Study of the Exchange-Correlation Thermal Effects for Transport
and Optical Properties of Shocked Deuterium
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Exchange-correlation (XC) thermal effects have an impact of up to 5%

on the calculated properties of D, and must be taken into account for
accurate predictions
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- XC thermal effects account for the softening of the deuterium Hugoniot
at P> 300 GPa in agreement with recent experimental measurements

- The calculated reflectivity of shocked deuterium is in a good agreement
with experimental measurements for shock speeds up to 50 km/s

- The deuterium system along the Hugoniot transforms from a semiconducting
molecular liquid to an atomic-poor metallic liquid and finally to a
nondegenerate plasma

TC14629
ffl,'s\:”, D) UNIVERSI W of
89 ROCHESTER




Collaborators

UR
LLE

S. X. Hu, M. Zaghoo, and T. R. Boehly

University of Rochester
Laboratory for Laser Energetics

Funding Acknowledgments:

This work was supported by US National Science
Foundation PHY Grant No. 1802964

This material is based upon work supported by the Department
of Energy National Nuclear Security Administration under Award
Number DE-NA0003856




We are developing temperature-dependent XC functionals
to improve density functional theory (DFT) predictions

Jacob’s ladder* of the zero-temperature XC functional approximations =
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Development has to start from the lowest rung because low-rung 78, 1396(E) (1997).
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The XC thermal effects for the homogeneous electron gas
(HEG) are significant in warm-dense-matter (WDM) regime*
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Measure of relative importance of thermal effects “-F
f.c = XC free energy per particle - ’ fxc (rs:T)— €xc (rs) ‘
=lo
Exc = XC energy per particleat T=0 J10 ‘ fxc (rs:T) ‘ + ‘ Exc (r's) ‘

fs = non-interacting free energy 100.000

10,000
- At low temperature the XC thermal effects are negligible

* In high temperature limit the free-energy is dominated 1000

by the noninteracting part — XC is negligible and does ” 100
not play a role X
~

In this work we use Karasiev—-Dufty—-Trickey
(KDT16) GGA-level XC free-energy functional to
address the issue of thermal effects

See details in:

Karasiev et al., Phys. Rev. Lett. 120, 076401 (2018). 0.10

0.01 1 1 1 111 I_ _4.0
01 1.0 10 100
rs (Bohr)
TC14631 *V. V. Karasiev, L. Calderin, and S. B. Trickey, Phys. Rev. E 93, 063207 (2016).
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The D, Hugoniot becomes ~2% softer at high pressure (P> 300 GPa)
as a result of thermal XC effects; agreement with recent experimental
measurements is improved
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o effects are larger than 4% but have
600 ¢ Knudson et al. 2017 the same sign
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S AE and AP corrections in the
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TC14632 *V. V. Karasiev, L. Calderin, and S. B. Trickey, Phys. Rev. E 93, 063207 (2016).
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Shocked D5 along the principal Hugoniot changes from molecular semiconducting
liquid to atomic metallic liquid and finally to nondegenerate plasma

UR

1.5

1.0 -

0.0

— T = 6,000 K, reflectance = 0.34
— T = 15,000 K, reflectance = 0.43
— T = 55,000 K, reflectance = 0.48

4 6 8 10
r (Bohr)

Radial D-D distribution function for three
selected temperatures

TC14633

o (o) (Q1m-1)

LLE

8000 . . . .
---T =6 kK, Ug = 15.6 km/s
---T =50 kK, Ug = 40.0 km/s
— T =150 kK, Ug = 74.6 km/s

6000

4000

2000

Frequency-dependent electrical conductivity



As a result of thermal XC effects, the reflectivity of D, along the Hugoniot is
increased by about 4% for shock speeds above 20 km/s
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Reflectivity of deuterium as a function of
shock speed along the principal Hugoniot
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 (eV) )
[ng — n(w)]” + k? (w)
[ng + n(w)f + k2 (w)

ng (532 nm) = 1.16 — calculated value
ng = 1.14 — experimental value**

Reflectivity is defined as: r(w) =

L. A. Collins, J. D. Kress, and D. E. Hanson, Phys. Rev. B 85, 233101 (2012).
P. C. Souers, Hydrogen Properties for Fusion Energy (University of California, Berkeley, CA, 1986).



There is good agreement with recent experimental measurements
on OMEGA by M. Zaghoo
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1 A Zaghoo 2018 (532 nm, 0.774 g/cm3)
1.0 ° 32:::2:2 Z: :;: gggg ggg :m; 7 Recent experimental measurements on OMEGA:
== KDT16 (532 nm, 0.7224 g/cm3, ng = 1.16) see M. Zaghc_;o et al.,_ “Breakd_owp of Fermi
08" KDT16 (808 nm, 0.7224 g/cm3, ng=1.16)| T | Degeneracy in the Simplest Liquid Metal,”
*“||+-+PBE Hu et al. 2015 (532 nm, ng = 1) to be submitted to Physical Review Letters

Our calculations with KDT16 XC functional
take into account the refraction index

ng = 1.16 of liquid deuterium in its initial state
Pp =0.172 g/cm3 and T=20 K

Reflectivity

Ug (km/s)

M. Zaghoo, QI3.00001, this conference (invited);
P. M. Celliers et al., Phys. Rev. Lett. 84, 5564 (2000);
S. X. Hu et al., Phys. Plasmas 22, 056304 (2015).
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Due to thermal XC effects the dc conductivity of D, along the
Hugoniot is increased by about 5%
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+ dc conductivity is quickly increased between

Us =15 and 20 km/s

- The system behaves as a liquid metal between

Us = 20 and 30 km/s: 04, decreases as T increases

- The system behaves as plasma for Ug > 40 km/s:

Oc Increases as T increases




Summary/Conclusions

Exchange-correlation (XC) thermal effects have an impact of up to 5%

on the calculated properties of D, and must be taken into account for
accurate predictions
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- XC thermal effects account for the softening of the deuterium Hugoniot
at P> 300 GPa in agreement with recent experimental measurements

- The calculated reflectivity of shocked deuterium is in a good agreement
with experimental measurements for shock speeds up to 50 km/s

- The deuterium system along the Hugoniot transforms from a semiconducting
molecular liquid to an atomic-poor metallic liquid and finally to a
nondegenerate plasma
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