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Today’s ltinerary

|.  High Energy-Density Physics: Defined and Quantified
A. high energy-density physics regimes
B. dimensionless parameters
C. ionization and plasma physics
Il. Long Range Forces
A. Ewald
B. other methods: PME, PPPM, tree, multipole
Ill. Models of HED Matter: Forces
A. One Component Plasma (OCP)
v Example: kinetic theory of stopping
B. Yukawa model
v' Example: mixing at an interface
C. Quantum Statistical Potentials (QSPs)
v’ Example: temperature relaxation
V. Integrators
A. r-RESPA formulation
B. MTS and NAPA methods
v Example: hard collisions associated with fusion
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High Energy-Density Physics: Definitions

The total energy density in a material is the sum of three terms:

E = Eradiation + Eelectrons + Eians

How do these scale with temperature and density?

4
Eradz’ation ~ T

2
3
Eelectrons ~ nylT? + (gEF) EF ~ n2/3

Eions ~ nl

P = 1 Mbar

High energy density defined as:
—  10'1J/m’
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Regimes of High Energy-Density Physics
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Important Physical Parameters For MD

Coulomb coupling parameter:

(potential energy)

I = ——
(kinetic energy)
Z2 62 average spacing estimated by
— the Wigner-Seitz radius:
CLWST gﬂna%vs =1
Degeneraoy parameter:
I
6 = —
EF r o e’
h? /3 - \/T2 + (3Ep)?
2 a e Vin
Er = — (37°n) - g
2m
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Regimes of High Energy Density Physics
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One-Slide Primer on Plasma Physics

1. plasma frequency 1. interparticle spacing

Time Scales: Length Scales:

2. collision rate

2. screening length

e.g., Debye length
T iz (e.g ay gth)
“r = N 5 \1/3 — = B[
1 o (4—> 2
™ _
_ 56100z, " e Np = (30)*7
plme) e — T
. - b= AnnZ2e?
Ve = 3-10"°n.[1/cc] In(A)T. >/ *[eV] 1/sec _ o [Tev]
v = 51078 2% [1/cc] In(A)T,3/2[eV], | =2 1 /Sec‘ Z_y nll/ed
m
lonization State:

100 <Z> — 17375 10 100
a4 @ 3
%10 1 é

aluminum
1 0.1 1
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density (g/cc) density (g/cc)
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Long Range Potentials in MD

Forces that have a long range are deadly for MD. Not only do they scale

as O(N?), because there is no appropriate cutoff radius, the forces also
extend far beyond the edge of the simulation box.

The total energy for a Coulomb system is:

N T
1 Qs
—- Y )y %4 — O(NH Il
2 1,7=1nez3 |rij T l’lL’

We can separate the Coulomb potential into short and long-range components

10 T r T T T T
erf(x
(1-erf(x))/x
9 IR weeeeeeee 1

L= ) - )

8

7
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S | = 3|~

Fr) + (1= f(1))
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Typically, one chooses the complementary error function:

Note that this is entirely independent
f(fr) — erfe (Oz?“)] of the the parameter o. Now the

potential has a “hard” portion
and a “soft” portion.

A
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Sum Smooth Portion In Fourier Space: Ewald

Electrostatic energy of the box can be written as:
U = U(T) + U(k) + U(S) + U(d)

The long range portion is summed in Fourier space:

. erfc (a|r;; + nL
70 = 15 3 qg, el 2D

- ri; +nL]|
k) _ Z 2 )
20 k;éo 402

U = Zqz
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Test: Madelung Energy

M = —1.7475645946331821906362120355443974034851614366247417581528253507
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Advanced Methods For Long Range Potentials

Optimally implemented, the Ewald summation techniques scale as O(NS/Q)

This is a substantial improvement over the direct-summation method, but one
can improve upon this scaling using more advanced methods:

1. Particle-Mesh methods O(Nlog N)
a) Particle-Mesh Ewald
b) Smoothed Particle-Mesh Ewald
c) Particle-Particle-Particle-Mesh (P3M)
2. Heirarchical methods O(N)

Periodic systems.

a) Tree methods (e.g., Barnes-Hut)

3. I\/Iultipole methods O(N) Non_periodic Sys’[ems_
a) Fast Multipole Method

4. Multigrid methods  O(V)
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There Are Three Categories of MD Models for HEDP

HEDP encompasses enormous ranges
in material properties (temperature,

density, composition, kinetic state);
which forces are appropriate?

1. Model/Toy problems: Simplify the problem of interest so that it is
amenable to MD methods; validate theory and/or provide insight.

2. lonic physics problems: Find a good ion-ion interaction and
simulate ion dynamics; understand structural and transport
properties.

3. Electronic physics problems: Electron dynamics is crucial to the
problem of interest; reveal realistic properties of high energy
density matter.

Murillo: Molecular Dynamics
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The One Component Plasma (OCP)

The OCP model is the prototypical model of dense plasma molecular dynamics.

o uniform neutralizing background
® 1. ion OCP
o
Qo O O 2. classical electron OCP
3. quantum electron OCP (“jellium”)
® o
o
O
N 9 N 9 N
Dj Q 3 Qp
H=) t+) —+ d ’ ’
m T r—r
i=1 i<j W i=17% ?
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Some Important Facts About The OCP

» A great deal can be learned from the OCP; use as a starting point.
* In some cases, the OCP does describe the real system:

« white dwarf interiors

* very hot plasmas

« charged particles in traps
« The OCP crystallizes at [=178.

« Has simple generalizations: binary ionic mixture (BIM).

coupling parameter K=p /%
g e 9l 4 5§ 7 3
20000 Ll L 1 Ll 1 T ]

10000 |

5000 [

3000
2000 |

solid (fcc)

1000 | solid (bcc)
500 |
e fluid-bcc
300 = fluid-fec
200 F 4 bee-fee
100 L 1 1 L 1
0.0 1.0 20 3.0 4.0 5.0
k=a/kp .
N screening parameter

=)
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Example: Stopping of Fast Particles

Stopping is a ubiquitous problem:

e cosmic rays Problem:
«  proton cancer therapy In high energy density physics environments,
« ion beam deposition in materials how accurate are our stopping models?

*  particle tracking
« fusion-generated alpha particles

U etc.

Solution: =

* Equilibrate an OCP to chosen (T,n) point. 'Jiﬁ
» Choose the charge of the projectile. i
+ Insert fast particle into simulation. o 1352
* Record energy loss per unit time/length P

during NEMD simulation.

Uit

DB ovcke 1.00675000

Kudos, kudos, kudos: Mike Surh (LLNL)

Murillo: Molecular Dynamics
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Stopping of Fast Particles: Theory Validation

OS5 7= _1,r=1
I — T—Matrix ]
04" Gould—Dewitt -
: : : . i Zwicknagel
v Detailed simulations of charged Y= 03 :Egﬂ;
article energy loss are < o MD data
P S Iy . g5 0.2 MD fit
producing “data” for model ~
validation. 0.1}
oobk=u. . LA
0 2 4 6 8 10 12
05 z=or=1 | 0200 e Z=_10r=1
I — T—Matrix ] I — T—Matrix ]
04- Gould—Dewitt 0.15" Gould—Dewitt |
i Zwicknagel ] T Zwicknagel
. 03" — Born 1 . [ — Born
‘F\]v’< T — Bohr 1 T‘vd 0 107 — Bohr
= I e MD data ] < VY e MD data
25 0.2:— MD fit o =
0.1
0.0- L
0 2 4 6 8 10 12
i_o?: AIQ!.HQR% (paper in preparation)
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Linear Polarization Correction to OCP: Yukawa

Except under very high temperature and/or density HED conditions,
particles do not have uniform densities.

The response

of the background (here,

electrons) can be obtained using linear

response functions, such as the dielectric
response function.

Yukawa Potential |

uerr(k) = i((:))
4m(Ze)? | k?
1+ 12/R2
9n “Fermi integrals” give
ki = 47?62@ o aoaeracy.

_ dmne? F_y)a(p/T)

A ~ T Fup(u/D)

NATION LABORATORY LA_UR 1 2'20238
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Yukawa Model: Linear Model?

But wait, you have a
dense plasma and

you are using a linear

theory?

Compute electronic structure within
an average atom.

Non-linear!
*  Finite temperature.
Finite density.

No pseudopotential.

e
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Assume that the electronic structure is

a superposition of overlapping spheres.

Separate:

1. Strongly interacting states: “bound”.

2. Weakly interacting states: “free”.
i ]
“Ahhh...this is where 7 2 9
you put the Uy (7“) _ < > 6—r/>\
rabbit info the hat!” r
Sam Trickey
Murillo: Molecular Dynamics 18



The Yukawa Model Has Been Validated

Yukawa qualitatively fails!

S(k)—1= n/d?’r [g(r) — 1] e T

« QMD
 Yukawa
k(A7) k(A7)
« SOCP
§ 1 g 1t
e 05 éo.s-
> &
% 5 10 15 % 5 10 15
k(AT k(A7)

With: John Benage (LANL), Liam Stanton (LLNL), Mike Desijarlais (SNL) (in preparation)

Murillo: Molecular Dynamics 19

> Los Alamos LA-UR 12-20238

NATIONAL LABORATORY




Interface Mixing Example: Fuel-Pusher Interface

Mixing of ablator material into fusion fuel

spoils ignition and burn.

Ge/CH)
5.1 mm —>‘ ~DTlce
Capsule =
(Be/Cu

Hohlraum fill
- Low pressure He/H

Laser Entrance Hole

(LEH) with window

//lasers.linl.gov/

A Yukawa model:
*  Mixing takes place on ion time scales.
* Assume fuel is fully ionized.

* Assume a carbon ablator stripped to
He-like core.

* Is Fick’s Law valid? (Knudsen gas?)

> Los Alamos LA-UR 12-20238

EST.1943
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All species at 300eV; n=1e24/cc

C=gold, T=cyan, D=blue

50,000 total particles

Kudos: Chris Fichtl and Matt Calef (LANL)!
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Diffusion Profiles Near Fuel-Pusher Interface

Diffusion at a C-DT interface: ts = 00800000

350
—  Deuterium
3001 - Tritium |
— Carbon
250 + -
200 + -
3
150 -
100 -
50 | -
0 | | | | | |
=20 -15 -10 -5 0 5 10 15 20
X [A]
folgAlamos
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Dynamic Electrons

When dynamical processes occur on electron time scales, we must
directly simulate the electrons.

1. Easy: treat electrons as one component plasma (OCP).

2. Very, very hard: need to treat electrons and ions.
« External fields (laser absorption, stopping of fast particles)
« Transport (electrical and thermal conduction, diffusion)

« Relaxation to equilibrium

. ®

—

Two-body: simple Kepler orbits Three-body: atomic recombination

Murillo: Molecular Dynamics
- Los Alamos LA-UR 12-20238 Y
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Options For Forces: Dynamic Electrons

1. Soften electron-ion interaction to prevent collapse. Choose some application-specific
cutoff; for example, to get the ground-state energy correct.

2. Wave Packet Molecular Dynamics (WPMD). Evolve Gaussian wavepacket according to
the time dependent Schrodinger equation. (See Grabowski talk....)

3. Momentum-dependent potentials. Form potentials that depend on separations in
coordinate and momentum spaces to exclude phase space occupation according to
Heisenberg uncertainty.

4. Quantum Statistical Potentials. Derive effective potentials by rewriting quantum
partition function to have a classical form.

B o LA-UR 12-20238



Quantum Statistical Potentials (QSPs)

Tr e~

_ /dR <R‘exp (—6H)‘R>

_C / B3N p e~ BT / AR (R |exp (~BIT)| R)
C / BN / IR o~ BT+U(R))

Now, approximations must be made.....

€

Diffraction: Pauli:
0 = BB o) Up) = - (1 e )
A Z1§262 N .
A Tme
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Temperature Relaxation In Dense Mixtures

Electron-proton pair potential

0 —
-0.25 -
-0.5 -]
> ]
0
o
2 -0.75 —
20
)
= §
53]
21 -
125+ - Effective potential
) — — Fitted improved Kelbg
—— Coulomb g
0.0001 0.001 0.01 0.1 1 10

r/ao

Fig. 2. Comparison of effective potentials for an electron-proton pair calculated from
Eq. (14) (red) using the matrix squaring method. The fitted potential from Eq. (15) is
shown as black dashed lines. The dashed blue curve is the Coulomb potential. The
effective potential is shown for eight different temperatures (from top to bottom: T =
86 eV, 172 eV, 345 eV, 689 eV, 1.4 keV, 2.8 keV, 5.5 keV, 11 keV). (For interpretation o

the references to colour in this figure legend, the reader is referred to the web version
of this article.)

(mass-scaled!) Ar-doped H: n = 10” 1/cc, n A 10% 1/cc

T | T T T T T T T

7

6.5 « p m=00Im) |
. A_r)']8 (m=0.01mAr) '
— 6 * e .
= — 1S
2 55
~
b
4.5
4 X 1 X | " 1 N 1 " -
0 5 10 15 20 25

t (fs)

Fig. 7. Time-dependent temperatures of the (mass-scaled!) Ar-doped H plasma (see
text) as computed by MD with the Dunn-Broyles potentials. Also plotted are the results
of Landau-Spitzer with judiciously chosen Coulomb-logarithms.

ER. Graziani et al. / High Energy Density Physics 8 (2012) 105—131 |

> Los Alamos LA-UR 12-20238
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Mesoscale Plasma MD |: ddcMD

Instantaneous electrostatic
potential is shown.

140,000,000 particles shown
2,800,000,000 particles is our record

Murillo: Molecular Dynamics 26
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Mesoscale Plasma MD Il: ddcMD

o 400,000,000 particles.

o Dense proton beam in dense hydrogen.

2

o
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HEDP Problems Encourage Advanced Integrators

Returning to Hamilton... d 0A dpz 0A dg;
—A t =
dt (4(), p(2)) Z Op; dt aCIi dt Hamilton

IA OH IA OH equations.
- ; dq; Op; B dp; 0g;

[A, H]PB Poisson bracket.
_ Z pi 0 B oU 0 A
; m 0g; dq; Op;

iLA Liouville operator.

We now have an exact solution to classical mechanics: A(t) — eiLtA(O)

A

—  U(t)A(0)

In this form:

classical mechanics is time reversible

new (q(t),p(t)) are canonical transformations of (g(0),p(0))

v flow map is symplectic, Liouville theorem

propagator built from exponentials of derivatives

B o LA-UR 12-20238



Three Useful Theorems

The Poisson bracket is linear:

[Ale -+ HQ]PB o [Ale]PB T [AvHQ]PB
iLA = LA+ iloA

Exponentials of derivatives are translations:
d

ez f(x) = f(x +a)

Baker-Campbell-Hausdorft/Trotter/Strang:

P
cA+B _ fim [GB/QPGA/PBB/QP}

P— o0

Reversible multiple time scale molecular dynamics

M. Tuckerman® and B. J. Berne
Department of Chemistry, Columbia University, New York, New York 10027

G. J. Martyna
Department of Chemistry, University of Pennsylvania, Philadciphia, Pennsylvania 19104-6323

2

o

 Alamos LA-UR 12-20238




Semi-Implicit Euler and Velocity-Verlet

Because we usually have separable Hamiltonians, it often makes sense to

define separate Liouville operators for the kinetic and potential energies.
L = qu ™ LAU Construction of higher order symplectic integrators
e’iLTte’iLUt

~ Haruo Yoshida !

R . R National Astronomical Observatory, Mitaka, Tokyo 181, Japan
6’iLUt/2€’iLTt€’iLUt/2

I
Y

first step: ( ZZEQ ) —  exp (— Z(Z(Z 3?%) ( 228 >
("™ )

p:i(0) > Di(t) pi(0) - pi(t)

q:(0) & qi(t) q:(0) 4 > qi(t)

0 t 0 t/2 t
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Integrator Comparison

 symplectic Euler

implicit Euler

0

Verlet

- midpoint rule

» Los Alamos

NATIONAL LABORATORY

LA-UR 12-20238
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Multiple Time-Step (MTS) Methods

>

A general class of integrators can be constructed that are known as
RESPA (reference system propagator algorithms) methods. There are

essentially two types: MTS and NAPA (next slide).

Here, we will only consider reversible methods, or -RESFPA methods.

For HED applications, consider the case in which we perform
MD with dynamical electrons and ions.

1. Lighter electrons control time step.

2. Long range forces change more slowly.

L = L.+1L,
Unmass(t) =~ exp (ilALZ-At/Q) exp (if)eAt) exp (ilALZ-At/Q)

exp <z‘f;eAt) ~ [exp (z‘f;U,eAt/ (2P)> exp (z‘iT,eAt/ P) exp (i/iU,eAt/ (2P ))} PI

An analogous separation can be made
by rearranging the Hamiltonian into
short and long-range forces.

Los Alamos Murillo: Molecular Dynamics 32
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Numerical Analytic Propagator Algorithms (NAPA)

If you are lucky, the fastest time scales are associated with components
of the model that have analytic solutions. These components can be
“split” and solved exactly with a large time step.

* In biology, some bonds are treated as harmonic.
« For 1/r potentials, the Kepler solution is available.

Johannes Kepler

A A

L = Lsimple"‘Lcomplicated

Lsz’mple — IAJT + EU,known
UNAPA (t) ~ €exp (if/complicatedAt/2) exXp (if/simpleAt) exXp (ii/complicatedAt/Z)

propagate exactly

If the “simple” part is stiff, this can potentially save
an “order of magnitude” of run time.
However, actual scaling is problem dependent.
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A Worked Example: MD At Kilovolt Temperatures

D Neutron

PS At high temperature there are very close collisions; the
Q) Coulomb barrier can be overcome by very fast particles.
-
/\ === Energy This is, in fact, important and physical since these rare
’\// @ events can lead to fusion events that produce useful
Fusion

energy.

This suggests a “triggered” MTS/NAPA method.

U(t)=Uyv(®t) - Uvv(t) - Unrs/napalt ) Oyv(t) - Uyy(t)
Algorithm:

1. Close collision?
2. If‘no’, use Velocity Verlet, as usual.

3. |If‘yes’, temporarily insert modified propagator.
4. Repeat

Choices:

1. “Very-Binary” events: Kepler orbit

2. “Cluster” events: MTS with thousands of steps

H = Hpair + Hbackground + Ucoupling
Uback:ground(t) ) Vpair = 1
Upair(t) : ‘/back:ground = 1
0@) ~ €exXp (ii/couplingt/2) $eXp (ii/pairt> exXp (ii/back:g’r’oundt> - eXpP <iLcouplingt/2)
A
/—
- Los Ala:mos LA-UR 12-20238




Triggered NAPA Results

32768 lons (50/50 DT mix); 1e26/cmA3; 32768 lons (50/50 DT mix); 1€26/cmAS3;
T=10keV, Velocity Verlet integrator T=10keV, new Murillo integrator

16000 T
dt=1e-5 fs 8.4 T T
dt=2.5e-5 fs dt=le-4, rc=0,88418 fAng
- dt=1e-4, =0,00835 A
1666 g:;ig-i if’: 0.35 | dt=te-d, 1c=0.0167 Ang
.~ 8.3
100 | &
- o
% "E 8.25
. g
~ a.2
§ % 8.15
3 7
b £ e
o Q.
& 3
¥ 0,85
§
&
ol
-8.85
0.0001 - L L L n N
2 4 6 8 10 0.1 3] 20 40 60 80 108 128
Tine (fs) Tine (fs)
8.85
0.84 |
Murillo: dt=1e-4, rc=0.0167
. 08,83
-t
Q
o 8,02 -
(9
3
S e.01
2 -
g @ -
4
% -e.01 |
"
<
% -0.02
&
5 o.03 | \ Verlet: dte 165 ] Numerical tests by
' Dave Richards
~6.04 "../..7./verlet/run/16keY_verlet/1e-5/data" u 2:($3-14993,74) —— (LLN |_)
o.05 “1e-4_r8,8167/data" u ($2-50):($3-29993.62) —— :
e 2 a 6 8 10
Tine (<) (paper in preparation)
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Summary and Outlook

* High energy-density environments span a very large range of physical conditions.

* Molecular dynamics can address many important questions across this range. A
major challenge is high temperature MD.

« Choosing the forces is a key issue. Many are understood (OCP, Yukawa, QSPSs).
» [ime-dependent, attractive forces are an open problem.
« We would like to not refer to the ionization state. OF-DFT, eftc.

« Many problems of interest involve disparate time and length scales.
» Brute force HPC has made very large strides.

 An open area is multi-scale simulations that couple MD to larger scales.
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Thank Youl!

Murillo: Molecular Dynamics
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