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PHASE DIAGRAM OF PLASMA
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MAXIMUM PLASMA PRESSURES IN THE
“LABORATORY”

FeCu Mo Cd
Nuclear shocks

Laser shocks
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Intense beams of energetic heavy ions are an excellent
tool to create and investigate extreme states of plasma
in reproducible experimental conditions

Filaowy —c T

prhivma

NIF, Omega, Gekko Xll, LMG, ISKRA-6, X-FEL....
low repetition rate large volume of sample (N mm3)
small volumes fairly uniform physical conditions
large gradients high entropy @ high densities
short life time extended life time

HI : high entropy states of matter - without shocks !




Es ~10-1000 kJ/g
T~0.5-20eV
p~10-3 -10 g/lcm3
P ~ kbar — Mbar

(EOS, plasma phase transitions, critical points,
strongly coupled plasmas, atomic physics,
transport properties: conductivity, r-transport

Non-congruent phase transitions (U02)
stimulated by plasma non-ideality-
phase equilibrium in 2-phase region

..IFE research, safety of nuclear reactors
space technologies, geophysics,
planetary science, plasma technology.
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Intensity
Pulse length :

Pulse shaping :

Focusing system:

Beam diagnostic:

> 1022 of 0.4-2 GeV U28+ ions/pp
~ 50 ns — 100 ns - strong bunch
compression

temporal, transversal
(parabolic, gaussian, box-shape...)

strong focusing (~1 mm FWHM)
annular focal spot

intensity, temporal, transversal




ELECTRONIC SPECTRUM OF
COMPRESSED HYDROGEN PLASMA

6 10 i
<— EXPERIMENT —>r_a, ok~

0.8

Multiple

Density (g/cc)




“SHELL” PHASE
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NONIDEAL PLASMAS

IONIZATION BY:
TEMPERATURE _

PRESSURE

Coulomb: W_~ Z2e2n'3

C=W.IW,, <1 C=W. /W, >1
nA3 << 1, Wy~ kT nA3~ 1, W, = h2n23/2m




HYDROGEN PRESSURE IONIZATION
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JNUIANTUM MON
SIMULATIONS
Hydrogen, dissociation

- proton

‘.. - electron, 4

- electron,

» L]

T=10000 K, n=10""cm3, p =1.67-10° g/cm?




JNUIANTUM MON
SIMULATIONS
Hydrogen, phase transition

- proton

‘.. - electron, 4

- electron, §

T=10000 K, n =3-10%2 cm3, p = 0.05 g/cm?




JUUANTUM MON
SIMULATIONS
Hydrogen, protons ordering

- proton

‘.. - electron, 4

- electron, §

T=10000 K, n=3-10%° cm3, p = 50.2 g/cm?




HIERARHY OF PHASE TRANSITIONS

Li (T<200 K): C(ﬁﬁi{h& }_>
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Solid state Li plasma AT HIGH PRESSUR

cl16 structure

77 K, 100 GPa
77 K, 60 GPa
293 K, 60 GPa
293 K, 160 GPa

~ ’ f@» \, ) 293 K, 212 GPa
Hanfland et al.,
Nature, 408, 174, 2000

Cmca structure

14 16

Density (g/cm®)

J. Neaton, N. Ashcroft
Nature, 400, 141, 1999 Fortov et al., 2001

bcc » 16GPa — fcc - 41GPa - hR1 —» 48GPa — cl16 - 165GPa —» Cmca
Hanfland et al., Nature, 408, 174, 2000
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PHASE DIAGRAMS OF METAL PLASMA ACCORDING TO
LANDAU AND ZEL’'DOVICH (1943, ACTA PHYS. CHIM. USSR)
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Entropy levels accessible by intense heavy-ion
beams and other drivers for metals

v—vHIHEX: SIS-18

&—AHIHEX: SIS-100

o— high explosive experiments
* nuclear explosions (Russia)
$ nuclear explosions (USA)

x estimates of the critical points

o S° Ot Rttt ottt %

Be AL : Fe Qu . _Molcdl . . .
5 10 15 20 25 30 35 40 45 50 5 60 65

Atomic numbesr', Z

D.H.H. Hoffmann, V_.E. Fortov et al. Phys. Plasmas 9 (2002) 3651.




HEAVY ION BEAM — COPPER PLASMA
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HIGH PRESSURE EVAPORATION

Cs, Km/s

IEX data:
A Gathers
O Boivineau
critical points:
Morris
Fortov
Alder&Young
Gathers et al. D
Hornung
Gathers
EQS




EQUATION OF STATE OF URANIUM DIOXIDE
UP TO THE CRITICAL POINT

1 - Gas-liquid coexistence in PCE-mode (BC=SC)

BC - Boiling curve (total equilibrium(EOS "IN TAS-99")

SC - Saturation curve (total equilibrium(EOS "IN TAS-99")

2 - Total vapour pressure calculated by E.Fischer (K{K-1989)

PCP - Two pseudo-critical points: - that of E.Fischer and PCP presently calculated in PCE-mode
CP - Critical point (CP) presently calculated in total equilibrium

Critical Point
bo,

Boiling Curve

Non-congruent phase coexistence

PRESSURE, GPa
f=
i

Double-fangent construction
(standard procedure )

FHscher, KiK
1989

®a3oas P-T nuarpamma

3000 4000 5000 6000 /7000 8000 9000 10000 11000 | N e et
T K nuokcuna ypana (UO2.0)




TIME-DEPENDENT PHENOMENA:

YIELDING, FRACTURE, POLYMORPHOUS
TRANSFORMATIONS, AND CHEMICAL REACTIONS

Goals:

 Fundamental strength properties of a matter;
approaching the ideal strength;

- Extremely rapid rearrangements of crystal
structures and metastable (superheated) states;

« Catastrophic fractures under compression;
 Chemical-Detonation phenomena.
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FROM FISSION ENERGY TO THERMAL ENERGY:

p <P Foil thickness

Relaxation of a fission spike:
shock-wave and surface-track
formation in uranium dioxide

Blue = Expansion

VACUUM

pressure FREE SURFACE

EUROPEAN COMMISSION, ITU Karlsruhe




OBPA30OBAHUE TPEKA, BE3 YYETA TEMJ1IONMPOBOOHOCTHU
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GSI, Relatlwstlc Ion Beam Plasma Interaction at 4 Ge

.H" ‘ﬂ

Cryogen Xe < Ne*™®




PROTON STOPPING POWER IN Xe PLASMA
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Heavy ion beam & target: 3D simulation

L3 i3
L e i)
1 | L

Rho, g/em3

Censity, time: 0000 ns

0.25 mm Pb foil, Beam :U%28* 4x10° 500 MeV/u FWHM=1.5mm 250 ns
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ITEP-TWAC PROJECT IN PROGRESS

_ITEP-TWAC Project

mmm—

I-2 Proton Injector, 25 Me . =g, U-10 Accelerator-Storage Ring,
TS oy 34 Tm
- ‘

m i T LA it L Y

Internal Target and

\ B e >10' C6+ accumulated
* accelerated up to 4

10%-10"1/e,
up to 10GeV

Output
Parameters

E.-0,1MJ
P.-1TW
o T.-100 ns
Fast Extractio J_- 120 TWem®
Areaﬂ = b t.-10eV
N.~10%, n.- 10 cm®
P

0,7GeV/amu,
100 KJA00 ns ™ - 10-100 Mbar

Laser lon Source

AI||+‘Coiﬁ+

)
\ " I-3 lon Injector,
,.-‘

1-2 MeV/amu

¢ lon accumulation mode - 300-700 MeV/u and 1012
— 103 particles
per ~100 ns pulse;

e lon acceleration mode - up to 4.3 GeV/u and up to .
10" particles/s; :

* Medical application mode - ~ 250 MeV/u,
109 -1070 particles/s C5*.




RF pulse compression for C6+

213 MeV/u
fo =695 kHz, 10 KV

170 ns FWHA

T 200pc "AEXt/10S  2.99 B

I a00ne. AExi/10S 3.02E

© 47 499.600uC

B.Sharkov ITEP




RECENT PROGRESS IN BEAM
INTENSITY

Accumulation of 200 MeV/n

C6+ ion in U-10 ring Fast extraction of accumulated beam

T 10.0c A BHW & 761mB




High energy density experimental area

ITEP-TWAC
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Energy Deposition profile
Measurements
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