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Abstract. We present equation of state data of shock compressed lgdesgl deuterium. These have been calculated
in the physical picture by usirap initio molecular dynamics simulations based on finite temperatemsity functional
theory as well as in the chemical picture via the Saha-D mdded results are compared in detail with data of shock
wave experiments obtained for condensed and gaseous grexssad hydrogen and deuterium targets in a wide range
of shock compressions from low pressures up to megabars.
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1 Introduction totic expansion of thermodynamic functions can be given in
the limit of almost fully ionized, low density plasmia |13]]14
The equation of state (EOS) of hydrogen and its isotopes s initio simulation techniques such as Path Integral Monte
been in the focus of research for many years for several r&arlo (PIMC) [15,16], quantum monte carlo (QMC) [17+-19] or
sons. In models of stellar and planetary interiors [1-3]rbyd finite-temperature density functional theory moleculanain-
gen is the most abundant element and its EOS is the most ios (FT-DFT-MD) simulations [20, 21] which treat quantum ef
portant component for the results. Deuterium and tritiuen afects and correlations systematically have taken a grewftie
target materials in inertial confinement fusion experimdd}. from the rapid progress in computing power. These methods
Therefore, a lot of experimental and theoreticibas were provide very accurate and reliable results for a varietyrobp
done to understand the behavior of hydrogen, deuterium, dachs and systems, especially for warm dense matter. Iniaddit
tritium in a wide range of densities and temperatures. Recén these approaches, advanced chemical models develaped fo
developments in shock-wave experiments have enabled angartially ionized plasmas [22] have also been applied farmva
cess to a precise database in the megabar pressure rargle. Siense matter for a long time [23+32].
or multiple shock-wave experiments have been performed for In the present work we compare the results of the Saha-D
hydrogen (or deuterium) by using, e.g., high explosivesjd$ model and of FT-DFT-MD simulations with shock-wave ex-
guns [6], pulsed power [7+9], or high-power lasers| [10, 11periments for hydrogen and deuterium which were performed
The strongly correlated states whrm dense mattecover a for different initial densities in a wide range of shock compres-
wide range, from an atomic-molecular mixture at low tempesions. We find good agreement so that these models can also be
atures to fully ionized weakly coupled plasma at high teraperused to give detailed predictions for high-pressure stiiais
tures. In particular, the characterization of the traositiegion will be probed in future experiments by varying the initiahe
(partially ionized plasma) is a great challenge both to theaoditions accordingly.
and experiment since the bound states exhibit a highly tran- Our paper is organized as follows. The FT-DFT-MD sim-
sient nature. This region of the phase diagram is, howe¥er,uations are explained in Sectigh 2 and the Saha-D model in
great relevance for planetary interiors. Important experital Section[8. We present our results for the Hugoniot curves in
information is also gained from helioseismology data [12jtt Sectior 4 and, finally, give a short summary in Sedfibn 5.
allows to check and correct theoretical models very acetyrat
in the high temperature limit.
Some theoretical methods yield accurate results for lim2- FT-DFT-MD simulations

ing cases which then can be used to benchmark more gen-

eral but approximate methods. For instance, an exact asyrﬁEZDFT'MD simulations are a powerful tool to describe warm
dense matter [33—46]. Correlation and quantdii@ats are con-
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the ions and density functional theory for the electrons. WWkable 1. Parameters o, — Az, A} — AJ, A— Arepulsion in
use the plane wave density functional code VASP (Vienna Ay. (2);ao is the Bohr radius.

Initio Simulation Package) [47—49] to perform molecular dy -

namics simulations. VASP applies Mermin’s finite tempera- s oj/a

ture density functional theory [50] which allows us to trées T .

: A, 6 4.0
electrons even at higher temperatures on a quantum lewel. Pr A 6 32
jector augmented wave potentials [51] were used and we ap- A 6 3:2

plied a generalized gradient approximation (GGA) withie th
parameterization of PBE [52]. The plane wave ¢uf,, has
to be chosen high enough to obtain converged EOS {data [36,

3. A convergence of bgtter than 1%. is secured g = considered here within a modified pseudopotential approach
1200 eV which was used in all calculations presented here.‘ljl'g*b 61[62].

co . . The electron-electron and ion-ion interaction is eachtéeka
tion is used, €. the dy.nar_nlcs of the lons 1S treated W'th'ntﬁ/ using the Coulomb potential. For th&extive electron-ion
class_|cal M_D with inter-ionic forces obtained by FT-DFT Calinteraction we apply a pseudopotential using the Glauberma
culations via the Hellmann-Feynman theorem. The eleatroy, ., 53] The parameters of the pseudopotentials and of the
structure calculat|ons.were performed for a static arrapies corresponding pair correlation functions were determineh
at each MD step. This was repeated until the EOS measyjgsgeneral conditions of local electroneutrality and tisereen-
were con\_/erged_ and a thermodynamic eqwhbnum was reache , from the non-negativity constraint for the pair coatén

_ The simulations were done for 256 atoms in a SUPErcglinctions, and from a relation between the screening cloud a
with periodic boundary condlthns. A Nosé thermostal [&@}- jitude and the depth of the electron-ion pseudopoteitizthe
trolled the temperature of the ions, and the temperaturbeof {63k coupling limit, this approximation coincides with the-
electrons was fixed by Fermi weighting the occupation of thge model but in the strong coupling limit it is much softedan
electronic states [48]. Sampling of the Brillouin zone @silP  jemonstrates a quasi-crystalline behavior.
to 14 k-points showed that well converged results were ob- ¢ high densities as typical for shock-compressed hydro-
tained using Baldereschi's mean value point [55] for 256 p&jen, the short-range repulsion between composite heaviy part
ticles. The same convergence behavpr has previously lmegncqes @, A;, A3) becomes very important. Thisfect is taken
ported for water([56]. The size of the simulated supercetidix inig account in the Saha-D model within a simple soft-sphere
the density of the system. The internal energy was corrected oximation[64] which is modified for a mixture of soft
due to zero point vibrations of the molecules at low tempergsheres with dierent radii. In this case thefective packing
tures, taking into account guantum contributions of a hammo fraction is calculated via the individual diameters of each

oscillator for each moleculé [57]. For .this procedu_re thenau particle species in correspondence with the one-fluid agpro
ber of molecules has to be known, which was obtained by evalziion:

uating the pair correlation function, see Réf.1[53] for deta

The system was simulated 1060600 steps further after reach- S ¥ njo? 13
ing the thermodynamic equilibrium to ensure a small siatist Y = € oc= ( ' ] , h= Z nj. (2
error. The EOS data were then obtained by averaging over all 6 n ]

particles and simulation steps in equilibrium.
o is the diameter of the soft spheres in the respective poten-
tial Vss(r) = (r/oj)~5. The contribution of the intermolecu-
lar repulsion dominates the EOS of dense hydrogen and deu-
terium in a wide range of pressures at low temperatures. The
contribution of atom-atom and atom-molecule repulsion be-
The Saha-D model EOS is based on the chemical pictuie [28mes important at elevated temperatures. The parameters f
30/58] which represents the plasma as a mixture of intérgictithe soft-sphere repulsion faé% — A, A, — A, andA — A are
electrons, ions, atoms, and molecules. We consider th@ffell chosen according to the spherically symmetric parts of the e
ing components for hydrogen and deuteriem:A, A", A2, A3,  fective interaction potentials of the non-empirical atatom
(A: H,D). For this case the Helmholtz free energy reads:  approximation[65]. The key parameter of this approximaiso
' . the ratio of corresponding soft-sphere diameters for atamals
FUNLV.T) = Z FIO+ R+ aFTY 4+ 4F(™. (1) moleculesga/ca,. This ratio determines the change of intrin-
] sic volumes of two atoms in comparison with that of a molecule
(2Va/Va,); it determines theféective shift of the dissociation
We shortly outline the approximations in which these thresnd ionization equilibrium in warm dense hydrogen and deu-
contributions were treated; for details, Se€([[30,59]. Tisefivo terium. All parameters of the soft-sphere repulsion aremgin
terms of Eq.[(IL) are the ideal gas contributions of heavyiparfable[1. The parameteris chosen such that our soft-sphere
cles (atoms, ions, and molecules) and of electrons. Ther lagpotential for molecule-molecule repulsion will be closethe
corresponds to the partially degenerate ideal Fermilggs [G@otential [65] at a distanae= 2ay (in this case = 0.138V).
The last two terms describe corrections due to Coulomb in- In order to take into account the existence of condensed
teractions and short-range interactions between heawuy pastates (liquid and solid) for hydrogen and deuterium, the at
cles. The Coulomb interactiorfects of charged particles aretraction term in the free energy has to be considered togethe

3 Saha-D model
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with the soft-sphere repulsion. In our cate!™ reads: for conditions relevant for planetary interiofs [L8] 70frin-
int) stance, the Saha-D model yields 10% dissociation at 60 GPa
ARG = AFss+ AFaur, (3) and a temperature of 13000 K along the deuterium Hugoniot
AF iy = —B (lc;i)culeé/_ﬁ‘ curve. Along the hydrogen Hugoniot curve dissociation oscu

at about 15 GPa and 3000 K within the FT-DFT-MD model.
The attractive corrections [66] are independent of tentpega The Saha-D model predicts 10% dissociation at 50 GPa and a
The choice o#6 = 1 as in our case corresponds to a van degmperature of 14000 K along the hydrogen Hugoniot curve.
Waals-like approximation. The parameisupplies the cor- The presented theoretical predictions both agree with the
rect sublimation energy of a molecular system in the conelénsxperiments within 10% accuracy in compression ratio and ca
state. therefore describe the principal behavior of the obtaiesdlts

well. The compression reached in shock compressed hydrogen

is higher than in deuterium at the same pressure. This istepr
4 Results duced by the calculated Hugoniot curves, see also [45].

The FT-DFT-MD hydrogen EOS data were also used to cal-

We calculated Hugoniot curves based on the FT-DFT-MD agdlate the deuterium Hugoniot curve. To adjust for the deu-
Saha-D EOS data sets for hydrogen and deuterium. IiFig. 1 #&um initial conditions we considered the initial conalits of
compare our calculations with gas-gun experiments [67068] the hydrogen EOS at half the deuterium density given in the
liquid hydrogen and deuterium. The experiments for deuteri experiment (0L71 gcnr), i.e. Q0855 gcm?. Plotting the re-
and hydrogen are reproduced by the Saha-D model within téting pressure versus the compression ratio, both Hogoni
uncertainties of the experiments. The FT-DFT-MD Hugoni@urves are almost the same. On the other hand, calculagng th
curves reproduce the experiments with less precision. én thressure with the deuterium EOS and adjusting for the hydro-
case of hydrogen the compression rate is slightly overastich gen initial conditions in the same way, the resulting Hugbni
above 5 GPa. For deuterium this occurs for pressures abevéves are identical within a smaller error than the siatiser-
15 GPa. Furthermore, the FT-DFT-MD curve lies above the exr of the FT-DFT-MD simulations. The fierent compression
periments for pressures below 10 GPa. Between 10 GPa aagbs of hydrogen and deuterium as seen in the experiment ar
20 GPathe experimental data are reproduced within errsr baherefore, only slightly caused byftirences in the EOS data
of both isotopes at warm dense matter conditions. Tkierdi
ence in the compression ratios is mainly due to the fact treat t
densities of the liquid targets at 20 K do not scale exactla by
factor of two. Scaling the deuterium density to that of hygo
the initial density of liquid deuterium would be@B55 gcm?®
which differs from the value relevant for liquid hydrogen which
is 0.071 gcm®. This deviation of about 20% entails theffei-
ent Hugoniot curves.
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Fig. 1. Shock compression of liquid hydrogen (blue) and deu- ot
terium (red). The Hugoniot curves obtained with the Saha-D 3500
model (solid line) and the FT-DFT-MD (dashed line) are com- I
pared with shock wave experiments of Nelisal. [67] (cir- I
cles) and Holmest al. [68] (squares) 2500

3000

2000
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The less precision of the FT-DFT-MD data in the regioRig. 2. Shock compression of liquid hydrogen (blue) and deu-
of the gas gun experiments is connected with the relativabtium (red). Temperatures along the Hugoniot curves as ob-
abrupt onset of dissociation processes which lead to asaser tained with the Saha-D model (solid line) and FT-DTF-MD
of the compression ratio at about 20 GPa and 4200 K agdashed line) are displayed as function of pressure and com-

has already been reported [69]. The reason for this behavpaired with shock-wave experiments (squares) [68].
can be related to the underestimation of the fundamental ban

gap in DFT-based electronic structure calculations. Mare a

curate exchange-correlation functionals than PBE, spadifi The temperature along the Hugoniot curves as predicted by
derived for finite temperatures, are urgently needed fonwathe theoretical models is shown in Fig. 2 and compared with
dense matter. QMC calculations treat the exchange-ctimela gas-gun experimental data [68]. The temperatures measured
directly and are notféected by this approximation. Recent QM the experiments are in general higher than predicted &y th
calculations find in fact a shift of the dissociation regiame Saha-D model and the FT-DFT-MD simulations, except for two
pared to DFT([[1B] but show no fierent results for the EOS deuterium points above 22 GPa which are below the Saha-D
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curve. Again, onset of dissociation causes the slight kirtké in the solid, there is a slight fierence: FT-DFT-MD predicts
FT-DFT-MD curves at about 18 GPa {Pand 15 GPa (i). 0.83 gcm® and Saha-D 0.87/gm°. The pressure at this maxi-
The general behavior indicated by the experiments can be maim compression density is alsdfdrent for the two models;
produced: the temperature along the hydrogen Hugoniotcuivranges from 30 to 50 GPa within FT-DFT-MD and from 80
is higher than that for deuterium at the same pressure. TRe m@ 150 GPa according to Saha-D. These values cannot be dis-
imum deviation of both theoretical models from the experime criminated via the few experimental points.
tal data is about 400 K. Fig.[4 shows the temperatures along the Hugoniot curves of
We have also applied both theoretical EOS data sets to auterium using the initial conditions of the experimenithw
culate the Hugoniot curves for feéérent initial conditions in liquid and precompressed gaseous targets [68, 71, 75].
order to study the compression behavior of the hydrogen iso-
topes for a wide range of densitieff the principal Hugoniot. : . , Lim(ip)
Fig. [3 shows Hugoniot curves with respect to initial condi- : * * ’
tions as chosen in recent shock-wave experiments with preco '
pressed targets [1,[72]. Two experiments were perform#d wi
gaseous targets at 1.5 kbap (= 0.1335 gcm?®) and 2.0 kbar
(0o = 0.153 gcm®). Two other data sets were obtained with lig-
uid (oo = 0.171 gcm?®) and solid po = 0.199 gcm?) deuterium
targets.

p, glem’

v Fig. 4. Temperature of shock compressed deuterium fiedi
ent initial conditions predicted by FT-DFT-MD (black), Sah
j D [32] (red), RPIMC [[73] (blue), DPIMCI[[74] (dark red),
1 and the asymptotically strict Saha-S [59] (orange) model in
] comparison with experiments using liquid [Holmegtsal. [68]
1 (blue squares) and Bailest al. [75] (green hexagons)] and
gaseous targets [Grishechkén al. [71] (red stars)]. Dotted,
i dashed, and solid lines correspond to initial deuteriunsden
ties of pg = 0.13350.153 0.171 gcn?®, respectively. Arrows
indicate the limiting compression for ultra-high pressufer
0.5 0.6 o, 08 0.9 each Hugoniot curve.

p [g/em’]

Fig. 3. Deuterium single shock principal Hugoniot curves . . . .
starting from diferent initial densities (gaseous, liquid, and we h_ave to note again that with a higher precompression
solid) as derived from FT-DFT-MD (black), Saha D [32] (red)a!so a higher density can be reached. The measurements in-
RPIMC [73] (blue), DPIMC[74] (dark red). Dotted lingp = d_lcate a temperature of about 2 eV for all three |n|t|all cendi
0.1335 gcn®, dashed Iinepohz 0.153 gem?, solid line:pg = tions. These results can be reproduced by the theoreticdd mo
0.171 gcn?, dot-dashed lingoo = 0.199 gc'm3. Shock wave €IS within the error bars. The densest states are reachéufor
experiments: Nelligt al.[67] (blue circles), Holmest al. [68] liquid deutenum target._The experiments of Balkayal_. [75.’]

(blue squares), Knudsaet al. [[7,/8] (open green circles), Gr- show a maximum densr[y_ between 0.7 and Q&g which is .
ishechkinet al. [71] (red triangles), Boriskoet al. [72] (red '€Produced by both theories. The temperatures measurieel in t
squares and diamonds). The arrows at the top show the I'gnitf?f(pe”memS are underestimated by FT-DFT-MD and overesti-

: i oo mated by Saha-D, with increasing deviation for higher tempe
E%n;g;?(?ilon for ultra-high pressuresqdo) for each principal atures. The limit of the Saha-D model at high temperatures ca

be checked by comparing with results obtained by the Saha-S
model [59] which is asymptotically exact fdp < 1,nt3 < 1.

The two theoretical results and the experiments show tBech a comparison shows that Saha-D (together with PIMC [73,
same general behavior: the attained absolute density fieehid74]) yields the correct high-temperature limit. The deioiaiof
the more precompressed the target is. It has to be pointed gt Saha-S from the Saha-D curves at lower temperatures is
that the maximum compression ratio shows the inverse behdue to the fact that the Saha-S model is no longer applicable
ior, it decreases with higher precompression. Even so, the mfor these parameters. In particular, the Saha-S model dutes n
imum density that can be probed in single shock experimeta&e into account the short-range repulsifieets of compos-
increases with precompression. The theoretical predistad ite particles A, Ay, AT). Interestingly, the temperature at max-
the two methods for the maximum density agree at the camum compression is almost independent of the initial condi
ditions of the experiments with gaseous and liquid targetk ations. The predictions of the theoretical models show that t
range from 0.65 gm° to 0.775 gecm?®. For the initial condition curves are shifted only to higher densities while the temper
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ture remains almost constant. This finding is supported by tBugene Yakub for helpful discussions and for providing uthwle
experimental results. results of calculations for the deuterium Hugoniot.
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