comprehensive texts by Bridgman (1963), Barenblatt (1979), Sedov (1993) and Durst 
(2007). In conjunction with laboratory astrophysics these issues have been discussed in 
Arnett (2000), Ryutov & Remington (2002), Koepke (2008), and Hartigan et al (2009).  
 It goes without saying that, to build a meaningful laboratory experiment, one 
needs to have at least a general idea of the processes governing the observed natural 
phenomena. Then one can attempt to build a laboratory model replicating the same 
processes. Pulsed power technology is most suitable for imitating effects governed by 
MHD, whence the focus on this class of effects in our review.  

An ability of the laboratory experiment to reach a morphological similarity with 
astrophysical images is encouraging and helpful: it signifies a correct identification of the 
underlying processes.  [To be more precise, attaining a morphological similarity is a 
necessary condition for the correct identification.] 

In what follows in this Appendix we present a brief summary of similarity issues 
for the magnetohydrodynamical (MHD) systems. We present a brief outline of the 
general approach and refer the reader to the publications containing more detailed 
analyses.  

The similarity conditions for the hydrodynamical and magneto-hydrodynamical 
phenomena have been reviewed by Ryutov et al (2000) and Ryutov& Remington (2002). 
Here we present a brief summary of a so-called Euler similarity. We start from a set of 
ideal MHD equations for a polytropic gas,  

        (A.1) 

      (A.2) 

        (A.3) 

       (A4) 
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where and v are mass density and velocity, p is the pressure, and B is the magnetic 
field. There are no dissipative processes included in these equations (no viscosity, heat 
conductivity, and electrical resistivity); the role of dissipative processes is discussed later 
in this Appendix. The composition here is assumed to be uniform. MHD shocks with the 
standard relations between the downstream and upstream parameters on the shock 
transitions are allowed (Ryutov, Drake, Remington, 2000). 
 Initial conditions for the set of equations (A1) – (A4) read: 

     (A5) 

We present them above in a way suitable for subsequent use in 
dimensionless form. In particular, L*	is a characteristic scale of the problem, and * 
is a characteristic density.  The function f is dimensionless and characterizes initial 
shape of the density distribution.  The same relates to the rest of the initial 
conditions in (A5).  

One can now introduce dimensionless representation of the set (A1)-(A4) by 
normalizing the variables (r, t) and unknown functions (, v, p, B) using the same set 
of scale parameters: 

     (A6) 

Substituting these relations to Eqs. (A1)-(A.4) we reduce the governing equations to 
dimensionless form:  

     

(A7) 

Likewise, the initial conditions (A6) become: 

      

(A8) 

where  
      (A9) 

are two dimensionless parameters characterizing the problem. 
The usefulness of this approach is in its universality: the set of dynamical 

equations (A7) does not contain any parameters characterizing the initial state. So, if 
the initial state in the simulation experiment has been chosen so as to have the 
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initial state to be geometrically similar to that of the natural one (i.e. the functions f, 
g, h, and k in Eq. (A8) are the same) and two dimensionless parameters (A9), Eu and 
 are the same, then any two initially geometrically-similar systems evolve in 
exactly the same way, despite a possible enormous differences in the dimensional 
factors p*, *, v*, B*, and L*. Both systems may experience compression, 
recompression, shock formation, transition to the turbulent state – and all this will 
be covered by the same set of equations (A7). This universality makes the Euler 
similarity so attractive for laboratory astrophysics.  

The similarity is quite broad, imposing only two constraints, the constancy of Eu 
and, on five parameters (p*, *, v*, B*, and L*)  that define the system. In some cases, 
the number of constraints becomes even lower. For a purely hydrodynamical (B=0), 
systems initially at rest (v(t=0)=0) its further evolution remains similar for all 
geometrically-similar initial states, without any constraints on p*, *, and L*).  All this 
makes the Euler similarity attractive for designing experiments imitating dynamical 
astrophysical phenomena. 

It goes without saying that set (A7)-(A8) contains all other, more specific 
similarities allowed by ideal hydrodynamics. In particular, if the system is spherically 
symmetric and a short-pulse point source of energy creates a highly heated zone in the 
otherwise cold gas, a self-similar blast-wave solution by Sedov and Taylor is recovered 
(Tang & Wang, 2009). If the system contains (or develops) shear flows, it may generate 
fluid turbulence with the inertial cascading to smaller scales and the Kolmogorov-
Obukhov similarity solution in the inertial range is established (Ryutov & Remington, 
2003; Ye Zhou, 2017). These are just two examples of many similarity solutions that can 
be found within the Euler similarity. 

We emphasize that the Euler similarity is “tailored” to describe non-steady state 
processes (e.g., jet formation, development of RT instabilities of accelerated interfaces, 
evolution of supernova remnants, interaction of shocks with clumps, etc). In this regard it 
is different from similarities, designed to find characteristics of systems maintained in a 
quasi-steady state, like scaling for the viscous drag in Reynolds similarity, or plasma 
confinement scaling in fusion devices (Connor & Taylor, 1978).  

Now we briefly discuss the role of dissipative processes: viscosity, thermal 
conductivity, magnetic diffusivity, and mutual diffusion of components in systems with 
variable composition. Those are characterized by the dimensionless parameters relating 
the rate of dissipation to the fluid advection rate. This yields familiar constraints on the 
Reynolds Number, Re, Peclet number, Pe, Magnetic Reynolds number, ReM, and mass 
Peclet number Pem: 

 
;    ; ;  ,    (A10) 

 
where L* is a characteristic length-scale, and 𝜈, 𝜒, 𝐷, 𝐷  are, respectively, the 
kinematic viscosity, thermal diffusivity, mutual diffusion coefficient for two-component 
system, and magnetic diffusivity. If all of these dimensionless numbers are much larger 
than unity, the role of the corresponding dissipation process is not important for the 
global scale motion. In astrophysical setting these conditions are normally satisfied to a 
very large degree due to large scale of the astrophysical systems. In laboratory, however, 
special care has to be taken to choose the experimental parameters that yield large values 
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of these numbers though these are not necessarily the same as in real astrophysical 
systems. If they are large, then the motion on the global scales is not affected by 
dissipation. 

One can expand the Euler similarity to include radiative cooling of the matter. In 
the case where radiative power per unit volume is a power law of p and ,  

 ,        (A11) 

one additional constraint has to be imposed, Ryutov et al (2001): a parameter  
 has to be kept constant between the two systems. In a simpler model, 

where the radiative loss is characterized by some cooling time , , the 

similarity is observed if a parameter  is invariant between the two 

systems. 
 Adding other dissipative processes to the set of equations (A1) – (A4) leads to 
appearance of additional constraints. A detailed analysis of these issues has been 
presented in Falize et al, 2009, 2011. Assuming that the radiative thermal diffusivity can 
be represented as a power-low function of p and , one can find similarities for the 
diffusive radiative transport. For the situations where dynamic equations have to take into 
account too many dissipative processes (e.g., all four transport processes are important 
and have different dependences on the density and temperature), establishing a 
meaningful similarity may become impossible as the number of independent constraints 
exceeds the number of dimensional characteristics of the system, p*, *, v*, B*, and L*.  

Scaled experiments play an important role in validation and verification of 
astrophysical codes used for detailed description of astrophysical phenomena: the ensuing 
MHD flows are notoriously difficult for simulations. Provided the scalability can be 
established, numerical simulations of the laboratory experiment with controlled initial 
conditions (which one can vary on the shot-to-shot basis) and numerous diagnostics, 
establishes a firm base for the code validation and verification. It is this area where 
considerable effort has been spent during the past decade (e.g., Calder et al, 2002, 2004; 
Valarde et al, 2006; Stehle et al, 2009; Kuranz et al, 2010, 2018). 

In some cases, where a strongly reduced model is used, the similarity is easy to 
find. An example is scaling of the maximum energy of particles accelerated by the 
sausage instability of a current-carrying plasma column (Sec. VI.C). Applying such 
similarity to the set of laboratory experiments with varying input parameters (say, the 
current or geometrical dimensions) one can test the model itself, before attempting to 
apply it to astrophysics. 

If one gets to collisionless regimes, then other types of similarities may show up, 
that enter the problem via the Vlasov equations for the electron and ion distribution 
functions and Maxwell equations. An example of the corresponding similarity is that for 
the collisionless shocks formation in two counter-streaming plasmas (Ryutov et al., 
2012). This similarity covers both electrostatic and electromagnetic mechanisms. It 
allows also for scaling from hydrogen plasmas (as in astrophysical settings) to plasmas of 
heavier elements (like carbon or beryllium) often used in the laboratory experiments 
because of the fabrication issues of the initial setup.   

As a general rule one may say that the simpler the set of equations is (with a 
smaller number of parameters characterizing the system), the easier it is to find a 
similarity. It must, however, be verified that the same physics (the same set of equations) 
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work for both laboratory and astrophysical system. For example, if the radiation transport 
is negligibly small in the astrophysical system, the parameters of the laboratory 
experiments have to be chosen so as to make radiative transport negligible.  
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