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National Ignition Facility



192 Laser Beams, 2.15 million Joules (2018)





Focused to a tiny spot



Driving nuclear fusion



Dedicated 10 years ago, May 29, 2019



Closing in on Burning Plasma
https://str.llnl.gov/2019-04/hurricane



Our laser cooling lab



20 million atoms, 1 mm diameter



One day a great big elephant and an itsy bitsy mouse went for a walk… Soon they 

came to a bridge [over a small stream]. And as they crossed the brook, the bridge 

trembled and shook under the weight of the elephant. “Gosh,” squeaked the mouse 

when they were on the other side of the stream, “Didn’t we make that bridge shake!”

May 17, 1936, Cleveland (Ohio) Plain Dealer Newspaper, Funny Fables by Ed Kuekes

http://listserv.linguistlist.org/pipermail/ads-l/2014-October/134552.html

http://listserv.linguistlist.org/pipermail/ads-l/2014-October/134552.html
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Strongly coupled Coulomb systems

ICF Track

A ratio of characteristic lengths
UNP



Rutherford scattering

• We have the idea of 
“cross section”

• An effective size of the scatterer

• Allows us to write collision rates as 

• Allows us to think about things like 
mean free path, scattering 
probability, etc.

q
b



Rutherford scattering

• The Coulomb cross 
section diverges

q
b



Rutherford scattering

• And there are other 
particles to worry about

q
b









Let’s design an experiment:
Test lnL in the strongly-coupled regime
• Momentum transfer

• G = 2

• Yb+ and Ca+ (4:1 mass ratio)

• Use laser spectroscopy to measure the velocity distribution

• Simulate the experiment using a fluid code

• Use different formulations of the momentum transfer cross section

• Compare lab data and simulation data



Ultracold neutral plasmas

4s3d 1D2 21854 cm-1

4s4p 1P1 23652 cm-1

4s3d 3D

4s4p 3P

4s2 1S0 0.00 cm-1

Neutral calcium

423 nm

PRL 95, 235001 (2005)
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Neutral ytterbium

399 nm



Ultracold neutral plasmas

4s3d 1D2 21854 cm-1

Ionization limit 49306 cm-1
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Ee Ionization limit 50443 cm-1
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6s5d 3D
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Laser-induced fluorescence

• Trap neutral atoms in the MOT

• Resonantly photo-ionize the 
atoms to create a plasma

• Excite laser-induced 
fluorescence in the plasma ions3d 2D5/2 13710.88 cm-1

4p 2P1/2 25191.51 cm-1

4s2 1S0 0.00 cm-1

Singly-Ionized Calcium

397 nm

4p 2P3/2 25414.40 cm-1

3d 2D3/2 13650.19 cm-1



Laser-induced fluorescence

• Trap neutral atoms in the MOT

• Resonantly photo-ionize the 
atoms to create a plasma

• Excite laser-induced 
fluorescence in the plasma ions

• Measure fluorescence vs. time in 
repeated measurements at 
different laser frequencies



Laser-induced fluorescence

• Trap neutral atoms in the MOT

• Resonantly photo-ionize the 
atoms to create a plasma

• Excite laser-induced 
fluorescence in the plasma ions

• Measure fluorescence vs. time in 
repeated measurements at 
different laser frequencies

• Use Doppler-shift to map out ion 
velocity profile

Signal is proportional to the 
number of ions Doppler-shifted 
into resonance at different times.



Laser-induced fluorescence

• Trap neutral atoms in the MOT

• Resonantly photo-ionize the 
atoms to create a plasma

• Excite laser-induced 
fluorescence in the plasma ions

• Measure fluorescence vs. time in 
repeated measurements at 
different laser frequencies

• Use Doppler-shift to map out ion 
velocity profile

• Horizontal cut



The velocity distribution broadens in time:
A pure Ca plasma



The rms ion velocity 

Laha, et al., PRL 99, 115001 (2007)M. Lyon, S. D. Bergeson, and M. S. Murillo

Phys. Rev. E 87, 033101 (2013)

Disorder-induced 
heating

Plasma 
expansion

AC Stark 
broadening



The rms ion velocity 

Laha, et al., PRL 99, 115001 (2007)M. Lyon, S. D. Bergeson, and M. S. Murillo

Phys. Rev. E 87, 033101 (2013)

• Atoms are initially randomly 
located in space

• Essentially zero atom-atom 
interaction

• Photoionization impulsively 
“hardens” the potential energy 
landscape

• Ions move to minimize their 
potential energy

Disorder-induced 
heating

Plasma 
expansion

AC Stark 
broadening





CMH in graphite

• Final ion temperature is 
independent of initial conditions

• Ti = 11 eV

• Geff around 10 to 15



Let’s think about a new experiment:
Yb+ and Ca+ in a dual-species UNP expansion

Let’s suppose you had Yb+ and Ca+ in a plasma. 
What would happen to the Ca+ velocity distribution 
as the plasma expands?

A. It will broaden more quickly because the heavy 
Yb ions will maintain a larger field gradient for a 
longer time.

B. It will uniformly broaden more slowly because 
of collisions with the heavier Yb+ ions.

C. The inner “core” of Ca+ ions will be held back 
(confinement) while the outer shell of Ca+ ions 
will be accelerated outwards more rapidly



A 1D fluid code simulation

• Density, Temperature, and Radial fluid velocity for each species
• Convection, adiabatic expansion, pressure acceleration, ambipolar field, 

interspecies friction, Joule heating

• Assume ideal gas law EOS

• represents the friction force

• represents frictional heating and temperature equilibration between 
species.

• Neglect:
• viscosity

• ion thermal 
conduction



• Average the collision cross section over the two flowing Maxwellian
velocity distributions to get a friction force



• Energy exchange and frictional heating

• The first momentum transfer cross section depends 
on the form of the ion-ion interaction potential



• The generalized Coulomb logarithm calculation is challenging (for us)

• MD suggests

• Liam G. Stanton and Michael S. Murillo, Phys. Rev. E 93, 043203 (2016)



• Yukawa interaction



After 2.5 ms expansion, 
with increasing Yb+

As the Yb+ density 
increases…

• More Ca+ ions are confined 
in the center of the plasma

• Greater Ca+ acceleration in 
the wings of the 
distribution



Velocity distribution:



A slice through the density distribution

• We recently developed the ability to 
measure a slice of the Ca+ density 
distribution

• The plasma expands for a time

• We flash on a pulse of laser light

• Compile images over a range of laser 
frequency detunings

• Add images to get the ion density 
distribution



A slice through the density distribution

Consider a dual-species plasma 
expanding into the surrounding 
vacuum. After 5 ms, the Ca+ spatial 
distribution clearly separates into two 
distinct spatial regions. Where will the 
ion temperature be the highest?

A. 

B.

C.

D. Uniform everywhere

A.

B.

C.
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Simulation results qualitatively agree with 
experimental measurements

• The ion temperature is highest in the 
gap – heated by friction

• Inertial “confinement” of the Ca+ 
ions by the Yb+ ions

• Confinement in phase space



Summary

• Ultracold neutral plasmas as HEDP simulators

• Momentum transfer in strongly-coupled 
multi-species plasmas

• Phase space confinement in UNPs

• Potential for measuring transport properties 
in strongly-coupled systems





DIH in warm dense matter experiments



Strongly driven carbon



No crystallization observed



CMH - crystallographic mismatch heating



A relatively simple calculation

C4+ ions in graphite C4+ ions in an FCC/HCP lattice


