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HekoHrpyaHTHble ha3oBble nepexoabl B Tenyiodpuninke saepHbIX peakTopoB
Pa3pa60TKa razodga3Horo sgepHoro peakropa
(1950-1980)
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HeKOHIpysHTHOe mcrapeHmne AnoKCnuaa ypaHa

OXunaaemblil ypoBeHb TemnepaTtyp Mnpu runoTeTUYECKON R, ?
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PacyeT HEKOHIPYIHTHOI'0 MCIIAPEHUS
B MPOAYKTAX IKCTPEMAJbHOI0 HArpeBa AMOKCHIA YpaHa

Be ctaouu

- Pa3paboTrka Mmoae/id ypaBHEeHHMA COCTOSIHHUS
(YPC)

- Pacuer mapamMeTpoB (pa30BOro paBHOBECHUSA




Mogaeab ypaBHEHMSI COCTOSITHVIS
(“Xumuueckas modeab naasmor”)

U - O system

NoHHO-MOneKynapHasa Mmoaesnb cocTaBa e aphers roputsion
(Ons xxudkoul u ea3oeol has)
U + O + OZ + UO + U02 + UO3 repulsive Coulomb forces
U+ UO*+UQO,*+ O™+ UO; + e
||

attractive Coulomb forces

QdPEKTUBHOE B3aMMOJENCTBUE:

— Intensive short-range repulsion

— Coulomb interaction between charged particles

— Short-range effective attraction between all particles

LIQUID UO, AT 6000 K

Equilibrium pressure: 80 bar
Liquid density: 6.7 g/em®

[MonpaBkn Ha HenaeanbHOCTb: (Modified for mixtures
— Hard-sphere mixture with varying diameters

— Modified Mean Spherical Approximation b catpotai o i
— Modified Thermodynamic Perturbation Theory

*  Uion ¥ Oion
® Uatom @ Oatom

I'psiznos B.K., Mocuaesckuit I1./1. Cemenos A.M. SIky6 E.C., @opros B.E., Ronchi C., Hyland GJ., // M3secmus PAH, 63 (1999)

Tosilevskiy 1., Yakub E., Hyland G., Ronchi C. Trans. Amer. Nucl. Soc. 81 (1999) // Int. Journ. Thermophysics 22 (2001)

Iosilevskiy 1., Gryaznov V., Yakub E., Ronchi C., Fortov V. Contrib. Plasma Phys. 43, (2003)

Nocnaescknii V1./1., I'psasuos B.K., Cemenos A.M., fIky6 E.C., @optos B.E., Ronchi C., Hyland G.J.,, BAHT, Boim. 1, (2003)

Ronchi C,, Iosilevskiy 1., Yakub E., Equation of State of Uranium Dioxide / Springer, Berlin, (2004)

Nocnaescknit V1./1., Kpacuuxos I0.I'.,, Con D.E., ®optos B.E. Tepmoduramuxa u Tparcnopm ¢ Heudearoroii I1rasme, MOTU,
Mockaa, (2000) // PUUISBMATANT, Mocksa, (2012) (8 nevamu)

Nocnaesckuit M1.21., I'psasnos B.K., Cemenos A.M., fIky0 E.C., T'opoxos /A.H., IOurman B.C., bamapun A.1O., bprikun M.B.,
Menuaansa M.A., ®opros B.E., Ronchi C., Hyland G.J., Pflieger R. // M3eecmua PAH (Dnepzemuxa), N 5, 115 (2011)
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VccaeaoBanme HeKOHIPYOHTHOTIO ucrnapenus: 8 UO
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Operated by Argonne National Laboratory for the US Department of Energy
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KaAMGDOBKa 1 BaanAanysi Moaean ypasHeHust cocroaaus (YPC)

- OnucaHue CBOWCTB *xunpkoro UO, B6/IM3M TOUKM MAaBeHUs (T'=3120K)
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PacyeT HeKOHIPYDHTHOIO MICIIapEeHMsI
B IIPOAYKTaX 9KCTPeMaabHOIO HarpeBa AMOKCHAA YpaHa

- Pazpa0orka moaeiau YpaBHeHuss CocTostHUA

- Pacuer mapamerpoB (pa3oBoro paBHoBecHs
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Ilepexoga ras->xmnakoctsb B U-O cucreme
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Standard phase equilibrium conditi

Stoichiometry of coexisting phases are equal:
Van der Waals loops (at 7'< T,) corrected via the “double tangent construction”

XJ — xl’

ns.

P'=P” || T'=T" 1l

G'(PT x) = G"(PT x)

Standard critical point:
(OP/OV); =0

/| (2P/oV?2);=0 |/ (B*P/oV3), <0



[omkHo ObITb NO NPaBUIAM XUMUYECKON TEPMOANHAMMUKM

Ilepexoga ras->xmnakoctsb B U-O cucreme

Pressure - Density diagram
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Van der Waals loops (at 7< T,) corrected via

It should be

Stoichiometry of coexisting phases are equal: | x’ = x” :

It should be

angent construction”

Standard phase equilibrium conditiol

P ) — P )
Standard critical point:
(OP/OV); =0
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pu(PT x") = pu (BT x")
o (PT x") = w, (BT, x7)

w(PT x") = (PT x”)




da3oBoe paBHOBeCHEe B XYIMNYECKN pearpyrommx
KYAOHOBCKMX CHCTeMaX (ycrosus Iubbca — I'yzenxeuma)

n Paza -1 daza - 2 u
n+n,+...+n, A [y St [,

TJ — T’J P] — P’J
HeumparibHble€ KOMIIOHEHMbI 3aps)KeHHbIE KOMITOHEHMbI
PaBeHCTBO XIMMYECKIIX IIOTEeHII1aA0B PaBenHcTBO DAEKTPOXVMIMMIECKNX ITOTEHII1aA0B
,u1:(P,Z xz):M:(RZ x:) o, = o w'(PT x)=pu"(PTx") + ApZ,e
My (BT x°) = pp (BT x7) w'(PT x) = w"(PT x") + ApZ,e

ﬂk’(P’]’: x}) — Mk”(R]‘; x’))

g, =i | u(PTx)=u (PTx") — Ape

PaeHoegecHbIe peaKkuuu

QrnekmpoHeumpasribHOCMb

Uyt Uo= Uyo _
+ oy Ny, + Ny, T Nyops T Nyoze = Ne T N T Ny + Ngos
Uyo ™ Uo= Uyon
+ Y= - _ —
Moo ™ Ho= Puos Uyt e = Hy Wuos ™t Be= Myos-
2Uq = oy Uyo+t Ue = Hyo Ho + U = Uo_

Huoos t Me=Huoz e



HexourpysnrHoe ucnapenue B U-O cuucreme

(CosmecmHoe ¢ha3080e, UOHU3aUUOHHOE U XUMUYECKOe pagHogecue coanacHo ycrogusam ubbca — ['yeeHxelima)

,El,marpamma AgaBreHne - nNioTHOCTb

[narpamma gaeneHuve - tTemrneparypa
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NB! 2-dimensional two-phase reglon mstead of standard P T saturation curve
NB! High pressure level of non-congruent phase decomposition
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OranunreabHble OCOOEHHOCTY HEKOHIPYYHTHOIO ycnapenns B U-O cucreme

Kaaopmnueckas ¢pa3oBasa guarpamma
(aHoMmarbHOe nogedeHue MenA0mMovl nepexooa)

Avarpamma sHTanenusi - Temneparypa Tennota ucnapexus B U-O cucrteme
Ok""N“"N"“N“"N“"N““N""N“'A 4000\\\\‘\\\\‘\\\\\\\\\\\\\\\\\\\\‘\\\
r Saturation Curve ] -
-1000 | UOz d I UOzI | HexoHrpysHTHOe Mcriapenme (***)
i ]2 ]
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(*) - Mistura L., Magill J. and Ohse R.W., Journ. Nucl. Materials, 135, (1985)

(**) - Fink J.K., Journ. Nucl. Materials, 279, (2000) (Int. Nucl. Safety Center Database, Argonne Nat. Lab. Argonne, Illinois, 1997)

(***) - INTAS-93-66. Final Reports, JRC, Institute for Transuranium Elements (Karlsruhe) (1997 - 1999) // losilevskiy I., Gryaznov V., Yakub E.,
Semenov A., Fortov V., Ronchi C., Hyland G. // Contrib. Plasma Phys. 43, (2003) // Bulletin Russ. Atomic Agency (VANT) N 1,(2003) / Chemistry
and Computational Simulation. Butlerov Communications, 3, N 10 (2002) // M3secmus PAH (Dnepzemuxa), N 5, 115 (2011)




OranunreabHble 0COOEHHOCTY HEKOHIPYOHTHOTIO mcnapennd B U-O cucreme

Xoa n3orepM B aByxda3Hom 00aacTu

CraHpgapTHasa auarpammMa aaBneHne-nnoTHOCTb HekoHrpyaHTjoe vcnapeHie

| ' | ! | ' | '

CP - Critical point -
BC - Boiling curve

SC - Saturation curve

T ..« - Crycondentherm |

10° .
Pressure (MPa) "Best case" EOS of UO,

(E.Fischer (KfK) - 1992)
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Fischer E.A. J. Nucl. Sci. Eng. (1989) ] 2 3 4 > 5 6 l .
Density, g/cm’
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N3oTepmuyeckuii pa3oBbIi MEPEXO]T HAUMHACTCS M 3aKAHUUBAETCS [IPU PAZHBIX 0ABEHUAX

N300apuyecknii (pa3oBbIi IEPEXO]] HAYMHAETCS U 3aKAHUYMUBACTCA MPU PAZHBIX MEMNeEPaAmypax



OranunreabHbIe 0COOEHHOCTU HEKOHI'DYBHTHOTI'O VICIIaAPEHII B U-O cucreme

CtexuomeTtpusa cocyuwiectByrowux gas
(08 zparuibl HEKOHZPYIHIMHOZ0 UCTIAPEHUS)
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§ ] 22[ ]
6 Vapor 1 F . ..
: (boiling conditions) ] 20 Vapor (saturation conditions) CP |
L % 7 [
51 | o ] L
g Q 18- 12 i
2 5 =
o = @) <3
T ] 6 |12 ]
G
r > max
3 N 14 - - -
i Liquid (Wiling conditions) \. CP i
2 i - 1,2 _
i Liquid (saturation conditions
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3 4 5 6 7 8 9 10 M 3r, 4 5 6 7 8 9 10 11
TEMPERATURE, 103 K TEMPERATURE, 103 K
['paHuIta KUIEHNS JKUAKOCTU ['paHuIia HaCkHIITIeHN [Tapa
Knaxocrs (O/U =2.0) < Ilap (O/U >2.0) ITap (O/U=2.0) < Xwnaxocrs (O/U <2.0)

Ilepssre my3pipbku nmapa Hag kunamuMm UQO, || Ilepsoie kanan xnakocru B nape UO,
(000zauierivl KUCAOPOIOM ) (0bozauierivt yparom)

(“Touka pocsr”)




UOQO, critical point location problem
historical comments

[Mpobnema onpeaeneHna napamMeTpoB
Kputnyeckom toukm UO,

ucmopudyeckuu KommeHmapuu



OueHku napameTpoB Kputu4veckoum Toukmn U0,

Vckanacb Kak obbi4Hasi BaH-0ep-Baaribcoga Kpum-mouyka

cP
(new)

lg(p/MPa)

-2

5000 4000

Predicted critical-point data field
[PCS—principle of corresponding states;
LRD—law of rectilinear diameter;

SST —significant structure theory;

see Ohse et al (to be published) for references)
1 Meyer, Wolfe (PCS) 6 Gillan (SST)

2 Miller (LRD) 7 Fischer et al (SST)
3 Menzies (PCS) &8 Kapil (PCS)

4 Robbins 9 Browning et al (SST)
S Booth (PCS) 10 B- .wning et al (PCS)
» Calculated curve;

2 Ohse et al (to be published)
13(p/MPa) = 46-5 - 44 118(T/K)™" —9-92 1g(T/K)
\ (see Johnson 1979)
™ 3 Long et al (1980)

\ N 1 1AEA (1978)
‘\ \o\g)/ 1g(p/MPa) = 28-65 - 34933(T/K)™' - 5-641 1g(T/K)

o~ _

Measured data

& Reedy and Chasanov (1972)
transpiration technique

— "Ohse et al (1974, 1978)
laser-pulse heating

+ Bober etal (1974, 1976)
laser-pulse heating

o Benson (1977)

pulsed-electron-beam heating NS m?lting point
® Reilet al (1978) BN )
neutron-pulse heating N
o Tsai et al (1976) e

Mach-disk method

Ohse R.W,, et al.
Journ. Nucl. Mater.
130 (1985).

Mach-disk method

L
Ohse et al (this work) |
1

1-0 1S

2-0
10* K/T

2 30 1041 (k1)

Figure 5. Total vapour pressure over UO, up to the critical point.

Onenkn KpuBoOI AaBAeHNs ITapa U ITapaMeTpos Kputudeckon Touku UO,

(puc. us 0630pa [Ohse R. et al. 1985])




VicTopus onjeHOK nmapamMeTpoB Kpurtudeckoy Touku UO,

Table 1.1. Synopsis of the Main Published Works on the Equation of State of UO,

Predicted Critical Point Parameters!®
Te P, Vo Pe Zg Input Data

ona Ao LN S ERE WS - S|

0 PCS =  3akoH CoorBeTcTBeHHBIX COCTOSIHUIMI
8 ARV ) P ) 1O U Al v o S A= I

S OPRO OO IR PR vl Ml

67 o

o LRD = IlpaBuao “lIlpsamoannenHoro auamerpa”
9930 146.9 I 1.63 0.308 MP, density, different VP data

s MP, density, different VP data

o« SST =  Significant Structure Theory

6530 1350 .4 024

73

8

" RK-EOS = Ypasnenne Cocrosnus Peaanxa-Ksonra

uid C... calculated partial pressures

365 05 I 2.99 1.00 Liquid density, oxygen potential | liq-

PHC-EOQOS = Teopus BOSMymeHI/m + YPC Tsepasix Chep

OUe IACOE Xy

tmscoplc data on UO(g) and UOg(g)
molecules

2.10 0.353¢) O /M=1.911

1.52 0.346 VP in equilibrium with UO,(1)

1.73 0.350 VP and liquid molar volume at T

1.56 0.310%) VP at T = 2150 K and over lig-
uid; geometrical mean of experimen-
tal partial pressures of UO and UQOs;
molecular spectrescopic data.

p Method of
Year  Author FEvaluation
. |
1964 Meyer and Wolfe
[103] u
1965  Miller [104] |
1966  Menzies [102] m PCS
1966  Robbins [118] m PCS
1974 Booth [17] PCS
1974 Gillan [50] B ssr
|
1974 ibid m SST
1976  Fischer et al[42] - SST
1976  Kapil [83) B pos
1977  Browning et al[‘22]. gg‘;gg
SST(1
1977 Browning et al[22]W SSTE2;
|
197 Fimn et al[37] : LRD
|
1979 Fischer [35] m 57
|
|
m SST
1982  Dharmadurai [30] - RK-EOS
1985  Mistura et al[lOo] PHC-EO
1987  Fischer [39] B sor
(1989) FEEN
Notes:

(9T, in K, P, in MPa, V, in 107°

skg ' pein 10%kg m™3, 2z, = PoVo/MRT,, M =0.27kg mol

Taacan

LRD Law of Rectxlmear Dxameters

SST = Slgmﬁcant Structure Theory,l RK-EOS I

N3 kHurn: Ronchi C,, Tosilevskiy 1., Yakub E., Equation of State of Uranium Dioxide / Springer, Berlin, (2004)




Kpurndeckass Toudka HeKOHIPYSHTHOIO MICIIapeHI s

B CUICTEME YPaH-KNCA0POJ
Pressure - Temperature Diagram

Pressure - Density Diagram

12000 PR T
P, bar | U()2 0."";".‘ : 1 i [J()2 Cri{' [, Point
10000 - iCPo “31 P 1r 'S .;': .
8000 - A WA
! (-r{ SC
l' LIJ
6000 — ‘ - % Non-congruent phase boundaries
T=T7% »n 0,5+ _
’ / Cv &
4000 ~ SC;“ PC:};'- L &f Double-tangent construction
| 7= 7'c et ’ ) - Seag | (standard procedure )
2000 |- i N
e A aas 2 - Melting point
ERS— i 0@ T, K|
0 L L e L ! v v v b v v by o by v e by e by |
0,5 1 \ 2 3 45 3000 4000 5000 6000 7000 8000 9000 10000 11000
P, g/cm
%,.s Standard critical point - partial (forced-congruent) equilibrium

7.2 True critical point of non-congruent PT — total (non-congruent) equilibrium



HoBble TeopeTnyeckme gaHHble < TpaaVLIMOHHBIE II0AXOABI

Table 1.1. Synopsis of the Main Published Works on the Equation of State of UO,

Year  Author Method of Predicted Critical Point Parameters'®)
Evaluation Te P, Vo Pe Zg Input Data
.._._._.. _________
1964 Meyer and Wolfe PcCs 73
[103] u g
1965  Miller [104] W LrRD W g
1966  Menzies [102] m PCS m s
1966 Robbins [118] o PCS g 55po-tnnos
1974  Booth [17] PCS 67
1974 Gillan [50] Hogsr M o9
[ ] |
1974 ibid m SST W 9930
1976  Fischer et al[42] - SST m
1976 Kapil [83] mpcs We SST =
pa— . o5 . PCS( 1) . GTLQ 1303 o0
1977  Browning et al[22]. PCS(2) @ 6820 1380 98.4
, SST(1) _ 73
1977 Browning et al[22]M SST(2 u P
e 1@ o= RK-EOS =
1978 Fimetal3y ™ LRD T s
[ ] |
"« o PHC-EOS
1979 Fischer [3] m ST w7
u ot tposcoplc data on UO(g) and Uog(g)
| u molecules
m SST W 7990 18208 129 2,10  0.353%) O/M=1.911
1982  Dharmadurai [30] m RK-EOS [~ 7000 113 178 1.52 0.346 VP in equilibrium with UO,(1)
1985  Mistura et al[105] - PHC-EOE- 7567 141 156 1.73 0.350 VP and liquid molar volume at T

NB! Tpuanarb aeT IIOMCKOB “OOBIMHON” KPUTUIECKOM TOUKHA B AVIOKCHIAE VpaHa
COOTBETCTBOBaAM OObEKTY, KOTOPOTO He CyIlleCTBYeT B IIpupoje !

(9T, in K. P in MPa. V.. in 10°° m®ka™". 0. in 10°%ka m™>. 2. = P.V../MRT... M = 0.27ka mol "

NB! HcruaHas Kputmdeckas TO9Ka HEKOHTPYDPHTHOIO MCIIapeHMs AVIOKCHAa ypaHa

BC€ 9TO BpeMsI OCTaBadadCb BHE 110451 3pEeHVsI mnccaeaoBareaen.




HekoHIpy®HTHOe MCIIapeHue
B IIPOAYKTaX 9KCTpEeMaabHOIO Harpesa AMOKCIAa ypaHa

CpaBHeHMEe TEOPHMM U IKCIIEPUMEHTA
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S T C

Q\,, ISTC Project (2002—2005) Jw&g\g

&
M HT I ~

JKCnepuMeHTanbHOe U TeopeTnyeckoe uccrieqoBaHme
Tennodgunanyeckux CBOUCTB ANOKCHMAA ypaHa

Koonepauus:
UTID (Mockea) — BHUNI®D (Capor) — UMX®D PAH (YepHoronoska) — MA®THU (Mockea)

<
Konna6opaTtopbl
GSI (Darmstadt) (Dieter H. Hoffmann) + ITU (JRC, Karlsruhe) (Claudio Ronchi)

Project Goals

e Experimental study of thermophysical properties of high-pressure and high-temperature uranium
dioxide (UO,)

e Validation of high-temperature properties of theoretical EOS for UO,

e Experimental check of validity for theoretically predicted parameters of hon-congruent phase
transition in high-temperature U-O system (EOS-INTAS)

Experimental Technique
e Strong shock compression (~ 100 GPa) with followed deep isentropic expansion (~10 MPa)
e Intense volumetric heating by means of high-energy heavy ion beam irradiation (~ 1-10 kJ/q)

PykoBoguTtens NpoekTta - B. llapkoB // Hay4Hbi pykoBogutens — B. ®opToB

ITEP (Moscow)




%\ CpaBHeHMe TeoOpeTUIEeCKM IIpeACKa3aHHbBIX U =
—" BJKCIEepMMEHTAAbHO M3MEPEHHBIX MI309HTPOII ““ug

\\/

M HT I
pacumpenmns yaapHo-cxaroro UO,
T S - , ISTC
X . U02/ Hug(;niots /(Exp—t//) PrOjeCt
i | . :\ Phase Boundaries /New EOS / :(2002_2005)
R Non-congruent: o —
YoapHble aguabartsl (Capos) Forcedly congruent: o)
Isentropes: |
= = = +//= = = +/ Exp-t + Interpolation / 3

10 |
C =A= §=1.86J/gK - (New EOS)
=v= S=1.60J/gK - (New EOS)

NHTepnonauunsa n nepecyer
3KCNepuMeHTanbHbIX U309HTPONM

61:— -

01k

0,01 ™

1
IlgV, g/cc

1P T ==

{D(U)yyyg + P(U) s} 5y = ViaTeprioasiimst P(V)g_ o /MOTU/ < Teopust P(V)g_ s (YPC SAHA)



U3mepeHue paBHoBecHoro aasneHua napa (UO,)
[logepxHOCMHbIU f1a3epHbIU Hazspes

7000 6000 5000 7, K
\ T
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DKcepuMeHT
Bober M., Singer ]. 1987

0,15 0,20 0,25
1000/ T, K~!

- bamapun A. u ap., Becepoccuiickas koughepenyus no mennogusuxe, Kazanp, 2002, p.172.
bymneposeckue cooowenus no uucnennomy mooenuposanuro, 3, (N_10) (2002)

- bamapun A., bpeikun B., u ap., TBT (High Temp.) 42, 64 (2004)

Nocnaesckuit V.2, I'psasnos B.K., Cemenos A.M., fIky6 E.C., T'opoxos /.H., IOnrman B.C., bamapun A.1O., bpsikun M.B.,

Mlertaaanua M.A., ®optos B.E., Ronchi C., Hyland G.J., Pflieger R. // Ms6ecmusa PAH (Dtepzemuxa), N 5, 115 (2011)




PaBHOBeCHBIN COCTaB I1apOB IIPM HEKOHIPYSHTHOM ucrapenun UO,

(cpasnenue meopuu u IKkcnepumenma)

Onupasice Ha HocAeAHIE AaHHBIE MIMITYAbCHBIX DKCIIEPMIMEHTOB C IIOBEPXHOCTHBIM Aa3epPHBIM HarpeBoOM ABYOKIICH ypaHa
(M.A.Ilertnaans, R. Pflieger — VITY, Kapacpys, OVIBT PAH), nocrpoeHa (coBmectHo ¢ B.K.I'psasnossim - OVIX® PAH n
E.fsIkyoom — Ogeccknit YHMBepCUTeT) MOAeAb PaBHOBECHOTO MOHHO-MOAEKYASPHOTO COCTaBa ra3oBoi (pa3bl HEKOHTPYDHTHOIO
ncnapenns UO(2+x). Mogeas yA0BA€TBOPUTEALHO ONMCBIBAET MMEIOIIeCs pe3yAbTaThl IIePBBIX DKCIIePUMEHTOB,
IIOATBepKAasl IPeA0A0KeHNe O HeKOHIPYDHTHOM XapaKTepe MCIIapeHus AByOKICH ypaHa.

T (K) 3400 3300 3200 3100 3000 2900 2800
3400 3300 3200 3100 3000 2900 -
PO 1 N 1 N 1 N 1 N - 1 N 1 2 1 N 1 M 1 N UO2 memng point T, K
i UO, melting point
= g :/
= i
= Experiment (ITU) 1
. e 5
== ' Equilibrium pressure of U0, : a 1 §
OC\J in the forced congruent i S "
2) evaporation of liquid UO,, | - :
Sor? / : i u = 6 - !
o (calculated) - = :
= & : £ ?
i e liquid =
Equilibrium pressure of UO,
in the forced congruent -
54 evaporation of solid UO, ; !
(calculated) 4+
I ' T i I v ! v ! ¥ T ¥ T > T J T U T U T %
0.30 0.31 0.32 0.33 0.34 0.29 0.30 0.31 0.32 0.33 0.34 035 0.36
1000/T (1/K) 1T kK

R. Pflieger, J-Y. Colle, I. Iosilevskiy, M. Sheindlin // Journal of Applied Physics, 109, 033501 (2011)

Nocnaescknit V.71, I'psisnos B.K., Cemenos A.M., fIky6 E.C., I'opoxos /.H., IOurman B.C., bamapun A.1O., bpsikun M.B.,
Meitnaanua M.A., @optos B.E., Ronchi C., Hyland G.J., Pflieger R. // M36ecmus PAH (Depzemuxa), N 5, 116 (2011)

(M.A. LIetindaun, U./1. Mocuresckuii u dp. —umozu OUBT PAH 2005-2010)



HexourpysurtHbin ¢pa3osbin rnepexog B cucreme U-O
— DTO UCKAIOUEeHVe 1AV O01Iee IIpaBmuao ?

Basic conclusion:

— Jlobon pa3oBbIN Nepexoq B CUCTEME N3 ABYX 1 bonee
XUMUNYECKUX INEMEHTOB JO/MKEH ObiTb HEKOHIPY3HTHbLIM

— KOHrpy3HTHbIN Nepexos B Takux CUCTEMAX — UCKITHOYEeHUue

|

OueBnaHOE IPOTUBOpEYHIE

H,0, CO, NH, ....

P/R

C>

V|

|
Cs ,"
b

I
o/
V(/N/J)
3
/ Ve

/T 2

Pressure

CP |

PCP

+ Melting point
N

Py

TEMPERATURE

Hexourpysuraocts B H,0, CO, efc... - BOSMOXHO au 9TO?




Basic statement:

Any phase transition in a system of two or more chemical
elements must be non-congruent

Neptune and “hot-water” extrasolar planets

Water (phase diagram)

0.7 :
w GJ436b
0.6 Star: - Gliese 436 (RD)
o 05 lonic Fluid R~4R,
o AT ~ 2,6 days (!)
E 04 Tsurface ~500 K
g 0.3 Main Comp-t. - H,O
3 Superionic o=
Room conditions @ 0.2 (Discovered — 2007)
PR c & / P-
wos 0.1 .
i ’éPV (_):: 0 ‘:' 1 So|lld 1 1 1
Lo 0. 05 1 1.5 2 25 3

o - N w EN
1 1 f

Pressure (Vibar)

Ab initio calculations
Cavazzoni, et. al. Science (1999), Mattsson & Desjarlais (Sandia Lab.): High energy-density water: DFT/
QMD simulations (2007) Morales M. et al. PRE, 81 (2010) // Lorensen W,, et al. PRB, 82 (2010)

Any phase transition in high-T high-P water must be non-congruent



Hypothetical non-congruent phase transitions
(short list)

Terrestrial applications:

Uranium- and Plutonium-bearing compounds:
- U0,, Puo,, UC, UN, ... etc.,
Metallic alloys: (K-Na,...PbBi....etc.)

Oxides: (SiO,...ctc.)

Hydrides of metals (LiH... etc.)

[

Ionic liquids and molten salts:
— alkali halides (NaCl ... etc.)

— "Dusty” and Colloid plasmas: o [
(Coulomb systems of macro-ions +Z and micro-ions: +1, —1) VAN

P.GP
=
5]
o
~

ttttttttt

Non-Congruence in Cosmic Matter:

— Plasma and Dissociative Phase Transitions in mixtures: H,/ He / H,0 / NH,/ CH,
in Giant Planets, Brown Dwarfs and Extra-Solar Planets

— Phase Transitions in White Dwarfs

— Phase Transitions in Neutron Stars
— Phase Transitions in "Strange” Stars (quark-hadron transition ... etc.)
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\_Cassini-Huygens

Hypothetical plasma phase transitions in H,/He mixture

Chabrier G., Saumon D., Hubbard W., Lunine J.
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Fig. 1. Pressure and density profiles of optimized me@€is or Jupiter (top panel) and Saturn
(bottom panel), plotted as a function of mean radiug Discontinuities i1) the density clearly mark
the boundaries of the four layers of the models: rockyncore, ice mantie, metallic and molecular



Giant planets interior composition .

I1aasmenHbIV (pa30BLIN IEPeX04 CIUTAETCsI OAHONM 13 HanOoAee BepOsSITHBIX IIPUYINH
CA0€HOV CTPYKTYPHBI 1 pa3pbiBa XapaKTepUCTHUK B Hegpax I1aHeT-TUTaHTOB

18t order PP;F

Saturn

Saturn interior composition Optimized models of Jupiter and Saturn

GIANT PLANETS AND THE PLASMA PHASE TRANSITION
N.Nettelmann, R.Redmer, et al., PNP-12, Darmstadt, 2006) D. Saumon. G. Chabrier !,v-rgn_lnu e p——
2 B ) - D. ) .




ini- ‘ &,
Ss'mHuygens e

]

ITaasmeHHbBI (Pa30BLIN Iepexo B Hegpax naaHeT-rmrainTos (H,/He) aoaxen
ObITb HeKOHTPpYSHTHBIM. P-T rpanmniia riepexoga — gABymMepHasi 30Ha!
| Iosilevskiy I., Gryaznov V., Yakub E., Ronchi C., Fortov V. Contrib. Plasma Phys. 43, (2003) |

Chabrier G., Saumon D., Hubbard W., Lunine J. (1992)

Py T | /:;/ [ % L S B B L L B NN
g TUO Critical Point
~N 1+ 2 ,_/ _
g 14 |-

E
P 5

— i N SC
| Saumon Cllaprl.er "
% Non-congruent phase boundaries
12 — — 20,51 ]
(99]
L
g Double-tangent construction
i ] (standard procedure )
- Melting point -
Saturn - 0 r ' .
| - I | N - I I - I | N - I | N - I ) I - I | N - I | - I
Jupiter ," yd 3000 4000 5000 6000 7000 8000 9000 10000 11000
77 A4 I I TEMPERATURE, K
3 3.5 4 4.5 5 5.8 hd i i v R 1
log T (K) /Ry
Fig. 1. Pressure and density profiles of optimized pc¥® Meter (top panel) and Saturn

the density clearly mark

the boundaries of the four layers of the modeis: roc fie, metallic and molecular

! HeKOHprSHTHbIVI Cba3OBbII2 nepexon B HeAapax ninaHeT-rmraHToB npuBeaeT K pasfininio B ose refind B COCyLeCTBYHOLWNX cbasax !




O1eHKa HEKOHTPYYHTHOCTHU I11a3MEeHHOTO $Ha30BOTO

memeinnn IEPEX0aa B Hy/He cMecy B Heapax rnmaaHeT-rUuraHTOB

A. Ukrainets (MIPT)

Ucnone3oeaH mabynuposaHHsit YPC ¢ PPT e sepcuu [Saumon, Chabrier and Van Horn (1995)]

HeKOHIpySHTHOCTb MOXXeT HPUBECTH K 3aMeTHOMY Pa3aAndnio 40AN
reAvisi B COCymecTByommux ¢gasax rmnoTeT4ecKoro r1a3sMeHHOro
¢da3oBoOrO nepexosa B Hegpax IAaHeT-TUTaHTOB !

Non-congruent "molecular" phase enriched by He:

Y,>Y, (1) Phase Separation in Giant Planets:
0,300 PR x . 2 | Jonathan J. FORTNEY, William B. HUBBARD
g \ Icarus, 164 (1) 2003
| [ |
u \ Atmospheric elemental abundances in Jupiter and Saturn
e m \ N (mass fractions)
Vi 1 High% ("Plasmar) phase (¥,20-26) ‘, Element | SOLAR | JUPITER | SATURN | SATURN
0,250 L e LT Galileo Voyager revised
] u , 4 J H 0.736 0.742 0.92 0.76
i
0225 _ Y % , He 0.249 ; 0.231+004 § 0.06 £0.05 y 0.215 +0.035]
~ - —— — - e s
] Non-congruent "plasma" phase (depleted by He)
Y, <Y ()
0,200 : e 2 : :
4000 6000 8000 10000 12000 14000
T, K

A. Yxpawunerr, VI. MocnaeBckuii / ¢6.”Pusnxka Berectsa B 9KCTpeMaabHBIX yca0Busx”, Pea. B.@opTtos, Mocksa,
MITX® PAH (2005) p.116. // c6. “DkcTpeMaabHble COCTOSIHNS BelllecTsa. JeToHarus. Y japHble
BOAHBI” (XapuTOHOBCKIe HayuHble uTeHy:1) Capos, (2007) c. 248




IIpeackasanus raasMeHHBIX (pa3OBbIX IIEPEX0OA0B
MooeavHuvie nodxodvt (1970 — 2007)

He
5
solid metal
gl—=—==--
. solid
] 3| insulatc-
g
RK | O Tr,
g ok ia, //
/)’
10'¢ . ,’
! ] | ! | ! | 1 /
0 5000 10000 15000 20000 1k Tr,
T [K] ‘
BapuanTsl rpanui nmaasmeHHOro $pazoBoro repexoda B BOAOpoOJe s
(ModeavHble nodxodvt 1970 - 2007) 0 4 | = J [i
2 3 4 5
Holst B., Nettelmann N., Redmer R., Lo(T/K)

Contrib. Plasma Phys. 47, (2007)

/JBa pa3aeapHBIX II1a3MEHHBIX IIepexoa B TeAUN
(Ha 1% u 2% uoHusauuu)

Ebeling, Foerster et al. (1991)

Aanaay A.A. 3eabaosnd J.b. 2KOT® 14 32 (1944)

Hopwman I'.D., Crapoctun A.H. TBT (1968 - 1970)




T (K)

da30BbIi IEpexo4 B I11a3Me BOAOPOJa YBepEeHHO IIpeaCcKa3bIBaeTCs
pa3sAMYHBIMY BapMaHTaMM II€PBONPMHIIITHBIX II0AX0A0B
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DFT + MD / Scandolo (2003)

Quantum Numerical Simulations
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DFT + MD / Bonev, Militzer, Galli.

Phase Transition in Hydrogen Plasma
V.Filinov, V.Fortov, M.Bonits, P.Levashov
[Tucoma XK2TD 74 (2001)

Phys. Lett. A 274 (2000)

= «» =

Path Integral Monte-Carlo

DFT + MD / Morales M. et al. (2010)/
Lorenzen W. et al. PRB (2010)
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Erlangen University, Phys.Rev.E (2007)




KBasn-u3osHTpOnImMIeckoe cxarve ra3oo0pa3sHoro
aevitepus a0 aasaenui 75-300 I'Tla

CKa4voK M20THOCTY IIPY M30DHTPOIINYIECKOM CKaTUM MHTEPIIPeTUPYeTCs
KaK IIpOsIBA€HIEe AVICCOIIMIATVIBHO - I11a3MeHHOTrO0 (a3oBOro nepexoaa !

3,2 T T T T T T T T T T T T T T

dKkcnepumeHT (S = const) O
3.0 O Kopmep n gp. 1972 |
’ Mouyanos u ap. 2005 O
Teopua
2,8 Iso-S (SAHA-IV) — A
26 o @ . .
| o Ve A SCCS.200
~ 24| ’ = o . T g
Ay I ¢ J/ | =
Q 2,2 ’ /
S P i PUCYHOK 13:
an
— 20 i M. MouyaaosB
1 u op.
1.8 - 7 SCCS-2005,
16 - O | Moscow
4 - OxkcnepumeHThl (BHUNMD D, Capos) |
7 -0,1 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7

Ig {p/(g/ce)}

Fortov V.E., Ilkaev R.I., Arinin V.A., Burtzev V.V., Golubev V.A., losilevskiy I.L., Khrustalev V.V,
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Phase Transition in Strongly Non-ideal Deuterium Plasma, Generated by Quasi-isentropical Compression at Megabars




Hypothetical non-congruent phase transitions
(short list)

Terrestrial applications:

— Uranium- and Plutonium-bearing compounds:
- UO0,, Puo,, UC, UN, ... ets,,
— Metallic alloys: (Li-K-Na,...etc.

— Oxides: (Si0,...etc. )

— Hydrides of metals (LiH... etc.)

— Ionic liquids and molten salts: T 9T
— alkali halides (Na(l ... etc.), ammonium halides (NH,CI ... etc.)... /
— "Dusty” and Colloid plasmas:
(Coulomb system of macro-ions +Z and micro-ions: +1, —1) T s’ /\

P.GP
=
]
o
~

Non-Congruence in Cosmic Matter: i gent

— Plasma and Dissociative Phase Transitions in mixtures: H,/ He / H,0 / NH,/ CH,
in Giant Planets, Brown Dwarfs and Extra-Solar Planets

— Phase Transitions in White Dwarfs
— Phase Transitions in Neutron Stars
— Phase Transitions in "Strange” Stars (quark-hadron transition ... ets.)




EMMI : Cosmic Matter in the Laboratory

The question is:

What kind of phase transition one can expect
in high-T high-P complex plasma ?

510, + FeO + Al,O, + CaO +. ..

Natural and artificial bombarding of lunar surface



LC ROSS Lunar CRater Observation and Sensing Satellite

Launch — June 18, 2009 // Impact — 9 October 2009 // Impact velocity ~ 9°000 km/h &
< Impact plume ~ 50 km high

1st Stage — strong shock compression

What kind of phase . ] ]
transition one can expect 2"d Stage — free quasi-isentropic expansion
in high-T_high-P b3 SiO, + FeO + ALO, + CaO...?
complex plasma? : . :

- schematic

Si0O, + FeO + Al,O; + CaO 10l
kT ~eV & P~ GPa f

IgP, GPa
I

The question is open

0.1 F

N.MNocnaescknii, A.Coaosbes, B.I'psi3HOB,
Hexonzpyanmmnoe ucnapenue 6 ebicokomemmnepamypHom
Jduoxcude kpemnusa (Si0,) (6 pabome)

0.01




What kind of phase transition
one can expect in high-T high-P
complex plasma?

Si0, + FeO + Al,O; + CaO
kT ~eV & P~ GPa

1t Stage 1 |

TEMPERATURE

NB !

Da30BLIN IIepexo B Ka’KA0M M3
okcuaos (5i0,, FeO, Al,O,, CaO...)
AOAXeH ObITb HeKOHZPYIHMHBIM !
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T
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Hypothetical non-congruent phase transitions
(short list)

Terrestrial applications:

— Uranium- and Plutonium-bearing compounds:
- UO0,, Puo,, UC, UN, ... ets,,
— Metallic alloys: (Li-K-Na,...etc. )

— Oxides: (SiO,...etc. )

- Hydrldes of metals (LiH... etc.)

[

P.GP
=
5]
o
~

— "Dusty” and Colloid plasmas e
(Coulomb system of macro-ions +Z and micro-ions: +1, —1) VA

Non-Congruence in Cosmic Matter: i gent

— Plasma and Dissociative Phase Transitions in mixtures: H,/ He / H,0 / NH,/ CH,
in Giant Planets, Brown Dwarfs and Extra-Solar Planets

— Phase Transitions in White Dwatrfs

— Phase Transitions in Neutron Stars
— Phase Transitions in "Strange” Stars (quark-hadron transition ... ets.)




HeKOHIpySHTHOCTDH I'MIIOTETUYECKOIO
“raasmeHHOro” ¢a3oBoro nepexoga B pacriaaBax coae

OcHOBHOe yTBepXaeHue:

3ewrapHuk B, Kob3es I'., Kypunenkos 10., Hopman I'. TBT 10 (1972) N1060i1 c])a30BbII71 IIepPexo A B CUCTEME U3 ABYX M
: : 0o0aee XMMIYIECKUX DA1€MeHTOB 10/1KeH ObITh
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Non-congruence in exotic situations @

(discussion)

HeKOHIpySHTHOCTD (pa3OBBIX IIePEeX0A0B
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losilevskiy I. / EMMI Workshop - Max Born Symposium, Wroclaw, 2009 // arXiv:1005.4192




KoMIIaKkTHBIE 3Be3Abl

Benbie kapnuku, HelimpoHHbIe 38e30bI, “CmpaHHbIe” 38e30bl, [U6bpUOHbIe 38e30bI

Neutron “Strange” Stars

He-rich layer
(<102 M)
White J C+0™

+ electrons
Dwarf + impurities
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Hybrid Stars
Quark core + Hadron crust
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Quark core + Hadron crust + Mixed phase

|< R ~10 km —|



T - u phase diagram
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(after D.Blaschke, “Extreme Matter’, Elbrus-2010)

(QHPT - kBapk-aZpOHHbIN ha30BbIN NEPEXOA)

losilevskiy I. // EMMI Workshop - Max Born Symposium, Wroclaw, 2009 // arXiv:1005.4192



®I1 “ras-knakocTb” B aAepHON MaTePUN "HU3KOW NIOTHOCTK”

IIpocrerimas Moaeab

(Satarov L., Dmitriev M., Mishustin I., Phys. At. Nucl. (2009)

CuMmmMmerpudHas cucteMa: p + n + N(A,Z) // Pasaosecue: N(A,Z)=Zp + (A—Z)n
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(HUKakol HekoHapysHmHocmu!)



®I1 “ras-knakocTb” B aAepHON MaTePUN "HU3KOW NIOTHOCTK”
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S. Typel, G. Roepke, D. Blaschke et al. Phys. Rev. C, 81 (2010)

Cucrema: p + n + N(A,Z) // PasHoBecue: N(A,Z)=Zp + (A—Z)n// Her saexTpoHoB // Het

KyA0HOBCKIX DD PEKTOB > DTo AByMepHast cucteMa {p + 11} (9kBuBaaent cmecu U+O) !

da30BbIi HEpEX04 AOAKEH ObBITb HEKOHIPY9HTHBIM !




®IT “ra3-KUIKOCTh B HECUMMETPUYHOM SAEPHON MATEPUHN “HUZKOU IIJIOTHOCTH

(u3BecTHbIM (akT)
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Muller H., Serot B., Phys. Rev. C 52 (1995)
arXiv: nucl-th/9505013

(after S. Typel, HIC for FAIR, Prerow-2009)

da3oBblil Iepexos B He-cummempuunou p-n-N(A,Z) saepHOI MaTepUI HEKOHZPYIHMH b1 |

DasoBblil ITepexod B cummempuunoni p-n-N(A,Z) cucreMe — konzpyanmnoiii (a3eoTporia)!

I. Iosilevskiy, S. Typel et al. Non-congruence of “gas-liquid” phase transition in asymmetric nuclear matter (in progress)

| (*) EOS —Typel S., Roepke G., Klahn T., Blaschke D. and Wolter H., Phys. Rev. C, 81, 015803 (2010) |



KBapk-agpoHHBI (pa30BbIN IIEpexos

(discussion)

Non-congruence in compact stars @
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Iosilevskiy I. / Int. Conf. “Critical Point and Onset of Deconfinement”, JINR, Dubna, Russia, 2010
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'MnoTeTn4yecknn KBapk-agpoHHbIN (ha30BbLIN nepexoa
KOHMPY3HTbIW unu HEKOHIPY3HTbIN ?

200

175
150
125

Temperature [MeV]
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25

Atomic nucleus

Structured mixed phase

?

Hadron phase

Quark—gluon plasma

Structured mixed phase
("pasta”) scenario
&

Sequence of five
mini-phase transitions !

Uniform (hadrons) —
— Drops — Rods —
— Slabs — Bubbles —

250 500 750 1000 1250 1500 1750 2000 :
< ”Pasta” plasma Baryon chemical potential [MeV] — Uniform (quarks)
er 200 ] | |
Hadrons /
= 100 / = droplet
(]
-
- bubbl
- (—— 1] e
0 Quarks — Maxwell
Schematic picture of pasta structures. Phase transition from blue | L 1 | L L L | L 1 1 |
04 06 08 10
JarXiv:nucl-th/0605075v2 /2006/ mn d p B [fm_ ]
Maruyama T., Tatsumi T., Endo T., Chiba S.




'MnoTeTn4yecknn KBapk-agpoHHbIN (ha30BbLIN nepexoa
KOHIPY3HTbIWN unu HEKOHIPY3HTbLIN ?
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losilevskiy 1. // Int.Conf. “Physics of Neutron Stars”, St.-Pb. Russia, 2008 // CPOD-2010, Dubna, Russia, 2010 //

M. Hempel, V. Dexheimer, 1. Iosilevskiy, // On non-congruence of quark-hadron phase transition (in progress)
P. Levai, I. losilevskiy, et al. // Non-congruent Q-H phase transition (in progress)




da3oBble IIepexoabl IIPY yAbTPaBbICOKMX
IIAOTHOCTSIX VI QHEPIUIX
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Quark-Hadron Phase Diagram

ITpobGaeMa HEKOHIPYDPHTHOCT KBapK-aApOHHOTIO (a30BOro repexoja
aKkTyaabHa AAsI MHTepIIpeTaly pe3yAbTaTOB 9KCIIepUMEHTOB
Ha cynep-Koaaavigepax !

Iosilevskiy I. / Int. Conf. “Critical Point and Onset of Deconfinement”, JINR, Dubna, Russia, 2010



3aknr4veHue v lNepcnekTuBbl

- HEKOHrpYy3HTHOCTb — 3TO JOCTaTOYHO obwasn popma ha3oBbIX NEPEXOLOB B
3€MHbIX U KOCMUYECKUX NPUNOXKEHNSX

- HEKOHrpy3aHTHOCTb —3TO A4OCTAaTOMHO YHUBepcarnbHas popma dpa3oBbix
nepexoaoB B KOMMIIEKCHbIX CUCTEMaX

- HEKOHIPY3HTHOCTb MOXET YCMNeLIHO UCCeaoBaTbCsa Pas3fMyYHbIMU
3KcnepuMeHTanbHbIMU MeToaamu (Mo08epxXHOCMHbIU 1a3epHbIl Haspes U
Macc-crieKmpocKonusi npodyKmoe UcrnapeHusl, CuribHble y0apHbIe 80JIHbI,
MS>KeNTOUOHHbIU Hazpes U 0p.)

- HeKOHrpy3HTHOCTb )a30BbLIX NEPEXOOOB MOXET YCMNELLUHO UCCNeaoBaTbCs
B paMKax pas3fnnyHbiX TeOpeTU4YeckKknx noaxoaos (mModesibHbie nodxookl,
pacyemanl "u3 nepebix npuHyunos” (npsimoe yucrieHHoe Mooesiupo8aHue,
DFT/MD, PIMC, WP/MD... ) u dp...)

- YyeT appeKkTOB HEKOHIPYIHTHOCTU (PA30BLIX NEPEXOJOB MOXET CYLIeCTBEHHO
CKa3aTbCsl Ha pesynbratax TEOPETUYECKNX PACHETOB BO MHOMMX Ba)XHbIX
npuknagHbixX 3aga4vax (npobnema 6e3onacHocmu S0epPHbIX Ppeakmopos, hu3uka
rnrnaHem-au2aHmos8 U KoMrnakmHbix 38e30, OuHaMukKka paariema rpodykmos
8bICOKOSHEP2EMUYECKUX CMOJIKHOBEHUL UOHO8 8 cyrnep-Konnatdepax u dp...)
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