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High energy density plasma (HEDP) is the regime where 
the pressure is greater than 0.1 T Pa (1 Mbar)

Frontiers in High Energy Density Physics: The X-Games of Contemporary Science ©  (2003) by 

the National Academy of Sciences, courtesy of the National Academies Press, Washington, D.C.

• The energy density of HEDP regime is higher than 1 kJ of energy per 

10 mm3.
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Softer material can be compressed to higher density
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https://www.youtube.com/watch?v=uxlIdMoAwbY 

https://newsghana.com.gh/wimbledon-slow-motion-video-of-how-a-tennis-ball-turns-to-goo-after-serve/

• Compression of a baseball

• Compression of a tennis ball



A shock is formed due to the increasing sound speed of 
a compressed gas/plasma
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http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis

*R. Betti, HEDSA HEDP Summer School, 2015

• Wave in the ocean:

• Acoustic/compression wave driven by a piston:

𝒄𝐒~ 𝜸
𝒑

𝝆
~

𝛂𝛒 Τ𝟓 𝟑

𝝆
~ 𝜶𝝆 Τ𝟏 𝟑



A wave with small amplitude (perturbation) travels with
the sound speed
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Y. B. Zel’dovich & Y. P. Raizer, Physics of shock waves and high-temperature hydrodynamic phenomena

Maria Alejandra Barrios Garcia, PhD Thesis, U of Rochester, 2010



A wave is distorted when the sound speed is not a 
constant
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𝒄𝐒~ 𝜶𝝆 Τ𝟏 𝟑

• A shock wave is formed 

when a discontinuity is 

formed.

Y. B. Zel’dovich & Y. P. Raizer, Physics of shock waves and high-temperature hydrodynamic phenomena

Maria Alejandra Barrios Garcia, PhD Thesis, U of Rochester, 2010

http://neamtic.ioc-unesco.org/tsunami-info/the-cause-of-tsunamis



A shock is formed when characteristics merge while a 
rarefaction wave is formed when characteristics spread out
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Y. B. Zel’dovich & Y. P. Raizer, Physics of shock waves and high-temperature hydrodynamic phenomena

Maria Alejandra Barrios Garcia, PhD Thesis, U of Rochester, 2010
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Piston



A shock or a rarefaction wave may be formed 
depending on the driving force from the piston

8Michelle Colleen Gregor, PhD Thesis, U of Rochester, 2017

• Show simulations.



Mass, momentum, and energy is conserved across the 
shock front

9Michelle Colleen Gregor, PhD Thesis, U of Rochester, 2017
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The Hugoniot equations relate the pre- and post-shock 
conditions via the particle velocity(Up) and shock 
velocity (Us)

10Michelle Colleen Gregor, PhD Thesis, U of Rochester, 2017
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11Michelle Colleen Gregor, PhD Thesis, U of Rochester, 2017
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velocity (Us) – cont.



The density is only compressed by a limited amount 
even in a strong shock

12Michelle Colleen Gregor, PhD Thesis, U of Rochester, 2017
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The Hugoniot curve is a curve on the p, V diagram 
passing through the initial state p0, V0
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Maria Alejandra Barrios Garcia, PhD Thesis, U of Rochester, 2010



Pressure can be referred by measuring the shock speed 
with a sample with known Hugoniot curve

14Maria Alejandra Barrios Garcia, PhD Thesis, U of Rochester, 2010

𝒑𝟏 − 𝒑𝟎 = 𝝆𝒐𝑼𝑺𝑼𝒑



Shock velocities are measured using time-resolved 
Velocity Interferometer System for Any Reflector (VISAR)
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t

t

http://hedpschool.lle.rochester.edu/1000_proc2013.php



Shock velocities are measured using time-resolved 
Velocity Interferometer System for Any Reflector (VISAR)
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t

P. M. Celliers et al., Rev. Sci. Insytum. 75, 4916 (2004)



A piston can be driven by a gas gun

17J. Freim, etc., J. Materials Research 11, 112 (1996)



Rochester is known as “The World's Image Center”
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There are many famous optical companies at Rochester

19

Eastman school of music



Laboratory for Laser Energetics, University of Rochester 
is a pioneer in laser fusion
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• OMEGA Laser System

• 60 beams

• >30 kJ UV on target

• 1%~2% irradiation nonuniformity

• Flexible pulse shaping

• OMEGA EP Laser System

• 4 beams; 6.5 kJ UV (10ns)

• Two beams can be high-

energy petawatt

• 2.6 kJ IR in 10 ps

• Can propagate to the

OMEGA or OMEGA EP 

target chamber



The OMEGA Facility is carrying out ICF experiments
using a full suite of target diagnostics

21



The 1.8-MJ National Ignition Facility (NIF) will 
demonstrate ICF ignition and modest energy gain

22

OMEGA experiments are integral to an 

ignition demonstration on the NIF.



A strong shock can be generated using a high power
laser

23

LLE viewgraph database

Danae Nicole Polsin, PhD Thesis, U of Rochester, 2018



The powder x-ray diffraction image plate (PXRDIP) 
package for studying the shock phenomena

24

Maria Alejandra Barrios Garcia, PhD Thesis, U of Rochester, 2010

Danae Nicole Polsin, PhD Thesis, U of Rochester, 2018

J. R. Rygg, etc., Rev. Sci. Instrum. 83, 113904 (2012)

16 Omega beams



The PXRDIP box in the chamber

25Danae Nicole Polsin, PhD Thesis, U of Rochester, 2018



Interference pattern shifts when a shock breakouts

26Maria Alejandra Barrios Garcia, PhD Thesis, U of Rochester, 2010



The pressure studied using high-power laser is in the 
range of 1 TPa (10 Mbar)

27Maria Alejandra Barrios Garcia, PhD Thesis, U of Rochester, 2010



A flyer plate can be used to as the “piston” to generate 
the shock in a sample

28

𝑩 =
𝝁𝟎𝑰

𝒘

𝑷 =
𝑩𝟐

𝟐𝝁𝟎
=

𝝁𝟎𝑰𝟐

𝟐𝒘𝟐

Y.-Z. Pan, Science day, College of Science, NCKU 2023

Sample
Aluminum flyer plate



Sandia’s Z machine is the world's most powerful and 
efficient laboratory radiation source

29

• Stored energy: 20 MJ

• Marx charge voltage: 85 kV

• Peak electrical power: 85 TW 

• Peak current: 26 MA

• Rise time: 100 ns

• Peak X-ray emissions: 350 TW

• Peak X-ray output: 2.7 MJ



Z machine discharge
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Z machine
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The flyer plate used in the Z machine

32

M. D. Knudson, etc., J. Applied Physics 94, 4420 (2003)

https://newsreleases.sandia.gov/releases/2005/nuclear-power/z-saturn.html

Pulsed Power Driven Experiments in the Institute of Shock Physics, by Simon Bland



Before and after shots
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• Before shots • After shots

SAND2017-0900PE_The sandia z machine - an overview of the 

world's most powerful pulsed power facility.pdf



34Pulsed Power Driven Experiments in the Institute of Shock Physics, by Simon Bland



35Pulsed Power Driven Experiments in the Institute of Shock Physics, by Simon Bland



36Pulsed Power Driven Experiments in the Institute of Shock Physics, by Simon Bland
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Pulsed Power Driven Experiments in the 

Institute of Shock Physics, by Simon Bland
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Pulsed Power Driven Experiments in the 

Institute of Shock Physics, by Simon Bland



The pulsed-power system was built by only students
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• A 1 kJ pulsed-power system at ISAPS, NCKU started being 

operated since September, 2019.



Experiments will be taken placed at the center of the 
vacuum chamber

Unit: mm

I
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Experiments

320 100
300

Parallel plate 

transmission line
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transmission line

Rail gap switch

Capacitors
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The 1-kJ pulsed-power system

41



A peak current of ~135 kA with a rise time of ~1.6 us is 
provided by the pulsed-power system

Capacitance (μF) 5

Vcharge (kV) 20

Energy (kJ) 1

Inductance (nH) 204 ± 4

Rise time 

(quarter period, ns)

1592 ± 3

Ipeak (kA) 135 ± 1

42



First shot with two synchronized rail-gap switches

43



B field measurement

Density measurement

Plasma edge detection

Time-resolved imaging system with temporal resolution 
in the order of nanoseconds was implemented

44



Varies diagnostics were integrated to the system
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Beam path
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Beam path
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Photodiode

Beam dump

Photodiode



Beam path
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Beam path

49

Interferometer



Beam path

50

Shadowgraph

Schlieren

Polarimetry



The design of our flyer-plate launcher
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Y.-Z. Pan, Science day, College of Science, NCKU 2023

Y.-Z. Pan, Progress report, Pulsed-Plasma Laboratory 2023



Photos of our flyer-plate launcher
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• Assembly with target • Assembly w/o target

• After shot
• Self emission 

w/o a target

• Self emission 

w/ a target

Y.-Z. Pan, Science day, College of Science, NCKU 2023

Y.-Z. Pan, Progress report, Pulsed-Plasma Laboratory 2023



Velocities of the flyer plate were different when 
experiments were conducted in 1 atm and in vacuum

53Y.-Z. Pan, Science day, College of Science, NCKU 2023

• @ 1 atm • @ ~10-5 torr



Raman shift of the SiO2 sample behaved differently 
after being shocked
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Y.-Z. Pan, Group meeting, Pulsed-Plasma Laboratory 2023
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Raman shift of 520 cm-1 was observed suggesting that 
Coesite was formed

55Y.-Z. Pan, Group meeting, Pulsed-Plasma Laboratory 2023



The raman shift indicated that a pressure more than 2 
Gpa was generated

56M. Kayama, etc., Minerals 8, 267 (2018)
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Maria Alejandra Barrios Garcia, PhD Thesis, U of Rochester, 

2010
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Michelle Colleen Gregor, PhD Thesis, U of Rochester, 2017
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Michelle Colleen Gregor, PhD Thesis, U of Rochester, 2017
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Danae Nicole Polsin, PhD Thesis, U of Rochester, 2018
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