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• Introduction
– High energy density (HED) physics
– Inertial confinement fusion
– Laser-driven HED systems
– Diagnostic requirement

• Basic diagnostic building blocks
– Electromagnetic field 
– Particles
– X rays 

– Pinhole imaging
– Streak cameras
– Framing cameras

– Plasma conditions



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.  
(The National Academies Press, Washington, DC, 2003).



Laboratory for laser energetics (LLE) at University of Rochester 
operates two of the world’s large lasers for HED physics research

I ~ 1014 - 1015 W/cm2

I ~ 1018 W/cm2



The National Ignition Facility (NIF) at LLNL 
aims at demonstrating fusion ignition 

* How NIF works, https://www.youtube.com/watch?v=yixhyPN0r3g

https://www.youtube.com/watch?v=yixhyPN0r3g


Both direct and indirect (x-ray) drive are being used to 
implode the inertial confinement fusion capsules



Magnetic drive ICF is being pursued at the Z pulsed 
power facility at Sandia National Laboratories, NM



Ablation is used to generate the extreme pressures 
required to compress a fusion capsule to ignition



Intense lasers create HED conditions in the 
laboratory through ablation



If you look at the OMEGA target chamber

OMEGA OMEGA EP



If you look at the OMEGA target chamber



The NIF target chamber



The NIF target chamber



High-energy-density-physics (HEDP) systems are diagnosed 
by optical, x-ray, particle and nuclear means

• HEDP systems generate some or all of 
– Visible light
– UV and x-ray photons
– Charged particles
– Neutrons
– Strong fields

• A comprehensive diagnostic suite makes it possible to learn a great 
deal about the systems: field strength and their impact, plasma 

parameters (ne, ni, Te, v), particles, instabilities, yield, etc…

• Diagnosing HED systems require very high temporal (sub-ns, ps) 
and spatial (~10 μm) resolution 



Diagnostic performance is determined by the 
resolution and signal-to-noise levels

• Spatial, temporal, or energy resolution determines the 
diagnostic properties

• The resolution depends on the design and on the signal-to-
noise (background) ratio

• The signal level depends on 

– Source brightness

– Solid angle of the detector ΔΩ = Adet/4πD2, where A is the 
effective diagnostic area, and D is the distance from the 
source to the diagnostic

• The noise (background) level is determined by design and 
intrinsic noise level (e.g., photon statistics) 

• For example, when low number of particles (N) are detected, 
the uncertainty scales as sqrt(N)/N
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• Basic diagnostic building blocks
– Electromagnetic field

– Proton radiography 
– Particles

– RCF stack / Proton activation pack / Electron spectrometer / 
Thomson parabola 

– X rays
– Pinhole camera (time integrated) / 1-D streak camera / 2-D 

framing camera 
– Plasma conditions

– High-resolution x-ray spectroscopy / Thomson scattering / 
Neutrons / x-ray radiography
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Target Normal Sheath Acceleration (TNSA)* generates 
MeV proton beams in intense (>1018 W/cm2) 
laser-solid interactions 

*S. C. Wilks et al., Phys. Plasma 8, 542 (2001)



The virtual proton source is much smaller
than the laser spot*

Very high
spatial resolution!
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~ 8 µm for 15 MeV protons



Time-of-flight dispersion and a filtered stack detector
produces a multiframe imaging capability



Ultrafast laser-driven proton radiography is 
developed on OMEGA EP

Radiochromic film 
(RCF)

Main interaction
Proton generation

Proton detector



The laser-driven target is subjected to 
the Rayleigh-Taylor (RT) instability



The RT instability has linear and nonlinear stages*



Magnetic fields are generated by the Biermann
battery mechanism

*K. Mima et al., Phys. Rev. Lett., 41, 1715 (1978);
R. G. Evans, Plasma Phys.  Control. Fusion., 28, 1021 (1986);
B. Srinivasan et al., Phys. Rev. Lett., 108, 165002 (2012).
M. Manuel et al., Phys. Rev. Lett., 108, 255006 (2012).
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• Biermann battery:



Magnetic-field generation has been studied in side-on 
and face-on geometries using the acceleration of 
planar plastic targets



Proton radiography of 15-µm-thick foils reveals 
magnetic field generation and its evolution*

*L. Gao et al., Phys. Rev. Lett. 109, 115001 (2012).

Side-on geometry

RT-unstable CH foil Proton
film

pack

EP short-pulse 
beam

Cu foil

Proton beam

RT-induced 
magnetic fields



Face-on probing reveals magnetic field generation 
by the RT instability

Face-on geometry



The number of magnetic cells decreases and the 
magnetic cell diameter increases with time 

Face-on geometry



The normalized magnetic-field spatial distribution
evolves self-similarly

Face-on geometry



The evolution of the magnetic-field spatial 
distribution is consistent with an RT bubble 
competition and merger model*



The origin and amplification of the magnetic field 
in the universe is a central astrophysical problem

• Sources of magnetic fields

• Amplification by the dynamo 
process

• Flow-dominated systems are 
common in astrophysics

• Particle acceleration, non-
thermal emission

Dynamo



A D3He mono-energetic proton radiography platform 
has been developed by MIT for HEDP experiments
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Magnetized Jet measured 
by D3He protons

A strong, fast propagating, magnetized jet has 
been created at the OMEGA Laser Facility

Form a ring  
of plasma 

Plastic disk Plastic disk 

P1 axis, Ring 1, 5 beams 
P1 axis, Ring 2, 5 beams 
P1 axis, Ring 3�10 beams 

d = 0, 400 um, and 800 um 

d 

Plastic disk

OMEGA Experiment

• Collisionless shocks are believed to sites for cosmic ray acceleration
• A magnetized, supersonic jet has been successfully demonstrated*

• The next goal is to collide the jets for collionless shock 

*L. Gao et al., The Astrophysical Journal Letters, 873:L11, 2019



Precision mapping of the laser-driven magnetic fields 

*L. Gao et al., Phys. Rev. Lett. 114, 215003 (2015).



Ultrafast proton radiography directly measured 100s of Tesla 
magnetic fields generated by a laser-driven capacitor coil target

EP long-pulse beam
EP backlighter 

Main 
interaction 
target

Detector

Proton beam
B

0.3 mm
0.5 mm

1.5 mm

I

Plastic holder

*L. Gao et al., Phys. Plasma 23, 043106 (2016)
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Radiochromic film allows simple detection of 
high-energy photons and particles



Experiments were performed on OMEGA EP to 
characterize energetic protons



Nuclear activation of copper stacks determined the 
energy spectrum of the forward-accelerated protons



The energy spectrum of high-energy charged particles 
can be measured with a magnetic spectrometer



The energy spectrum of high-energy charged particles 
can be measured with a magnetic spectrometer

OU-ESM



A Thomson parabola uses parallel electric and 
magnetic fields to deflect particles onto parabolic 
curves that resolve q/m
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The simplest imaging device is a pinhole camera



2-D time-integrated images can be recorded on film or 
electric detectors

Magnetized Jet Exp



A framing camera provides a series of time-gated 2-D 
images, similar to a movie camera



Two-dimensional time-resolved images are recorded 
using x-ray framing camera



Two-dimensional time-resolved images are recorded 
using x-ray framing camera
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Proton radiography: magnetic fields 
around the magnetized jet 

X-ray framing camera: self-emission of 
the magnetized jet 

Time



NIF’s gated x-ray framing camera DIXI has 10-ps 
temporal resolution and observes features not seen 
with NIF’s last century gated x-ray cameras 

*T. J. Hilsabeck et al., RSI 81, 10E317 (2010)



DIXI takes clearer pictures of the hot spot evolution 
around peak x-ray emission



A streak camera provides temporal resolution of 1-D 
data
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High-resolution x-ray spectroscopy is well-established on 
Tokamaks for measuring plasma conditions



High-resolution x-ray spectroscopy is well-established on 
Tokamaks for measuring plasma conditions



PPPL designed high-resolution x-ray spectrometer has been 
identified as one of the 8 National Transformative Diagnostics 



DHIRES contains three spectrometer channels and one 
imaging channel

Ge 220, Conical
14.9 keV to 15.69 keV

Si 111, Cylindrical
12.7 keV to 15.6 keV

Qz 110, Conical
12.757 keV to 13.644 keV

TCC

Si 111 IP

Pinhole array

Pinhole IPLOS blockQz filter

Ge filter
Si filter

KM filter

Ge debris 
window

Si debris 
window

Qz debris 
window

T. Hall geometry: J.Phys. E. 17, 110 (1984)

DISC



DHIRES is fully calibrated at the PPPL x-ray lab*

• Source Alignment

• Crystal Evaluation

• Energy Calibration and Crystal 
Dispersion 

• Spectrum Manipulation 

• Source Displacement and Insertion 
Error

• Absolute Throughput Measurement 
and NIF Signal Level Prediction

• Optical Alignment

Hamamatsu 
Microfocus x-ray 

tube

dHIRES Detector

The spectral resolution is ~10 eV

*L. Gao et al., RSI 89, 10F125 (2018)



Stark broadening of Kr Heβ measures ne and ratio of He-
like resonance line to Li-like satellite provides Te

SCRAM calculation for a SymCap implosion
Cr: D. Liedahl

Te = 3 keV
ne = 5E24

Te = 5 keV
ne = 5E24

ne = 1E24

ne = 3E24

ne = 5E24

Kr Heβ region
Te = Ti = 4 keV



Stark broadening of Kr Heβ measures ne and ratio of He-
like resonance line to Li-like satellite provides Te

Calibrated DISC, Heβ
NIF N171102-003 

Inferred ne (t) by comparing Stark width* 

X-ray bang time

Inferred Te (t)

X-ray bang time



X-ray radiography, coupled with x-ray framing 
camera, is used to radiograph instability growth



A bubble merger is predicted in the nonlinear phase of the 
RT instability*



Optical Thomson scattering is used to diagnose local plasma 
conditions by observing the spectrum of light scattered from 
a probe beam over a small interaction volume

*R. Follet et al, RSI 87, 11E401 (2016)



Plasma parameters are inferred by comparing measured 
Thomson-scattering spectra to calculated spectra

*R. Follet et al, RSI 87, 11E401 (2016)



Electron density and temperature, ion temperature, and 
flow velocity were measured inside the magnetized jet



Electron density and temperature, ion temperature, and 
flow velocity were measured inside the magnetized jet

*L. Gao et al., The Astrophysical Journal Letters, 873:L11, 2019



The neutron spectrum provides information on ρR, Ti and 
yield – essential for assessing the implosion performance



A large suite of diagnostics have been developed 
for HEDP facilities 

Summary/Conclusions

• HEDP systems generate some or all of 
– Visible light
– UV and x-ray photons
– Charged particles
– Neutrons
– Strong fields

• A comprehensive diagnostic suite makes it possible to learn a great 
deal about the systems: field strength and their impact, plasma 

parameters (ne, ni, Te, v), particles, instabilities, yield, etc…

• Diagnosing HED systems require very high temporal (sub-ns, ps) 
and spatial (~10 μm) resolution 

• Advances in technology and diagnostics enable understanding of 
new physics


