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High-Energy-Density (HED) Physics Concerns the Study of 
Matter at High Densities and Extreme Temperatures

[“Frontiers in high energy density physics: The 
X-games of contemporary science.” 2003]



Laboratory for Laser Energetics (LLE) at University of 
Rochester Operates Two of the World’s Largest Lasers

OMEGA EPOMEGA 60

• Competed 2008
• Four beams, each up to 6.5 kJ
• Two beams can be PW

• 2.6 kJ in 10 ps
• 1.5 hr shot cycle

• Competed 1995
• 60 beams, each up to 500 J
• 45 min shot cycle
• Dozens of diagnostics
• Up to 1500 shots/year

More than half of Omega’s shots are for external users.



The National Ignition Facility (NIF) at LLNL Aims to 
Demonstrate Fusion Ignition

• Competed 2009
• World’s largest laser
• 192 beams with total energy of 

~2 MJ
• Performing experiments to 

achieve ignition through inertial 
confinement fusion (ICF)

Hohlraum

NIF

Achievement of ignition a “national grand challenge”



Magnetic Drive ICF Being Pursued at the Z Pulsed Power 
Facility at Sandia National Laboratory (SNL)

• Competed 1996
• World’s most powerful radiation source
• Z-pinch configuration
• 20 MA peak current, 1 MJ peak energy, 

80 TW peak power
• Studies magnetized ICF, laboratory 

astrophysics, and extreme material states

Z Machine

Z-pinch wire array



Many Diagnostics Fielded on HED Experiments

OMEGA 60 Target Chamber



Many Diagnostics Fielded on HED Experiments

NIF Target Chamber



HED Experiments Deposit a Large Amount of Energy into a 
Small System Extremely Quickly

Deposit 102 – 106 J into a mm-scale target in billionths of a second



Key Challenge of HED Science is Measuring HED Systems

• Require very fast measurements (<ns) at high spatial resolution (10 um)
• HED systems generate:
• optical, UV, and x-ray photons
• charged particles
• neutrons
• strong electromagnetic fields

• Comprehensive diagnostic suite allows much to be learned: plasma 
parameters (temperature, density, flows), field strength and topology, 
energy spectra, particle dynamics, etc.
• Primarily rely on both active and passive, non-intrusive, light-based and 

particle-based diagnostics
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Microchannel Plates (MCPs) Enable the Detection of Very 
Low Signals

photon or electron

electrons

0.
5 

m
m

phosphor (or other detector)

• High speed gating (~10 ps)
• Minimal image distortion
• Large dynamic range (~100)
• Noisy

MCP Operation

10 um



Framing Cameras Provide Series of Time-Gated 2D Images, 
Like a Movie

• Array of images projected onto HV strip on MCP
• As HV travels along strip, each image recorded
• Total strip time set by HV pulse and strip length (usually of order ~100 ps)
• Different strips can have different start times
• Provides high temporal resolution (~40 ps)

1 2
3

4



Streak Cameras Provide Temporal Resolution of 1D Data

Streak Operation Streaked Images

• Photoelectrons accelerated from photocathode
• Pass through two plates with applied voltage
• Voltage ramped in time, causing electrons arriving 

later to be deflected differently from those arriving 
earlier

• Incident 1D data (e.g. spectra) that evolves in time
• Camera streaks data in perpendicular direction, 

converting time to a spatial axis
• Creates 2D x-t image
• Temporal resolution ~50 ps



X-rays and Charged Particles can be Measured with Image 
Plates or Radiochromic Film

• Commonly used in medical, industrial, 
and scientific applications

• Self-developing and insensitive to 
visible light

• Multiple layers of film and filters allow 
energy/time discrimination

energy

Image Plates

• Large dynamic range (>105) and 
insensitive to strong EM pulses

• Incident ionizing radiation traps electrons 
in metastable state 

• Electrons released when exposed to 
visible laser (provided by special scanner), 
emitting detectable line radiation 
(photostimulated luminescence [PSL])

Radiochromic Film (RCF)



Energetic Protons can be Measured with CR-39

[Seguin+ RSI 2003]

• Transparent plastic sensitive 
to charged particles

• Insensitive to photons

Microscope Image

• Particles leave tracks in CR-39
• Track diameter and depth 

indicative of particle energy 
and type

• Tracks made visible through 
chemical etching

• Digitized with automated 
microscope scanner

• Particle flux directly counted

CR-39 Track Diagram
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Thomson Scattering Diagnoses Local Plasma Conditions by 
Observing Spectrum of Light Scattered from Probe Beam

probe beam

plasma

scatte
red lig

ht

detector

spectrometer

𝒌
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𝒌𝐢
𝜽

𝜔# = 𝜔$ + 𝒌 ⋅ 𝒗

𝒌 = 𝒌𝒔 − 𝒌𝒊



Scattered Power Dependent on Velocity Distribution 
Functions (VDFs)

Scattered Power
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dielectric function

[Froula+ “Plasma Scattering 
of Electromagnetic Radiation” 
2nd ed. 2011]

Landau damping



In Non-Collective Regime, Electrons Scatter Incoherently

𝑆 𝒌, 𝜔 ∝
𝑒- ⁄/ 01!" #

𝜖&

𝛼 < 1



In Collective Regime, Light Scattered from Plasma Waves

𝛼 > 1
EPW Feature

IAW Feature

Density modulations in plasma propagate as high 
frequency electron plasma waves (EPW) and low 
frequency ion acoustic waves (IAW)



Thomson Scattering Makes Local Measurements of Plasma 
Parameters

[Follet+ RSI 2016]

OTS System on Omega60

camera

camera

can be 2D imaging camera or streak camera

high resolution
narrow range

low resolution
broad range



Experiments Study VDFs in Laser-Driven Collisionless Shocks 
on Omega

Planetary Bow Shocks Supernova Remnants

SN 1006
Images: NASA

• Shocks observed in astrophysical systems with 
scale lengths orders of magnitude smaller 
than the collisional mean free path

• Known to be the source of very high-energy 
particle acceleration, including cosmic rays

• Laboratory experiments enable detailed 
studies using high-energy lasers

Collisionless Shocks Experimental Setup on OMEGA60

• Lasers drive piston plasma into magnetized ambient plasma

• Ambient ions and magnetic flux swept up and accelerated to 
super-magnetosonic speeds, driving shock

• VDFs parallel to shock normal diagnosed with Thomson 
scattering

[Schaeffer+ PRL 2019]

Thomson Scattering Geometry



Spectra Reflect 1D Ion Velocity Distributions

Fast moving
piston ions (500-1000 km/s)

Spectra show passing of 
simple ablation flow
(increasing density, 
decreasing speed and 
temperature)

Streaked in time

Null shot: piston plasma only

IAW

EPWx=3 mm



Strong Flow Deformations Observed with Magnetic Field

Null shot: piston plasma only

IAW

EPWx=3 mm

Magnetized

IAW

EPWx=3 mm

Piston ions

Gyrating piston ions

Piston-ambient 
flows merging

Ambient ions

Steep gradients

Accelerating 
ambient ions



Plasma Parameters Extracted by Iteratively Fitting Data with 
Calculated Spectra

EPW Feature EPW Lineouts with Best Fits



Thomson Scattering Data Demonstrate Piston-Ambient 
Coupling Process

Ion Flow Speed Electron Density Electron Temperature

[Schaeffer+ PRL 2019]

• Decelerated piston flow
• Accelerated ambient flow
• Results from electric fields near 

piston-ambient interface

magnetized
unmagnetized

• Strong density compression as 
plasma piles up behind 
magnetic compression

• Significant adiabatic electron 
heating from compression



Line-Integrated Density Maps can be Measured with 
Interferometry

Laser Interferometry Reconnection Experiments on MAGPIE

• Plasma has index of refraction 𝑛 = 1 − /$#

/#

⁄, &

𝜔2 = 3"'#
4"5%

⁄, &

• Mach-Zehnder interferometer: probe beam sent 
along two paths, one reference and one through 
plasma

• Resulting interference pattern related to plasma 
density through refraction angle

[Swadling+ RSI 2014] [Suttle+ PRL 2016]

phase map

Interferogram: End View

• Exploding wire arrays used 
to study magnetic 
reconnection

• Interferometry shows 
reconnection current sheet𝜃6 =

1
2𝑛78

C
-9

9
𝜕𝑛'
𝜕𝛼 𝑑𝑧



Angular Filter Refractometry Measures Contours of Path-
Integrated Density Gradients

AFR Concept Shock Experiments on OMEGA EP

• Probe beam is refracted by plasma
• Passes through angular filter placed in Fourier plane
• Results in discrete set of bands corresponding to 

specific plasma refraction angles
• The angles are proportional to the path-integrated 

plasma density gradient

[Haberberger+ PoP 2014]
𝜃6 =

1
2𝑛78

C
-9

9
𝜕𝑛'
𝜕𝛼 𝑑𝑧

• Experiments studying piston-driven collisionless shocks
• Observe steep density gradients in shock front
• At late times, observe shock separate from piston

v0Piston Plume
Shock

Shock
separating 
from piston

[Schaeffer+ PRL 2017]

t=2.35 ns t=2.85 ns t=3.85 ns

flow
flow flow

Data
Simulation

Reconstructed Density Profile

t=3.85 ns
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X-ray Pinhole Imaging Commonly Used in HED Experiments

• Magnification 𝑀 = ⁄𝑑, 𝑑&
• Pinhole diameter 𝑎 sets

• resolution 𝑅 ∼ 𝑎
• light collection Ω ≈ !"!

#$"!

• Coupled with 2D detector (e.g. film, IP, 
CCD, framing camera)

collimator

pinhole

Pinhole Imaging Pinhole Arrays

• 2D pinhole arrays frequently used

• Why? Noise reduction, time series, differential 
filtering

• Collimators used to block background when 
using small pinholes

Cross-Section



• Reconnection converts magnetic energy to 
kinetic and thermal energy by breaking field 
lines

• Commonly observed in laboratory and 
astrophysical plasmas

• For large system sizes with low dissipation, 
current sheet can break up into magnetic 
islands ("plasmoids’’)

• Laboratory experiments enable detailed 
studies using high-energy lasers

NIF Used to Produce and Observe Reconnection in Highly-
Extended Current Sheets

Image: ESA

Magnetic Reconnection
Earth’s MagnetosphereReconnection

Experimental Setup on NIF

• Lasers create large expanding plasma plumes
• Magnetic fields self-generated through Biermann Battery Effect 

:+
:;
∝ ∇𝑇'×∇𝑛'

• Fields reconnect as plumes collide
• X-ray self-emission measured to infer plasma temperature

GXD

GXD

Face-On View

Side-On View



X-Ray Bremsstrahlung from Plasma Observed Through 
Different Filters

X-Ray Bremsstrahlung

𝑗 𝜈, 𝑇𝑒 ∝
𝑍𝑛'&

𝑇'
𝑒-<=/?"�̅�

• “Braking Radiation” from deceleration of 
electrons

• Characteristic energy dependence which 
can be exploited to measure 
fundamental plasma parameters like 𝑇'

+

-

Emissivity (power/unit frequency/unit volume)
Gaunt factor (of order unity)

• X-ray signal attenuated based on filter material and 
thickness

• Temperature can be estimated by comparing signal 
through two filters

Estimate of Electron Temperature

Tr
an
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iss
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n

X-Ray Transmission Through Al Foil

𝑅(𝑇') =
∫-9
9 𝑑𝜈 𝑗 𝜈, 𝑇' 𝐾 𝜈 𝑾𝟏 𝝂
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Emissivity
Detector response
Filter response



X-rays Measured with NIF Gated X-ray Detector (GXD)

pinholes

filters

detector

GXD Snout

time
streak

Example Filter Setup

3 um Al6 um Al3 um Al6 um Al pinholes
(150 um)

filters

• X-rays pass through filtered pinhole array
• 4 independently timed strips embedded in MCP
• X-rays captured by time-gated framing camera

Strip 1
t1

Strip 2
t1

Strip 3
t2

Strip 4
t2



X-ray Images Show Evolution of the Plasma and Current 
Sheet 

6 um 
Al

3 um 
Al

6 um 
Al

3 um 
Al

6 um 
Al

3 um 
Al

6 um 
Al

3 um 
Al

x-ray shield x-ray shield

3-3.2 ns2-2.2 ns 4-4.2 ns2-2.2 ns

time
streak
(200 ps)

Side-On View Face-On View

time
streak
(200 ps)

pinhole
image



Electron Te Measured by Comparing Filtered Signals

[Schaeffer+ RSI 2021]

• X-ray signal compared through two filters at same 
time

• Similar temperatures measured from side-on and 
face-on images

Filtered Pinhole Images
Side-On View Face-On View

Signal Comparison

Temperature Estimate

𝑇# = 360$%&'()& eV

𝑇# = 300$)&'*& eV

Electron Temperature



X-Ray Spectroscopy

Imaging Crystal Spectrometer Ar K-Shell Spectroscopy on OMEGA 60

[Chen+ RSI 2014]

source

detector

crystal

• X-rays incident on crystal reflected if Bragg 
condition met

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)

• Typical crystals: quartz, Ge, Si
• Spherically bent crystals allow focusing and 

improved signal

diffraction order
wavelength
atomic spacing

t=2.15 ns

t=1.89 ns

[Regen+ PoP 2002]

• Experiments studied direct-
drive implosions of Ar-
doped D-filled capsules

• K-shell lines compared to 
model spectra to extract 
temperature and density  
evolution

𝑇! = 1.9 keV, 𝑛! = 1.25×10"# cm-3

𝑇! = 0.75 keV, 𝑛! = 1.7×10"# cm-3
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Proton Deflectometry Used to Infer E and B Fields Present in 
Plasma

Mesh

L1 L2a

Proton 
source

Plasma
(object plane)

Detector
(image plane)z

x

y

deflected particles

α

𝒙\ = 𝑀𝒙] + 𝐿^Δ𝜶_



Proton Observations can be Quantitatively Converted to B 
Fields

Direct Mapping of Proton Beamlets Numerical Inversion

[Petrasso+ PRL 2009] [Kugland+ PoP 2012, Bott+ JPP 2018]
To break the nearly isotropic proton fluence into ‘‘beam-
lets’’ (!1000 protons each) whose deflections could easily
be observed and quantified, 150-!m-period nickel meshes
were placed on opposite sides of the foil. Figure 1(b) is the
resulting radiograph, recorded on a CR-39 nuclear track
detector [9], with laser timing adjusted so the bubbles were
recorded 1.36 ns after the onset of the interaction beams.

The top bubble image in Fig. 1(b) is a type of image we
have recently begun studying [12,13] and contrasting to
predictions of the 2D radiation-hydrodynamic code
LASNEX [14]. The simulations indicated that proton deflec-
tions are purely a result of a toroidal B, parallel to the foil,
arising from the rne " rTe magnetic-field source term
(where ne and Te are the electron number density and
temperature) [15,16]. While the data and simulations
were qualitatively similar, there was a consistent, quanti-
tative mismatch between them throughout the bubble evo-
lution (predicted apparent bubble sizes were !25%
smaller than observed [17,18]; predicted values of

R
B"

d‘were larger overall than observed; and field morphology
details differed). This discrepancy effectively precluded
use of the simulations to justify any a priori assumption
that observed proton deflections were caused exclusively
by a B field and not by any component Ek (parallel to the
foil) of an E field.

To provide direct experimental identification of the field
type as well as strength, the current experiment was de-
signed so the second bubble reverses the sign of any B
relative to the first bubble (as seen from the detector) while
leaving any Ek unchanged. If the B reversal had no effect
on deflections of the monoenergetic protons used to image
the plasma, any deflections would necessarily have been
dominated by Ek. If the reversal resulted in equal but
oppositely directed deflections of the monoenergetic pro-
tons, that would demonstrate the clear dominance of B.
Qualitatively, the latter is what we see in the image: the

bubble on the back side of the foil (top of image) appears
expanded, and the bubble on the front side appears
contracted.
Figure 1(c) shows the absolute values of the beamlet

deflection angles " as a function of position at the foil; " is
calculated from the apparent displacement of a beamlet in
an image relative to where it would be without deflection.
The peak " occur at the foil on two circles of the same
radius, and the amplitudes are the same for both circles.
This is seen quantitatively in Fig. 2(a), which shows " as a
function of radius measured from each bubble’s center.
Because of Eq. (1), and the fact that B is reversed between
the bubbles while E is not, it follows that we can decom-
pose the total deflections "topðrÞ and "bottomðrÞ for the top
and bottom bubbles into parts due only to B and E by
assuming the two bubbles are otherwise equivalent. Then

"topðrÞ ¼ "EðrÞ þ "B;topðrÞ; (2)

"bottomðrÞ ¼ "EðrÞ ' "B;topðrÞ; (3)

from which it follows that

"EðrÞ ¼ ½"topðrÞ þ "bottomðrÞ)=2; (4)

"BðrÞ ¼ ½"topðrÞ ' "bottomðrÞ)=2: (5)

The results are shown in Fig. 2(b) after converting "BðrÞ
and "EðrÞ to

R
B" d‘ and

R
Ek " d‘ using Eq. (1). The

vertical display scales for E and B were selected so the
relative amplitudes of the curves indicate the relative
amounts of proton deflection. The effect of B greatly
dominates the effect of Ek, whose measured amplitude is
smaller than measurement uncertainties [19].
Figure 1(c) reveals a toroidal topology for the B field. An

estimate of the maximum local jBj for a toroidal height of
400 !m (assuming a height of order the shell thickness) is

FIG. 1 (color). Proton radiography setup (a), proton radiograph of two laser-generated plasma bubbles (b), and spatial map of proton
beamlet deflection angle as a function of position on the foil (c). It will be seen in Fig. 2(b) that the deflections are associated almost
exclusively with a B field near the foil, and this means that (c) can also be viewed as a magnetic-field map. Panel (c) shows that the two
bubbles were actually the same size even though the apparent sizes are different in the radiograph. The orientation of the images is as
seen from behind the detector, looking toward the backlighter. The radiograph was acquired during OMEGA shot 46535.

PRL 103, 085001 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending

21 AUGUST 2009

085001-2

• Protons broken up into beamlets by mesh grid
• By comparing to reference grid, can directly 

calculate deflection

Solve ∇ ⋅ 𝚫𝜶 = ⁄𝛿𝐼 𝐼

proton fluence

B

measure invert

initial fields path-integrated fields

Deflection angle
Proton fluence



Target Normal Sheath Acceleration Generates MeV Proton 
Beams

TNSA

[McKenna+ PTRSA 2006]

• Short pulse laser (~ps, ~100 J) incident on thin 
metallic foil

• Hot electrons escape from rear side of target

• Electrostatic field develops of order MeV/um

• Accelerates protons up to tens of MeV

Detector

• Time-of-flight dispersion allows multi-frame imaging

• Ultra bright, extremely collimated, high peak energy 
(~60 MeV), high spatial resolution (~10 um), and short 
duration (~ps)



Monoenergetic Protons Created by Imploding D3He Capsule

D3He
gas

laser

SiO2 shell

Initial Capsule Compressed Capsule

D + 3He ➝ p(14.7 Mev) + 𝛼
D + D ➝ p(3.0 Mev) + T
D + D ➝ n + 3He

[Seguin+ RSI 2003, Li+ PRL 2006, Li+ RSI 2006]

• Long pulse lasers (~ns, 10 kJ) irradiate capsule
• Spatial resolution set by compressed capsule diameter (~40-80 um FWHM)
• Temporal resolution ~100ps
• Expands into 4𝜋
• Two energies/times

filter

3 M
eV

filter

15 M
eV

Detector Stack (CR-39)



Magnetic Cavity and Compressions Observed in Shock 
Experiments on Omega

[Schaeffer+ PRL 2019]

Experimental Setup on OMEGA60 15 MeV Proton Image Measured B-Field

Measured proton fluence
Synthetic proton fluence
Path-integrated By
By(x,y=3)

• 3 & 15 MeV protons 
generated by imploding D3He 
capsule

• Proton deflected by shock-
compressed fields

magnetic 
cavity

compressed
field

flow



Highly-Extended Current Sheet Observed in Magnetic 
Reconnection Experiments on NIF

Experimental Setup

[Fox+ 2020]

2

D3He capsule

protons

lasers

CR-39 and image plate

b) Setup side-on (not to scale)a) Setup face-on c) CAD rendering

to GXD

HDC foil

stalk

X-ray shield

to GXD

d) X-ray emission

20 tiled beams

Biermann battery 
magnetic field

magnetic reconnection
current sheet

1 mm

SXI-L N180513-002

FIG. 1. Experimental setup. a) Setup face-on, showing tiled laser foci producing two extended plasma plumes, self-generated
magnetic fields, and formation of an extended 1-D current sheet. b) Side-on view, showing proton radiography geometry from
a D3He backlighter. The Gated X-ray Detector (GXD) used in Fig. 4, views the plasma from the side-on. c) CAD rendering of
the target, oblique view. d) Time-integrated soft x-ray emission showing two elongated plumes, using the face-on view of the
Soft-X-ray Imager (SXI-Lower)

ing that momentum transport (the pressure tensor e↵ect
[20]) drives fast reconnection.

Figure 1 shows the experimental setup. Extending the
techniques of previous laser-driven reconnection experi-
ments [5–7, 28, 29], two sets of beams were focused to
generate a pair of elongated plasma plumes. Here 40
beams are tiled evenly onto two parallel 4 ⇥ 1 mm2 foot-
prints on a thin (15 µm) 5.5⇥6 mm2 high-density-carbon
(HDC) foil to generate two colliding plasma plumes
(Fig. 1a). The lateral separation of the laser foci between
the two footprints was 2.4 mm. In these experiments, the
total laser energy per plume was 2 kJ in 0.6 ns, for an on-
target laser intensity of IL = 1⇥ 1014 W/cm2 at 351 nm
wavelength. The platform uses beams from the bottom
outer beam cones (45–50�) on NIF, with standard NIF
phase plates which all project to smooth circular foci
with a 1.2 mm-diameter profile in the horizontal plane
of the target. A D3He backlighter capsule for proton de-
flectometry was mounted below the target (Fig. 1b), with
the CR-39 detector package at the pole. Gated X-ray De-
tectors (GXD) [30] were fielded in the plane of the target
with a side-on view. Figure 1d shows time-integrated
x-ray emission observed by the NIF Soft X-ray Imager
(SXI-L), showing two uniform extended plumes.

Experiments observed the line-integrated magnetic
fields using proton deflectometry [24]. The proton back-
lighter used an 860 µm-diameter glass capsule target
filled with a D3He mixture (6 atm D2, 12 atm 3He).
The capsule was imploded by 64 NIF beams, using a
1.3 ns square pulse shape, 0.9 kJ/beam, and standard
NIF phase plates. Upon implosion, DD and D3He fusion
reactions produced energized protons at 3.5 [EXACT?]
and 14.95 MeV. The capsule was mounted 20 mm below
the target foil, while the CR-39 nuclear detector stack
[31] was fielded 215 mm opposite the target, for a geo-
metrical magnification M = 11.75. An image plate (IP)

was fielded behind the CR-39 foils in the stack to ob-
tain a point-projection x-ray image of the target region;
comparing the IP to photographs of the as-built targets
allowed registration of the proton radiographs against the
physical targets. As the protons stream through the in-
teracting plumes, they pick up small angular deflections
[32] �↵E,B = e

mpV 2
p

R
(E+Vp ⇥B) · dl, where Vp is the

proton velocity, e the charge, and mp the proton mass.
For small deflections (<⇠ 1�) as applicable here, the inte-
gration is along the nearly straight-line proton trajecto-
ries, nearly aligned with the z-axis. Therefore by analyz-
ing the proton fluence variations one can deduce the line-
integrated fields. Comparing 15 MeV and 3.5 MeV pro-
ton data shows that the deflections were predominantly
caused by the B-fields rather than E-fields, consistent
with previous findings in this laser intensity range [33]
(the details will be shown in a future publication), so be-
low we simply relate the proton data to line-integrated
B fields.

Figure 2 shows proton radiography data at 14.95 MeV
and reconstructed magnetic fields obtained at time t =
3.0 ns after the start of the main plume beams, ac-
counting for the backlighter bang-time and proton time-
of-flight. The deflections lead to fluence variation on
the CR-39 (Fig. 2a.) Two high-fluence (dark), elon-
gated “race-tracks” are immediately apparent which cor-
respond to a focusing pileup of protons interior to the
peak Biermann magnetic fields surrounding each plume.
Where the two plumes interact, a region of extreme pro-
ton depletion is observed. This is consistent with a cur-
rent sheet structure causing outward deflection of the
probe protons. The current sheet is quasi-1-D (@/@y ⌧
@/@x). Figure 2b shows the reconstructed magnetic fields
in the 2-D region containing the current sheet (the ma-
genta box in Fig. 2a), using the 2-D reconstruction algo-
rithm PROBLEM [34]. The current sheet half-width �

3 MeV (DD) Proton Image 15 MeV (D3He) Proton Image

target edge proton focusing from 
global Biermann field

proton depletion: current sheet



Highly-Extended Current Sheet Observed on NIF
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[Bott+ JPP 2018]

1D PRADICAMENT Reconstruction 3
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FIG. 2. a) Proton radiograph for two colliding plumes at
t = 3.0 ns (NIF shot N180513). The magenta box in analyzed
in (b), which shows the 2-D reconstruction of

R
By d` over

the current sheet. The blue box is analyzed in Fig. 3. Units
correspond to the target plane accounting for magnification.

varies along the sheet and ranges from 15-30 µm, much
thinner than the apparent width in the fluence image.
Meanwhile the length of the sheet is Ly ⇡ 6 mm, for
an overall aspect ratio A = Ly/2� >⇠ 100. Some knots
and modulations of the proton fluence are also observed
at the current sheet, as well as regions along the sheet
which have reconnected more than their neighbors.

The experimental quasi-1-D geometry allows a rigor-
ous and validated of the magnetic field reconstruction.
Fig. 3a shows, in the blue curve, the observed proton
fluence over the entire 1-D trace from the blue region of
Fig. 2a. This lineout is analyzed using a separate, fast
1-D reconstruction code PRADICAMENT [35]. Recon-
structing magnetic fields from the fluence variations re-
quires both the measured proton fluence on the detector
and the initial “undisturbed” proton fluence. Since the
proton fluence varies from shot to shot and along di↵erent
lines of sight, we constrained the undisturbed fluence as
part of the analysis using boundary conditions: we define
first a wide family of undisturbed fluence profiles, which
are assumed to be parabolic as a lowest-order shape, and
use PRADICAMENT to solve for the B field for each
fluence profile. We then accept the B-field profiles which
satisfy: (1) the B fields do not reverse sign after their
initial peaks, and approach zero toward the edge of the
measurement region [33]; and (2), the B fields are consis-
tent with target-edge magnetic field observations within
error bars. These target-edge B fields are displayed as
the two black data points with error bars at x = �2.5 and
+3 mm in Fig. 3b; they were determined by identifying
the deflection of protons which just skimmed the target
edge, which is a known spatial fiducial based on target
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FIG. 3. Detailed 1-D magnetic field reconstructions. a) Blue
curve: measured proton fluence from the blue box of Fig. 2a;
Yellow curve: forward fluence profile obtained from the recon-
struction in (b), indicating a consistent calculation. Purple
band: range of undisturbed fluence profiles I0. b)

R
Byd` re-

constructed from the proton fluence, where the range of the
blue band corresponds to magnetic reconstructions associated
with the purple band of incident proton-fluence profiles I0 in
(a). c) Normalized proton fluence profiles comparing t = 2.0
and 3.0 ns. d) Associated

R
Bydz profiles, where the con-

dition B = 0 at x = ±1.2 mm was imposed for each for a
direct comparison. “ ” labels the area under the curve for
evaluating the magnetic flux  =

R
dx

R
Bydz. e) Zoom-in on

the narrow current sheet. f) Profile of line-integrated currentR
jzdz.

metrology. These protons had an inward deflection in-
dicating a finite B field at each target edge, with error
bars arising from alignment and registration uncertain-
ties. The details of this measurement will be described
in a follow-up publication. The final set of satisfactory
undisturbed fluence profiles is shown as the purple band
in Fig. 3a, and the associated B-field profiles as the blue

[Fox+ 2020]

• High aspect ratio current 
sheet: 6 mm x 25 um

• Laminar structure indicates 
instabilities not yet formed

• Near-zero proton fluence indicates very 
strong deflections

• Non-uniform initial fluence assumed
• Edge features used to constrain family 

of solutions
• Shows pile up of magnetic flux at center



Energy Spectrum of Charged Particles can be Measured with 
a Magnetic Spectrometer

Osaka University Electron Spectrometer (OU-ESM) Magnetic Reconnection Experiments on OMEGA EP

[Habara+ RSI 2019]
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Electron

[Fiksel+ JPP 2021]

• Study of electron 
energization due 
to reconnection

• Observe increased 
temperature 
compared to null 
shots

IP Data



Key Challenge of HED Science is Measuring HED Systems

• Require very fast measurements (<ns) at high spatial resolution (10 um)
• HED systems generate:
• optical, UV, and x-ray photons
• charged particles
• neutrons
• strong electromagnetic fields

• Comprehensive diagnostic suite allows much to be learned: plasma 
parameters (temperature, density, flows), field strength and topology, 
energy spectra, particle dynamics, etc.
• Large suite of HED diagnostics have been developed, enabling 

understanding of new physics


