O6bearHEeHHLIA UHCTUTYT BLICOKUX Temnepatyp PAH
3aceanaHue YueHoro cosetra OMBT PAH - 30 mas 2016 r.

PaauauunoHHbie metoabl AUNArHOCTUKU
B 3KCNepumeHTax No nabopatopHoOU acTpogusuke
C UCNOSIb30OBAHUEM CBEPXMOLHBLIX NA3epHLIX
UMNYNbCOB

TTuky3 Cepreii Anekceesuu
na6opatopus Nel 2.5 HALL-1



Motivation
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ext > Erest

log kT [2V]
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Large-volume, high-energy case: High-intensity, micro-volume case:
V ~mm3, E .t > 100 | V ~tens um?, E; o~ few to tens J
ICF, laboratory astrophysics, relativistic plasma,

plasma (magneto)hydrodynamics, charge particle acceleration,
shock waves, wide-range EoS radiation dominant plasma,

high-harmonic generation, etc...

nanosecond, kJ — MJ lasers pico/femtosecond, multiTW - PW lasers



Outline

JlaGopaTopHasa acTpodm3unka
> MotuBauums, NMpuHUNNBLI IKCNEePUMEHTOB, 3aKOHbl MacliTabnpoBaHUsA

JKCnepuMeHTaribHble BO3MOXHOCTHU
» CBepxmolyHble nasepbl (PW, MJ, XFELS)

PagnauuoHHas guarHoctuka — HanpaBneHus paboTt nabopatopun n pe3ynbraThbl

» PeHTreHoBcKasi cnekTtpockonus ansa nccrnegosaHun M seneHnn c
actpodusnyeckum nogoouem

> WoHHaa paguorpadus ona AMarHoCTUKM ManoKOHTPACTHbIX U
KOPOTKOXUBYLUUX OOBEKTOB U NJla3MeHHbIX ABMIEHUN

> PeHTreHoBcKasi paguorpadgmsa cBepx3BYKOBbIX NNa3MeHHbIX MOTOKOB,
YOAPHbIX BOJTH U aKKPELMOHHbIX SIBIEHUN.

> CneKTpOCKOHMﬂ nonbiX NMOHOB U NJia3Ma B yCJioBUAX AOMUHUPOBaHUA
paAnauUNOHHbLIX KaHalNoB Bos6y>|q:|,e|-|m|

> PeHTreHoBCKasa cnektpockonusa ana namepeHmnm Warm Dense Matter
» PeHTreHoOBCKas CreKTpocKonua Ans AMarHoCTUKU NpoLeccoB reHepaum B
nna3sme MaB-HbIX NOTOKOB 3apsiXKeHHbIX YacTUL U nna3MmeHHbIX OM noneu.

» MeTponornyeckoe obecne4yeHne aKCrnepmmMeHToB, B T.4. Ha XFEL n optical PW



Laboratory astrophysics - scalable plasma phenomena

Laboratory astrophysics —atool to study astrophysical phenomenain a
controllable conditions and at fast term evolution —using high power lasers

Scalability conditions

Viscosity, heat transfer, radiation flow
are negligible P, >>1 Re >> 1 155 >> 1), 4,0

HD validity ¢ <<1
Euler similarity Eu,= Eu,

A set of invariants to be preserved
=vt/r = St Strouhal number

1

9 =V polytropy coefficient c q ‘0 St hal ber i Nt
2 orresponaence 1o rounal numper invarian

=Pt/ pvr = EuxSt=St/[M |

1+d :
M /lpor=" | mass conservation law V,km/s  ~100-1000 up to 1000
tF, /(P,r)=1/Bo

R

P /(ovr) = Euy, x St r mm 3E18 1
e =Eg /P, <cl/R t,s 3E10 3E-8

Parameter Astrophysical Laboratory
plasma plasma

I

5
9
7



Tipamere usmepeHua usuveckux senuuuH ana HED

YPaBHeHI/IFl COCTOAHUA BelleCTBa B SKCTPeMalibHbIX YCITOBUAX
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Bepugpurauua cyuiecteyrowmx moaenei - HykneocuHTes

Mpouecchbl HYKNIeoCUHTe3a U30TONOB B siapax 3Be3[,

ACTpOHOMaMK PerucTpupyroTcs JaHHbIe NO AOSITOXUBYLLUM U30TOMaM
26Al (nepuopg nonypacnaga 0.7 mnH. net) , 60Fe (2.6 mnH. net), 44Ti (59 ner).

2070 2+
1058 1+
Y
A7 * 2
p

228 ¥ I
0 h+

26 A 1809 D+

T
0 0+
26 M g

Cxema ypoeHel u 10epHbIX
rnepexodos e usomorie 26Al

Kapma 36e30H020
Heba 8 Ouarna3oHe
2aMma-u3arnyYeHust
u3somornoa 26Al,
meneckort COMPTEL

Intensity phom™ o' 5™ x 10

42 f ] 120 e im 240 F1- 4

Harnunuune nsotonos siBnsieTcs 0AHO3HAYHbIM npAMbIM
IKCNepumMeHTalibHbIM A0OKa3aTeSIbCTBOM Mpouecca
HYKIEOCHTE3a B Apax 3BE3.

NMpeanoXxeHoO MHOXeCTBO KaHAMAATOB HAa UCTOYHUK
nsorona 26Al — maccuBHble HOBbIe 3Be34bl, 3Be3abl
Bonbda-Paune, konnanc sapa cBepxHOBbIX U T.A.

AOna Bo30yXAeHMA peakunun CUHTe3a HY>XeH UCTOYHMUK
raMmma-KBaHTOB C 3Hepruen > 2 MaB.



HanpaeneHua nabopaTopHow acTpopUsUKA

JKCnepumMeHTbl NOA00UA, KOMMIEKCHO
BOCnpousBoasilme otaeribHble acTtpodusnyeckme
o6beKTbl/npouecchl B labopaToOpHbLIX YCIOBUSAX.

MacwTtabupoBaHune (MarHnTo)-ruapoanHaMmnyecKnx siBrieHUm
B 3BE€3QHOWN NMnasme: nriasMmeHHble CTPyU, akkpeums,
obpasoBaHue MonoabIx 3Be34...

lNMpsamble namepeHus cpyHaamMeHTanbHbIX
C—"-T“:-) ¢hnm3nyeckmnx BesIM4MNH, KOHCTAHT N 3aBUCUMOCTEN

AN CBOUCTB BellecTB B acTpou3nyecknx oobekTax

T LLinpokogmanasoHHsle YPC, yoapHOBOMHOBbIE

drasoBble nepexonbl 1 planetary science, pump-probe
experiments, aTOMHbIE N AAePHblIe KOHCTAHThI, ...

'i
L
g b |ev

Bepudumkaumsa cyecTByOLUX TEOPETUYECKUX
mopaernen, onucbiBarowmux ®BIO u actpocdnsnyeckue
SAIBMIEHUA B LULMPOKOM AMana3oHe napamMmeTpoB.

MexaHn3mbl reHepaumn PenATUBUCTCKUX NOTOKOB 3aps’KEHHbIX
yactuy. [nasma B ycrnosmax JOMUHUPOBAHUA pagnaunMOHHbIX
kaHanoB Bo36yxaeHunsi, WDM, BHyTpeHHMe OM nons B nnasme.
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Paseutue nasepHom TexHUKU.

'ionbaoao'renbcme yctaHosku TIBT u Mx knacca




High-energy PW lasers. OPCPA technology, ps pulses

Pulse Pulse
Institution Location | Facility energy duration | Power Date
LLNL USA Nova short pulse | 660 J 450 fs 1.3 PW 2000
LANL USA Trident 1301 500 fs L2850 TML_L 2006
LLNL USA Titan 300 J 1 ps 300 TW 2007
RAL STFC UK Vulcan PW 500 J 500 fs 1 PW 2007
ILE Osaka Japan GM-II 420 J 470 fs 0.9 PW 2008
UT Austin USA Texas Petawatt 190 J 170 fs 1.1 PW 2008
SNL USA _Z-Petawatt 5001 500 fs L1 PW __L 2009

Germany || PHELIX

China Shengan-11U-PW
( Rochester USA OMEGA-EP 2x1kJ 1 ps 2 PW 2012 \
AWE UK Orion PW 2 x500J 500 fs 2 PW 2012
LLNL USA NIFARC  _~  18x500J |1ps_ _ _|4PW _ 1 2014
ILE Osaka Japan I’ LFEX / FIREX-II 4 x 500 J 1 ps 2 PW 12015
\ CB:EilTA F | PETAL 3 kJ 1.5 2 PW :2016 /
ordeaux rance | .5 ps '




Femtosecond PW lasers. Market-available.

Pulse Pulse Power,

Institution Location_| Facility enerqy__| duration [ PW Date
KPSI JAEA Japan J-KAREN 20 J 33 fs 0.7 PW | 2004 ]
Michigan Uni USA HERCULES 157 30 fs 0.5 PW | 2007
Paris Sud France LASFRIX 33.] 60 fs 0.5 PW 2007
IAP RAS - VNIIEF | Russia PEARL 25 J 45 fs 0.5 PW | 2008
RAL/STFC UK Astra Gemini 15Jx2 | 30fs 1 PW 2008

_APRIGIST Korea_[KLE 301 [33fs _[1PW [ 2010
|IOP CAS China XL-1I 32J 28 fs 1.1 PW | 2011
Nebraska-Lincoln USA Diocles 20J 30 fs 0.7 PW | 2012
Berkley Lab USA BELLA 30J 25 fs 1.3PW | 2012
OSEO France SAPHIR 25 25 fs 1 PW 2013

| SIOM China Quangaguana 50J 28 fs 1.8 PW | 2014
KPSI JAEA Japan J-KAREN PW 30J 30 fs 1 PW 2015 ]
/DR — Germany_ | DRACO_ _ _ 130J_ _|30fs _ 11PW _|_2016]
CLPU Salamanca | Spain Vega-3 25 25 fs 1 PW 2016
“Uni Bucharest ~ | Romania | CETAL. ~  [30J ~ [30fs |1PW | 2016




Multi-PW lasers. High rep rate PW lasers.

° e Apollon
el ol

eli-laser.eu Apollon 10 PW @ 15 fs

ELI-BL, Prague —2 x 3 PW @ 0.1 Hz, 2018 Users’ run with 5 PW

(I

2018 Users’ run
ELI-ALPS, Szeged — 3 PW @5 Hz
ELI-NP, Bucharest —2 x 1 PW @1 Hz
— 2 x 10 PW low rep

Mercury — 1 PW (60 J) @ 10 Hz — LLNL, 2017

POLARIS — 1 PW (150 J) @ 0.1 Hz - FSU Jena, 2017 i
PENELOPE — 1 PW (150 J) @ 1 Hz — HZDR, 2017 eesbesgo i)
xcels.iapras.ru
Qiangguang 10 PW, SIOM, expected 2018 XCELS - IAP RAS,
10 x 15 PW

Vulcan-10 PW upgrade, STFC o
OPAL @ Omega EP (200 PW, LLE), etc... CREMLIN initiative


https://eli-laser.eu/
http://www.cilexsaclay.fr/
http://www.xcels.iapras.ru/
http://www.xcels.iapras.ru/

PW-class lasers. Widely available, and even on-market

MBT nasepbl ¢ TMKOCEKYHAHbIM MUMNYITLCOM U KI)K YPOBHEM 3HEpruu
[MepBble akcnepumeHTbl B 2006 1. (LLNL, RAL), cerogHs B paboTte 10 ycTaHOBOK
MowHOCTbLIO 2 1 TIBT, psia ycTaHOBOK CO3AAaIOTCA KaK KOMMSIMMEHTapHbIe

PemTOoCcekKyHAHbIE BT nasepbl, «TEXHONOrM4Yeckoe peLieHue»
[lepBble akcnepumeHTbl B 2008 1. (Michigan Uni, RAL), B paboTte ~ 15 ycTaHOBOK
moLHocTbro oT 0.3 go 1.3 MNBT, cTpoaTca/3akynneHsl ~10 ycTaHOBOK.
@uHaHcupyemcs co3daHue bornee 20 gpeMmoceKyHOHbIX Jj1a3epoe MOWHOCMbHO
200-250 TBm (Ha pbiHKe ecmb 20mo8ble peuweHUs CmouMocmato ~ 5 MIH.€)

MynbTn-NBT Nnasepbl — NPOEKThI

B 2018 r. ctaHyT OOCTYMHbI AJIA Nofb30BaTerien 2 yctaHOBKN MoLHocTbo 3-5 MNBT,
CO34atoTCA U NPOEKTUPYIOTCH KOMIMMEKChbl MOLLHOCTLIO B aecaTku MNBT:

Appollon (CILEX, CEA), ELI Beamlines (Prague), ELI-NP (Bucharest),

Vulcan 10PW (RAL), Quangguang 10 PW (SIOM), XCELS (H.Hosropog))

JNlasepbl gna UTC

NIF (@3w 1.8 Mx 3a 3 Hc = 0.6 MBT, 2010 r., gocTtyn nonb3osarenen ¢ 2014 r.)
LMJ (@3w 1.4 MIx 3a 3 HC = 0.4 TBT, goctyn none3osarenen ¢ 2018 r.)
YOI1-2M (@20 2.8 M 3a 3 HC = 0.9 BT, BBOA B 9KkcnnyaTauuto B 2017 r.?7?)
Shengang-IV (@3w 1.5 Mx 3a 3 HC = 0.5 MNBT, ?77?)




Ultra-bright X-ray sources. Free-electron lasers

Electron source
and acceleralor

Photon energy — 1-25 keV range Mg, Vooretc stuctue
Intensity — up to 5e17 W/cm?2 >
Coherent, monochromatic.

100 fs time resolution for pump-probe

Combined with sub-kJ and sub-PW
optical lasers for HEDP research

Facility Location Eons | Ees Date
keV | GeV
LCLS USA 10 15 | Fixed gap (out vacuum) 2009
SACLA Japan 20 8.5 | Variable gap (in vacuum) 2011
European XFEL | Germany 24 17.5 | Variable gap (out vacuum | 2017
PAL-XFEL Korea 12 10 | Variable gap (out vacuum) | 2017
SwissFEL Switzerland | 12 6 Variable gap (in vacuum) 2018
LCLS-II USA 25 13.5 | 1 MHz programmable, 2019
Variable gap (out vacuum)




PaavauuoHHaa AUAGrHOCTUKA - HANPABNEHWUA
pa6ot nabopatopum u pesynbTaTsl

» PeHTreHoBcKasi cnekTtpockonus ansa nccrnegosaHun M seneHnn c

>

>

YV VYV

actpodumsanyeckum nogoouem

WoHHasa pagnorpacua onsi AMarHoCTUKM MariOKOHTPACTHbLIX U
KOPOTKOXUBYLUUX OO BEKTOB M NJIa3MeHHbIX ABIEHUN

PeHTreHoBCKas pa,quorpa(bml CBepPX3BYKOBbIX NMJiia3MeHHbIX MOTOKOB,
YOAPHbIX BOJIH N aKKPeLUNOHHbIX AABINIEHUN.

CneKTpOCKOHMﬂ nonbiIX MOHOB U NJ1a3Ma B yCJioBUAX AOMUHUNPOBaHUA
paAnauUNOHHbLIX KaHalNoB 3036y>|(p,e|-m9|

PeHTreHoBCKaa cnekTpockonusa ana namepeHmnnm Warm Dense Matter
PeHTreHOBCKasa cnekTpockonusa Ans AMarHoCTUKMU NpoLeccoB reHepauum B
nna3me MaB-HbIX NOTOKOB 3apsiXKeHHbIX YacTuUL U nna3MmeHHbIX OM noneu.

MeTponornyeckoe obecne4yeHne aKCnepmmeHToB, B T.4. Ha XFEL n optical PW



Plasma jets and shock waves with sub-kJ lasers
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Investigations on HED: g3
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Large-volume, high-energy case: High-intensity, micro-volume case:
V ~mm3, E .t > 100 | V ~tens um?, E; o~ few to tens J
ICF, laboratory astrophysics, relativistic plasma,

plasma (magneto)hydrodynamics, charge particle acceleration,
shock waves, wide-range EoS radiation dominant plasma,

high-harmonic generation, etc...

nanosecond, kJ — MJ lasers pico/femtosecond, multiTW - PW lasers



Laser generated jets. X-ray diagnostics concept

Hot/warm plasma (Tein 10-300 eV range) “Cold” plasma flows (Te <10 eV range)
from the front target surface from the rear target surface

Mica _ /| Helmholtz
crystal N coils

b

Vanadium foil

/ Target

Shock drive laser
beams

SOP

(-C2Fs-)n
t:u'gct

Laser
direction

il

! . Backlight beam
Plasma h il Image VISAR /
plate
GOl
X-ray imaging spectroscopy X-ray shadowgraphy 2D imaging and
measurements on measurements on plasma ion/”bulk”
electron density and temperature with density
spatial resolution along the jet propagation with ps temporal resolution

For both cases, the studies on a jet evolution can be done in presence ofig
external magnetic field, ambient gas or plasma, solid obstacle, counter-
propagating flows etc.



Bocco3naHue B nabopaTopHbIX YCIIOBUAX NNAa3MeHHbIX CTPYM B MOMoAabIX
3Be34HbIX 06pa3oBaHUAX B NPUCYTCTBUUN CUSIbHOIO NosionaanbHOro

MarHMUTHOro nons

E Probe
AcTtpodnanyecknin 0BbEKT — CBEPX3BYKOBbIE BbIBPOCHI beam

NAa3Mbl ([KETbI) Ha MOMKCAX NPOTO3BE3AHOMO 06Pa30BaHHM: - l -

NaGopaTtopHas acTpocmsnka ¢ MCNosb30BaHUEM Target—)
MOLUHbIX fla3epPHbIX UMMNYNbCOB

Cxema akcnepuMeHTa no reHepauui NnasmMeHHbIX Cprl7I
C NMOMOLLbIO HC Nasepa, B NPUCYTCTBUN BHELLHErO
MarHuTHoro nona 20 T
1
(-

KonnumnpoBaHue nna3meHHOro notoka BO BHELUHEM MarHUTHOM
nose, Kapta anekTPOHHOW NNOTHOCTM Al nnasmebl.
_OKcnepuMeHTarbHble U MofgernbHble pe3ynsraTthbl N0 U3MEPEHUIO
WHTErpansHoro nNpodurs nrnoTHOCTU NIIa3MeHHOW CTPyU B
: npucytcteum (C) n B otcytcteun (D) BHELWIHEro MarHUTHOro Moris

Target

Compressed Shocks et basa Jet
magnetic field lines T \

-]

r
H

v MoaTBepXxaeH MexaHU3M reHepaLumu CBepX3BYKOBbIX
M y3KOHanpaBrieHHbIX Nfa3MeHHbIX CTPyM 3a cyeT
BO34eMCTBUA NononaanbHbIX MarHUTHbIX NOJeMn.
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MoroabiX 3Be34HbIX 00 bEKTOB.
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Studies of plasma jets phenomena - Recombining plasma

Ns Long pulse of T = 1013-1014 W/cm?
Cm long propagating plasma flow far away from the laser interaction area

Few eV/tens of eV electron temperatures — below inner-shell ionization
Electron densities much lower than critical — 1018-10'? cm-3 range

CaVity e COllimated jet_

Pt
l, :/:

R [mm]
L - |

I t g § | I| 1 i i [l | i il

Conical shock ™
Interferometry data on Ne map

Recombining (i.e. ionization is negligible) plasma approach is valid
— appropriate diagnostics is needed to be (re)emerged.

18



Magnetized plasma jet experiment setup

ELFIE facility

Laser:

Wavelength A = 1.053 nm
DurationT=0.5-1ns
EnergyE=5-60J
Focal spot diameter
MM

D = 750

FSSR:

Spherically bent mica

Lattice spacing 2d = 19.9376 A
Radius of curvature R= 150 mm

Magnetic field:
Helmholtz pulsed coils
poloidal component
B=20T

Mica 7 | Helmholtz
crystal \ coils

(<CaoFs-)g

/
/
N rd
N s d
» b,
7

P4 /
/
e

Laser

target direction

Image

Plasma
plate

The studies on a jet evolution can be done in presence of not only external
magnetic field but as well with ambient gas or plasma, solid obstacle, pre- and
counter-propagating flows etc.




Typical x-ray spectra emitted by a plasma jet
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Plasma parameters at laser irradiated target - Lya satellites

— ey periment
150-| ----PRISM - 280eV ,
— PRISM - 320eV i
| ——PRISM - 360eV | '

100 ~

Intensity, a.u.

805 | 810 | 815 820 | 555 | Eéﬂ
Energy, eV
At target surface the plasma is in ionization mode, T, ranged in 200-400 eV

Modeling by FLYCHK or PrismSPECT codes in NLTE mode. 21
Plasma parameters are easily determined with 10% accuracy



Intensity. rel.units

Recombining vs Ionizing plasma spectra

—— Electron density 10" em” ' —— Electron density 10" ¢m” '
—— Electron density 10" cm™ o —— Electron density 10" cm”| \
q He He
\ B B
He, “
2
L - 5 2
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" ) I He,
| | | Hes A
\ P 1 SR A N, )
13,5 14,0 14,5 13,5 14,0 14,5
wavelength, A wavelength, A
Recombination lonizing
plasma plasma
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Full set of equations

Populations can be expressed
using recombination rate 51 and ionization rate S

— ﬁszeNizﬂ + SiZNl

Ground state (i=1) Excited state (i22)

ANy 27' 2’ dNiZ Z KZ'NZ

VA
where the recombination 51 and ionization Szrates @
can be obtained from following expressions: (

Z_ _piz
i 11
zz+1+NZKzz ] < ] 7
Peas

k%% = -1
SZ = - ZK?H-IZ UZ it B N,

p* = Ng?




Intensity ratios

For intensity ratio of two spectral lines corresponding to
transitions m—n and k—l|

[in  Amn [BANeNTTH /N + 5]
I, Aw [BEN.NEYY/NE + SE]

where A,,,, and Aj; are corresponding probabilities of radiative transition
and le IS a ground state population of Z ion.

lonizing plasma Recombining plasma
NZH | Swmiay s , VA i 1
—7 0 | —7 o | | |
Ni - | N i |\
. : A

Z Z | 'l‘ Z Z ‘|
Imn _ AmnSm , . | \ ] Imn _ Amn m| |l | \'
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Application of intensity rates curves

1.8
— (1) Ta=9,6eV
1.6 ——(2)Tg=128eV
' (3 T=192eV
2 i —— () T =256V
1,2 E ——(5) Tg=35,2 eV
R - \ ——(6) T, =448V
= 10 "'\\\ ——(7) Ty =646V
> i W\ | — (8 T.=128eV
U’ 08 k it
0,6 '
0,4
0,2 -
Bl s s o wessg |
1E16 1E17 1E18
-3
Na €M

The measurements on intensity rates for a set of spectral lines allows,{o
avoid an ambiguity and to determine both Ne and Te



e- temperature and density of a single plasma jet in B-field
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Te (V)

N, values are consistent
with that one measured

by optical interferometry
method at a certain time o
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P
The role of B-field pressure to collimate a plasma jet

B-field not sufficient to B-field strong enough to B-field even stronger than the
redirect the plasma flow redirect the plasma flow case on the right.
towards the axis towards the axis
. . i Position of the tip of the cavity
Heaulspherical expanshons when increasing the magnetic
pressure and keeping a
: ; L En_n;itlull_nlm pressure

No B-field Weak B-field Strong B-field Stronger B-field

The competition of ram and magnetic pressure
simulated for ns laser plasma and YSO
astrophysical phenomena (RAMSES code)

27




Density (cm™)

Long range measurements along the jet axis
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Interferometer data on Ne map
// D.P. Higginson et al. Phys. Plasmas, accepted (2016)
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Counter propagating plasma flows and ambient gas environment

<
&,
2.
no gas, 2

no B Z

no gas,
B=20T

Neon, 0.5 bar

aamal \Necon, 0.5 bar
single jet

Magnetically confined plasma jet effectively interacts with ambient gas

Ne gas X-ray emission appears only when colliding plasma flows formed the region

with high electron density 29
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Kelvin — Helmholz instabilities at astrophysically related plasma

Top view Side view
Rearside. Main laser Rear-side i -
plasma T plasma
Main laser

Thick Al foil Thin Al foil Thick Al foil Thin Al foil
Transverse diagnostics

Vanadium foil

/ Target

Shn:_-ck drive laser
beams

Backlight beam

VISAR -/

Main laser: Backlighting laser:

1ns, iIw/ 2w, 1 ps, 1w,
300J /10007, 80J, d =5 um,
d = 400 um I =101 W/cm?
I =101 W/cm?

Collisionless interaction area
was imaged by proton radiography
with ~ 4 MeV protons
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Proton radiography for plasma jet in ambient gas

a) b)

w001

Shock —»

Pusher < Washer

Al-CH-Ti pusher, plastic foam doped Br

Jet propaqgation in ambient gas

shock formation

Ambient pressure was varied
within 5-40 bar

Nozzle

L5y
B ns Flow of Ar 20 bar 30 ns



I
EM-field measurements by proton deflectometry

on el +b/2 \
ofp __f v,(E+-Zx B)dx.
np 2e ,M J—pp2 c
RCF pack
58
e 3 : e Rear
*?7‘?;‘ i%g p% & ¢ Surface
: 82 1 %
\ | . /Proon, &
""" :' Probe 6
=
_____ Ew
Meshes/' / .==="".':.=EI}
. u l'..' 1711
‘;’.,. | e |
Q |

B field of 45 T is measured
at ns kJ laser focal spot
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Motivation - Modeling of astrophysical MHD processes

Accretion in binary systems Supersonic jets / Habris-Haro objects

: f-".': e
Jets from Young Stars ~ HST - WFPC2

PRCWS-0Ma - ST Sl 0RO - Jurw 6, 1566
C. Burows (57 Sci), J Hester (AL Stetw U |, J. Worse |5T Scl, MASA




Radiography on supersonic plasma flows and shock waves

“Cold” plasma flows (Te < 10 eV range)

from the rear “surface”

Vanadium foil

/ Target

beams

SOP

VISAR —/

GOl

X-ray radiography 2D imaging and
measurements on plasmaion/”bulk”
density with ps temporal resolution

Shock drive laser

1ns, 2w/ 1w
300 J / 1000 J,
d = 400 um

1ns/ 1 ps,

7003 /1003 I =10" W/cm?

d =10 um, o
I= 10! W/cm? (g/ﬂ
For both cases, the studies on a jet evolution can be done in presence o7

external magnetic field, ambient gas or plasma, solid obstacle, counter-
propagating flows etc.



Tar'gef desngn Jet interaction with ambient media

Plasma jets generation 4 Laser

a) Plane foil b) V-foil

Laser

‘ ‘ _ - Accretion dyn amics
_\\ | WS — : B
T o T s - e

¢) Foam ¢) Cone Si0; I LASER
Laser
ll obstacle tube pusher
AT, o Plastic Shock waves in solids
[ i shell
Holder Pusher
-— Gold \ 4

cone

laser
Al, Cu or Au

CH slives8



Example of X-ray monochromatic backlighting scheme

Features:

- Backlighter and object are
inside Rowland circle

= High luminosity

= Higher spatial resolution

- Angle of radiation incidence is
far from normal one
= Wide spectral range
= Spatial resolution tunable

: afRsind ¢ 2 1
‘HH‘“EHH Je= 2a — RsinH’Mt T c-a KRsinE - E) b= 1] ’
v a=B80mm s’ aR ¢ [{2sinf 1
iy Je= 2asnf—R~° c-a K R _E>b_1] '
¢ =100mm ~—__ : .
W Sagittal and tangential focuses are not on the same

position. By choosing detector position the spatial
resolution along each direction can be tuned up.

o Monochromatic scheme allows to measure object density or
chemical staff in precise according to probe radiation absorption



Calibration results, target design for shock waves studies

v H\Bﬂl Intercombinaison
line —2.393 A

V He, satellite line - 2.414 A

Pusher

Composite pusher
CH10um +

Al 10 um +

CH 10 um

CH sliver

—| |-

psrtt’ .15'",1"1 , __ 1l 8um
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. l ] 4
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.,
50

— g
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i o,
f
5 I 'l
|
1 1
| 1
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1 Il I
! 1 1
/ L
I § o )
L T hl“l' LR 'H'-".""-.-"i.- ]
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= nm 150 200 =0 £ =0 0

sagittal direction Epmi-




B Shack waves in laser plasma — EOS for HED

X-ray image backlighted only by V Hea spectral line % o
Shock wave in CH sliver initiated by 300 J 1 ns laser ‘M
‘ Transmission Compression
35 : ' : : 3 T T T T T

Unshocked CH

L |
o ™ —
T m}shack propagation {um) -300 0 300

Holder Shocked CH

Due to spectral selectivity of backlighting image

the density profile of the object can be measured in precise,
with spatial resolution along shock front.

Shock front velocity of 20 km/s is measured



Doubts in creation of capable backlighting source

~1kJin1lns: Bright X-ray source ~5 keV, few-ns time resolution
- Monochromatic backlighting is possible, no fast electrons OK

~100Jin 1 ps: Few-pstime resolution
MeV proton radiography becomes available pro

High hot electron yield = a huge noise in X-ray detector

Lower X-ray photon yield = point-projection geometry only

Radioactivation of the chamber after each full intensity

Solutions found:
Nelectrons ~ Mas>.> laser conversion to 2o
“Out-of-laser-plane” backlighting geometry, “Wire-tip” targets.

Multi-material filtering of X-rays
10s ps stretching of BL laser pulse
B-field protection




Hydrodynamic processes in astrophysically related plasma :
shock waves and supersonic jets phenomena

Scalabilty rules based on a set of hydrodymanic
invariants derivating from Reynolds, Euler, Mach etc numbers

ITapameTp | AcTpogu3ind. | JdasepHan
ABIeHHE nmaaimMa
F, KM/c 300 100
r, MM JE18 1

=)

Cu cone

Foam .
filled Ablation

cone washer E Shock\

Laboratory astrophysics with high power lasers

Plasma jet flow




Nested supersonic plasma flows

backlighter beam

40), 1ps Il R. Yurchak et al. Phys.Rev.Lett. 112, 155001 (2014)

to Self
Emission
diagnostic
AN
driver beam, ,% Vv
350), Ins x to interferometry
and shadowgraphy X-ray radiography data

e r b
F
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Radiation dominated matter

Plasma physics @
1029 W/cm? laser intensities
© Relativistic laser plasma/ QED

Issues of fast electron currents
O . .
in dense plasma — ICF, astrophysics

© Generation of bright X-ray source
© Intense X-rays interacting with matter
© Aim to Radiation Dominant Regime

-
[=]

-t

=
2

7

K-shell / L-shell ionization probability ratio
o

Hollow atom spectral lines induced by intense
guasi-monocromatic X-ray radiation of LCLS
b e T | T | T | T | T | T | T | T | T | T
3 e 17506V E
o 2 =
2 f :
E L _
£1 %107 E
8 =
n f-\\ - i
5 W
1x10%
911 ’ '1' | B L L L _EI
g ! 3
2 | 1
2110 || 4
g 3
: ]
@1 %102 -
E - E
L : ___________ -, o .
RNR IV V. VI VI VI X X XV VI VIE VI IX X

1,480 1,500 1,520 1,540 1,560 1,580 1,600 1,620 1,640 1,660 1,680
Photon energy (V)

/' S.M. Vinko et al., Nature 482, 59 (2012)

We would like to demonstrate the
exotic state of matter consisting of
hollow atoms is also created effectively

with optical laser technology



Ultra intense source of X-rays in keV range

2¢*
fR~ 7/ {(E+V><B/C) — (V- E/C) )} fr # 0 when E means:
2.5
3am-c
E .cer 1-€. Thomson scattering E plasma-transw 1-€- Bremsstrahlung
at incident laser radiation In a plasma during refluxing

Laser farget

beam Plasma Hot electron

field trajectory
% Plasma

P~ AN, [dyy"?vfe ™0 P ~TZE exp(-£(6/T,)

with |, .. = 3e20 W/cm? | ~ 5e18 W/cm? to be estimated
Las Xray



———
Proposed mechanism of hollow atom generation

18 4
- Al 16
=] ~§ 14 ]
ﬂ.{ o o
IZ’ E 1:: 7 um
.,1_%. .;., &l
e E 4
<2 MeVe = :
y-rays 0 10 20 30 4 5 6 70

@ Laser
Multi-MeV e Direction g

=

l,. = 3e20 Wicm’

“ hy ~ 3 keV

2
liray> 5€18 Wicm a0
Measured @ =
A0y Specia Hollow ions 5 6x10
5 +
Refluxing is very important to increase the E e .. .
electron flux inside the plasma. £
. . . - ——

Thin (~ um) targets is more effective of 3 " : B

due to higher electron oscillation frequency. Scale Length L (um)

12



Hollow atom spectroscopy, principles

KK hollow
atom lines

He, (1s2p)

152131
152I13)2

K, (1s2183I")

KL hollow
atom lines

52

Becomes very significant for high intensity lasers

Exotic hollow atom states may be created
by hot electron flow or X-ray radiation
(external beam or plasma itself of)

Target heating prior inner-
shell excitation should be
avoided - High contrast of
a laser pulse is important

KOL2
Lya KOL 3
30 eV
(a)
40 eV
(b)
50 eV

()

0.825 0.850 0.875
Wavelengths [nm]

/l F.B. Rosmej et al,
J.Phys.CS 72, 012007 (2007)



Experimental setup

Laser energy — 160 J on target
Pulse duration — 0.7 - 1.2 ps
lo= 1054 nm

High contrast of OPCPA
Vulcan PW laser

Focal spotd 7 um (30% of energy in)

x10"
W/cm?

15—

I maX: 3)(1020 chmz
_—

f/3 off-a.xis. parabola 15 um 1.5 um ﬁ_THm
40 deg incidence to target normal



X-ray spectroscopy measurement results

Ly, (2p) He, (1s2p) K, (1s2831%)
1 | 1 ] 1 ] 1 |} '

KK hollow 152131 KL hollow
atom lines Jmm* tom lines

160 J l

1.5un
l i I

b M | 644
4 ' 34 1.5 um

Intensity, arb.un.

2 W {1604
| A 0.1 pm buried in CH
i . ]

0.08 J

7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4
Wavelength, A

[*] U. Andiel et al., Appl. Phys. Lett. 80, 198 (2002)



NLTE ATOMIC spectra simulations
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// J. Colgan et al. High Energy Density Physics 7, 77 (2011)
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...depending on X-ray source parameters

Radiation temperature Source brightness
14000 |y LI LI T 1T T T T T T 71 T 1 T TT7 oo —TT — — — —r— —— ——
- TSsev! I Iy 1 5 T | | | | |
C a2 102 e — T=1keV:Z=30 ] : — diac=1.0
- N=310"cm . - _e& auF
12000 —= — T=2keV:7=43 - ool e ey — dfse=03 ]
L f=005 ; - ] L 3 3 — dfae=01
' — TSV 751 ] L N=310" tm — dfac=001
L0000 — T=5keV:Z=67 -

- o} £=005 -
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3000

6000

4000
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72 14 /.6 18 8 82 84 77 72 74 1.6 7.8 3 8.2 84
Wavelength (&) Wavelength (A)
Varying Trad in 0.5 - 5 keV range Testing Dilution factor in 0.01 — 1 range

Confirms the source of |, > 1E18 W/cm? intensity

and T

xray

~ 3 kev existing

rad

/[ J. Colgan et al. Phys.Rev.Lett. 110, 125001 (2013),
I S.A. Pikuz et al. HEDP 9, 560 (2013)
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Proofing of non-linear increase in X-ray yield

Total intensity, 10° counts

J-KAREN exp:
~7 J, 35fs, 1e21 W/cm2

On target laser intensity, 10°" W/cm?

0.0 0.2 0.4 0.6 0.8 1.0 1.2
8 T T T T T T T T T T
e 6pum(exp.)
v  3um (exp.)
6 A 2um (exp.)
= 0.8um/exp.)
—— Approx., a,%4
............. Apprﬂx” aﬂg,ﬁ-
b A 8.0
——————— PProx., a,
—— Approx., a,’?
24
e T -, T T T T T T T T

0 1 2 3 - 5 6 7 8

Laser energy, J

The nature of intense X-ray generation
in PW laser plasma is confirmed

0.7x10°" W/em®
laser pulse

CH Si CH

3-Zones concept is developed to
describe the details of X-ray emission
and RDKR matter creation



RDKR with optical PW

Very intense spectral lines of true hollow atom X-ray radiation
are observed in the plasma of PW optical laser pulses coupled
into solid Al tfargets.

Spectra data simulation demonstrates the dominant role of
keV X-rays in plasma ionization.

The optical laser plasma is considered as ultrabright (up to 1e19 W/cm?)
polychromatic source of keV X-rays. Some mechanisms of

X-ray generation and hollow atom formation are proposed

as a first approach.

The observed effect is quite sensitive to laser intensity,

pulse contrast and target parameters. It provides a nhice opportunity
to study the processes in Radiation Dominanted plasma

with PW optical lasers, complementing XFEL experiments.
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WDM studies using optical lasers - principle and setup

#

Hot plasma (T, ~ 1 keV), commonly in laser focus
WDM — (T, ~ 10-100 eV, N_~1023 cm-3)

rear side of thin foil

hot
electrons
vicinity of hot plasma

Warm plasma at front side
Twam ~ 1 - 30 eV ‘

X-rays

By means of X-ray spectroscopy
T.vam can be determined. v ¥
Spatial resolutlon Is of crucial importance. along electron trajectory
deep into the target




Inner-shell Ko of solid Ti, T, = 1 — 20 eV

Laser energy — 1-6 J on target ol P C——
Pulse duration — 0.5 ps g esiev Ka,
| .= 1x 10 W/cm?2 Tos] 0 el ~
. . £ o5 Ka; Te_ 1eV
Target — Ti foils 2-50 pm g,
Knt]Kﬁl o AE =26 eV
o 00 . v
= solid density Ti Ko,
2 104 r
§ Te =10eV
5 05{=Z==1% . Te: 10 eV
:_'i 0.6 - I
2 'E 0.4 4
) = 02 i
FSSR 6A/A ~ 4000 was provided ' ol
In the vicinity of Ti Ka s Py -
5 0 Te=20ev ' T=9
& 0s=Z==278 =20eV
= p
As the temperature of the solid increases, £ :
lonizing the Ti atoms the characteristic 2 0
K-shell lines shift to higher energies. n; AB=30eV
Removing the 4s electrons produces a T AN T T SRR TR
shift of only ~ 1 eV, while removing M-shell energy (V) *Lines shifted by AE to maic]

(3l) electrons produces a ~4 eV shift.


Presenter
Presentation Notes
Spectrometer with very high resolution is necessary very high flux is necessary to increase signal to noise ratio


Intensity (arb. units)
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Inner-shell Ko of solid Ti, T, = 50 — 1000 eV
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Previous observations

WDM at the front side of laser irradiated bulk solids, in the vicinity of focal spot
/' U. Zasrau et al. PRE 81, 026406 (2010)
0.35ps, 15 J, | ~ 519 W/cm?2
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Particular realization - free standing wire target

Off-axis

Ti wire of @5QrkA

Sub-PW
laser beam
to FSSR
spectrometer
~1e20 Wicm®
electrons

AccyY Spot Magn Det
200kV 4.0 500x S5E

isohorically
heated matter
T,~10-100 eV

<+

¢ Hard X‘-‘fay
é) IP

50-100 um

~ MeV
Ti / Cu wire

PHELIX laser beam used:

- 200 J on target, 1 ps pulse duration

- focused by off-axis parabola to ~5 um spot @
- on polished tip of the wire

- high pulse contrast of 1e6-1e10 on demand




Experimental results - references

Reliable and precise references
for spectral dispersion:

K-edge of absorption, neutral Kal.
Positions of Ka-satellites can be
measured with 1 mA precision

T T | ] : I
2.48 2.52 2.56 2.60 2.64 2.68 2.72 =2.76
Wavelength, A Kol




Experimental results - references

wn ‘yydap
8

Ka-group
— Hea-group

Inter.

Li-like sat.

~ 1000 eV

Be-like sat.

Hea

i— -120 um (out)

i +20 um (in) 10-50 eV
~~

T ) T J I 1 T J T F I ! | o T " I 1 T 1
258 260 262 264 266 268 270 272 274 2.76
Wavelength, A

Area of WDM isochorically heated by hot electron flow only
is certainly distinguished from that one heated by the laser



Spectra simulation issues

First spectra simulations for WDM radiation applied configuration-averaged MUZE model
// S.B. Hansen et al., PRE 72, 036408 (2005)

Several synthetic DL/CA approaches are developed, particularly with a combination of
NLTE FLYCHK and FLYSPEC codes // M. Murillo et al. PRE 87, 063113 (2013)
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Experimental results - T, measured

0.5 ps, 200 J, 6 um focus@

| ~ 520 W/cm?2

T T T T T S e T T .
2.70 2.7 2.72 2.73 2.74 2.75 2.76 2.77. Depth ,um
Wavelength, A

In both cases highest T, achieved by isochoric heating is of ~35 eV,
which is in general below expectations



Hard X-rays data

Estimations on hot electron energy spectra
using bremstrahlung cannon data

® &0 60 0 0
p3 _ P4 7
0.8 || s ! (b)
E -' .
2 06| i 10 o . dota 109)
n : S s exg data (2.10%)
E i ! . == MC best fit El exp
= Il I L =, . MIC best fit (2-exp)
ﬁ e |II||JI' |' a1 Ilr-""’"l---ll--ldln.J
= ol f c -,
(=] o,
')l HI ' = B e
02— -0 Toa ok
f .l'lll.' ! 28 .
i Y ) "
ol WAL | | em [
0.001 001 01 1 10 100 0 2 4 6 8 10 12 14
Incident energy (MeV) IP number

Stopping power of cold Ti for 2 MeV e-

Is of ~0.6 MeV/mm

The stopping range of 3 mm
was expected due to
collisional losses in cold Ti

W

|

& Contrast: 1E-10
B Contrast: 1E-6
Contrast: 2E-6

=—Reg's scaling 0.5-1 ps,
Ponderomotive scaling . bum

* * Relativistic model ' '

=
(=]
[ ]
]

=

Hot electron temperature (keV)

q .";--,'{:'I..u.n'.
100
1E+18 1E+19 1E+20 1E+21
Intensity (W/cm?)

T,o: measured with tight laser focusing
follows Beg’s scaling law

Hard X-ray data gives the
temperature of hot electron tail
of ~2 MeV (as expected)



Hybrid simulation data, resistive vs collisional losses

e

.. Allowing to estimate the effect of refluxing

L himedvme - at wire boundaries, as well as the ratio
— bybcxd iz, - 1MV b - . .
between collisional and resistive losses

T, =l

59

At first 150 um of the trajectory resistive
losses may exceeds collisional ones by
factor of 2.3

_______

a 01 401 &1l

Resistive losses

----- Collisional losses

R “Depression” of isohoric heating

______ _______________ _______________ _______________ of matter at the beginning of

o T~ T MeV electrons

............... ............... ............... ............... ............... ............... ............... StOpplng tl'ajeCtOFy |S Stl”
challenging question

Volumic density of deposited energy [J/ cma]
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PaavaumoHHaa AMarHoCcTuUKa - HanpasneHus
pabot naboparopuv v pesynbTaTer

‘

A\

PeHTreHoBCKaa cnektpockonusa ana uccnegosaHun MIrQ asneHunm c
actpodnsnyeckum nogooduem

UoHHanA pa.quorpacbvm Ana ANarHOCTUKN MalfiOKOHTPACTHbLIX U
KOPOTKOXUNBYLUUX O00BbEKTOB U NMa3MeHHbIX SIBNIeHUN

PeHTreHOBCKas pa.u,uorpacbvm CBEepPX3BYKOBbLIX NMJIa3MEeHHbIX MNOTOKOB,
yAaPHbIX BOJIH U aKKPELUMNOHHbIX ABJIEHUMN.

CI'IeKTpOCKOHVIFI noJyibiX MOHOB U NJia3Ma B yCrnoBuUusaxX 4OMMUHNPOBAHUA
PaAnNalNOHHbIX KaHaJ10B BO36y)K,E|,eHVIFI

PeHTreHOBCKaa cnekTtpockonua ans namepeHun Warm Dense Matter
PeHTreHOBCKasa cnekTpockonua Ansi AMarHoCTUKM NpoLeccoB reHepauum B
nna3me MaB-HbIX NOTOKOB 3apsAXXeHHbIX YacTul U nflaaMmeHHbIX AM nonen.

MeTpornormnyeckoe obecnevyeHme 3KCNepuMeHToB, B T.4. Ha XFEL u optical PW



Spectrscopy measurements on EM-fields in laser plasma

KonebaHus 3apsikeHHbIX YacTul
(3NEKTPOHbI, NOHbI) HA LMKITOTPOHHOM
yactote @, =eB/(mc)

MarHutHoe
none

Ocuunnupytoulee
aneKkTpuyeckoe nose

<

[losaBneHne OONONMHUTENBbHBLIX CMEeKTPanbHbIX JIMHUN
C YyactoTamu, COBUHYTbIMU OT YaCTOTbl aTOMHOIO
nepexoga Ha rapMOHWMKU LIMKNOTPOHHOM YacTOoThbl

(nnasmeHHble caTtennutel, NC).

Acmpodusuyeckas . @ ) (6)
naasma

Uamepsasa nonoxeHume MNC
Haxogum wc u B

ConHeyHasi kopoHa ~ 103Tc
HelTpoHHble 3Be3abl ~ 1012 [c
MarHuTapbl ~10% ¢

T 12

JlabopamopHasna
(naszepHasa) nnasma

WUHTeHCUBHOCTL (OTH. eA.)
?
—\>N [ ] = (2]

B ~0.1TI,(Bt/cm?)l2
Mpun I, = 1018 Br/cm? 0 ol = — P
B=108Tc A (A) A (A)
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Не вызывает сомнений, что в процессах эволюции различных астрофизических объектов огромную роль играют магнитные поля. Их величина может меняться в очень широких пределах. Например, мелкомасштабные магнитные поля в солнечной короне имеют напряженность 103 Гаусс, в нейтронных звездах они могут достигать 1012 Гаусс, а в так называемых магнитарах 1015 Гаусс. 
Сильные магнитные поля генерируются и в лабораторной лазерной плазме, используемой для моделирования астрофизических объектов. 
В связи с этим представляется весьма актуальной разработка методов диагностики сильных магнитных полей, которые были бы применимы как к астрофизической, так и к лабораторной плазме.
Один из возможных подходов основан на использовании так называемых плазменных сателлитов. Суть этого подхода состоит в следующем.
Наличие магнитного поля в плазме вызывает колебания ее частиц на циклотронной частоте. Это приводит к появлению в плазме осциллирующего электрического поля. Осциллирующее электрическое поле действует на ионы и обуславливает появление в их излучательном спектре дополнительных спектральных линий, которые называются плазменными сателлитами. Частоты этих линий сдвинуты относительно частот атомных переходов на четные или нечетные гармоники циклотронной частоты в зависимости от того, является ли атомный переход разрешенным или запрещенным. Измеряя положение плазменных сателлитов можно найти циклотронную частоту, а, следовательно, и напряженность магнитного поля.



Intensity

Measured and simulated oscillating features in spectral line

_ _ 45000
The following was taken into account MMKOCeKYHAHbIN Harpes

_ _ 40000
in the calculation : 35000 - \ H
aHﬂEEI{\fH,D,HhIH Harpes
- fine structure of atoimc levels 30000 -
- Doppler effect 25000 1
- optical depth 20000 1
i 15000

- line broadening ‘ J\
due to quasistatic ion field 10000 h ﬂ (\/ \V\—\rﬂ

Lyman-alpha line of the FIX ion 5000 1 an vt Ly, F IX AR URRAA
500 - T=100 eV 0 ; ; ;
g Nu=2?€102n 1/em 14,90 14,95 15,00 15,05
400 E,=6x10° V/cm OnvHa BonHbi (A)
300 1 3 1: ©=3x10" 1/sec _ _
B 2:0=5x10™ 1sec Perspective to continue
200 - A\ 3e=7x10"1/sec  experiments with ps pulse duration

i A but to increase the laser intensity
Y from 1018 to 10%° W/cm?
\ is very attractive

100 S

T T I T I T I T I
14,94 14,96 14,98 15,00 15,02 15,04
wavelength (A)



Modeling - Values of magnet field in laser plasma

Exp.# | Exi () oA for Oscillation Magnet
FLy, (A) | frequemcy (s?) | field (G)
14 12.2 0.023 1.95x101° 1.2x108
10 12.4 0.0195 1.65x10% 108
8 9.4 0.0175 1.48x10% 9.2x10’
12 6.9 0.013 1.1x10%° 6.9x10
Opoe = 0.011 0.93x1015 5x107
2x10%7
Bt/cm?
130
120 B (MrC) +
110
100
90
\
. A EIas
» 4
60
50 I I I I 1
6 7 8 10 11 12 13

Measured value —
frequency of electric field
oscillations

With the assumption that

E field oscillations caused by
cyclotron oscillation —

it is possible to estimate
magnet field strength

Magnet field strength depends
on laser energy ~ sqrt (E,,¢)
as predicted in theory



Spectroscopy measurements on ion energy distribution

Theoretical modeling of the experimentally observed relative intensities
and shapes of spectral lines allows to estimate the following plasma
parameters :

electron temperature T,
free electron density N,
ion charge state population E,,,
High resolution X-ray spectroscopy diagnostics of fast ions energy

is based on sensitivity of the spectral line shape to the ion velocity
distribution function through the Doppler effect.

lon energy
Fast » Doppler » Line » distribution
lons line shift profiles function

dN/dE
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400 - FSSR 7
% 350 _ spectrometer
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50 -
0 | | | . | | X — X-ray CCD
18.5 18.6 18.7
Wavelengths, A Clear sapphire, 100 fs Al He, l
—— experiment on sapphire
-~ spectra modeling
Al He. O He, OlLy.
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Frozen nanodroplets target

H,O-nanodroplets on Sapphire substrate

100 fs 500 fs
H.,0 - snow _ — A
Snow Sapphire
— Parameter
100 fs 500 fs 100 fs 100 s
500 fs
N, cm-3 1020 1020 1020 Jeling
T, eV 90 88 93
Tion keV I 3 3 o,
Taow kEV 90 40 50
b,,/by, 4 4 4
" 186 187 188 189 190 ' ovelenate A 8 180
Wavelength, A avelengihs.

o According to X-ray spectroscopy measurements the improvement in
fast ion acceleration increases correspondingly to absorption efficiency



Ion acceleration achieved in gas cluster targets

The choose of optimal conditions both
for submicron gas clusters creation
and for laser beam focalization
provides in-order higher energy

of generated ion flow.

4 TW 30 fs laser pulses
absorbed in 1 pm gas

lon Yield (lon/MeV/Srishot)

4 m%
3 2
X
2 g
o
[4v]
1 g
>
0 %
o
job]
a
i —
- >
§_,40~ 15‘M9Wu
e 3 -
S 20+
L] o -
' O
: = O-TJ | | . \
Hl_** 0 20 40 60
> Flight Time (ns)
. e =D
I-- 'l—"—'—l—-'._—!_
[ —

clusters initiated fast ion
flow with energy ~10 MeV

Fast ion energy linearly
dependent on laser intensity

With 10-20 TW laser facility
we can expect (107 ions/shot)
yield of 4-5 MeV ions
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PaavaumnoHHasa AMGrHoCTUKa - HaNPaBNEHUA -
- pabot nabopatopum u pesynbratel

» PeHTreHoBcCKasa cnekTpockonusa gna nccnepgosanHnn MIQ saeneHnn ¢
acTpodusnyecknum nogoduem

> WoHHan pa.quorpacbvm Ana ANarHOCTUKN MalfiOKOHTPACTHbLIX U
KOPOTKOXUNBYLUUX O00BbEKTOB U NMa3MeHHbIX SIBNIeHUN

> PeHTreHoBckas pa,quorpa(bml CBEepPX3BYKOBbLIX NMJIa3MEeHHbIX MNOTOKOB,
yAaPHbIX BOJIH U aKKPELUMNOHHbIX SAABNIEHUN.

> CneKTpOCKOHI/Iﬂ noJyibiX MOHOB U NMJ1la3Ma B yCJ1oOBUAX AOMUHUPOBaHUA
PaAnNalNOHHbIX KaHaJ10B 3036y>|<p,eva

> PeHTreHoBcKas cnektpockonusa ana namepeHun Warm Dense Matter
» PeHTreHoOBCKasi CNeKTPOCKONuUAa AnNa AUarHOCTUKN NpoLeccoB reHepauun B
nra3sme MaB-HbIX NOTOKOB 3apsAXXeHHbIX YacTul U nrlaaMmeHHbIX AM nonen.

» MeTponorun4yeckoe obecrne4yeHune 3KCnepMMeHToB, B T.4. Ha XFEL wm optical PW



Metrology for XFEL and optical PW HEDP experiments

@ Co3paHue meToaoB U cpeacTtB ANarHOCTUKU NyYKOoB PEHTreHOBCKUX J1a3epoB,
CUHXPOTPOHHbLIX UCTOYHUKOB U XapPaKTepPUCTUK PEHTreHOONTN4YeCKUX 3JyieMeHTOB

Pa3paboTtka n cozgaHue obopyaoBaHus A5l BbICOKOpa3peLwaLWwmuXx nU3aMmepeHnm
© cnekTpoB MHOro3apsigHbIX MOHOB. Co3aaHuWe NporpaMMHOro o6ecneyeHus
ANnA pacyeTa annapatHbiX YHKLUMKA NPUMEHSAeMoro o6opyaoBaHusi.

UccnepgoBaHMe OTKONIbHOM NMPOYHOCTU, MEXAaHM3MOB abnaunn u
@ HaAHOCTPYKTYPMUPOBaAHUA MaTepuanoB NMpu BO3AeMCTBUU MHTEHCUBHOIO
KOrepeHTHOro peHTreHOBCKOro U3ny4yeHus

o) Ba3a AaHHbIX N0 3HEePreTM4eCKUM YPOBHAM U — T
CreKTpamMm MHorosapsaaHbIX MOHOB SPECTR
Spectr-W3 - http:\\spectr-w3.snz.ru




HED Scientific topics

Elaction source

Photon energy — 1-25 keV range g4
Intensity — up to 5el7 W/cm?2
Coherent, monochromatic.

100 fs time resolution for pump-probe

Magnehs siruciLing

Combined with sub-kJ and sub-PW optical
lasers for HEDP research

XFEL-pump XFEL-probe
- Mnasma ¢ goMUHMpPYOLLEeN PONbI0 paguaLUOHHbIX NPOLECcCOoB

- BpemeHHasi U1 npocTpaHCTBEHHasA KOMMpeccusi PEHTreHOBCKUX UMIMYfbCOB
B Nyiasme, pensaTMBUCTCKUN Npobon Bakyyma

- Moandumkauma HeycTon4MBOCTEN B Nila3amMe ONTUYECKUX Na3epoB

- Mpepenbl OTKONIbHOM NMPOYHOCTU U abNALUMM MaTepuanos,
HaAHOCTPYKTYpMUpOBaHHME NOBEPXHOCTU TBEpPAbIX Ten

- U3oxopuueckumn HarpeB BewecTBa, Warm Dense Matter

- HennHenHble aTOMHbIE npoueccChbl B NPpUCyTCTBMUN NOJIOXKUNTEJIbHbLIX NOHOB



HED Scientific topics

Elaction source

Photon energy — 1-25 keV range it
Intensity — up to 5el7 W/cm?2 ;
Coherent, monochromatic.

100 fs time resolution for pump-probe

Mlapneias siruciung

Combined with sub-kJ and sub-PW optical
lasers for HEDP research

XFEL-probe

- JlazepHO-MHAYLUUpPOBaHHbIE yaAapHble BOMHbI U lWWMpoKoanana3oHHble YPC

- CBepxbbicTpble (ha3oBblie nepexoabl B BewecTBe Noa Bo3AencTeBnem
MHTEHCUBHbIX (PeMTOCEKYHAOHbIX Jla3epPHbIX UMNYJILCOB

- (MarauTo)-r'mppoanHamnyeckme ABreHUA B nadbopartopHou actpodpusmnke

- MeToab! ronorpacpuyeckon amarHocTUKM napametpoB XFEL ny4ykos,
AnarHocTnyeckme MHCTpymMeHThbl ansa HED akcnepumeHTOB



N3mepeHne napameTpoB U TpexmepHasi Busyanmsauus
NYYKOB PEHM2eHOBCKUX J1a3epo8 Ha C80600HbIX 3JIEKMPOHaX

Scheme of XFEL beam propagation, A o 15+ & H -beam ] Exp

(a) limited by aperture of HERMES system v V-beam | )
=—H- beam M= 38 Model
— V- beam u-’=39] ;

HERMES aperture

Focused XFEL beam ,.f”:j

Size (WFHM), microns

45 40 5 0 5 10
Defocus, mm

v’ lanbHeNwWwee pa3BUTUE MeToAAa AUArHOCTUKMU
MHTEHCUBHbIX PEHTFeHOBCKUX MY4YKOB C NOMOLLbIO

::Emm‘ c¢oriyopecueHTHbIX AgeTeKkTtopoB LiF
=25 o v'BbinosiHeHa in situ 3D eu3yanu3ayusi npogusis nsimHa
' . dokycupoeku peHmaeHoeckozo s1azepa SACLA (E,, = 10 keV)

FWHM
v Nl e AUHUYHBIX Na3ePHbIX UMMYNbLCOB NOCTPOEHO
pacnpepeneHne UHTEHCUBHOCTU U3Ny4YeHUss OA4HOBPEMEHHO Ha
nepudcdepumn n B ueHTpe dhokanbLHOro nATHa

A

PL images on the LiF ﬂ

detector along beam o
propagation PL intensity distribution v'C TOYHOCTLIO 10 40 MKM onpefenieHo nonoxeHue dokansHOn

in the LiF images nnockoctn XFEL, dhakTop onTuyeckoro kayectsa ny4dka M2

Ony6nukoBaHo B vUccnenosaH cdpbyHAaMeHTanbHbIA Npeaen NPoCcTPaHCTBEHHOM

Scientific Reports 5, pa3peLuarolie cnocobHOCTU MmeTtoaa, coctaBuBwnm 0.4 - 2.0 um

17713 (2015) Ana 3Heprumn oToHOB 6 - 14 kaB
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XFEL probe beam quality control

Measurements of XFEL beam profile vertically focused by HERMES system

LiF detector HERMES system Slit
1D Focused XFEL beam Vertical focusing
[ / XFEL beam
Pump — probe Epnot = 10.1 keV
interaction plane
(TCQC) XFEL beam intensity distribution on the detector:

25 um

Distance focus - detector ~ 12 mm

After improvement of the beam

| 240 pm |

65 um

Distance focus - detector ~ 120 mm 11
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B First observation of pump-probe interaction by the LiF detector

Probe: XFEL, 10.1 keV, 400 puJ
Target: 30 um polypropylene + 40 um Ge

Target inclination: 24°

Pump laser, 1 shot
XFEL, 1 Hz (synchronized XFEL shot number is random)

1 1 1 [ | /N | ||
01 02 03 04 05 06 07 08 09 10
Shot 1 Shot 2 Shot 3 Shot 4 Shot 5 Shot 6 Shot 7 Shot 8 Shot 9 Shot10
\ J \ J
v A 4

% XFEL % XFEL :—S XFEL

Target Target Target
LiF LiF detector LiF detector

detector Pumping laser
pulse
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We can see the structure of the target not only before experiment and also during pumping

Schropp, A. et al. Imaging Shock Waves in Diamond with Both High
Temporal and Spatial Resolution at an XFEL. Sci. Rep. 5, 11089; doi: 10.1038/srep11089 (2015).
 Andreas Schropp1, Robert Hoppe2, Vivienne Meier2,*, Jens Patommel2, Frank Seiboth2,
Yuan Ping3, Damien G. Hicks3,4, Martha A. Beckwith3, Gilbert W. Collins3,
Andrew Higginbotham5,**, Justin S. Wark5, Hae Ja Lee6, Bob Nagler6, Eric C. Galtier6,
Brice Arnold6, Ulf Zastrau6, Jerome B. Hastings6 & Christian G. Schroer1,†


O MpuHUUNDbI AeTeKTUPOoBaHUA — GOpMUPOBAHUE LEHTPOB OKpacku B LiF

Among all alkali halides LiF is special: Conduction band

* In LiF F-type color centers (CCs) reemit in the visible
range (green-yellow-red) I

* InLiF CCs are very stable at room temperature

. Relaxation
» The band-gap is the largest (14 eV) e
 LiFis not sensitive to visible light and near UV radiation E.: b
. . . 22 7"3
« Submicron spatial resolution was demonstrated for soft centers E>14eV)
and hard X-ray radiography
In LiF the color centers are created under ionizing radiation: Valence band
, electrons, protons, neutrons @ @ @ '
F, and F3* color centers is a dominating feature for LiF detector . -
Creation of CCs
(Natural abundance of 5Li isof 7.4 %) fﬂ Readout f=%
"
J ' Ly ' , L P Liy , Absorotion band Excitation (blue) Emssiﬁgihlel Emission band
. i v sorption ban “
(n) & o Ly ' : ’n ‘ . 104 :
1.0 M\
| Ly ’ F3+ i 3 5 [\ F3+
s s - : 1
8 . | B 0.5 ' \
Y i ’ \\ ;ED'S F, £ — Fz
Ly ' < ""IFz
a-particle: deposited energy  ~140 eV 0 | | - o v w 0 ] T rT1T T 7T
stopping range ~6 um a0 600 400 600 800 1000
A, T A, IR
SH: deposited energy ~33 eV

stopping range 33 um G. Baldacchini, et al. Applied Pysics. Letters, 80, 4810 (2002)
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What are the Color Centers in LiF?
Energy level diagram for creation of CCs  is shown here.  If energy of particle exceed energy of ionizing radiation 14 eV , electrons move from valence band to conduction band. That free electrons occupy anion vacancies in crystal cells and create so called F-centers. During relaxation process primary F-center aggregate to  F2 and F3+ centers. Among various aggregates of CCs, produced in LiF crystals, that only F2 and F3+ have practical relevance (importance)  for imaging applications. They have almost overlapping broad absorption bands at about 450 nm (M band). It means that they can be simultaneously excited by a single pumping wavelength. Moreover, they mainly contribute to visible luminescence in two very good separated broad emission bands in the green (F3+) and in the red (F2) spectral ranges. Very important – CCs store for long time almost without decay at RT


X-ray radiography of spider web recorded on LiF detecto
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MepBoe akcnepumeHTanbHOe HabnaeHe N TeopeTMyeckoe 060CHOBaHUe
PEeHTreHOBCKOro KOrepeHTHOro Mupaxa npuv ycurnieHMm nepBUYHOro ny4vka
B AIBYXKacKaJiHOM peHTreHOBCKOM fa3epe

lNoka3aHo, YTO B NfIa3aMeHHOW cpefe YCUNUTENs peHTreHOBCKOro flasepa npoucxoauTt obpasoBaHue
BTOPMUYHOIO KOrepeHTHOro MCTOYHUKA, chasmpoBaHHOro C U3Ny4eHMeM reHepartopa, a ycrnoBus ero
¢hopMmupoBaHns aHanornyHbl YopMUpoBaHUIO MUpPaXa B ONTUYECKOM Anana3oHe.

Habnropaemoe siBneHmne HasBaHo PeHTreHoBckui KorepeHTHbIN Mupax.

Cxema Ha6/1100eHUs1 PeHM2eHO8CKO20 MUpaxa NumepghepeHUUOHHbIe N0J10ChI 8
8bIXOOHOM U3JTyYeHUU PeHM2eHO8CKO20 s1a3epa

UcToYHUK p Y
eanbHbIN
MUPaXa  ycrouyHuk

¥

|
|
i
!
|
y Ycunumens [eHepamop
| J

|
PeHTreHoBCKMW nasep
(Kansai Photon Science Inst., Japan)

Habnropgaemas obnactb
MHTepdepeHLNOHHON KapTUHDI

Ona nHTepnpeTauuu HabngaeMoro ABNeHUs1 NpeanoXxeH e fl \f \
HOBbIN TeopeTu4vecknn noaxoan nu copmMynmpoBaHbI £ N

HeoxoAauMbie U AoCTaTO4vYHbIe yCJ1IOBUA €ro BO3HUMKHOBEHUA

Intensiy [au)

O6pa3oeaHue Plasma lens,e<1
nia3MeHHoOU JIUH3bI
e ycunumene Y*

MonyyeHHble pe3ynbTaThl YriyonaoT noHUMaHue
NpoLeccoB YCUITIEHUA PEHTITEHOBCKOro U3ny4yeHus B
nasepHoO-MHAYLMPOBaHHbIX aKTUBHbIX cpeAax, a TaKkke
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Ray-tracing software
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real X-ray spectrometer
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Users’ friendly
interface



Bent crystal reflectivity calibration
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IE—
Multicharged ion spectra Internet Database SPECTR-W3

SPECTR
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spectr-w3.snz.ru

Spectral lines

search in database
ATTENTION:

1. In the wavelength range A < 2000 ﬂngstrums 5-per:tr-‘.'|.'3 lists only vacuum wavelengths A=Ay,.. For longer wavelengths ‘3|:|ectr-'l.l‘.|':1 hsts either hyge or ar
wavelengths Agje - as given by the contributing authors, For a faw early data sources the distinction between A,ye and Ay has still to be made. Please, see

the Comment field,

2. Because of cookies restrictions, browser remembers only up to 19 values of key form fields on this page!
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TTpubopHuri napk

PeHTreHorpadmyeckasn yctaHoBka “lMPOY-02"
C HabOpPOM PEHTreHOBCKUX TPYOOK, FOHNOMETPOB U
PEHTreHOBCKUX OeTeKTOPOB

lMpeyu3uoHHas kannubposka peHM2eHOB8CKUX KpucmaJsisios u
peHmaeHoonmuYyeckux 3sieMeHmos, usy4yeHue ompaxameJsibHbIX U
duppaKyUOHHbIX ceolicme U302HyMbIX Kpucmaissos.

Bbicokopa3speluarowmm nHppakpacHbIn KOHOKarnbHbIN
I/I3MepI/ITeJ1beII7I KoMnnekc AnAad ANarHOCTUKM KOpOoTKOXUBYLLUUX
HAHOCTPYKTYpP B COCTaBe:

- JlazepHbIN CKaHUPYHOLWNUKN KOH(OKaribHbIN ONTUYECKUMN
Mukpockon Carl Zeiss LSM700

- BakyymHasa peHTreHoBckas N3C kamepa Princeton
Instruments MTE:2048

-Habop MmoTopusoBaHHbIX roHMomMmeTpoB Thorlabs

dPoKycupyroLime peHTreHOBCKMe CNeKTPoOMeTpbl €
npocTpaHCTBEeHHbIM pa3peweHuem (PCIP-14/20)
C KOMIMJIEKTOM KpUCTansiM4ecKux gucneprupyrowmx
3N1eMEeHTOB




Facilities in use for our research

High energy ns/ps beams and their combinations

Vulcan PW, Rutherford Appleton Laboratory, UK
Titan, Lawrence Livermore National Laboratory, USA
PICO2000 +ELFIE, LULI Ecole Polytechnque CNRS, France
PHELIX, Gesselschaft fur Schwerionenforschungs, Germany
ELF facility NRNU MEPhI, Russia
Laser MegaJoule, CEA academic access-2018, France

PW/multiTW-class fs lasers

PEARL, Institute for Applied Physics RAS, Russia
J-KAREN PW, Kansai Photon Science Institute JAEA, Japan
ILIL/ILIL-PW, Istituto per i Processi Chimico-Fisici CNR, Italy
CELIA, Bordeaux University CEA, France
Vega-3 CLPU, University of Salamanca, Spain
XL-III, Institute of Physics CAS, China

Free-electron X-ray lasers

SACLA XFEL combined with HERMES, RIKEN Spring-8, Japan
European XFEL HED beamline, Germany
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