X International Voevodsky Conference "Physics and
Chemistry of Elementary Chemical Processes" (VVV-2022)

2022 Novosibirsk 05-09 Sep 2022

Study of Shock Compressibility and Shock-Induced
Temperature of Oxides by Mach Cumulative Explosive

Generators
D.N.Nikolaev, A.V.Shutov, I.V.Lomonosov

FRC PCPMC, Chernogolovka

Magnesium oxide (Periclase), Titanium oxide (Rutile) and Aluminium oxide (Sapphire) — a part of
a set of oxides, composing a Earth and planetary core and mantle, Lunar regolith, asteroids,
comets, etc. (MgO, SiO,, Al,O4, Ca0, FeO, TIO,)

The modeling of space impact phenomena requires an equations of state of complex rocks, mix
of oxides or oxides + silicates

Shock wave properties of oxides is required to develop such a equation of state (EOS)

Also, EOS of oxides is required to calculate an interior of Earth, rocky planets and rocky cores of
giant gas planets, including newly discovered extra-solar system planets

A scope of this work to obtain new experimental data on shock compressibility and shock
temperature of oxides in wide range of pressure



Study of the properties of matter at high pressures }

Static: Bridgman press or diamond anvil cell
Dynamic isentropic: electromagnet technique, Z-machine
Dynamic adiabatic with irreversible rise of entropy — shock compression

Rankine-Hugoniot relations at shock wave front directly derived from
conservation laws (mass, momentum, energy):

- D
o/pg = Vg/V = D/(D-U) P P,
P
E = Eg+ P(Vy-V)/2 U E,
— SW

If one measure any two parameters, other can be calculated from conservation laws,
Not making any assumptions about EOS

For example — D and P is measured, U and p - calculated

Or D and U is measured, P and p - calculated

Temperature is not included in Hugoniot relations and depends on EOS
It must be measured separately



Determination of Shock adiabat: Impedance matching
(MeToq oTpaxeHusl)
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Red line — new Quartz shock adiabate [2,3]. 206 points

Shock state, double shock and release of Quartz is calculated according to new EOS [1], including data [2,3]
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Mach-type shock wave generator

Detonation ignition
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Main charge 10 — 13 kg HE

/

Copper liner ‘
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1-stage generator (2012-2014). Mass of explosive: 3.9 kg n 12.5 kr. Up to 500 GPa
2- stage generator (2015). Mass of explosive: 12.5 kg. Up to 2000 ITla

Nikolaev D., Ternovoi V., Kim V., Shutov A. Plane shock compression generators, utilizing convergence of
conical shock waves // Journal of Physics: Conference Series. 2014. V. 500. Ne 14. P. 1-5.



Axisymmetric 2D - simulation of 2 - stage device

Velocity of detonation initiation point up to 25 km/s. 2th stage liner velocity is
increased from 4.2 to 6 km/s. Color = density

19800 ns. Conical shock wave convergence in central body 22740 ns. Mach disk formation in central body



Shock adiabate of transparent samples (MgO and AlI203) +
temperature of shock compression.
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Shock compression of opaque substance (porous TiO,) ;ﬁ

12 fast optical gauges
Wave velocities, precision from 0.1% to 0.6%. Density — 3%. Slightly tilted shock wave
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Shock adiabate of Sapphire

Hicks’s new laser data
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Erskine’s old gas gun data
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Shock adiabate of Sapphire
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Temperature of shocked Sapphire. Pictures from: J. E. Miller, T. R.
Boehly, D. D. Meyerhofer, P. Celliers, J. Eggert, D. G. Hicks, A. Melchior.
University of Rochester. 48th Annual APS Meeting, Division of Plasma Physics,

Temperature (eV)

Philadelphia, PA. 2006.
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Not published, presentation located at University of Rochester web page
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moving from Miller 2006 experiment and Kerley 2009 calculations directly to

Taking in account the non black-body emissivity of shock front: our points is -
calculations of SESAME, Liu Nellis 2015, Ostrik 2019 and Gryaznov 2019 ;

Density - from Dgyp and Kerley's D-U fit

804 @ This work, 2-stage device
@ This work, 1-stage device

A Miller 2006, Omega laser experiment
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T, K

shock-induced melting of sapphire
Temperature EOS, Mi-Gruneisen type, accounting the Debye
temperature model

Melting curve calculated according the Lindemann melting rule
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Shock adiabate of MgO (Periclase)

Explosive and gas gun points don’t reach even B1-B2 transition
Big data set from Sandia Z-machine. Only compressibility was measured, no

temperatures. Supported by DFT-calculation of temperatures.

Polymorph transition B1-B2 (fcc NaCl structure — bcc CsCl structure) is seen at
the shock adiabate, also melting
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Laser shock waves experimental data Omega and LULI
Analogous to sapphire, decaying shock. 1 shot = temperature,

shock velocity and reflection vs time curves.
Kink at temperature vs pressure identified as: B1-B2 transition

(McWilliams) or melting (Boilis)
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Shock adiabate of MgO: this work E
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Shock adiabate of magnesium oxide

First 3 points clearly extrapolates shock adiabat of B1 phase

At particle velocity 8.7 — 9.1 km/c (550 — 600 GPa) - kink of the slope.
Possible end of melting. It is in agreement with Rooth data and McWilliams
data. DFT calculations provide value 620 GPa
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Shock wave temperatures

P, GPa
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Shock compression of single-crystal and porous TiO2 (Rutile)
Highest pressure achieved with modified 2-stage generator is
2008 GPa. It is higher that achieved at Z-machine (850 GPa).
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Shock temperature of single-crystal TiO, For highest points, taking
into account experimental emissivity affect temperature value
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Results: }

Al,O5 Sapphire:

“Stiff” shock adiabate for pressures > 400 GPa confirmed. Temperature is not
in agreement with laser shock measurements. Indication of shock-induced
meliting at 500 — 650 GPa and 11000 — 12500 K obtained. In agreement with
Ostrik’'s (EOS + Lindemann melting law) melting curve.

MgQO Periclase:

Shock adiabate is in agreement with Z-machine data except one point near
B1-B2 transition. Shock adiabate passing through possible triple point of B1-
B2-melt coexistence (410 GPa, 12000 K). B1-B2 boundary at highest
pressure, and highest possible temperatures of melting curve. Melting curve is
best described by Ostrik (EOS + Lindemann melting law) and QMD-DFT
calculation of Militzer. Melting starts at 420 GPa (Boilis), ends at 550 GPa
(from temperature measurements) or 600 (from shock compressibility slope)

TiO, Rutile:

Record point 2008 GPa, plasma state, fully dissociated, high ionization degree.
Shock adiabate is in agreement with Lomonosov KEOS-4 calculations for both
single-crystal and porous samples and in good agreement with Trunin 1975
data.

Still no calculation of temperature for 2 TPa, but quite good agreement with
QMD-DFT calculations of Duwal 2020









Pe3ynbrathl: 3aHKeHne temnepartyp cTtpuk-nnpometpom OMETA ‘m
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NcxonHble MOHOKpucTansbl umenu pasmep 10x10x1 mm,
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MAXOBCKUU KYMYNATUBHbIin TEEHEPATOP
YOAPHOI'O CXATUA
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MaxoBckasa KoHdUurypaums npu B3anMogencTsmn yogapHou
BOJTHbI OT BO34YLLUHOMO B3pblBa C NOBEPXHOCTbLIO 3eMIU

Cxema dopmmpoBaHuA yaapHOU BOJIHbI
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ObpasoBaHne MaxoBcKoro gucka B 0CECUMMETPUYHOM
cXoasLeMcs NoToke (MCTeYeHne N3 peakTMBHOIO conna) -

Nnes: BOCIPOUN3BECTU TOXE CaMOe, HO B TBEPAOOM TeErIe



MpepnoxeHHsle B 80-x roaax cxeMbl reHEPaTOPOB BbICOKOrO AaBMNEHUs, ¢p
MCMNONb3YHOLWUX CXOXAEeHMe KOHNYeCKOU yaapHON BOJIHbI.

[o 600 'Ma B meau 100 - 1000 [Mla B meagun 1650 'Ma B xene3e

B. Glushak, A. Zharkov, et al. ZETP 96,  H. Derentowicz, J.App.Mech.Tech.Phys, >apkos A.M., Kptokos B.MM. ®usunka
1301 (1989) v 30, Iss 1, p. 21, 1989 3KCTpEeMarbHbIX COCTOsIHWIA BellecTsa, 2004

MaxoBckuii guck TGY\O




MeTaHue namHepa CKonb3sAlWen AeToHauMen B UUNNHOPUYECKON
reoMeTpum: obxxatme amnyn coxpaHeHus (yAapHbIA CUHTE3)

(2)

NMnockasa geToHauus HaBsa3aHHaa geToHauus
D ~ 8 km/c D, <9.6 km/c (CL-20)

[Mpu gocTaTtoyHbIX NnapamMmeTpax YB B LeHTparibHOM UWITMHAPE MOXHO creHepupoBaTb MaxoBCcKun guck.
[Mo-Bngumomy, 9.6 KM/c — npegen ckopocTu getoHaumn. Heobxogouma peTtoHauMoHHasA pa3Boaka

Wnntoctpaumm n3 o63opa S.Fujiwara, Shock compression technology and material science, pp.7-21, 1992
Ccbinkn Ha Apgagypos et al., 1967, Morris et al., 1984, loryns et al., 1981, Bocko6onHukos et al., 1987, MapTteiHoB et al., 1986



Study of Hugoniot of metals.
Sapphire window was used.

Metal sample

Al, Cu, Fe, Ti

— Quartz segments

Quartz baseplate,
Etalon

Optical pyrometer was used to register the
brightness temperature in 2 points

Wave velocities was measured in Quartz, metal and
Sapphire

Fiber holder




U,V

Measuring of wave velocities in quartz ethalon D
and metal sample > compressibility of metal

Additional info from fast optical gauges: velocity of shock in
Sapphire. We can get the compressibility of Sapphire!
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Pe3ynbraTthl: TEMNepaTypa yaapHOro cxxaTtusi U KpuBas

nnaBJieHn4d

1. [1Be HWxHMe Toukn — dpasa B1. QMD-DFT Pacuet [Jexapnu HenpaBunbHO
onuncblBaEeT npespauieHne B1-B2

2. YoapHasa agmabara B P-T no-BManMomy, npoxoauT Yepes TPONHYHK TOUKY
B1-B2-Xngkoctb

3. Namepenunsa 2012 roga Ha Omere (McWilliams) gatoT 3aHUXEHHYHO
TemnepaTtypy. IHTepnpeTauns ckadka kak nepexoq B1-B2 HeBepHa.
[MpaBunbHasa nHTepnpetauuns — Boilis 2016: 310 nnasneHne

4. Nnaenenue HaumHaeTcsa npu 420 Mla (Boilis), 3akaHunBaetcs npu 550 Mla
(Hawa TouyKa)

5. Jlyuwe Bcero nnaenenue onucbiBaetca QMD-DFT-pacuetom LLlabpuana n
Mununuepa. Tak xe nnasneHne B2 drasbl XOpoLIO ONUCbIBAETCHA pacyeToOM
A.OcTpuKa, XoTs Ha yaapHon agmnabarte HeT npusHakoB B1-B2 npeBpalueHus.
OTO MOXET BbITb CBA3aHO C N.2: yaapHasa agmabarta npoxoanT Yepes3 TPOMHYIO
Touky B1-B2-xmngkoctb

6. B akcnepumeHTax no gsykpaTHOMYy cxatuto (Hansen 2021) kpmBas
NnaBnNeHUst 3aHMKeHa No TemMnepaTtype rno CpaBHEHUIO C pacy4eToM MuUnuuepa.
Tak ke, 3aHmKeHa Temnepartypa ogHokpaTHoro cxatmna B McCoy 2019 no
cpaBHeHMto ¢ Hawen Toukon 970 Tla. BennynHa 3aHmxeHusa — 15%.
[lononHeHue K n. 3 (Tam 3aHmkeHne Ha 9%). CTPUK-NMPOMETP HaA YCTaHOBKE
OMETA 3aHmxaeT Temnepatypy?



