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Q: How do we determine the equilibrium phase
boundaries of materials at extreme P and T?

= A: Hold material at specific P and T until equilibrium
phase develops
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— Equivalent cooling rate: = 10°K/s

— P and T achieved for very short periods of time (< us) o1 e

— Disallows sufficient time for true equilibrium phase to be reached TS | \ B -7

SAPPHIRE IMPACTOR

= Solution: Study nonequilibrium phase transition kinetics
— Deconvolve true equilibrium behavior of materials
— Determine phase boundaries
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Dynamic-Compression Experiment (Impactor)

= Focus: Liquid water—ice VIl phase transition
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The transition to solid phase occurs through the
nucleation and growth of solid clusters [1,2]

For solid clusters to nucleate, an ener . . .
&Y Under dynamic compression (high P

Solid clusters nucleate and grow from barrier must be overcome dA lust thi id [3]
attachment of liquid molecules (Prevents immediate transition -> Kinetics) an M) cluster growth is rapl
Liquid @ AG o
e )
=7 AG*

47r

AG = £ r pAu+47rr o
= nAp + Ao
[1] D. Kashchiev, Nucleation: Basic Theory with Applications, 1st Edition, Butterworth-Heinemann, Burlington, MA, 2000, Ch. 3, 9-10.

[2] P. C. Myint, J. L. Belof, Rapid freezing of water under dynamic compression, Journal of Physics: Condensed Matter 30 (2018) 1-29.
[3] L. V. Mikheev, A. A. Chernov, Mobility of a diffuse simple crystal--melt interface, Journal of Crystal Growth 112 (1991) 591-596.
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Hierarchy of Phase-Transition-Kinetics Modeling

e : * Closest to natural phenomena
Non-Equilibrium Molecular Dynamics * Computationally expensive = Limited in time and length scales
Steady-State CNT
Zel'dovich—Frenkel Cluster Kinetics (Non-steady state) This Research + First-Principles Transience
(Becker-Doring Equations)
I ' N _ . Used to model liquid
Steady-State CNT + Empirical Transient Term Myint et al. 2018 water—ice VII transition

Not always consistent

Steady-State Classical Nucleation Theory Experimental

(CNT)

Measurements
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Zel'dovich—Frenkel numerical model calculates nucleation lag
time without requiring transient empirical scaling parameter

ZF numerical model

— Lag time: = 50 ns
g 01 t) _ DJ(1) (1) = D (o t) o (i )2 ( f(n,1) )

— Eliminates need for empirical scaling parameter o~ on On \ feq(n;t)
needed (Myint et al. 2018 [1]) for transient behavior 1e25
1.0 1 —
From Dolan et al. 2007 Experiment . [ e ﬁ'jm
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|1] P. C. Myint, A. A. Chernov, B. Sadigh, L. X. Benedict, B. M. Hall, S. Hamel, J. L. Belof, Nanosecond freezing of water at high pressures: Nucleation and growth near the metastability limit, Physical Review Letters 121 (15).
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ZF solution accounts for transient kinetics, but there is still some
deviation from experimental results

Phase Fraction of Ice VII, ¢
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Lag time is off by 5-10 ns

100

=)

=)

Need to account for hydrodynamics effects in simulations

0
—,P,T
at) )

SAMSA

EOS for liquid water/ice VII
Steady-State CNT

Calculate Z—‘f using KIMA

ARES
(Hydrodynamics)

Conservation Equations
(Mass, Energy, Momentum)

¢, V,E
D Mass Momentum
% Du |
P v P

DE
Dt

Energy
= —P(p)V -u

Also, small amount of empirical refinement of 0 model

needed to closely match experiments
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Depending on the compression timescale, the transition lag
time after crossing melt line can vary by orders of magnitude

From ZF numerical model From ZF numerical model From ZF numerical model
Compression Timescale: Ty, =2000 ns (2 us)  Compression Timescale: T4, = 50 ns Compression Timescale: 7.4y, = 10 ns
1e20 leds 1e27
1.0 : M 1.6 — 1.0 : e — 1.0 : —
. I 1.4 an . I 1.4 r:\m . I 1.0 nI'\IJJ
= 08 I ! = 08 I 1z ! = 08 | !
z 1 12 E z Correspondskd Dolan et al. 2007 E z I os &
~ 1 l,c ™ & Z-ramp com/{r sion experiment ws s U | =
5 06 | l ' o 5 06 o 5 0.6 | o
5 1 l 08 — = I os = = | F06 =
= I g £ 1 g 2 1 8
@ 4 1 Lag Time ~ 1500 ns [°¢ & & tag Time =~ 50 nsl e 2 ® % LagTime~12ns | 04 &2
L I = L I = L | =
L 1 04 © W 04 8 W@ | =
E 0.2 o E 0.z o E 0.2 |  os 1O
& Loz % & \ Loz i:. = i:.
l =] =] =]
0.0 0.0 = 0.0 0.0 = 0.0 0.0 <
5E1H] lﬂlﬂﬂ 1554] 2'31(}'9 25I{JD 33;3'0 35;10 4000 10 ZIEI 3:} 4:0 5;.:.I ﬁ:ﬂ ?E}I Bh B;ZII 100 2 ‘:I- é é 11'.! fZ 1:1 l‘ﬁ lrﬂ 20
Time [ns] Time [ns] Time [ns]
Gas-gun-driven Impactor Magnetic Drive High-Energy Lasers
Nacuum Gap
L Water Sample Pw ’,"’, Pressure Kapton

VISAR/PDV VISAR/PDV

BeCH Mastic Reseryoir

Magnetic field generates a pressure o« Jx 8 Copper Panel (Current)

Lawrence Livermore National Laboratory
LLNL-PRES-823719




Transition pressure from simulations appears to be consistent
with experiments conducted at a range of compression rates

800
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= 600 liquid ice VII
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(1) (2019) 015903.

Pressure [GPa]

[1] E. J. Nissen, D. H. Dolan, Temperature and rate effects in ramp-wave compression freezing of liquid water, Journal of Applied Physics 126

15

Pressure [GPa]

[2] M. Marshall, M. Millot, D. Fratanduono, P. Myint, J. Belof, R. Smith, J. McNaney, Probing the metastability limit of liquid water under

dynamic compression, 21st Biennial Conference of the APS Topical Group on Shock Compression of Condensed Matter, 64 (8).

[3] E. Larson, J. Mance, B. M. La Lone, M. Staska, R. Valencia, Fast temperature measurements using dispersive time-domain spectroscopy,

(in preparation for publication)
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Determining the drive pressure in dynamic-compression experiments is
essential for performing forward hydrodynamics simulations

Drive Pressure

Drive Pressure

Water Sample
Kapton l\llnmmum Reflector
©® .= -
1 (=]
| ©® g % SAR
@® : :
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= -
©® = Ak
o = B
®©® N :
8
OXO) A -
/ . High-Energy | Aluminum Reflector
Magnetic field generates a pressure < | X B Copper Panel (Current) Laser Epoxy
Magnetic-Drive Ramp-Wave Compression Laser-Drive Ramp-Wave Compression
(Nissen and Dolan Experimental Setup [1]) (Marshall et al. Experimental Setup [2])

[1] E. J. Nissen, D. H. Dolan, Temperature and rate effects in ramp-wave compression freezing of liquid water, Journal of Applied Physics 126 (1) (2019) 015903.
[2] M. Marshall, M. Millot, D. Fratanduono, P. Myint, J. Belof, R. Smith, J. McNaney, Probing the metastability limit of liquid water under dynamic compression, 21st Biennial Conference of the APS Topical Group on Shock
Compression of Condensed Matter, 64 (8).
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In ramp-wave compression experiments, an inverse problem is created where
experimental measurements must be used to determine the drive pressure

Drive Pressure

Drive Pressure Measurement
Measurement ‘

Water Sample Pressure
Kapton ,z\llmninum flector
£
g PAR
&
=
VISAR/PDV VISAR/PDV : @

= o
&
5 B AR
|

- Shgh-Laebg) | Aluminum Reflector

Magnetic field generates a pressure < | X B Copper Panel (Current) Laser Epoxy
Magnetic-Drive Ramp-Wave Compression Laser-Drive Ramp-Wave Compression
(Nissen and Dolan Experimental Setup [1]) (Marshall et al. Experimental Setup [2])

[1] E. J. Nissen, D. H. Dolan, Temperature and rate effects in ramp-wave compression freezing of liquid water, Journal of Applied Physics 126 (1) (2019) 015903.
[2] M. Marshall, M. Millot, D. Fratanduono, P. Myint, J. Belof, R. Smith, J. McNaney, Probing the metastability limit of liquid water under dynamic compression, 21st Biennial Conference of the APS Topical Group on Shock
Compression of Condensed Matter, 64 (8).
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Overview of differential evolution algorithm as applied to
drive-pressure optimization problem

Initialize Population:
FiGor 0= 1yerey Np
+ Adjustment Method
Convert parameter vector to drive-pressure: - -
> d Fiq > B a=P1r..___:~:,, Fi(tj) = Pi(tj—1) + zjic - [P(t;) — P(t;-1)l,
i=12,..., D,

1-D Hydrodynamics Sim. (ARES) |
Hydrodynamics Simulations:
Determine particle veloeity for given drive-pressure

P(t;) = x5ic-Plt;), j=1,2.....D.

Pt) & upilt) i=1,...,] Np
e Pre l
Fitness Calculation: N Vlgiplflnmetl'“rl Dl:m:.t
EHMH.J- — _,r'[r}I”_r[.r], HFI_ur:I] i=1.....1 "I "-P - Pﬂl’ LCle veloel }"
uplt)

' . Minimize Objective Function
Selection = Tiest.o) e
) 1 1 (PR LY ) 2 o

= Epms, = (1) | At [ﬂ [itp,i () — up(t)]dt

(RMS error between simulation
and measurement)

= e ] pr' by
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Drive-pressure optimization is applied to both magnetic-drive
and laser-drive experiments to demonstrate applicability

Magnetic-Drive Ramp-Wave Compression 1-D Hydrodynamics Simulations
(Nissen and Dolan Experimental Setup)

Vacuum Gap Front (1) Back(2)

Water Sample_ Pregsure Pressure | Experiments:
Exp. 1
Exp. 2
Exp. 3
Exp. 4
Exp.5
Exp. 6

VISAR/PDV VISAR/PDV

Magnetic field generates a pressure & i x B Copper Panel (Current)

Laser-Drive Ramp-Wave Compression

(Marshall et al. Experimental Setup) el Beek®

Rapton
\

Experiments:
Exp. 29419
Exp. 31418
Exp. 31424

Experiments:
Exp. 88458

Ramp Drive Ramp Driye

Br-CH Plastic Reservoir
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Optimization produces the following drive pressures for briv

Pressure

the magnetic-drive experiments of Nissen and Dolan
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Drive-pressure optimization produces excellent agreement with

experiment for magnetic-drive experiments of Nissen and Dolan Pressure
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Optimization produces the following drive pressures for
the laser-drive experiments of Marshall et al.
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Drive-pressure optimization also produces excellent agreement

with experiment for laser-drive experiments of Marshall et al.
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Forward simulations on water side can account for both phase
transition kinetics and hydrodynamics

Drive Pressure

SAMSA

(Kinetics)
EOS for liquid water/ice VII
Steady-State CNT

Calculate % using KIMA

VISAR/PDV

ARES VESAR/PDV

Conservation Equations
(Mass, Momentum, Energy)

Magnetic field generates a pressure & iX B Copper Panel (Current)

Temkin n-Layer Model o (Jian et al.)

: 6.V, E
D Mass Momentum Energy
oli Liqui D ) DE
Ja odel Te.mi(il: n-II.:al\yer ?\/Iodel D—p = —pv - U p_u — _VP(@) p— = —P(Qﬁ')v .y
(with small amount of empirical refinement) t Dt Dt
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Vacuum Gap

Water Sample Pressure /l’rt‘suurc

Simulations result in excellent agreement for
Nissen and Dolan Experiments [1] (Magnetic Drive
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Simulations result in excellent agreement for the Dolan et al. [1],

Stafford et al. [2],

12 A
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Conclusions

= Qur kinetics models can directly account for transient phase transition kinetics
= Also accounts for discrepancies in the phase transition timescales/transition pressure found in experiments

= Developed novel methodology to solve ramp-wave compression drive-pressure inverse problem for
experiments with different drive mechanisms (e.g., magnetic drive, laser drive, does not require knowledge of
drive-specific physics)

= Applied a multilayer interface model to better characterize solid—liquid interface of nucleating ice VII clusters

= Future Work: Molecular dynamics simulations will be needed to further characterize the interface and
benchmark results of using the Temkin n-layer model

= This work has led to several current/future journal publications:
— (1) D. M. Sterbentz, P. C. Myint, J. P. Delplanque, J. L. Belof (2019), “Numerical modeling of solid-cluster evolution applied to the
nanosecond solidification of water near the metastable limit,” The Journal of Chemical Physics, 151(16), 164501.

— (2) D. M. Sterbentz, J. R. Gambino, P. C. Myint, J. P. Delplanque, H. K. Springer, M.C. Marshall, J. L. Belof (2020), “Drive-pressure
optimization in ramp-wave compression experiments through differential evolution,” Journal of Applied Physics 128, 195903.

— (3) D. M. Sterbentz, P. C. Myint, J. P. Delplanque, J. L. Belof (2021), “Applying the Temkin n-layer model of the solid—liquid interface
to the rapid solidification of water under dynamic compression,” (in preparation for publication).
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