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PULSED-POWER ACCELERATORS WITH Z-PINCH LOADS
PROVIDE EFFICIENT TIME COMPRESSION AND POWER AMPLIFICATION

Target Chamber

11.5 MJ stored energy

19 MA peak load current

40 TW electrical power to load
100-250 TW x-ray power

1-1.8 MJ x-ray energy




B3PbIBOCTOVMKUN KOHTEVMHMEHT C MOBYIIKOW

B3pbBOCTOMKOCTL: B3pHIB 2T. Bogopoaa, napoeon B3puB 11. THT

CywecTtByiolwwmnm Mpegnaraemnin
BapUaHT BapuaHT

" KenezoseToHHaA 060MN04YKA.

-:.f;f:.‘;;E ‘g/l'lpuqu:Th Nnpu B3pbiBe, yaape.

x flemndep M3 NOPUCTOro orHeynopa.
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MloBywka ¢ ZrO,NoKpbiTUEM.
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Moeywka - yaoepxaHue 2000T.

pacnnaBa ¢ Temnepatypown 2800K.
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HE PLASMA GENERATOR

Plasma parameters:
P=0,3-6,5 kbar T~0.5-1.5eV n,=510"°-3 10°°sm3 ¢=0.1-250 Q-1sm*

Gases: Ar, Xe, He

solenoid

high
explosive
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* Two 60 MA pinches
+ 380 MJ yield

+ hohlraum energetics

« radiation symmetry

* pulseshaping

* preheat .

- capsule implosions Dynamic hohlraum

» 54 MA pinch
+ 530 MJ yield
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RADIATION SCIENCE 0 7 " Ul 7 pINCH-DRIVEN FUSION

Opacity Measurements
+ Na acts as a “thermometer”

+ Measure open M-shell Br opacity under known
T,, N, conditions

* J. E. Bailey et al., submitted to JASRT (Jan.
2002)

Key issues

» hohlraum energetics
« radiation symmetry
« pulseshaping

* preheat .
+ capsule implosions Dynamic hohlraum

Radiative Transfer Experiments
Al and Mg provide Te (x, t)

Infer radiation propagation through foam
sample

* G. A. Rochau et al., Proceedings HTPD (2002)

Photoionization Measurements

pinch S Fe ionization states probed by absorption and
- y7 emission lines
r~—"—> Fe - Infer photoionization in Fe . ;
;t// = * R.F. Heeter et al., Rev. Sci. Instr. 72, 1224 * Two 60 MA pinches * 54 MA pinch
- "CH (2001) . i . el
* R. F. Heeter et al., Proceedings ADNXA (2000) 380 MJ yield 530 MJ yield
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Pensmuesucmckue UOHHbIe nyYKU

Isochoric Heating of Metals

e

Pyrormeier feld of view shot #57




SHOCK COMPRESSION+ISOENTROPIC EXPANSION

S Isentropic
Shock release LANDAU,

. ZELI’DOVICH
compression \

n-congruert
PT

Pb- 5000 K. 2 Kb Al: 8000 K, 45 Kb W- 21000 K. 15 Kb



“TERRA INCOGNITA” OF THE PHASE
DIAGRAM AT FAIR
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gh explosives limit nuclear explosions & lasers—>
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FAIR WILL OPEN A NEW ROUTE
IN HEDP/WDM RESEARCH

* SIS-100 intense beam can generate large  « unique diagnostic tools: high-energy PW
volume (mm3) homogeneous HED samples |aser and SIS-18 ion beam (ion, proton or

« specific energy of 0.6 MJ/g and deposition X-ray radiography, Thomson scattering)
power of 12 TW/g at high densities * high rep. rate, any target material

* Equation-of-state (EOS)
of HED matter

e Phase transitions and
exotic states of matter

* Transport and radiation
properties of HED matter

e Stopping properties of -
non-ideal plasma D y

Q/Cm..?/ 00‘1\‘ :




Rug
Hot spot Cold main fuel
{c) (pR-03gem?)| (pR ~2-3 g/em?)

12t

e
o o
T T

lon temp. (keV)
E - N

2

00 02 04 06 08
Normalized radius

T E

1.0

:4003 192 Beams
R ~1.8MJ at 351nm

National Ignition Facility B JluBepmope

~/ D-Tcnoi,
_JoRumnHa 80 MKM

Plasma ablation ¢ « - Bepunnuit unu



=5

10<

\\VtLCAN ”

UKl

FELIX

NBTAH

ﬁ

A

YaenbHasa MowHocTb (Bt/cm?)

MHTEHCUBHOCTb JIASEPHOI'O U3JITYYHEHUA

I (]
Q. I
o E E ,?_’-Qpa
Henuxednas g & 3 3/1eKmpoca6o2o
LGEL AL X © ® gzaumodelicmeus
anekmpoduHamuka: E-e- A, =2m"
1PaB
10% Ke.IpasuTal n
B.'paButauusa, KB.9ngnHamuka
—  3emmaeammmHbIl nasep Keapkoeas
Ipa
lMpedenbHas nasepHas h® Av P /m 1027 -4.0bIPA
1025 [~ UHMeHcueHoCcMb Ha cM? [= — - - — I:l aN—g_
i c* (4] L
Js1azepHol cpeobl / 1T3B E~ 0.1MB/m
Mo3umpoH-
3J/IeKMPOHHas
Ipa
1020 [~ Pensmueucmckasi onmuka Vg~ C
(6on1bwoe NoHOepMomopHoe dasJiIeHuUe EO =m, M M
7 -1 MaB
Cesi3aHHble 3J1eKMpPOHEE -i rIOH L= PNI'VI o
a, apa
1015 — J
i 1 Ey = hv P~1Mb
qupnupoeaHue
— CUHXPOHU3ayusi Mod 13B 2
0 = AmomHasi 3pa
10 e modynsayus dobpomHocmu
ConHI_.|e-5.6 103 BT[ cM? | | | | |
-
1960 1970 1980 1990 2000 2010



‘ iﬂia ans
A 06nyy

L




JASEPHBIE Y/[APHBIE BOJ/IHbI




Diamond anvil target being shot at
the Omega laser facility
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FEMTOSECOND LASER SYSTEMS at JIHT

( ) 1240 nm; 80 fs; 1 mJ;100 + 1000 Hz




A=1240 nm

t~ 80 fs

E~90 mJ

. F=10 Hz

Imax ~ 1016 W’(Zm_2 ( D =~5 KLm )

/530 nm ~ 100 ps

i 630 nm ~ 10 q - 1‘10 TW
pS
780 nm ~ 1 ps

ﬂ 1250 nm ~ 100 fs E ~ 100 mJ Komnpeccusa mMmnynbca:
BblHY>XXOeHHOe paccesiHue MaHnenmeama-BpMnnmaua

BblIHY>XXOEeHHOe KOMOWHaLUMOHHOe paccesdHune

7
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dJEMTOCEKYH,C{HbIE TEPABATTHbIE ﬂA3EPbI
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Komnpeccusa umnynbca:
BbIHYXXAeHHOe paccesiHne MaHgenbwrama-bpunniosHa
BbIHY>X€éHHOe KOMOMHaLUMOHHOEe paccesiHue

;/530 nm ~ 100 ps
630 nm ~ 10 ps

780 nm ~ 1 ps
1000nm~100fs E1 mJ

lmax ~ 10"° Wtm™ (D~ 5 um)

TW femtosecond Cr-Forsterite
and YAG: Cr lasers

Stretcher , Power

Shutter, amplifier
s Regenerative

Generator amplifier,
Two-channel

pulse picker

Compressor
30+ 80 fs, 30+ 80 fs, 30+ 80 fs,
100 MHz, 10 Hz, 10 Hz,

2nd 0,2mJ > 100 mJ
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TW FEMTOSECOND
CR:FORSTERITE LASER

A =1250 nm
t <100 fs
E>100mJ




demMTOCEKYHOHAA AWArHOCTMKA HeuaeanbHOMN NNa3mbl
npu o6ny4yeHun TBepAON MULLEHU (heMTOCEKYHAOHbIM Na3epom

Femtosecond time-resolved interferometric microscopy

Delay line
I Probe beam

Femtosecond
laser

Té
CCD

Temporal resolution 1013 s
Spatial resolution 2 pm
Amplitude (r) and phase
(¥) reconstruction

interferometer

Pump beam 50 ps

Ag target
— 600
pulse duration T = 100 fs |
I~ 1014 W/cm? b
(a) / .

-
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ULTRAFAST STRUCTURAL
TRANSFORMATIONS OPTICAL ANISOTROPY

The optical anisotropy disappears, when the long-range
order of crystalline structure disappears, (melting, amorphous state)

Reflected pulse — superposition

p0|;?i2§?2:] ISPUI:S?E /4 hexagonal extraordinary and ordinary rays
crystals —
graphite, Zn,
Te, Co

Ordinary Wave/’I -3
: »
) rdinary
40

Rer

C — anisotropy axis

Rcr ~ f (Re — RO) - “anisotropic” reflectivity component

crystal structure Re #Ro  Rcr ~f(Re —Ro) #0

melting, amorphous state ~ Re ~#Ro0 Rcr ~f (Re-Ro) =0



Dynamics of ablation

Femtosecond interferometry

Z,nm

50 ps

Velocity, km/s

A | ta.r g et ’ FO - 1 . 4 Fa (] acrsprcyne € aenmataropon omitsens 165 e waiaens » e, F: 1 . 1 Fa

7,= 100 fs, | = 108 W/cm?
12 ps 40 ps 150 ps



Deformation of metal surface under action of femtosecond

pulses, creation of surface nanostructures.

— 3 > ~

150

position, nm

Metamaterial for optical

range of spectra
100 | (nanostructured gold
By surface)
. "--»a. Nature, Vol
~7y= 2690 K 438|17November2005|doi:10.10
38/nature04242
e M ] e
10° 10' 10° 10° 10*
100nm
Dynamics of expansion of Al target surface near The residual
the ablation threshold ( F=0.95F,,,; T, = 100fs) surface deformation of Al
L nm

t=50ps t=300ps t=1000ps t=1500ps

(utrafast imaging interferometry measurements)

“MArpanarwzp



HEPABHOBECHbIN HAIPEB 3JIEKTPOHOB,
CITMHOB U PELLIETKHA

«Fopsiyue» 3fIeKMPOHbI - «XOsI00Hasi» pewémka, 2uopoouHaMuKa
Tes < 1012 ¢c —— Jlasep: 1~ 108 - 101" s, | ~ 1019 - 1018 W-cm-2

Ag: T, ~4-10°K, T, < 1000 K

3/1€KMPOHBI

[ToTeps onTn4eckon aHU30TPONUK
pewémxka KuHeTtuka: nnaesneHue Zn - < 3 nc
pekpuctannmaaumna < 100 nc

5 High temperatured liquid

Fertomaghets «Xos100HbIEe» CMUHbI - «20psI4asi» pewémka

BelicokoTeMnepaTypHbIn XXngknn doeppomarHeTuk (Ni)
BpemMs Xu3Hm ~ 100 - 1000 nc

PeopueHTtaumsa cnmHa ~ 1 nc (TbFeCo)

= 1000 ps time {ps)



ELECTRONIC SPECTRUM OF
COMPRESSED HYDROGEN
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Electron States in compressed plasma

Pressure ionization

R Compression

a

e b
AE~ 107 Ve
D o=@gn ;
AE~d n~2-3 Y |

Wigner - Coulomb collapse



«PACTBOPEHWUE)
CHEKTPAJIBHBIX
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1AM

Relative units

T~1eV
Ne™ 8*10"8%cm™
P~ 0.5kb

Hydrogen

Holzmark



Cassini-Huygens

MISSION TO SATURN § TITAN

N

Plasma Phase
Transition (transitions)
in helium Tr,

Expetiments: s ol i d

100000 L ’ m - TE20-25KK

E (V.Mirtsev, etal) 1
oo | iy , insulator

E (V.Temovoi, et al)
C B -T=20kK
1000 k£ (N.Shilkin, et al) - B
; l.

1000000 g

T=30 kK
T=20 kK

100 E

10L
E | HE Shock

E | Tubes
1 E

01k

A. Kietzmann,,
R. Redmer,et.al ¥«
PRL(2007)



http://saturn.jpl.nasa.gov/home/index.cfm
http://saturn.jpl.nasa.gov/home/index.cfm

He CONDUCTIVITY
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Booopoo: mooenuposanue

Protons ordering

Keanmoeovim memooom Monume-Kapno

V. Filinov, M. Bonits, P. Levashov, V. Fortov
Phase Transition in Hydrogen Plasma

Pis’ma JETF (2001); J. Phys. (2003); Phys. Rev. E (2004)

DEUTERIUM PLASMA PHASE TRANSITIONS

Dissociation

Plasma phase transition
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CTPYKTYPA HEUTPOHHOW 3BE30bl

RON STAR: SURFACE and INTERIOR

. ‘BWiss ‘Spetti’
CORE: ' 1 00 o oRalu
Homogeneous _
Matter B 1] oW a B Neutron
Superfluid

——— ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
INNER CORE

Polar cap

Cone of open
magnetic
field

lines

Neutron Superfluid .

Neutron Superfluid +

Neutron Vortex  Proton Superconductor
Neutron Vortex
Magnetic Flux Tube

(credit: Dany Page)



OOpa3oBaHue KBapK-rrrOHHOU MNna3mbl

OEeKOHMaWHMEHT
=

dha3oBbIN nepexos

Deconfinement transition similar to Mott transition (insulator/conductor):

Electron concentration low = weak screening of ion potential
— electrons bound in atoms — insulator (nucleus)

Electron concentration high = strong screening of ion potential
- free electrons = conductor (QGP = color conductor)

Example: metallic hydrogen in Jupiter



HOBbIE COCTOAHUA BELLECTBA INMPU CXXATUN

PLASMA
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KOCMUYECKASA LUKAJIA BPEMEHMW.
PACLULMPEHUE BCEJIEHHOU NOC/E BOJIbLLUOIO B3PbIBA

Oc PoxxaeHune BceneHHom

1043 ¢ Opa KBaHTOBOW rpaBUTaLMn: AOMUHUPYIOT CTPYHbI U ApYyrMe 3K30TUYeckmne obbekTbl

1032 K
1035 ¢ BeposiTHO apa nHdnsauuun: BeceneHHas paclumpsieTcs 3KCnoHeHUmansHo
1028 C
101 ¢ da3oBbIN Nepexon anekTpocnadboro B3anmMoaencTBUS: 3NeKTPOHHbIE U
cnabble cunbl CTAHOBATCS Pa3nnYHbIMU
1016 K
0.1 mkc 21013 C
6-1012 K
KBapkn ob6beanHsaTCS B
10 MKC NPOTOHbI N HENTPOHbI
10 2.1012Kk
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2
w 107 F : ®,
g G 100
& 10° k QG- nucleosynfgesis
= Plasma ( =5
: ks Shock -l
8o | Waves 2°Mamme /\ 380 ThbIC. NneT
Lot . [
= 15 min now
1 1 | ! [} i 1 1 - 1 |3
10° 10% 100 1 10® 10® 0% 102 10™ 10"t 10?
Time after Big Bang (seconds)




B3PbIBHOU CBY-U3JNYYATESb

Bupkatop




= MowHocTb - 0.3-1I'BT
* InutenbHocTb - 100HC
== [InnHa BOJTHbI - 4 8CcMm




B3PbIBOMAIHATHbLIE TEHEPATOPbI

- macca BB 0,1...1,0 kr
- 3Heprna 5...1000 kOx
- MOWHOCTBL 8...12 BT



ABTOHOMHbIN B3PbIBHOU NrEHEPATOP
MOLLUHOIO CB4Y-U3JNTYHEHUA

- muKoBast MonHocTh ~ 1 I'BT
- tensH. uMmIn. 0,1-0,5 Mxc
- YacToTa u3J. 3...10I'Tn
- JJITAHA 15m
- TUaAMETP 0,4m






