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Abstract

Recent experiments at the Jupiter Laser Facility investigated magnetization effects on collimated plasma jets. Laser-
irradiated plastic-cone-targets produced collimated, millimeter-scale plasma flows as indicated by optical interferometry.
Proton radiography of these jets showed no indication of strong, self-generated magnetic fields, suggesting a dominantly
hydrodynamic collimating mechanism. Targets were placed in a custom-designed solenoid capable of generating field
strengths up to 5 Tesla. Proton radiographs of the well-characterized B-field, without a plasma jet, suggested an external
source of trapped electrons that affects proton trajectories. The background magnetic field was aligned with the jet
propagation direction, as is the case in many astrophysical systems. Optical interferometry showed that magnetization
of the plasma results in disruption of the collimated flow and instead produces a hollow cavity. This result is a topic of
ongoing investigation.
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1. Introduction

Magnetized plasma jets are ubiquitous in the universe
and found in many classes of astrophysical objects [1, 2].
Often these jets are found as outflows from accretion sys-
tems at stellar [3] and galactic [4] scales. The typical mag-
netohydrodynamic (MHD) model in collimated astrophys-
ical systems relies on shearing the poloidal field (Bpol =
Br r̂ + Bz ẑ) that penetrates the accretion disc. In this
geometry, the disc is toroidal (θ) and its axis is aligned
in the z-direction. The sheared poloidal field generates
a toroidal component (Bθ) which further collimates the
flow [5] along the z axis. The collimation of the jet is re-
lated to the Lorentz force component (F⊥) perpendicular
to the poloidal field,

F⊥ = − Bθ
µ0r
∇⊥(rBθ) + jθBpol , (1)

where jθ is the toroidal component of the current, and r is
the distance from the symmetry axis in SI MKS units. The
first term in Eq. 1 describes self-collimation of the jet due
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to the varying toroidal field and the last term describes
magnetic pinching effects. The latter term is studied in
this work. These astrophysical systems may be well rep-
resented by the Euler MHD equations and scaled [6] to
laboratory experiments.

In recent years, multiple platforms have been devel-
oped at various laser facilities to create astrophysically
relevant plasma jets. Direct irradiation of planar foils has
been shown to create plasma jets [7] that may be mag-
netized by a strong B-field [5]. Also, laser-irradiated hol-
low cones have been used to hydrodynamically create col-
limated plasma jets [8, 9]. Results from magnetized-jet
experiments executed at the Jupiter Laser Facility (JLF)
at the Lawrence Livermore National Laboratory (LLNL)
using hollow cone targets are reported herein.

An outline of this paper is as follows. Section 2 de-
scribes the targets used in these experiments and the diag-
nostics implemented to characterize the plasma jet. Field
measurements from the pulse-powered solenoid, designed
and built at the University of Michigan, are described in
Section 3. Measurements taken of unmagnetized jets are
shown in Section 4 and optical data taken of magnetized
jets are discussed in Section 5. The results of these exper-
iments are summarized in Section 6 and this paper con-
cludes in Section 7 where future projects derived from this
work are presented.

Preprint submitted to Elsevier July 28, 2014



2. Experimental Setup

2.1. Targets

Irradiated, plastic cones generated collimated plasma
jets [8] on the Titan laser. Targets were driven by a 10-
ns square pulse, with typical rise and fall times of ∼10%
and ∼20% of the pulse duration, respectively. Each pulse
contained ∼300 J of 2-ω light, of wavelength λ=0.527 µm.
Distributed phase plates shaped the beam to a super gaus-
sian profile with a ∼600-µm diameter. The laser spot was
centered on the apex of the cone, as illustrated in Fig-
ure 1a, to drive a shock through the cone. When breakout
occurs on the backside of the ∼90-µm-thick target, mate-
rial is accelerated normal to the back surface. These tar-
gets were fabricated with a 80◦ cone-half-angle, thereby
directing the plasma to the central cone axis. As plasma
accumulates on-axis, it is further heated and directed out-
wards, producing a mm-scale, collimated plasma-jet.

Targets were produced using 3D-printing facilities avail-
able at the University of Michigan due to the large number
of targets required for these experiments. Multiple itera-
tions were performed to optimize the printer settings for
these targets. To eliminate part-to-part variation due to
environmental effects, all targets were made at the same
vertical location and were produced during the same run.
Small volumes of 3D-printed plastic were analyzed and
found to have a density of ρ3D≈1.2 g/cm3 and an atomic
composition of C5H8O2Sb0.03, similar to that of standard
acrylic. Cones were scanned using a Micro Computerized
Tomography (MCT) facility at the University of Michigan
and image stacks were processed using ImageJ [10, 11].
Figure 1b illustrates two orthogonal cross-sections derived
from the MCT scans. Cones were found to be symmetric
in the horizontal (x) direction and slightly asymmetric in
the vertical (y) direction due to gravitational effects [12]
during the vertical printing process. Small asymmetries
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Figure 1: a) Schematic of cone targets irradiated by a 10-ns laser
drive. When shocks break out on the backside, material accelerates
to the central axis, generating a dense, collimated jet surrounded by
background expanding plasma. Orthogonal cross-sections taken at
the cone apex of an un-driven, 3D-printed target in the b) horizontal
and c) vertical directions. A scaled laser-spot is shown for reference.

(<10 µm) were not detrimental to the formation of the
mm-scale jets these targets were designed to create.

2.2. Diagnostic Configuration

Plasma jets were created in the gap of a solenoid as
schematically shown in Figure 2a. Plastic cones were placed
in the gap against the edge of the coil housing such that the
jet could propagate ∼4-mm before crossing into the coil on
the opposite side. The long-pulse laser was aligned along
the solenoid axis as shown in Figure 2a to create jets par-
allel to the B-field. An optical probe (λp=0.532-µm) and
short-pulse, proton radiography [13] imaged the plasma in
orthogonal directions. The pointing of the Titan short-
pulse was orthogonal to the long-pulse on the same hori-
zontal plane. It irradiated a gold-coated silicon wafer [14]
to generate protons by target-normal sheath acceleration
(TNSA) that were recorded on a filtered radiochromic film
(RCF) stack. The film stack was attached to an imaging
proton spectrometer [15] that measured the proton spec-
trum [16] on every shot.

The optical probe beam had a ∼12-ns pulse contain-
ing ∼2 mJ of energy. It propagated under the solenoid
to a beam splitter beneath the target to vertically probe
the plasma jet. A mirror above the target redirected the
beam to a splitter, sending half of the beam intensity to a
shadowography/Schlieren arm, and half to recombine with
the reference beam of the interferometry system, as shown
schematically in Figure 2b. The shadowography diagnos-
tic could be switched to Schlieren by inserting a knife edge
at the focal plane of that optical path.
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Figure 2: a) Top-down schematic of the plasma jet in the solenoid
gap with the laser configuration illustrated. b) Side-view schematic
of the optical path for the probe beam.
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3. Solenoid Implementation

3.1. Design Parameters

A custom-built solenoid delivered axial magnetic field
strengths of up to∼5 T to magnetize laser-generated plasma
jets. Details of the manufacturing techniques employed to
construct the compact solenoid is discussed by Klein et

al. [17], but the design and field characterization is dis-
cussed herein. The following formulae were instrumental
in determining the final geometry of the system. The vec-
tor components of the B-field, as a function of r and z,
from a single ideal coil carrying a current I with N loops,
length L, and inner radius a may be written [18] as

Br =
µ0NI

2πL

[
ark2+ − 2

rk+
K(ark2+) +

2

rk+
E(ark2+)−

ark2− − 2

rk−
K(ark2−)− 2

rk−
E(ark2−)

]
, (2)

Bz =
µ0NI

4πL

[
k+

(
z +

L

2

)(
K(ark2+) +

a− r
a+ r

Π(h2, ark2+)

)
− k−

(
z − L

2

)(
K(ark2−) +

a− r
a+ r

Π(h2, ark2−)

)]
. (3)

Equations 2 and 3 include the functions K(m), E(m),
and Π(n,m) which are complete elliptic integrals of the
first, second, and third kind respectively. The other char-
acteristic parameters are defined as

k±(r, z) =

√
4

(a+ r)2 + (z ± L/2)2
, (4)

h(r) =

√
4ar

(a+ r)2
, (5)

which completes the field description for a single coil. The
ideal solenoid can be approximated as the superposition of
two identical coils separated by a gap distance d and the
total B-field components may be finally expressed as

Bsolr,z = Br,z(r, z +
d

2
+
L

2
) +Br,z(r, z −

d

2
− L

2
), (6)

where the origin of the coordinate system has been set to
the center of the solenoid gap.

Using the constraints given by the experimental ge-
ometry and the preceding equations, an optimum design
was attained. The solenoid geometry was dictated by re-
quiring that the spatial distribution of the B-field in the
gap vary by .5% and that sufficient access for diagnostics
was available. The proton backlighter could not be placed
too far inside the solenoid, so the maximum radial size
of the coil and housing was fixed by the optical geometry
required for proton radiography. The ratio of the inner ra-
dius and length of the coil was fixed by the f/7.5 final optic
on the long-pulse beam. To maintain structural integrity,
the peak field in the coil was limited to the critical value of
∼13 T, the field strength where the magnetic pressure is
equal to the approximate yield stress of copper, ∼70 MPa.
These technical specifications led to a Bitter-magnet [19]
design based on previous work by Pollock et al. [20].

Figure 3 illustrates the solenoid point-design with the
following parameters: a=4.95 mm, d=7 mm, L=16.5 mm,
N=15. B-field variation along the central axis of the solenoid
is shown in Figure 3a. The peak field in the coils is ∼2.3

times higher than that of the field attained at the gap cen-
ter. This implies that for a gap field of ∼5 T, the peak field
in the coil will be ∼11.5 T, lower than the critical ∼13 T
limit. The solenoid coils will have additional support to
maintain structural integrity, but this design ensures that
a gap-field of 5 T does not push the capabilities of the sys-
tem. As the coil separation distance d is increased, the gap
field becomes more nonuniform. To balance field unifor-
mity in the gap and allow for diagnostic and target access
in the center, a coil separation of 7 mm was chosen. Fig-
ure 3b illustrates axial field contours, separated by 0.5 T,
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Figure 3: a) Analytic B-field strength on-axis as a function of dis-
tance from the center is normalized to the peak field. The envelope
of each of the coils is shown. b) Axial field contours calculated from
Equations 2-6 with the point-design parameters. An expanded view
of the uniform region used to magnetize the jets is also shown.
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Figure 4: a) Image of the solenoid in the test chamber with the b-dot probe placed at the center. The bridge connecting the two coils across
the gap is labeled, as is the ‘open’ side without the bridge. b) The central, axial B-field is shown to be linear with the applied current.
c) B-field measurements demonstrate radially decreasing field strength. The analytic solution is accurate to within ∼2% of the open side
measurements, whereas the bridge-side fields are altered at radii &5 mm by the presence of the bridge located ∼20 mm from the axis.

as calculated from Equations 2-6. The expanded view of
the gap field shows a ∼80-mm3 cylindrical volume where
the field varies by less than 5% and where the plasma jets
were created.

3.2. Magnetic Probe Measurements

Figure 4a shows a top-down view of the solenoid with
the power cables connected on either side. It was fielded
using the pulse-power system [20] at the JLF and charac-
terized in a test chamber at air. The solenoid had an in-
ductance of ∼3 µH making the system underdamped with
a rise time of ∼40 µs and a peak width of ∼10 µs where
the field is within ∼3% of the maximum value.

The solenoid design was experimentally verified by mea-
suring the field strength at different locations within the
gap. A multi-loop, “b-dot” magnetic probe [17] was con-
structed with a ∼1-mm3 tip to map out the spatial vari-
ation of the magnetic field. The changing magnetic flux
through the wire loops induces a potential in the wire that
is measured using an oscilloscope. The B-field normal to
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Figure 5: Sample voltage trace (thick) from a 3.5 kV charge and the
corresponding B(t) measurement (thin).

the loops is proportional to the time integrated voltage
signal V (t),

Bnorm(t) =
1

Aeff

∫ t

ttrig

V (t′)dt′ , (7)

where ttrig is the trigger of the trace and Aeff is the ef-
fective area of the wire loops. The probe was calibrated
by a known B-field source at the LLNL and found to have
Aeff=8.5 mm2 (±10%). Since these probes were not being
exposed to any plasma, no additional shielding or circuitry
was implemented. A sample b-dot trace and correspond-
ing integral is shown in Figure 5.

Results from axial field measurements taken at the gap
center are shown in Figure 4b and demonstrate the ex-
pected linearity of the system up to currents of ∼28 kA;2

note that the 5 T point design is achieved with a current
of ∼12 kA. The pulsed-power system has the capability to
hold a 20 kV charge, though a 3.5 kV charge was suffi-
cient to reach the 5 T field in the gap. Measurements were
also taken at multiple radial locations to map out varia-
tion throughout the solenoid gap and explore the effects
of the bridge on the axial field. Figure 4c illustrates that
the analytic solution represents the radial field variation
well on the open side of the solenoid. The bridge causes a
measurable effect at radii &5 mm, but the field is within
∼5% of the maximum up to radial distances of ∼2.5 mm
in all directions.

3.3. Proton Radiography of a Known B-field

Proton radiography is a diagnostic technique that has
been used in many experiments [13, 21, 22] to probe elec-
tromagnetic fields in laser-produced plasmas. Electromag-
netic fields will alter an otherwise uniform flux of protons

2Magnetic forces on the coils during the ∼28 kA pulse broke the
welds to the bridge resulting in an arc across the gap that broke the
structure in multiple locations.
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by means of the Lorentz force; thus encoding informa-
tion about the field structure in modulations of the proton
fluence. To extract a quantitative inference of the path-
integrated field strength from proton deflections, some knowl-
edge of the field geometry must be assumed. Monoen-
ergetic proton radiography [23], using exploding-pusher
backlighters, has been used to infer electromagnetic field
strengths from a ‘simple’ Z-pinch-like geometry [24], though
in this case the current and potentials associated with the
system were also inferred from the data. To our knowl-
edge, no proton radiographs, using TNSA or monoener-
getic protons, have ever been taken of a known magnetic
field distribution.

In these experiments, TNSA protons from gold-coated
silicon-wafer targets imaged the solenoid B-field. The first
set of proton radiographs in Figure 6a demonstrate the
nearly flat spatial distributions of proton fluence at en-
ergies of ∼2 and ∼7 MeV. The second set of images in
Figure 6a show the results from radiographing the gap
field with an on-axis magnitude of ∼2 T.3 The centerline
(CL) illustrates the location of the backlighter and the axis
of the solenoid. The field direction is left-to-right, as in-
dicated, and should deflect all protons downward in this
view. However, a strong focusing of ∼2-MeV protons is
clearly observed with a net displacement in the opposite
direction of magnetic deflection. This effect is only weakly
seen in the ∼7-MeV image, but was qualitatively repro-
ducible in ∼2-MeV images from multiple shots. Lineouts
from the four radiographs are shown in Figure 6b where
the solid lines are from the images of the 2-T field. Some
focusing may be expected due to the fall-off of the B-field
with radius, but the net deflection would have been down-
ward if this was the origin of the focusing.4

This unexpected result is still under investigation, but
the general hypothesis is that a negative potential is gener-
ated by electrons trapped in the magnetic field. In this ge-
ometry, if &1012 electrons are trapped, negative potentials
of &1 MV are possible and at these levels would strongly
affect trajectories of protons with energies less than a few
MeV. At a field strength of 2 T, electrons with energies
.300 keV have gyro radii .1 mm, and therefore could be
trapped in the magnetic mirror created by the solenoid.

Using the analytic model of the solenoid B-field, trajec-
tory calculations were performed for electrons of various
energies and initial velocities. It was found that electron
trajectories originating at the short-pulse irradiated tar-
get, 20 mm from the solenoid axis, were affected by the
presence of the B-field. The trajectories of the highest en-
ergy electrons are not altered by the weak, solenoid fringe-
fields near the target, but they do become deflected near

3For reference, a 2-MeV proton traversing a uniform 2-T B-field
5-mm long would be deflected by ∼0.9 mm in the target plane of
this geometry.

4Proton radiographs of mesh targets verified the B-field direc-
tion by demonstrating downward deflections at high proton ener-
gies. Though, low energy protons still showed strong focusing in the
opposite direction.
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Figure 6: a) Proton radiographs with dominant energy sensitivities
at ∼2 and ∼7 MeV for a case without the solenoid and for a case
with a peak field of 2 T. The centerline (CL) shows the vertical
location of the backlighter. Tape shadows are visible, but of no
consequence. b) Lineouts from radiographs with (solid) and without
(dashed) an applied field. Focusing of protons is observed in the
direction opposite to that expected from simple B-field deflections.
Spatial scale is given in the target plane.

the peak field in the gap between the coil. Due to the adi-
abatic nature of the trapping process, none of the short-
pulse-generated electrons could be trapped near the peak
field; magnetized electrons need to start near the axis to
become properly trapped. A large supply of electrons near
this location is available from the solenoid structure itself.
It must be noted here that TNSA protons are accelerated
within the first 100 µm from the target surface by the elec-
trostatic sheath field that is created by the high-energy-
electrons leaving the target. Since the applied B-field is
weak enough at the backlighter target not to affect the
trajectories of these electrons, the acceleration of the pro-
tons is not affected by the B-field and the protons become
ballistic shortly after leaving the target.

Electrons emitted near the inner radius of the sup-
port structure at ∼3 mm may be readily trapped by the
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solenoid field. The short-pulse interaction with the back-
lighter target generates a large x-ray flash. These photons
can penetrate the solenoid coils and support structure with
a high enough flux to saturate image plates placed∼30 mm
away. Ablated plasma from x-ray energy deposition on
the inner surface could yield a large enough population of
magnetized electrons near the axis to be trapped in the
mirrored field. This mechanism is still under investiga-
tion, but the fact that proton radiographs demonstrate
the existence of a field structure other than the expected
B-field is evident from data shown in Figure 6. This is
an important observation for other researchers utilizing
large solenoid structures to magnetize HED plasmas and
something to consider when designing or activating an ex-
perimental platform.

4. Plasma Jet Formation and Characterization

4.1. Numerical Modeling

Radiation-hydrodynamic simulations using CRASH [25]
demonstrate jet formation and collimation. CRASH is a
hydrodynamic Eulerian code utilizing multi-level adaptive
mesh refinement (AMR) with diffusive models for radia-
tion transport and electron heat-transport. The exper-
imental setup discussed in Section 2.1 was modeled in
CRASH. The effect of laser energy on jet formation and
morphology was numerically investigated. Figure 7 illus-
trates density distributions from these numerical exper-
iments. Slight differences in jet morphology are appar-
ent in Figure 7, though all simulations predict jet forma-
tion with a radius of ∼200 µm at 50 ns. For drive ener-
gies of ≥250 J, simulations predict tip propagation up to
∼2.5 mm, though the 150 J case generates slightly slower
(∼20%) jets with the jet tip propagating to ∼2 mm. Due
to the limitations of the optical probe beam, the dens-
est regions of the jet will not be accessible for character-
ization. The optical diagnostics will effectively probe the
lower density, higher temperature jet-tip.

4.2. Interferometry Analysis

An optical probe beam diagnosed the spatial structure
of the collimated plasma flows, using the Mach-Zehnder
interferometry configuration schematically shown in Fig-
ure 2. The λp=0.532-µm probe was focused on to a PI-
MAX2 512×512 CCD running with a ∼2-ns temporal gate.
The pixels on this camera have an effective size of 24.2-
µm×24.2-µm and the optical configuration provided a mag-
nification of 1.47, creating an effective 8.43-mm×8.43-mm
field-of-view at the target plane with ∼16.5-µm spatial res-
olution. However, the spatial blurring due to the 2-ns gate
is the dominant factor in determining the spatial resolu-
tion of the system, because the .50-µm/ns plasma moves
.100 µm during the temporal gate of the CCD. The ab-
solute timing of the system was calibrated to the arrival
time of the lasers to a total uncertainty of ±2-ns, with
contributions from all sources including the jitter in the
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Figure 7: Density distributions at 50 ns as calculated by radiation-
hydrodynamic simulations using the CRASH code. Collimated jet
formation is predicted from irradiated cone targets with a laser en-
ergy of a) 150 J, b) 250 J, c) 300 J, and d) 400 J.

triggers and absolute beam times. In summary, the in-
terferometry system fielded in these experiments provided
interferograms with 2-ns temporal resolution, and a ∼70-
mm2 field-of-view with ∼0.1-mm spatial resolution.5

Fringe shifts measured in the interferogram are created
by a phase shift in the probe beam relative to the reference
beam. This phase shift (∆φ) contains information about
the plasma as it is directly related to the path integral of
the index of refraction (N) by

∆φ ≈ kp
∫

(N − 1) dl , (8)

where kp is the vacuum wave number of the probe beam.
The phase shift is retrieved from the interferograms through
a wavelet analysis performed using the freely available
Neutrino [26] software.

5The ∼125 µm fringe wavelength (in the target plane) crossed
more than 7 pixels of the CCD. Phase changes are easily measured
down to two pixels, thus the ∼100 µm spatial blurring is the domi-
nant contributor to the resolution limit.
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Figure 8: a) A sample jet interferogram. b) The retrieved phase
image using the wavelet analysis in Neutrino. Phase information
from the shadowed region is a numerical artifact and unimportant.

Figure 8 demonstrates a sample input and output of
the wavelet analysis using Neutrino. Fringe shifts associ-
ated with the collimated jet are indicated in Figure 8a
and the shadowed region shows where the probe beam
is absorbed due to high path-integrated densities. It is
clear that fringes in the plasma jet are shifted to the right,
whereas near the shadow, fringes are bent to the left. This
observed effect represents a change in sign of ∆φ. Fig-
ure 8b shows the resulting ∆φ map with phase changes
ranging from ±3π. Though phase information retrieved in
the shadow is unimportant, fringes bent to the left near
the shadow still contain relevant phase information.

The absolute sign of ∆φ in a given image is inconse-
quential, however the relative change in sign of ∆φ in a
single image is important to note here. In general, the
measured phase change is due to alterations in the index
of refraction due to free electrons in the plasma as well as
bound electrons in neutral, or partially ionized, gas. More-
over, the two effects act in opposite directions, specifically
Ngas > 1 and Nplasma < 1 by the following equations,

Ngas ≈
√

1 +
3

NA

∑
j

Rjnj , (9)

Nplasma ≈
√

1− ne
nc

. (10)

The Lorentz-Lorenz formulation for a multi-species dilute
gas and the cold-plasma approximation have been used
for Equations 9 and 10, respectively. In Equation 9, Rj
and nj are the molar refractivity and number density of
the jth species (including all possible ionization states)
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Figure 9: The absolute value of the ∆φ distribution in Figure 8b is
shown. A well-defined ∆φ = 0 surface is apparent.

and NA is Avogadro’s number. In Equation 10, ne is the
free electron density and nc is the critical density deter-
mined by the vacuum wavelength (λµ in microns) of the
probe by nc = 1.1 × 1021/λ2µ cm−3. The index of refrac-
tion of partially ionized gases has been addressed by other
researchers [27, 28] in terms of an ‘average-atom’ model
for high-Z materials, and the opposing effects of free and
bound electrons in low density (ne ∼ 1014 − 1015 cm−3)
plasmas were discussed recently by Merritt et al. [29].

Our data indicate a well-defined ∆φ = 0 surface as
shown in Figure 9. The measured phase change may be
attributed to the sum of contributions from both bound
and free electrons. The second term in each of Equations 9
and 10 are <<1, such that substituting into Equation 8
and summing the individual contributions, the total phase
change may be approximated by

∆φtot ≈ kp
∫  3

2NA

∑
j

Rjnj −
ne
2nc

 dl . (11)

Acquiring complete knowledge of the first term in Equa-
tion 11 is a monumental task, requiring molar refractiv-
ities at the probe wavelength and the number densities
of all ionization states present in the plasma. A measur-
able contribution from bound electrons may be expected at
low ionization states due to the low temperatures, of order
.1 eV, as predicted by CRASH. For the purposes of this
paper, bound-electron contributions to the index of refrac-
tion are neglected and regions near the ∆φ = 0 surface are
masked-out in the analysis; as represented by the outlined
region in Figure 9 for that specific image. However, these
results have prompted interest in further research to com-
bine an ‘average-atom’-like equilibrium model to constrain
plasma conditions at the ∆φ = 0 surface.

4.3. Interferometry Results of Collimated Plasma Jets

In many plasma experiments the index of refraction is
completely dominated by the the free-electron contribu-
tion. This approach is taken in the following discussion on
interferograms of collimated plasma jets with the caveat
that the measured phase represents a lower estimate on
the actual free-electron density since any bound contribu-
tion reduces the measured ∆φ and, therefore the inferred
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Figure 10: Electron density distributions (in 1018 cm−3) inferred
from interferometry data taken at ∼50 ns after the onset of the 10-ns
drive pulse with a) ∼180 J and b) ∼330 J. Jet collimation is slightly
better at higher drive intensity resulting in higher peak densities. An
average jet velocity is estimated at ∼45 µm/ns.

electron density. The free contribution to the phase change
(∆φe) may be written as

∆φe ≈ −
kp
2nc

∫
ne dl . (12)

To determine the electron densities, cylindrical symmetry
is assumed and an Abel transform [30] performed on the
∆φe distribution using the Neutrino software. Due to the
nature of the inversion, the deconvolution noise approaches
100% at the axis of symmetry; radii .75 µm are masked to
ensure that numerical error associated with the inversion
is minimized in the inferred electron density distributions.
The inversion is separately applied to both halves of the
image and differences between the two halves are likely as-
sociated with azimuthal variation in the plasma. A typical
error in the inferred electron density was estimated to be
∼30% by directly comparing the two halves in each image.

Irradiated plastic cones generated well-collimated, mm-
scale plasma flows as indicated by measured electron den-
sity distributions shown in Figure 10. The image in Fig-
ure 10b is the same data discussed in Figures 8 and 9 and
illustrates the masking associated with the shadow, with
regions of substantial bound-electron contribution to ∆φ,
and with high numerical noise at small radii. The drive

laser energy was varied to investigate the effect of inten-
sity on jet morphology. The data show that reducing the
intensity from ∼1.2×1013 W/cm2 to ∼6.4×1012 W/cm2

slightly degrades the collimation and the peak electron
density of the plasma jet. In both cases however, the dens-
est area of the jet is collimated to a diameter of ∼500 µm,
though the higher intensity drive produces collimation over
a longer distance. Higher intensity drive also increases the
inferred peak electron density by a factor of &5. This may
be attributed to a combination of effects, such as target
variation, higher ionization states associated with higher
temperatures, and varying degrees of on-axis collimation.

Plasma pressure of observed collimated jets is esti-
mated from measured and simulated values. For elec-
tron densities of ∼5×1018 cm−3 and temperatures of order
∼1 eV, the thermal pressure is near ∼10 bar. The velocity
of the jet may be estimated using the distance traveled
and the transit time of the flow. The densest regions of
the plasma are ∼2.2 mm from the cone apex6 after trav-
eling for ∼50 ns,7 resulting in an average jet velocity of
∼45 µm/ns. At an ionization state of order unity, the
mass density of the jet is estimated to be ∼50 µg/cm3

resulting in a ram pressure of ρv2∼103 bar. The plasma
kinetic energy is dominated by the ram pressure, as is of-
ten the case for astrophysical jets. It is important to note
again, that these are lower estimates of the density due to
the neglected bound-electron contribution in the interfer-
ograms as discussed earlier. However, these calculations
provide a good estimate of actual jet parameters achieved
with these targets and laser conditions.

4.4. Proton Radiography of Collimated Plasma Jets

Short-pulse proton radiography probed plasma flows
for self-generated fields. Noncollinear density and temper-
ature gradients in the plasma create B-fields through the
so-called Biermann battery source and gradients in elec-
tron pressure generate electric fields, [31]

∂B

∂t
≈ ∇Te ×∇ne

e0ne
, (13)

E ≈ −∇pe
e0ne

, (14)

where Te and ne are the electron temperature and den-
sity distributions respectively, and e0 is the unit charge.
Protons are sensitive to fields in the plasma through de-
flections caused by the Lorentz force as discussed in Sec-
tion 3.3 for the case of the solenoid field.

Proton radiographs of these jets show no significant
self-generated fields near the collimated plasma flow mea-
sured from interferograms. However, proton images do

6This distance estimate is from the back (non-irradiated) side of
the cone and includes the ∼440 µm distance out of the interferometry
field of view.

7The predicted shock transit time through the 90 µm-thick cone
is ∼2-ns and is ignored for estimation purposes at times near 50 ns.
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Figure 11: a) Interferogram overlaid on the electron density distribution shown in Figure 10a to illustrate the location of the collimated jet.
b) Proton images at various energies taken in a direction orthogonal to the interferometry axis. Structure is only observed in the cold, dense
regions corresponding to the shadow in inteferometry data. The time of flight difference for each proton image is shown where T0 is ∼50 ns.
The break in each image is due to the slit for the proton spectrometer.

reveal structure in the cold, dense region of the flow. Fig-
ure 11a shows the electron density distribution from Fig-
ure 10a overlaid on the raw interferogram to illustrate the
location of the observed jet; ∼1.8 mm from the target edge
(not the cone apex). Proton radiographs from this same
shot are shown in Figure 11b on the same spatial scale with
structure appearing only within ∼1 mm from the target
surface, as labeled.

Trajectory deflections are inversely related to proton
energy when caused by electric (θE ∝ 1/Ep) and mag-
netic (θB ∝ 1/

√
Ep) fields [31]. Lower energy protons

are more susceptible to deflections from fields as well as
Coulomb scattering than higher energy protons; as evident
by the diffusive target edge and lack of structure in the
∼2.3 MeV image. At higher energies, proton images show
faint striation-like structure with some observed proton
enhancement that may be caused by self-generated fields
or Coulomb scattering. These mm-size features, if caused
by fields, would indicate path-integrated field strengths of
order ∼1 T-mm or ∼104-105 V for B and E fields, re-
spectively. Future analysis will take into consideration the
exact proton spectra from the backlighter target.

The observed structure is likely related to the expand-
ing cold, plastic cone, and therefore unimportant to the
collimated plasmas flows of interest in this work. These
data suggest that the observed collimated flows are due to
the hydrodynamics of the system and that self-generated
fields do not play a role in their evolution.

5. Magnetized Plasma Jets

Collimated plasma flows were magnetized using the
solenoid field discussed in Section 3 and characterized with
interferometry.8 The applied magnetic field was aligned in

8Proton radiography of magnetized plasma jets was attempted,
but complications discussed in Section 3.3 prohibit accurate inter-
pretation of the data at this time.

the same direction as the bulk motion of the flow with
a peak field strength of 5 Tesla. The magnetic energy
density associated with this field strength is ∼102 bar.
Since the plasma energy is dominated by the ram pres-
sure (∼103 bar), the ratio of plasma energy to magnetic
energy (β) was ∼10; magnetic pressures of ∼103 require a
∼16 T field. However, other figures of merit should also
be considered in assessing potential effects associated with
B-fields.

5.1. The Hall Parameter

The Hall parameter (χ) characterizes the level of mag-
netization in a plasma. It is a quantity that describes the
characteristic number of field gyrations before a Coulom-
bic collision. A Hall parameter of ∼1 indicates moderate
magnetization as trajectories are completely altered by the
field before randomization by collisions. As electrons are
easier to magnetize due to their low mass, χ is typically cal-
culated as the product of the electron cyclotron frequency
(ωce) and the electron-ion collision time (τei),

χe = ωceτei . (15)

Using a typical definition for the collision time in a ther-
malized plasma, this can be approximated by

χe ≈
(
e0B

me

)(
12π3/2ε20√

2e40

√
me T

3/2
e

neZ ln Λ

)
. (16)

This expression invokes the use of the Coulomb logarithm
(ln Λ) which, in these cold plasmas, is difficult to accu-
rately define. However, it is relatively insensitive to plasma
parameters and, for estimation purposes discussed here, it
is assumed to be 2. This results in the following simple
expression in practical units,

χe ≈ 0.03
BT T

3/2
e,eV

ne,18 Z
, (17)
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Figure 12: Electron thermal conduction perpendicular to the field
is reduced relative to parallel thermal conduction as described by
Equation 18. The three lines were generated using the transport
coefficients [32] for the labeled Z values.

where the magnetic field is in Tesla, the electron temper-
ature is in eV, the electron density is in 1018 cm−3, and
Z is the characteristic ionization state. A 5 T magnetic
field generates a Hall parameter of ∼0.15 when all other
parameters in Equation 17 are of order unity; indicating
a weakly magnetized electron population.9 Under these
conditions, it may be expected that electron trajectories
will be affected by the magnetic field, but that collisions
with background ions will be frequent.

Heat conduction by plasma electrons may still be af-
fected by the presence of the magnetic field, even in the
weakly magnetized (χe) regime. The description of colli-
sional heat transport across magnetic field lines has been
described by Braginskii [33] and was later modified by Ep-
perlein and Haines [32] who give the ratio of perpendicular
to parallel thermal conduction (κ⊥/κ‖) as

κ⊥
κ‖

=
γ′1χe + γ′0

γ0 (χ3
e + c′2χ

2
e + c′1χe + c′0)

, (18)

where the coefficients γ′1, γ
′
0, γ0, c

′
2, c
′
1, c
′
0 are given by Ep-

perlein and Haines as a function of Z. Figure 12 illustrates
the strong variation in heat conduction for χe up to 10. For
the estimated conditions already discussed and an ioniza-
tion state near unity, the expected heat conduction across
field lines is still ∼90% of the parallel value; a weak effect
given assumptions in the calculation. However, the spatial
variation in the electron density alters the local Hall pa-
rameter, and thus the lower density (higher temperature)
regions may confine the perpendicular heat flux more effi-
ciently.

5.2. Experimental Results

Complete disruption of hydrodynamically collimated
jets occurred when the external magnetic field was applied.
Instead, a hollow cavity structure was observed. Figure 13
illustrates the difference in jet morphology at ∼50 ns as

9Under these conditions, the cyclotron frequency and collision
frequency are ∼0.9 ps−1 and 6 ps−1, respectively.
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Figure 13: Electron density distributions obtained from interferom-
etry data at t∼50 ns for the case of a) no B-field and b) an applied
B-field of 5 T. The magnetic field completely disrupts the collimated
jet to form a hollow cavity.

measured from interferometry. For a simple comparison
Figure 10a, the unmagnetized electron density distribu-
tion, is reproduced next to that of the magnetized flow in
Figure 13. The flow is still collimated when magnetized,
though rather than a solid jet with a ∼500 µm diameter,
the plasma takes on the shape of a hollow cylindrical cavity
that tapers from a diameter of ∼2.9 mm down to ∼1.9 mm
over a ∼2-mm distance. The thickness of the cavity wall
is ∼300 µm, slightly thinner than the unmagnetized flow.

Electron particle diffusion across field lines may be
characterized by the Larmor motion. The gyro radius of a
1 eV electron in a 5 T field is re∼0.34 µm which is much
smaller than the unmagnetized, collimated jet (∼500 µm).
This suggests that many collisions, and therefore many
fractions of field gyrations due to the low Hall parameter,
are necessary to act across the spatial scales of interest;
‘random walk’ motion. The length scale associated with
cross-field diffusion may be estimated by,

Le ≈
√
Det , (19)

where De=r
2
e/τei is the diffusion coefficient with timescale

t. For the estimates discussed here, the approximate dif-
fusion scale length is of order ∼200 µm. This scale is con-
sistent with the observed envelope thickness suggesting a
diffusive process, however, this is much smaller than the
few-millimeter scale of the envelope diameter.

Magnetized jet morphology is different from the un-
magnetized case. The unmagnetized ram pressure in the
axial direction of the plasma would be ∼10 times that of
the 5-T B-field (β∼10). In the magnetized case, however,
the mass accumulates radially with a ram pressure that is
∼4 times less than that in the axial, unmagnetized case.
The reduced ram pressure in the radial direction, along
with some potential compression of the field in the enve-
lope, creates local plasma conditions near the β∼1 regime;
where the magnetic field may strongly affect the dynamics.
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5.3. Physics Discussion

Numerical work by Ciardi et al. [5] predicts the forma-
tion of a cavity surrounded by a shock envelope in magnet-
ically collimated jets. In their simulations, a faster, hotter
flow expands in a strong axial magnetic field. The en-
velope is generated through radial deceleration (pinching
effect) of the expanding plasma due to the Lorentz force,
Fr = jθBz, on the induced current jθ. Magnetic fields
are swept up by the flow due to low resistivity in the hot
plasma. A conical shock forms, leading to an accumula-
tion of plasma on-axis that produces an axial jet ∼15 mm
away from the initial target surface; much farther than was
probed in our experiments. Further propagation of the jet
results in a series of compressions and expansions that pro-
duce shock structures. It is also shown that increasing the
field strength for fixed initial plasma conditions results in
tighter jet formation closer to the target surface.

There are qualitative similarities between experimental
results discussed here and the plasmas numerically inves-
tigated by Ciardi et al., despite significant differences in
plasma parameters. Figure 13b shows the envelope struc-
ture caused by the applied magnetic field. With the ap-
plied field, the fast region of the flow is still near magne-
tosonic as the magnetoacoustic velocity (cma =

√
c2A + c2s)

is ∼20 µm/ns, and weak shocks may form. Observed ta-
pering of the cavity may be due to radial deceleration of
expanding plasma and jet formation may have been ob-
served further downstream as predicted by Ciardi et al.,
however the field-of-view did not permit verification. This
description of the morphology is consistent with the ob-
servations, though differences in plasma conditions must
be noted.

Unlike the naturally expanding plasma discussed by
Ciardi et al., the cone geometry used in these experiments
directs plasma inwards to form the collimated jet. Some
plasma does expand outwards and could be forced inward
by the applied field to form the shock envelope, but the
background B-field also prevents the formation of the orig-
inal collimated outflow. Moreover, under these plasma
conditions, the magnetic Reynolds number (Rem) is of
order ∼1 with a typical diffusion time (τdiff ) of order
∼0.1 ns, indicating non-negligible magnetic diffusion ef-
fects over dynamical timescales.

If the shock envelope is formed due to radial decelera-
tion, B-fields will not pile up at the shock location. Rather,
fields will diffuse through the plasma on timescales much
shorter than those of the dynamics of the system, though
they still dramatically affect the plasma evolution. Due to
the low Rem, these plasmas are not accurately described
by the Euler MHD equations, which makes their dynamic
evolution different than that of the analog astrophysical
system. Using thinner targets and higher laser energy will
likely help to make this platform more closely analogous to
astrophysical jets by increasing the flow speed to increase
the mach number of the flow and raising the plasma tem-
perature to reduce diffusive effects.

Qualitatively similar behavior is observed in our exper-
iments as in the system numerically investigated by Ciardi
et al. that is described well by the Euler MHD equations.
The deceleration mechanism that forms the cavity-shock
structure is caused by the induced current in the expand-
ing plasma. The radially converging areas of the plasma in
our experiments, in a similar manner, may induce a cur-
rent in the opposite direction thereby producing an out-
ward (rather than inward) Lorentz force. This current
configuration would allow the formation of the outer shock
envelope while simultaneously preventing the inner flow to
properly collimate. Future work with these data will fo-
cus on detailed modeling of the system including B-field
effects and resistivity to investigate cavity formation and
collimated jet disruption.

6. Summary

Magnetized-jet experiments were successfully executed
and demonstrated dramatic effects on collimated outflows
in the moderate β regime. Irradiated plastic cones were
shown to produce hydrodynamically collimated jets with a
diameter of∼500 µm that propagate up to∼2.5 mm. Vari-
ation in laser energy by a factor of ∼1.8 produced minimal
differences in jet collimation, with the expected result that
flows were slightly slower at lower energies. Proton radiog-
raphy of these outflows suggested that self-generated fields
did not play a significant role in jet collimation. A custom-
designed solenoid provided a uniform 5-T magnetic field
aligned with the outflow to magnetize the plasma. Spatial
variation in the B-field was characterized using a multi-
loop b-dot probe and verified a .5% variation in field
strength across the region of plasma flow.

Complete disruption of the collimated jet was observed
when the 5 T magnetic field was applied. A hollow cavity
developed in its place, as was predicted for hotter, faster
outflows in previous numerical work by Ciardi et al. We
propose that the diamagnetic forces that create the en-
velope, switch directions at the converging regions of our
plasma thereby preventing the collimation of the jet. One
important difference between our experiments and the pre-
vious simulations is that our resistivity is much higher due
to the lower plasma temperatures. This likely plays a role
in the evolution of the magnetic field and diamagnetic cur-
rent profile within the jet and is the focus of future numer-
ical work based on these experiments.

7. Future Work

A number of unanticipated results from this work have
stimulated interest for further investigation. These have
been mentioned in the main body of the text, but are re-
iterated here for clarity. The most pressing interest is the
further development of the CRASH code for simulating
magnetic field effects. Specifically to help explain jet dis-
ruption due to background magnetic fields and the role
plasma resistivity may play in this effect.
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In this work we radiographed a known B-field structure
with unexpected results as discussed in Section 3.3. Pro-
ton radiography has been used to infer magnetic fields in
many different experiments and a good understanding of
these data may help future use of this diagnostic technique.
Analysis of spectral data from the imaging spectrometer
also fielded in these experiments may lead to valuable tra-
jectory information that can help to explain the unantici-
pated focusing effect that was observed.

Interferometry data taken of these jets showed a mea-
surable contribution to the phase shift from bound elec-
trons. A complete description of the index of refraction
including all possible ionization states is a futile task with
the diagnostic suite fielded for these experiments. How-
ever, the surface at which point the phase change is zero
may provide a path to inferring local plasma conditions us-
ing analytic models and equilibration assumptions. This
technique may be useful in further constraining numerical
models and provide another measure of plasma conditions.

This experimental platform has produced good results
and may be used for future magnetized jet experiments.
To connect better with astrophysical systems, the next
generation targets should be thinner such that the flow
velocity and plasma temperature may increase enough to
make magnetic diffusion negligible. Also, the magnetic
field orientation relative to the outflow should be varied to
investigate the effects of field alignment. The simplest ex-
periment would be to flip the polarity of the solenoid such
that the field would be antiparallel to the flow. With this
solenoid configuration, it is also straightforward to align
the field perpendicular to the flow. Interactions between
colliding jets at different angles within a magnetic field is
also a potential direction of future research.
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