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Focusing of an Explosive Plasma Expansion in a Transverse Magnetic Field
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The dynamics of a laser ablation plasma expanding in an external magnetic field have been investigated
with imaging interferometry and shadowgraphy. The diagnostics reveal a new interaction mechanism,
namely, the redirection of the explosive plasma expansion into a converging flow. A comparison with
three-dimensional ideal magnetohydrodynamic simulation results supports the observation that the
efficient lateral plasma confinement causes the plasma to converge on the axis and initiate a directed
flow. The resulting collimated flow propagates across the magnetic field in a kinetic regime, which cannot

be modeled within the same framework.
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Plasma—magnetic-field interactions frequently govern
the dynamics and the stability of laboratory and astrophys-
ical systems. Controlled laboratory investigations of such
interactions, conducted with laser ablation plasma expand-
ing in an external magnetic field, have previously produced
two types of outcomes. In the first case, directed plasma
flows become polarized and cross the magnetic field due to
E X B drift [1-4]. In the second case, plasma deceleration
at the interface with the magnetic field leads to the growth
of flute instabilities [5—11]. In these studies, the ion Larmor
radius was comparable with or larger than the plasma scale
length. In this kinetic regime, the instabilities observed
were the unmagnetized ion Rayleigh-Taylor instability
[12], also known as the large-Larmor-radius Rayleigh-
Taylor instability, and the lower hybrid drift instability
[13,14]. These instabilities grow as the flutes become
polarized and expand directionally via E X B drift [7,15].

In the this Letter, a novel effect of a transverse magnetic
field on the expansion of a laser-produced plasma is
reported. The initial explosive, quasi-isotropic plasma
expansion is redirected into a narrow directed flow. To
our knowledge, this behavior has not been observed before
in any experiments.

A schematic of the experimental setup employed is
shown in Fig. 1. Plasma was produced by ablating a flat
polyethylene target with a 1058 nm wavelength laser beam
with 8 J of energy and a 0.5 ns duration (irradiance on a
target of ~5 X 10'* W/cm?). The plasma expanded in the
external magnetic field generated by passing a 0.65 MA
current with a 200 ns rise time through an electrode with a
flat face parallel to the target surface. At maximum current,
the strength of the magnetic field was numerically com-
puted [16] to vary from 13 T at the electrode surface to
about 7 T near the target surface. The distance between the
target and electrode surfaces was 10 mm. To minimize the
effect of the ambient gas, the chamber was evacuated to
less than 10 pTorr, which is much lower than the plasma
and magnetic field pressure in the interaction region.
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Pulsed laser interferometry and shadow imaging were
employed along the same line of sight (x, coordinates
shown in Fig. 1) to analyze the interaction between the
expanding plasma and the magnetic field. The plasma was
imaged in the y-z plane, perpendicular to the magnetic
field. Interferometry provided the sight-line—integrated
plasma density distribution n,(y, z) = [n,(x, y, 2)dx,
where n, is the electron number density. The plasma
expansion velocity u was determined from the lowest
measurable n;. Shadowgraphy provided information about
the plasma distribution via probing beam absorption (by
inverse bremsstrahlung) and refraction (on plasma density
gradients). The probing laser beam had an energy E <
90 mJ (producing insignificant plasma heating) and a pulse
duration of 0.2 ns (much shorter than the dynamic time
scale). Its 1064 nm wavelength provided a minimum den-
sity resolution n; i, = 5.6 X 107 cm™3 mm (correspond-
ing to 0.2 fringe shifts). The delay between the probing
beam and the heating beam ¢ was varied at each shot and
was measured with a pair of photodiodes.

To assist in the understanding of the plasma dynamics in
an external magnetic field, numerical modeling was per-
formed with AW-MHD [17], a three-dimensional ideal MHD
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FIG. 1 (color online). Experimental setup. J is the current
density vector and B is the magnetic field vector. Coordinate
system: The y axis is perpendicular to the target surface and
points toward the electrode along the magnetic field gradient, the
z axis is antiparallel to J, and the x axis is the laser probe
propagation direction. The origin is located in the center of the
focal spot on the target surface.
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code. In simulations it was assumed that a portion Eyg
of the laser energy was instantly and uniformly deposited
in a cylindrically shaped region [hot spot (HS)] of the
target of radius rgyg = 50 wm and depth dyg. The best
match of the simulation results with the experimental
data was obtained for Eyg = 1 J and dys = 2.5 pum.

In the absence of a magnetic field, the laser ablation
plasma expands unimpeded in vacuum. Interferometry
shows that n; decreases monotonically with the distance
from the target [Figs. 2(a) and 2(b)]. The only region with a
noticeable electron density gradient forms near the laser
spot, this being the main feature observed in shadowgrams
[Figs. 2(c) and 2(d)]. It can be noted in interferograms that
the plasma expansion is quasispheroidal, proceeding ap-
proximately two times faster in a direction normal to the
target (y) than along the target surface (z).

When the plasma is generated in an external magnetic
field, the expansion starts similarly to the B = 0 case, as
seen by comparing Fig. 3(a) (obtained with B = 10 T) with
Fig. 2(a) (recorded at the same time for B = 0). This
similarity holds as long as the plasma pressure remains
much larger than the field pressure in the interaction region.

As the laser plasma continues to expand in an external
magnetic field, its pressure decreases and, for ¢t = 6 ns, it
becomes comparable to the magnetic field pressure. This
results in significant plasma deceleration. The expansion
velocity anisotropy, as noted earlier when the magnetic field
was absent, is also present when the field is applied and
marks the plasma evolution. For ¢ = 6-9 ns, the plasma
expansion along y is decelerated with g =2=*1X
10'* m/s2. This leads to the formation of a second region
of a noticeable density gradient at the plasma-field interface.
Plasma continuing to expand from the target accumulates
behind this decelerated region, leading to a local density
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FIG. 2. Plasma expansion for B = 0, characterized by (a)—(b)
linear plasma density n; reconstructed from interferograms and
(c)-(d) shadowgraphy. Images are taken for the following
expansion times: (a) and (c) at t = 3.7 ns, (b) and (d) at ¢ =
9.5 ns. Images (a) and (b) use the color scale shown (in units of
10" cm ™3 mm) with isodensity contours drawn for clarity; in the
white regions the fringe shift could not be determined due to
insufficient n;, refraction, or absorption of the probing beam.

increase, that progresses from the target in the y direction.
This is illustrated in Fig. 3(b) by comparison with Fig. 2(b),
which was obtained under the same conditions in the
absence of the magnetic field. More importantly for the
subsequent plasma dynamics, the magnetic field decelerates
the plasma expansion in the z direction practically to stag-
nation. The corresponding density increases are evidenced
by increased attenuation of the probe laser intensity in the
shadowgram shown in Fig. 3(f), when compared with that
in Fig. 2(d), obtained for B = 0. The density gradients are
recorded in the shadowgram by the bright contours of the
shadows [indicated by the arrow in Fig. 3(f)].

After t = 10 ns, in the presence of the magnetic field, the
plasma flow is redirected to converge onto the y axis at
y = 3 mm [Fig. 3(c)], an effect which to our knowledge has
not been previously observed in laser—plasma—magnetic-
field interactions. The plasma remains confined along z, as
indicated by the shadowgram [Fig. 3(g)]. For t = 10-13 ns,
the converging plasma evolves into a directed flow. After
t = 19 ns, the plasma expansion continues as a collimated
flow along y [Fig. 3(d)], across the magnetic field, with a
constant velocity vpe, = 2.2 + 0.3 X 10° m/s.

The three-dimensional magnetohydrodynamic simulation
results agree well with the experimental observations of the
plasma expansion both with and without an external mag-
netic field, and provide parameters inaccessible experimen-
tally to improve the understanding of the plasma evolution.

For the case of the zero magnetic field [Figs. 4(a) and 4(b)],
the simulation performed reproduces well the experimentally
measured time evolution of the plasma density distribution
[Figs. 2(a) and 2(b), respectively]. It should be noted here
that the MHD model does not tolerate vacuum. In order to
bypass this difficulty, the vacuum region was prefilled with a
background density, which at level p, =5 X 1078 g/cm?
was sufficiently low as to not noticeably affect the simulation
results. The only deficiency of this approach is the generation
of a weak and low-density shock wave, which is attached to
the front of the expansion fan. However, the dynamics of
the expansion fan itself adequately describes the process of
plasma expansion into a vacuum for the plasma mass
densities p > p,,.

For early times (¢ =< 4 ns), when the plasma pressure is
much larger than the field pressure, the simulations confirm
the experimental observation that the expansion is similar
when B = 0 [Fig. 4(a)] and when B # 0 [Fig. 4(c)]. One
noticeable difference from the experiment [Fig. 3(a)] is a
higher density halo around the plasma plume perimeter in
the modeling [Fig. 4(c)], which is due to the deceleration of
the low-density plasma expansion front by the magnetic
field. If present, this structure would not be observed in
experiments, because its density is lower than the detection
limit of the interferometer.

Later during the expansion in the magnetic field, the
simulations show the formation of high density gradients at
the contact discontinuity separating the plasma from the
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FIG. 3. Plasma expansion in an external magnetic field. (a)-(d) Line-integrated plasma density n;, using the color scale of

Fig. 2. (e)-(h) Shadowgrams recorded at the same time along
Each pair of images was obtained in a different shot. The magnetic
less than 10% for the expansion times shown.

magnetic field [Figs. 4(d) and 4(g)]. On the other side of this
discontinuity, strong gradients of the magnetic field induce
surface currents that flow along the outer edge of the plasma
flow. These surface currents effectively shield out the
magnetic field from the expanding plasma jet. As shown in
Fig. 4(f), the magnetic field magnitude rapidly drops to
zero within the plasma forming a diamagnetic cavity and,
thus, allowing plasma to expand freely in the y direction.

The lateral plasma confinement and the density accumu-
lation behind the discontinuity observed in the experiment
[Figs. 3(b)-3(d)] are also apparent in the simulation
[Figs. 4(c)-4(e)], especially in the vicinity of the target.
The overall shape of the discontinuity can be explained by
examining the plasma flow, indicated by the vector field in
Fig. 4(d). Because of the preferential expansion profile, the z
velocity component of the interior plasma flow decreases as y
increases, resulting in a corresponding decrease in the ram
pressure. Additionally, as y increases so does the magnetic
pressure since the magnetic field gradient is oriented along y.
Thus, the distance along z at which the boundary forms is
shorter when it is farther from the target. For later times
(¢ = 10 ns), the driving pressure of the plasma flow from the
target decreases, and the volume enclosed by the plasma-
field boundary decreases too. This effect, observed in the
experiment [by comparing Fig. 3(d) with Fig. 3(c)], is well
reproduced by simulations [Figs. 4(e) and 4(d)].

Around ¢ = 9-10 ns, the plasma flow converges onto the
y axis at y = 3 mm [Figs. 3(c) and 3(d)]. The velocity
orientation maps obtained from the AW-MHD simulations

the same line of sight as the corresponding interferograms.
field vector points into the page and its amplitude varies within

(Fig. 4) are indicative of the mechanism responsible for
the formation of this converging flow. As plasma continues
to expand from the target region into which laser energy was
deposited, its flow is redirected by the higher density plasma
accumulated along the discontinuity. Because of the shape
of the boundary, the plasma is eventually guided toward the
axis forming a region of converging flow [Fig. 4(d)], labeled
as the “convergence region” in Figs. 3(c) and 3(d). The
driving mechanism for this behavior is similar to that sug-
gested in Ref. [18], which considered a spherical stellar wind
expanding into ambient gas with a one-dimensional pressure
gradient. In our experiment the magnetic field plays the role
of the ambient gas, redirecting the plasma flow and produc-
ing the converging flow. To our knowledge, this mechanism
has not been observed to date in laboratory experiments of
this kind. At the convergence region the pressure increases,
leading to plasma ejection in the direction of the pressure
gradient, y [Fig. 3(c)], as described in Ref. [19].

The final aspect of the plasma’s evolution left out of the
preceding discussion is the propagation of the collimated
flow across the magnetic field [Figs. 3(d) and 3(h)]. The ideal
MHD description employed above to describe the plasma
dynamics is adequate for explaining the redirection of the
explosive plasma flow into a converging flow and the ini-
tiation of a directed flow. However, the propagation of this
collimated flow across the magnetic field is not well captured
by this model. Later in time (¢ = 10 ns), farther from the
target along its normal (y = 2.5 mm), the simulation results
show additional details not observed in the experiment,
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FIG. 4 (color online). AW-MHD results for n, in the y-z plane
for (a)-(b) B =0 and (c)—(e) B # 0. In panels (a)—(e), arrows
denote the direction of the plasma velocity vector in the plane of
the image. (f)-(h) AW-MHD results for the magnitude of the
magnetic field in the same plane.

as indicated by comparing Figs. 4(d) and 4(e) with Figs. 3(c)
and 3(d), respectively. The origin of this discrepancy can be
understood by examining the plasma conditions in the colli-
mated flow region [Fig. 3(d)]. For the values of n, observed
in this region, the fact that the probe laser beam is not
significantly attenuated by inverse bremsstrahlung absorp-
tion [20] indicates T, = 10 eV, for which the average ion
charge state Z > 2. An upper bound for 7, = 200 eV, is
determined from taking the maximum value obtained for
early times in simulation. For dp,,, = 0.3 mm, determined
from refractometric imaging [Fig. 3(d)], the lateral field
resistively diffuses into the collimated flow plasma on a
~1 ns time scale. However, the plasma interaction with
the magnetic field is not simply a diffusive process.
To illustrate this, from interferometry [Fig. 3(d)] n; =
n,, = 10" cm™3mm (I, is the plasma extent along the
probing direction x), and the magnetic field strength
at the front is B = 10 T. For these parameters, the Hall
coefficient H = cv,/L,w ,u [4] (Where ¢/w ,; is the ion
skin depth, v, is the Alfvén velocity, and L, = 0.15 mm
and characterizes the density gradient scale length) has
values H ~ 1.7 (within a factor of 2 to account for
uncertainty in /). Therefore, the Hall effect is significant
within the collimated flow, and allows for a more rapid
magnetic field penetration into the plasma [21] than resistive
diffusion alone. Indeed, the Hall penetration velocity
can be estimated in the context of Hall MHD [22] as

vy = B/2ugn,eL.. For our parameters, vy =~ 1.7 = 0.9 X
10° m/s, similar to the experimentally measured value of
Vpen = 2.2 7 0.3 X 10° m/s.

The plasma parameters indicate that magnetic field
diffusion plays an important role in the plume evolution
into a narrow, collimated flow. This behavior can be under-
stood noting that as the diffusion occurs, a self-polarization
field [2,23-25] E, = —Ez, is established across the
plasma. The plasma polarization results from the accumu-
lation of charge along the *z boundaries, and is upheld as
long as the plasma dielectric constant € = 1 + (w,;/ ,.;)*
is large (w,; is the plasma frequency and w,; is the ion
cyclotron frequency). For the plasma parameter values in
this region, € ~ 10°. The plasma simultaneously magne-
tized in the x direction and polarized along z then crosses
the field by E,, X B drift. This explanation is supported by
the observation that the collimated flow deviates from the y
direction [Figs. 3(c)-3(h)], which is due to polarization at
the flow front [2].

In summary, a previously unexplored type of interaction
between a laser-produced plasma flow and a magnetic field
was identified and investigated. A plasma plume preferen-
tially expanding along the target normal in the absence of a
magnetic field is confined laterally and turns into a directed
plasma flow when a field is applied. The lateral confine-
ment leads to a redirection of the interior plasma originat-
ing from the target region heated by the ablation laser.
The redirection mechanism is similar to that proposed in
Ref. [18], with the difference that in our experiment the
magnetic field provides the external pressure profile
required for the guidance of the explosive plasma flow.
This pressure redirects the flow toward the axis, and this
convergence generates a directed flow [19]. Diffusion of
the magnetic field into the directed flow allows the flow to
self-polarize with a field E ,. The flow then penetrates the
magnetic field due to E, X B drift.
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