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Observation of a magneto-Rayleigh-Taylor instability in magnetically collimated plasma jets
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We present the direct experimental observation of the formation of a diamagnetic cavity and magneto-
Rayleigh-Taylor (MRT) instability in a β ≈ 1 high energy density plasma. Proton radiography is used to
measure the two dimensional path-integrated magnetic field in a laser-produced plasma propagating parallel to a
preimposed magnetic field. Flutelike structures, associated with the MRT instability, are observed to grow at the
surface of the cavity, with a measured wavelength of 1.2 mm and growth time of 4 ns. These measurements are in
good agreement with predictions of three dimensional magnetohydrodynamic simulations using the GORGON
code.
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I. INTRODUCTION

The transport properties of magnetic fields in plasmas have
been extensively studied over the last two decades. The active
magnetospheric particle tracer experiment (AMPTE) [1] stud-
ied artificial comets by releasing barium ions to expand across
the ambient magnetic field of the Earth’s magnetosphere.
These experiments observed the creation of diamagnetic
cavities and flutelike structures associated with magneto-
Rayleigh-Taylor (MRT) instabilities [2–4]. Such processes
are present in astrophysical phenomena in scaled experi-
ments such as magnetic reconnection [5–8] and generation
of magnetized collisionless shocks [9–12]. Additionally, the
magnetic field exerts forces back on the expanding plasma,
which can collimate plasma flows [13,14], and so has been
proposed to collimate astrophysical jets [15,16].

When an expanding plasma pushes against a background
magnetic field, it displaces the field out of its volume and
forms a diamagnetic cavity. This expansion occurs until the
equipartition of vacuum and magnetic pressure at the plasma’s
outer boundary is reached, which determines the cavity’s
maximum radius Rb. These systems can be unstable to the
MRT instability, leading to the generation of field-aligned
flute structures at the cavity edge. An important dynamical pa-
rameter that influences the type of instability supported in the
cavity is the ratio of the directed ion gyroradius of expanding
ions, ρi, to Rb [17]. Here, ρi = vd/ωci, where ωci = ZeB/mi
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is the ion gyrofrequency, vd is the expansion velocity, and Z
and mi are the ion charge and mass.

The MRT instability can occur when a magnetic field is
used to directly accelerate or compress a plasma, as seen in Z
pinches and MagLIF [18–20], or when an expanding plasma
is decelerated by a surrounding magnetic field [15,21,22].
Numerical simulations of these processes are notoriously
challenging, requiring magnetohydrodynamic (MHD) codes
with accurate descriptions of the plasma-vacuum interface.
Detailed laboratory measurements of MRT and diamagnetic
cavities in various ρi/Rb regimes are necessary for bench-
marking MHD simulations [15,16].

Most experimental measurements have been conducted in
regimes where ρi/Rb ≈ 1 [17,23–25], or even exceeding this
value [26], which is of particular interest due to its relevance
to space observations [1]. The regime where ρi/Rb < 1, perti-
nent to astrophysical objects [15] and high-current Z pinches
[18,19], remains largely unexplored. Recent experiments have
been conducted in the regime of ρi/Rb ≈ 0.1 − 1 [13,14,27],
where extended magnetohydrodynamics (MHD) effects are
becoming significant. In this regime Khiar et al. [14] ob-
served plasma density structures related to MRT instabilities
using optical interferometry. However, direct measurements
of magnetic field evolution are particularly crucial in this
case, as the magnetic field may evolve independently from
the plasma, challenging the assumptions of ideal MHD. Such
measurements are essential for benchmarking extended MHD
simulation codes used in the design of high-energy density
plasma and inertial confinement fusion experiments.

In this Letter, we report direct 2D measurements of the
magnetic field dynamics in expanding laser-driven plasma
using proton radiography. These new measurements are in a
regime of ρi/Rb ≈ 0.1, which has been poorly experimentally
investigated until now. The results confirm the magnetic
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FIG. 1. (a) Experimental setup. The z axis is the direction of the initial magnetic field and the plasma flow. The proton deflectometry beam
propagates along the y axis, leading to proton deflections largely along the x axis. (b) Vacuum path-integrated magnetic field calculated by
COMSOL. Raw images from proton radiography detector stacks in the xz plane obtained at 20 ns plasma expansion time: CR39 for 3 (c) and
15 MeV (d) protons; (e) Image plate (IP) for x-rays. The bottom panel shows corresponding post-processed scaled images in the plasma plane
with identified beamlet positions. The midplane region between MIFEDS coils is indicated as the area outlined in red.

nature of cavity formation and instabilities—previously
observed only through density evolution [14]. Furthermore,
our results demonstrate magnetic collimation and MRT
development in a plasma expanding parallel to the field,
a critical aspect of jet collimation [15]. The experimental
data is in remarkable agreement with the diamagnetic cavity
evolution, jet collimation, and MRT dynamics predicted by
MHD simulations [15].

II. EXPERIMENT

The experiments were performed at the University of
Rochester Laboratory for Laser Energetics (LLE) OMEGA
Laser Facility [28]. A 20 J heater beam with a 1 ns pulse
duration was used to ablate a 20 µm thick plastic target (CH),
generating a plasma plume propagating predominantly paral-
lel to a preimposed magnetic field. The quasistatic magnetic
field was produced by the magnetoinertial fusion electrical
discharge system (MIFEDS) [29], which delivered ≈3.25 T at
the midpoint between two coils over a volume of 5 mm3. The
magnetic field was modeled using COMSOL and exhibited
some spatial nonuniformity due to the coil design. The field
strength was at its minimum at the midpoint and increased in
the direction of each coil, as shown in Fig. 1(b). A 2ω beam
of 30 J energy and 1 ns pulse duration was used for optical
Thomson scattering (OTS) for measuring the local plasma
electron density and temperature [30].

The magnetic field in the region between the coils was
measured as a function of the expansion time using proton ra-
diography [31]. On each experiment, an imploded D3He-filled
capsule produced an isotropic point source (20–50 µm radius)
of 3 MeV and 14.7 MeV protons as fusion products, as well as
continuum x-rays with 10–30 keV energies [32]. The capsule

was positioned at a distance L1 = 10 mm from the target
chamber center (TCC), along the proton radiography axis, and
a detector stack positioned at a distance L2 = 154 mm on the
opposite side of TCC. The proton beam was split into several
beamlets using a Ni mesh with a pitch of 125 µm, positioned
4 mm from the capsule. We employed simultaneous proton
and x-ray radiography to obtain an accurate in situ reference
for the position of undeflected beamlets [33,34]. Figures 1(c)–
1(e) (top panel) show examples of the raw radiography data
obtained with a detector stack. This stack consisted of two
CR-39 detectors for protons [32] and an image plate (IP) for
x-rays. The images were further post processed, as shown in
the bottom panel, to enhance contrast, cross-align using the
teeth-border frame, and identify beamlet positions.

The path-integrated magnetic field was calculated using
the standard theory of proton deflectometry [35]

∫
d�l × �B =

mpvp

e
L1+L2
L1L2

( �d2 − �d1), where mp is the proton mass, vp is the
proton speed, e is the electric charge, d2 is the deflected
beamlet position obtained from the proton image, and d1 is the
undeflected beamlet position obtained from the x-ray image.
Here, both d1 and d2 are given in terms of the coordinate
system of the plasma plane, which is related to the observation
on the detector by the magnification M = (L1 + L2)/L1. A
detailed explanation of this diagnostic technique is presented
in [33,34]. There is no significant contribution of an electric
field to the deflection of the protons since the electric field
strength is negligible for these experiments. This assumption
was also confirmed in the magnetic field data analysis.

In Fig. 2, we present (a) the initial two-dimensional path-
integrated magnetic field

∫
Bdlvac in the region of interest,

calculated using a COMSOL model validated against shots
with a vacuum magnetic field and no plume [33], and (b)
the experimental measurement

∫
Bdl at 30 ns expansion
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FIG. 2. (a) 2D vacuum path-integrated magnetic field calculated
by COMSOL

∫
Bdlvac in the region of interest. (b) 2D map of

measured path-integrated magnetic field
∫

Bdl by 15 MeV proton
radiography at 30 ns. (c) 1D path-integrated magnetic field as a
function of x extracted from (a) and (b) in the midplane region
z = −0.3 to 0.3 mm. The

∫
Bdl is averaged over three midplane

beamlet rows. The error bar consists of standard deviation of the
signal for each data point and systematic error of 0.9 T.

time. The values of
∫

Bdl were calculated from the beamlet
deflections. Comparing (a) and (b), we observe a significant
overall decrease in magnetic field within the volume, indi-
cating diamagnetic field expulsion. Figure 2(c) shows the
comparison of horizontal 1D lineouts of measured

∫
Bdl and∫

Bdlvac in the midplane, where we can observe a reduction
in

∫
Bdl of nearly 50%. We find that the experimental

∫
Bdl

can be fit by an elliptical cavity model, where we introduce a
zero magnetic field (B = 0 T) within an ellipse of compressed
field defined by minor axis a and major axis b in COMSOL
2D map in xy plane. The best agreement with the observed∫

Bdl is obtained using a model with a = 1.6 ± 0.3 mm and
b = 2.5 ± 0.3 mm [Fig. 2(c)]. The ellipticity of the cavity
is necessary because the apparent width in the x direction,
representing the radius from x = 0 to where

∫
Bdl matches∫

Bdlvac at x = 1–1.5 mm, differs from the required “exca-
vation length” in the direction of line integration needed to
match the minimum value of

∫
Bdl at x = 0. This is demon-

strated with a circular model with r = 2.5 mm, which matches
the value at x = 0 but does not account for the excavation
length. The 2D path-integrated magnetic field map does not
show any evidence of self-generated Biermann battery fields.
We do not expect these fields to be dominant, as our mea-
surements were performed 5 mm away from the laser-target
interaction point and tens of nanoseconds later compared to
other works [36].

The measurements of path-integrated magnetic fields were
conducted during plasma expansion times from 10 to 40 ns.
We have observed distinct field dynamics, both in the abso-
lute value at the midpoint (x = 0) and in lateral extent, as
shown in Fig. 3. The major axis, denoted as b, increased from
1 ± 0.2 mm at 10 ns to a maximum of 2.5 ± 0.3 mm at

FIG. 3. 1D path-integrated magnetic field
∫

Bdl as a function of
position x along the deflection axis in the midplane region z = −0.3
to 0.3 mm extracted from 2D

∫
Bdl maps produced by 15 MeV

protons at each plasma expansion time. The
∫

Bdl is averaged over
three midplane beamlet rows.

30 ns and remained at 2.3 ± 0.3 mm at 40 ns. In contrast,
the minor axis a fluctuated between 1.0 mm and 1.6 mm ±
0.1 mm, suggesting that the main effect of cavity growth oc-
curred predominantly in one direction. The maximum cavity
size is reached at 30 ns, typically referred to as the “time
to peak diamagnetism,” τd [23,26]. The velocity of the cav-
ity expansion can be calculated by vd = (Rb30 − Rb10 )/�t =
7.5 ± 0.6 × 106 cm/s, where Rb30 and Rb10 are the sizes of
the cavity at 30 and 10 ns, �t is the time difference, and Rb

is b. This gives us a ρi = 0.25 mm for H (Zi = 1) ions and
ρi = 0.5 mm for C ions (Zi = 6). Hence, we can determine a
ratio of ρi/Rb ≈ 0.1 − 0.2, which defines the magnetization
of ions during the expansion [37].

To characterize the plasma conditions in the center of the
diamagnetic cavity, we measured the electron temperatures
and densities at 20 ns and 30 ns plasma expansion using 2ω

OTS. We inferred a density of ne ≈ 4 ± 2 × 1017 cm−3 and
an electron temperature of Te ≈ 45 ± 15 eV from the best fit
to the electron plasma wave (EPW) spectrum.

By using the experimentally measured electron tempera-
ture and cavity size, we can calculate the time for the magnetic
field to diffuse into the cavity, given by τdiff = μ0R2

b30
/η,

where Rb30 is the measured cavity size at the peak of diamag-
netism, μ0 is the vacuum permeability, and η is the electric
resistivity for plasma at a given Te. For a Te of 45 ± 15 eV
we find η = 2 − 4 × 10−6 �m [38] and τdiff = 1.8 ± 0.7 µs.
The diffusion time is much longer than the observed τd and
consistent with previous diamagnetic cavity observations [26].

III. MAGNETO-HYDRODYNAMIC SIMULATIONS

The experimental data were compared with 3D single
fluid magnetohydrodynamic simulations performed using the
GORGON code [39,40]. Similar to previous works [14,15], the
simulated domain (Lx, Ly, Lz) extended over (10 × 10 × 20)
mm with a resolution of 20 µm and a numerical vacuum cut-
off density set to 10−4 kg m−3. The initial interaction of the
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FIG. 4. GORGON MHD simulations of plasma expansion,
shown at 20 ns expansion time. The xyz coordinates are the same
as in the experiment. (a) Magnetic field in a cut through the middle
of the computation domain in the xz plane. (b) Magnetic field and
(c) density (left) and temperature (right) in a cut at z = 5 mm [black
dashed line in (a)] in the xy plane, chosen to match the experimental
distance from the plasma source to the midpoint of the height of the
magnetic field coils.

laser with the CH target was simulated using the radiation-
hydrodynamic code DUED [41] in 2D axisymmetric geometry,
and the resulting output was imported into GORGON. The
initial magnetic field Bz was set to a uniform 5 T over the
simulation box.

The simulation results are presented in Fig. 4. We observe a
diamagnetic cavity maximum confinement radius of Rb-sim =
3 mm at τd−sim = 17 ns expansion time, which compares to
Rb-exp = 2.5 ± 0.3 mm and τd−exp = 30 ns. The spatial extent
of the cavity is in good agreement with experiment, while the
time to achieve the “peak of diamagnetism” is 10 ns faster.
The cavity appears round, unlike the experimentally inferred
elliptical shape, which can be explained by the nonuniform
magnetic field generated by MIFEDS. The cavity expands
with a velocity of vd−sim = 1.7 × 107 cm/s, twice as fast as
observed in the experiment. The simulated electron density
in the center of the cavity ne−sim ≈ 2 × 1017 cm−3 is reason-
ably consistent with OTS measurements, while the simulated
Te−sim ≈ 10 eV is lower than the measured Te. The higher
measured Te may be partially explained by OTS beam heating.

IV. GROWTH OF MAGNETO-RAYLEIGH TAYLOR
INSTABILITIES

The flutelike structures observed at the edge of the sim-
ulated cavity are also evident in experimental observations
conducted using proton radiography with 3 MeV protons.
Figure 1(c) shows both raw and post-processed proton ra-
diography images obtained with 3 MeV protons at a 20 ns
expansion time. The 1D path integrated magnetic field∫

Bdl3MeV calculated from the beamlet deflections shown in
Fig. 5(a) reveals fluctuations with a wavelength in the range
of λexp ≈ 1.2 ± 0.2 mm. The oscillations in

∫
Bdl3MeV are

larger than error bars. The persistent wiggly features observed

FIG. 5. (a) 1D
∫

Bdl3MeV as a function of position x along the
deflection axis extracted at midplane and at Z = −0.9, −1.5, and
−2.4 mm along the plasma flow. The individual curves have been
offset vertically for clarity. The

∫
Bdl3MeV is averaged over three

midplane beamlet rows. The error bar consists of the standard de-
viation of the signal for each point and a systematic error of 0.9 T.
A polynomial fit with n = 2 was used to fit the expected curve
shape. (b) δBrms as a function of expansion time. The errors bars
are estimated from

∫
Bdl3MeV error bars by using Monte Carlo error

analysis.

in
∫

Bdl3MeV along the z axis suggest that these structures
are elongated parallel to the plasma flow and the magnetic
field. The structures are not observable with corresponding∫

Bdl15MeV protons in Fig. 3 (red curve) because 15 MeV
protons are less sensitive to small magnetic field fluctuations
compared to 3 MeV protons.

To evaluate the growth of these perturbations, we used a
fit to the expected cavity shape at each expansion time. The
signal perturbation to the cavity’s shape can be evaluated
by the root mean square of δBrms =

√
(B − Bfit)2, where B

is an experimental measurement and Bfit is a polynomial fit
to the curve. The resulting δBrms as a function of plasma
expansion time is shown in Fig. 5(b). Using γexp = 1/�t ×
ln(δBrms20/δBrms10) = 0.25 ns−1 to define a growth rate, we
find the growth time of the perturbations is τexp = 1/γexp =
3.8 ns. The experimentally measured wavelength and growth
time are in good agreement with the GORGON simulations,
where we observe λsim ≈ 1 mm and τsim = 1/γsim = 4.3 ns.

To confirm the MRT nature of observed instability, we
have compared our experimental and simulation results with
analytic MRT theory. There are two analytic MRT approxi-
mations in the limits of k � εn and k � εn. Here, k = 2π/λ

represents the wave number, and εn = d (log n)/dx is the in-
verse density scale length. In our case, we have k = 52 cm−1
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and εn = 70 cm−1, as inferred from GORGON simulations.
The expressions to estimate the MRT growth rate are as
follows: γk�εn ≈ √

(gmaxεn) [2,4], yielding a value of 1.87
× 108 s−1 and γk�εn ≈ √

gk [22], yielding a value of 1.61 ×
108 s−1. The experimental deceleration rate of the cavity
edge is estimated by gmax = 3/2V 2

d /Rb ≈ 5 × 1014 cm/s2.
The growth times are approximately τk�εn ≈ 5.3 ns and
τk�εn ≈ 6.2 ns, respectively. These values are close to the
simulated value of τsim ≈ 4.2 ns and the experimental value
of τexp ≈ 3.8 ns.

We also have considered a MRT approximation, which
includes viscosity and resistive diffusion, and depends on
plasma temperature. Previous work has suggested that these
effects may lead to the stabilization of MRT modes [14]. The
MRT growth rate is given by γMRT ∼ √

gk − k2(ν + DM ),
where ν represents kinematic viscosity, and DM is the mag-
netic diffusivity [42]. We measure a temperature of 45 eV
at the center of the cavity. Simulations [Fig. 4(c)] indi-
cate the temperature at the cavity edge to be several times
higher than at the center. At such temperatures the viscosity
and diffusivity term, k2(ν + DM ), is negligible compared to√

gk (<10%) and little stabilization is predicted.
In summary, we have presented the first direct two-

dimensional magnetic field measurements in the regime of
ρi/Rb ≈ 0.1. We have measured diamagnetic cavity dynam-
ics and generation of unstable flutelike modes, identified as
the MRT instability. The observed maximum spatial extent

of the cavity agrees with 3D GORGON MHD simulations,
though the time to reach peak diamagnetism occurs 10 ns later.
The experimentally measured MRT wavelengths of 1.2 mm
and growth rate of 3.8 ns are in good agreement with simu-
lations. The overall comparison of results with the analytical
MRT approximations suggests the importance of temperature
and resistivity effects at the edge of the cavity.
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