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ʄʝʪʦʜ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʨʘʜʠʦʛʨʘʬʠʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʌɺʇʕ

ʈʝʥʪʛʝʥʦʛʨʘʬʠʷʷʚʣʷʝʪʩʦ̫ʜʥʠʤʠʟ ʦʩʥʦʚʥʳʭʤʝʪʦʜʦʚ

ʜʠʘʛʥʦʩʪʠʢʠʚʵʢʩʧʝʨʠʤʝʥʪʘʭHED ʠʧʦʟʚʦʣʷʝʪ: 

Å ʠʟʫʯʘʪʴʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶʠ ʚʨʝʤʝʥʥʫʶʵʚʦʣʶʮʠʶʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭʷʚʣʝʥʠʡʥʘʤʢʤ-ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭʠ ʥʩ-ʚʨʝʤʝʥʥʳʭ

ʤʘʩʰʪʘʙʘʭ

Å ʚʝʨʠʬʠʮʠʨʦʚʘʪʴʠ ʨʘʟʨʘʙʘʪʳʚʘʪʴʯʠʩʣʝʥʥʳʝʤʦʜʝʣʠʨʘʟʣʠʯʥʳʭ

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭʷʚʣʝʥʠʡ

E. Brambrink et al,  2016
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ʇʘʨʘʤʝʪʨʳ ʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʦʛʦ ʈʀ 

Å ɺʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ȹt ~ ʧʩ

Å ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝʨʘʟʨʝʰʝʥʠʝȹx ~ 10-20 ʤʢʤ

Å ʆʪʥ. ʥʠʟʢʠʡʧʦʪʦʢʬʦʪʦʥʦʚʠʩʧʝʢʪʨʘʣʴʥʘʷʰʠʨʠʥʘ

ʧʦʣʦʩʧrʨʦʧʫʩʢʘʥʠʷʦʛʨʘʥʠʯʠʚʘʶʪʚʦʟʤʦʞʥʦʩʪʴ

ʜʦʩʪʠʞʝʥʠʷȹx ʜʦʥʝʩʢʦʣʴʢʠʭʤʠʢʨʦʤʝʪʨʦʚʠ

ʚʳʩʦʢʦʡʢʦʥʪʨʘʩʪʥʦʩʪʠʠʟʦʙʨʘʞʝʥʠʷ.

ɼʘʣʴʥʝʡʰʠʡ ʧʨʦʛʨʝʩʩ ʚ ʨʘʟʚʠʪʠʠ ʨʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ XFELs!!!

ɼʨʫʛʠʝ 

ʤʘʛʥʠʪʦ/ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ 
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Barbato F. et al., Sci. Rep., 2019.
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dx = 25 ͣ ͣ͟ d x = 2 ͣ ͣ͟
40 ns

Laser plasma BL Modeling vs spatial resolution

ȡʊʒʐʁʑʆʍʁʎʓ

1 mm

G Rigon et al., PHYSICAL REVIEW E 100, 2019



Å ʷʨʢʦʩʪʴ ʚ ~107 ʨʘʟ ʚʳʰʝ, ʯʝʤ ʫ ʪʨʘʜʠʮʠʦʥʥʳʭ ʉʀ (> 1011 ph/pulse)

Å ʵʥʝʨʛʠʷ ʬʦʪʦʥʦʚ - 1-25 ʢʵɺ (ȹE/E ~ 10-3-10-5)

Å ʠʥʪʝʥʩʠʚʥʦʩʪʴ > 1018ɺʪ/ʩʤ2 (ʨʝʢʦʨʜ ~1022 ɺʪ/ʩʤ2 )

Å ʚʳʩʦʢʘʷ ʢʦʛʝʨʝʥʪʥʦʩʪʴ ʠ ʤʦʥʦʭʨʦʤʘʪʠʯʥʦʩʪʴʠʟʣʫʯʝʥʠʷ

Å ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ 10-100 ʬʩ

Facility Location Eph, 

keV

Ee,

GeV

Date

LCLS (up to 120 ɻʮ) ʉʐɸ 10 15 2009

SACLA (up to 60 ɻʮ) ʗʧʦʥʠʷ 20 8.5 2011

European XFEL (up to 27 ʢɻʮ)ɻʝʨʤʘʥʠ2̫4 17.5 2017

PAL-XFEL (up to 60 ɻʮ) ʂʦʨʝʷ 12 10 2017

SwissFEL (up to 100 ɻʮ) ʐʚʝʡʮʘʨʠʷ12 6 2018

LCLS-II (up to 1 ʄɻʮ) ʉʐɸ 25 13.5 2019

çʉʀʃɸè

ʉʀʥʭʨʦʪʨʦʥ+ʃɸʟʝʨ

ʈʦʩʩʠʷ 12 6 2033

ʉʚʝʨʭʲʷʨʢʠʝ ʩʠʥʭʨʦʪʨʦʥʥʳʝ ʠʩʪʦʯʥʠʢʠ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ - ʣʘʟʝʨʳ ʥʘ 

ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (XFEL)

XFEL ʚʩʦʯʝʪʘʥʠʠʩʦʧʪʠʯʝʩʢʠʤʠʣʘʟʝʨʘʤʠʩʫʙ-ʢɼʞʠʩʫʙ-ʇɺʪ

ʤʦʱʥʦʩʪʠƄʫʥʠʢʘʣʴʥʘʷʧʣʘʪʬʦʨʤʘʜʣʠ̫ʩʩʣʝʜʦʚʘʥʠʡʧʦHEDP
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ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʟʨʝʰʝʥʠʷ ʚ ʤʠʢʨʦʥʥʦʤ ʤʘʩʰʪʘʙʝ ʜʣʠʪʝʣʴʥʦʩʪʴ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʜʦʣʞʥʘ ʙʳʪʴ ~ ʩʫʙ-ʧʩ.

ɿʦʥʜ XFEL: ʚʦ ʚʨʝʤʷ ʩʥʠʤʢʘ ʯʘʩʪʠʮʳ ñʟʘʤʦʨʘʞʠʚʘʶʪʩʷò
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tpulse , ps

ɼʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ XFEL ʥʘʤʥʦʛʦ ʢʦʨʦʯʝ ­ʚʦ ʚʨʝʤʷ ʨʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʥʠʤʢʘ ŭxtʤʘʣʘ 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ

ȹx  = ŭx  ṧ ŭxt 

Blurring

 due to motion

Blurring

ñin staticò

Imaging 

scheme

and detector

ŭxt = Cs tpulse 
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up to 100s km/s

(depends on the 

process)



ʄʝʪʦʜ ʬʘʟʦʚʦ-ʢʦʥʪʨʘʩʪʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʧʫʯʢʦʚ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʘʟʝʨʦʚ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ

I. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʭʦʜʷʱʝʛʦʩʷ ʧʫʯʢʘ XFEL

II. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʫʯʢʘ XFEL

ʆʙʲʝʢʪ

ʈʃʉʕ

ʈʘʟʤʝʨ ʧʫʯʢʘ:  ʩʦʪʥʠ ʥʤïʥʝʩʢʦʣʴʢʦ ʤʢʤ 

ɼʝʪʝʢʪʦʨ

M = (a + b)/a

ʆʙʲʝʢʪ

ʬʦʢʫʩ
XFEL

a b

Dx = Dxʜʝʪʝʢʪʦʨʘ /M

ʈʘʩʭʦʜʠʤʦʩʪʴ ~ ʥʝʩʢʦʣʴʢʦ ʤʢʨʘʜ

M @ 1

ɼʝʪʝʢʪʦʨ (DxD, (X,Y))
ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝʨʘʟʨʝʰʝʥʠʝʤʝʪʦʜʘ

Dx = Dxʜʝʪʝʢʪʦʨʘ 

ʇʦʣʝ ʟʨʝʥʠʷ: ʦʛʨʘʥʠʯʝʥʦ ʘʧʝʨʪʫʨʦʡ ʜʝʪʝʢʪʦʨʘ ʧʨʠ ʙʦʣʴʰʦʤ ʫʚʝʣʠʯʝʥʠʠ

ʇʦʣʝ ʟʨʝʥʠʷ: ʆʧʨʝʜʝʣʷʝʪʩʷ ʘʧʝʨʪʫʨʦʡ ʧʫʯʢʘ ʠ ʨʘʟʤʝʨʦʤ 

ʜʝʪʝʢʪʦʨʘ (X,Y)

A

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝʨʘʟʨʝʰʝʥʠʝʤʝʪʦʜʘ

5

ʅʝʜʦʩʪʘʪʢʠ: 

Å ʦʛʨʘʥʠʯʝʥʠʝʥʘʧʦʣʝʟʨʝʥʠʷʧʨʠʩʠʣʴʥʦʤʫʚʝʣʠʯʝʥʠʠ

Å ʟʘʤʳʪʠʝʠʟʦʙʨʘʞʝʥʠʷʦʪɻ ʬʬʝʢʪʘʬʘʟʦʚʦʛʦʢʦʥʪʨʘʩʪʘ

ʥʘʙʦʣʴʰʠʭʨʘʩʩʪʦʷʥʠʷʭ

Å ʥʝʦʙʭʦʜʠʤʦʪʦʯʥʦʢʦʥʪʨʦʣʠʨʦʚʘʪʴʨʘʩʧʨʝʜʝʣʝʥʠʝ

ʠʥʪʝʥʩʠʚʥʦʩʪʠʚʥʫʪʨʠʨʘʩʭʦʜʷʱʝʛʦʩʷʧʫʯʢʘʈʃʉʕ

Focusing 
system



ʄʝʪʦʜ ʬʘʟʦʚʦ-ʢʦʥʪʨʘʩʪʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʧʫʯʢʦʚ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʘʟʝʨʦʚ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ

I. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʭʦʜʷʱʝʛʦʩʷ ʧʫʯʢʘ XFEL

II. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʧʫʯʢʘ XFEL

ʆʙʲʝʢʪ

ʈʃʉʕ

ʈʘʟʤʝʨ ʧʫʯʢʘ:  ʩʦʪʥʠ ʥʤïʥʝʩʢʦʣʴʢʦ ʤʢʤ 

ɼʝʪʝʢʪʦʨ

M = (a + b)/a

ʆʙʲʝʢʪ

ʬʦʢʫʩ
XFEL

a b

Dx = Dxʜʝʪʝʢʪʦʨʘ /M

ʈʘʩʭʦʜʠʤʦʩʪʴ ~ ʥʝʩʢʦʣʴʢʦ ʤʢʨʘʜ

M @ 1

ɼʝʪʝʢʪʦʨ (DxD, (X,Y))
ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝʨʘʟʨʝʰʝʥʠʝʤʝʪʦʜʘ

Dx = Dxʜʝʪʝʢʪʦʨʘ 

ʇʦʣʝ ʟʨʝʥʠʷ: ʦʛʨʘʥʠʯʝʥʦ ʘʧʝʨʪʫʨʦʡ ʜʝʪʝʢʪʦʨʘ ʧʨʠ ʙʦʣʴʰʦʤ ʫʚʝʣʠʯʝʥʠʠ

ʇʦʣʝ ʟʨʝʥʠʷ: ʆʧʨʝʜʝʣʷʝʪʩʷ ʘʧʝʨʪʫʨʦʡ ʧʫʯʢʘ ʠ ʨʘʟʤʝʨʦʤ 

ʜʝʪʝʢʪʦʨʘ (X,Y)

A

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝʨʘʟʨʝʰʝʥʠʝʤʝʪʦʜʘ

6

ʅʝʜʦʩʪʘʪʢʠ: 

Å ʦʛʨʘʥʠʯʝʥʠʝʥʘʧʦʣʝʟʨʝʥʠʷʧʨʠʩʠʣʴʥʦʤʫʚʝʣʠʯʝʥʠʠ

Å ʟʘʤʳʪʠʝʠʟʦʙʨʘʞʝʥʠʷʦʪɻ ʬʬʝʢʪʘʬʘʟʦʚʦʛʦʢʦʥʪʨʘʩʪʘ

ʥʘʙʦʣʴʰʠʭʨʘʩʩʪʦʷʥʠʷʭ

Å ʥʝʦʙʭʦʜʠʤʦʪʦʯʥʦʢʦʥʪʨʦʣʠʨʦʚʘʪʴʨʘʩʧʨʝʜʝʣʝʥʠʝ

ʠʥʪʝʥʩʠʚʥʦʩʪʠʚʥʫʪʨʠʨʘʩʭʦʜʷʱʝʛʦʩʷʧʫʯʢʘʈʃʉʕ

June 2022Nov. 2019 Dec. 2020 June 2021

ȇɷʘʁʒʓɹʏШʐʔʘʊɷШ
ñ[ExШʓʑʁɸʔʁʓШ

ʏʒʏɸʏɺʏШɹʎʆʍɷʎʆʪШɹШ
ʏɸʁʆʗШʒʗʁʍɷʗ!

Focusing 
system



(I) - LCLS MEC:  ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ ʩ ʨʘʩʭʦʜʷʱʠʤʩʷ ʧʫʯʢʦʤ XFEL

B.Nagler et al., RSI, 87, 103701 (2016)

Dxeff    ~ 0.5 µm

Eph      8.2 keV 

ʕʚʦʣʶʮʠʷ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ ʣʘʟʝʨʥʦ-ʥʘʛʨʫʞʝʥʥʦʤ ʘʣʤʘʟʝʋʧʨʫʛʦ-ʧʣʘʩʪʠʯʥʳʝ ʋɺ ʚ Si + XRD 

Simultaneously with 

PCI

Dxeff   ~ 0.2 µm

Eph      8.2 keV 

Magn.   20X

FOV   ~250 µm

A. Nagler et al., RSI, 87, 103701 (2016))A. Schropp et al., Sci.Rep, 5:11089 (2015)

Magn.   37.6X

FOV   ~150 µm

b = 4329 mm 

Magn.   7.7X

FOV   ~500 µm

YAG:Ce scintillator based CCD DxD =2.25 um 

40 ns - ʈʘʟʨʝʰʝʥʠʝ Dx ʤʦʞʝʪ ʙʳʪʴ ʣʫʯʰʝ 200 ʥʤ

- ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ XFEL 

ʧʦʟʚʦʣʷʝʪ ʦʙʲʝʜʠʥʠʪʴ ʨʝʥʪʛʝʥʦʛʨʘʬʠʶ ʩ XRD 

7

ʇʨʝʠʤʫʱʝʩʪʚʘ:

ʆʛʨʘʥʠʯʝʥʠʷ:

- ʪʨʝʙʫʝʪʩʷʙʦʣʴʰʦʝʧʨʦʩʪʨʘʥʩʪʚʦʜʣʦ̫ʙʝʩʧʝʯʝʥʠʷ

ʙʦʣʴʰʦʛʦRʦʙʲʝʢʪ-ʜʝʪʝʢʪʦʨ(FOV ~1/R)

- ʧʝʨʝʢʨʳʪʠʝʜʠʬʨʘʢʮʠʦʥʥʳʭʧʦʣʦʩʠʟʙʣʠʟʢʦ

ʨʘʩʧʦʣʦʞʝʥʥʳʭʪʦʯʝʢʧʣʦʪʥʦʩʪʠ(ʩʫʚʝʣʠʯʝʥʠʝʤ

ʨʘʩʩʪʦʷʥʠʷR)

F. Seiboth et al., Appl. Phys. Lett., 112, 221907 (2018))



(I) - LCLS MEC:  ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ ʩ ʨʘʩʭʦʜʷʱʠʤʩʷ ʧʫʯʢʦʤ XFEL

B.Nagler et al., RSI, 87, 103701 (2016)

Dxeff    ~ 0.5 µm

Eph      8.2 keV 

ʕʚʦʣʶʮʠʷ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ ʣʘʟʝʨʥʦ-ʥʘʛʨʫʞʝʥʥʦʤ ʘʣʤʘʟʝʋʧʨʫʛʦ-ʧʣʘʩʪʠʯʥʳʝ ʋɺ ʚ Si + XRD 

Simultaneously with 

PCI

Dxeff   ~ 0.2 µm

Eph      8.2 keV 

Magn.   20X

FOV   ~250 µm

A. Nagler et al., RSI, 87, 103701 (2016))A. Schropp et al., Sci.Rep, 5:11089 (2015)

Magn.   37.6X

FOV   ~150 µm

b = 4329 mm 

Magn.   7.7X

FOV   ~500 µm

YAG:Ce scintillator based CCD DxD =2.25 um 

40 ns - ʈʘʟʨʝʰʝʥʠʝ Dx ʤʦʞʝʪ ʙʳʪʴ ʣʫʯʰʝ 200 ʥʤ

- ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ XFEL 

ʧʦʟʚʦʣʷʝʪ ʦʙʲʝʜʠʥʠʪʴ ʨʝʥʪʛʝʥʦʛʨʘʬʠʶ ʩ XRD 
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ʇʨʝʠʤʫʱʝʩʪʚʘ:

ʆʛʨʘʥʠʯʝʥʠʷ:

- ʪʨʝʙʫʝʪʩʷʙʦʣʴʰʦʝʧʨʦʩʪʨʘʥʩʪʚʦʜʣʦ̫ʙʝʩʧʝʯʝʥʠʷ

ʙʦʣʴʰʦʛʦRʦʙʲʝʢʪ-ʜʝʪʝʢʪʦʨ(FOV ~1/R)

- ʧʝʨʝʢʨʳʪʠʝʜʠʬʨʘʢʮʠʦʥʥʳʭʧʦʣʦʩʠʟʙʣʠʟʢʦ

ʨʘʩʧʦʣʦʞʝʥʥʳʭʪʦʯʝʢʧʣʦʪʥʦʩʪʠ(ʩʫʚʝʣʠʯʝʥʠʝʤ

ʨʘʩʩʪʦʷʥʠʷR)

F. Seiboth et al., Appl. Phys. Lett., 112, 221907 (2018))

b = 4800 mm 

Shock shock-compressed single crystal Ge

Dxeff    ~ 290 nm

Eph      8.2 keV 

30 ns

R= 600 mm R= 100 mm
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o ʌʘʟʦʚʦ-ʢʦʥʪʨʘʩʪʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʨʘʜʠʦʛʨʘʬʠʷ ʧʨʦʮʝʩʩʘ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ 

ʪʚʝʨʜʦʤ ʚʝʱʝʩʪʚʝ
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S. Makarov et al. MRE (2023) ñDirect imaging of shock wave splitting in diamond at Mbar pressureò 

Best Paper Award

(II) - ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ ʩ ʥʝʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʧʫʯʢʦʤ XFEL



ʎʝʣʴ: 

ʇʨʦʥʘʙʣʶʜʘʪʴʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʬʨʦʥʪʘʧʣʘʩʪʠʯʝʩʢʦʡʋɺ

ʟʘʫʧʨʫʛʠʤʧʨʝʜʚʝʩʪʥʠʢʦʤʠ ʠʩʩʣʝʜʦʚʘʪʴʤʦʨʬʦʣʦʛʠʶ

ʤʘʣʦʢʦʥʪʨʘʩʪʥʦʡʧʘʨʥʦʡʚʦʣʥʦʚʦʡʩʪʨʫʢʪʫʨʳʚʪʚʝʨʜʦʤ

ʚʝʱʝʩʪʚʝʤʝʪʦʜʦʤʢʦʛʝʨʝʥʪʥʦʡʨʝʥʪʛʝʥʦʚʩʢʦʡ

ʨʘʜʠʦʛʨʘʬʠʠ.
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X, ʤʢʤ

  super-Gaussian with R=125µm radius (3rd order)
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 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʨʦʬʠʣʴ

 ɸʧʧʨʦʢʩʠʤʘʮʠʷ

ʀ
ʥ
ʪ
ʝ
ʥ
ʩ
ʠ
ʚ
ʥ
ʦ
ʩ
ʪ
ʴ
,
 
ʦ
ʪ
ʥ
.
ʝ
ʜ
.

ɺʨʝʤʷ, ʥʩʇʘʨʘʤʝʪʨʳ ʦʧʪʠʯʝʩʢʦʛʦ ʣʘʟʝʨʘ:

Å ɼʣʠʥʘ ʚʦʣʥʳ l = 532 ʥʤ

Å ɼʣʠʪʝʣʴʥʦʩʪʴ: 5 ʥʩ

Å ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʧʨʦʬʠʣʴ: ʩʫʧʝʨ ɻʘʫʩʩ ʩ R = 125 ʤʢʤ

Å ʕʥʝʨʛʠʷ ʣʘʟʝʨʘ ~ 8 ɼʞ, ʀʥʪʝʥʩʠʚʥʦʩʪʴ 6 ʊɺʪ/cʤ2

ʈʝʛʠʩʪʨʘʮʠʷ ʨʘʩʱʝʧʣʝʥʠʷ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ ʘʣʤʘʟʝ ʩ ʧʦʤʦʱʴʶ XFEL

n2 n1

P2

P1

t

P P

n=V0/V

ʧʣʘʩʪʠʯʝʩʢʘʷ 

ʋɺ
ʫʧʨʫʛʘʷ

ʋɺ

ʫʜʘʨʥʘʷ 

ʚʦʣʥʘ
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ʫʜʘʨʥʘʷ 

ʚʦʣʥʘ

elastic-

plastic

elastic

S. Makarov et al. // Matter Rad. Extremes 8, 066601 (2023)

ʇʦʛʣʦʱʝʥʠʝʬʦʪʦʥʦʚ~ 97%!



ʎʝʣʴ: 

ʇʨʦʥʘʙʣʶʜʘʪʴʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʬʨʦʥʪʘʧʣʘʩʪʠʯʝʩʢʦʡʋɺ

ʟʘʫʧʨʫʛʠʤʧʨʝʜʚʝʩʪʥʠʢʦʤʠ ʠʩʩʣʝʜʦʚʘʪʴʤʦʨʬʦʣʦʛʠʶ

ʤʘʣʦʢʦʥʪʨʘʩʪʥʦʡʧʘʨʥʦʡʚʦʣʥʦʚʦʡʩʪʨʫʢʪʫʨʳʚʪʚʝʨʜʦʤ

ʚʝʱʝʩʪʚʝʤʝʪʦʜʦʤʢʦʛʝʨʝʥʪʥʦʡʨʝʥʪʛʝʥʦʚʩʢʦʡ

ʨʘʜʠʦʛʨʘʬʠʠ.
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  super-Gaussian with R=125µm radius (3rd order)
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 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʨʦʬʠʣʴ

 ɸʧʧʨʦʢʩʠʤʘʮʠʷ

ʀ
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ʪ
ʝ
ʥ
ʩ
ʠ
ʚ
ʥ
ʦ
ʩ
ʪ
ʴ
,
 
ʦ
ʪ
ʥ
.
ʝ
ʜ
.

ɺʨʝʤʷ, ʥʩʇʘʨʘʤʝʪʨʳ ʦʧʪʠʯʝʩʢʦʛʦ ʣʘʟʝʨʘ:

Å ɼʣʠʥʘ ʚʦʣʥʳ l = 532 ʥʤ

Å ɼʣʠʪʝʣʴʥʦʩʪʴ: 5 ʥʩ

Å ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʧʨʦʬʠʣʴ: ʩʫʧʝʨ ɻʘʫʩʩ ʩ R = 125 ʤʢʤ

Å ʕʥʝʨʛʠʷ ʣʘʟʝʨʘ ~ 8 ɼʞ, ʀʥʪʝʥʩʠʚʥʦʩʪʴ 6 ʊɺʪ/cʤ2

ʈʝʛʠʩʪʨʘʮʠʷ ʨʘʩʱʝʧʣʝʥʠʷ ʫʜʘʨʥʦʡ ʚʦʣʥʳ ʚ ʘʣʤʘʟʝ ʩ ʧʦʤʦʱʴʶ XFEL

n2 n1

P2

P1

t

P P

n=V0/V

ʧʣʘʩʪʠʯʝʩʢʘʷ 

ʋɺ
ʫʧʨʫʛʘʷ

ʋɺ

ʫʜʘʨʥʘʷ 

ʚʦʣʥʘ
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ʫʜʘʨʥʘʷ 

ʚʦʣʥʘ

elastic-

plastic

elastic

S. Makarov et al. // Matter Rad. Extremes 8, 066601 (2023)
LiF ʆʅʏɸʑɷʄʁʎʆʪ

12 ns

10 ns

8 ns

5 ns

3 ns

Delay

<100>

<101>

ʇʦʛʣʦʱʝʥʠʝʬʦʪʦʥʦʚ~ 97%!



ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ 2D SPH ʨʘʩʯʝʪʘʤʠ

LiF images

12 ns

10 ns

8 ns

5 ns

3 ns

Delay

<100>

<101>

2D density profile SPH parameters:

Å ʇʨʝʜʝʣ ʫʧʨʫʛʦʩʪʠ = 0.7 Mbar

Å ʂʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ = 0.1

Å ʆʙʲʝʤʥʳʡ ʤʦʜʫʣʴ = 4.81 Mbar 

Å ʄʦʜʫʣʴ ʩʜʚʠʛʘ = 4.39 Mbar

S.F.Wang et al., Mater.Chem.Phys, 85(2004) 432
J.M. Winey et al., PRB,101(2020)184105
R.S.McWilliams et al., PRB,81(2010)27
A.Schropp et al.,Sci.Rep. 5 (2015) 1

Velastic  ~ 19.3 km/s
J.M. Winey et al., PRB,101(2020)184105

Vplastic  ~ 13.6 km/s
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t = 2.05 ns

12

ʂʦʤʧʨʝʩʩʠʷ

Å Elastic 8%

Å Plastic 3 % 
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ʆʮʝʥʢʘ ʰʠʨʠʥʳ ʬʨʦʥʪʦʚ ʫʜʘʨʥʳʭ ʚʦʣʥ

8 ʥʩ

Z

ʧʫʯʦʢ XFEL

3.5 ʛ/ʩʤ3

ʫʧʨʫʛʠʡ

ʧʨʝʜʚʝʩʪʥʠʢ

ʧʣʘʩʪʠʯʝʩʢʘʷ

ʋɺ

ʧʣʦʪʥʦʩʪʴ

ʂ
ʦ
ʦ
ʨ
ʜ
ʠ
ʥ
ʘ
ʪ
ʘ

 Z
 

ʚ
 
ʘ
ʣ
ʤ
ʘ
ʟ
ʝ

, 
ʤ
ʢ
ʤ

Ŭ

q

g
ʰʠʨʠʥʘ 

DZ

ʧʫʯʦʢ XFEL

ʀʟʤʝʨʝʥʠʷʧʦʟʚʦʣʷʶʪʚʳʧʦʣʥʠʪʴ

ʦʮʝʥʢʫʥʘʛʨʘʜʠʝʥʪʩʧʘʜʘʋɺ,

ʠʩʩʣʝʜʦʚʘʪʬɹʨʦʥʪ ʟʘ

ʧʣʘʩʪʠʯʝʩʢʦʡʋɺ, ʘ ʪʘʢʞʝ

ʚʝʨʠʬʠʮʠʨʦʚʘʪʴʯʠʩʣʝʥʥʳʝ

ʤʦʜʝʣʠ

ʕʢʩʧʝʨʠʤʝʥʪ

WPG ʨʘʩʯʝʪ

SPH ʨʘʩʯʝʪ



o ʌʘʟʦʚʦ-ʢʦʥʪʨʘʩʪʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʨʘʜʠʦʛʨʘʬʠʷ ʩ ʩʫʙʤʠʢʨʦʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ ʚ 

ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʝ.
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(II) - ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ ʩ ʥʝʩʬʦʢʫʩʠʨʦʚʘʥʥʳʤ ʧʫʯʢʦʤ XFEL



ʀʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʚʠʪʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʈʝʣʝʷ-ʊʝʡʣʦʨʘ
ʚ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʝ

LN (f)

L
N

 (
E

)

ʠʥʝʨʮʠʦʥʥʳʡ 

ʨʝʞʠʤ

~ f-5/3

ʑʁʄʆʍШ
ʀʆʒʒʆʐɷʙʆʆШ

ʨʝʞʠʤ

ʛʝʥʝʨʘʮʠʠ

l ~ ɖɖ << l << LL ~ l

fʜf1

ʃʘʙʦʨʘʪʦʨʥʳʡ 

ʵʢʩʧʝʨʠʤʝʥʪ

Crab Nebula

 ï Hubble ï 2005

// A.R. Miles: 

Astrophysical J., 696:498ï514, 2009

ɺ
ʨ
ʝ
ʤ
ʷ

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʦʩʪʘ 

ʚʦʟʤʫʱʝʥʠʡ, ʚʳʟʚʘʥʥʳʭ 

ʚʟʨʳʚʥʦʡ ʚʦʣʥʦʡ.
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l=40 mm

ʎʝʣʴ: 

ʅʘʙʣʶʜʝʥʠʝʠ ʠʩʩʣʝʜʦʚʘʥʠʝ

ʪʫʨʙʫʣʝʥʪʥʦʩʪʠʚʧʣʦʪ ʜɹʦ

ʤʠʢʨʦʥʥʳʭʤʘʩʰʪʘʙʦʚʚ

ʣʘʙʦʨʘʪʦʨʥʦʤʵʢʩʧʝʨʠʤʝʥʪʝʚ

ʥʘʥʦʩʝʢʫʥʜʥʦʡʣʘʟʝʨʥʦʡʧʣʘʟʤʝ.

ʃʘʙʦʨʘʪʦʨʥʳʡʵʢʩʧʝʨʠʤʝʥʪʪʠʧʘçʥʘʢʘʯʢʘ-ʟʦʥʜʠʨʦʚʘʥʠʝè



20 ʥʩ

40 ʥʩ

60 ʥʩ

10 ʥʩ

55 ʥʩ

ʈʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʅʈʊ ʤʠʰʝʥʠ ʚ ʜʠʥʘʤʠʢʝ

0.1 ʤʤ

0.1 ʤʤ

0.1 ʤʤ

0.1 ʤʤ

A. Casner et al., High 

Pow. Las. Sci. Eng., 

(2018)

ɼʝʪʝʢʪʦʨ: IP 

Backlighter: 20 ʤʢʤ

ʧʨʦʚʦʣʦʢʘ

(ʣʘʟʝʨʥʘʷʧʣʘʟʤʘ)

ɼʝʪʝʢʪʦʨ: LiF 
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1.4 ʤʢʤ

180ʭ170 ʤʢʤ2

180ʭ190 ʤʢʤ2
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x, ʤʢʤ

ɺʳʩʦʢʦʝʨʘʟʨʝʰʝʥʠʝʜʠʘʛʥʦʩʪʠʢʠʧʦʟʚʦʣʷʝʪʥʘʙʣʶʜʘʪʴ

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝʜʝʪʘʣʠ, ʢʦʪʦʨʳʝ ʧʨʝʞʜʝʙʳʣʠ

ʥʝʜʦʩʪʫʧʥʳ:

Ç ʦʪʯʝʪʣʠʚʦʚʠʟʫʘʣʠʟʠʨʫʝʪʩʷʵʚʦʣʶʮʠʷʧʠʢʦʚʠʥʦʞʝʢ

ʤʦʜʫʣʷʮʠʡ.

Ç ʣʠʥʝʡʥʫʶʬʘʟʫʤʦʞʥʦʠʩʩʣʝʜʦʚʘʪʴʜʦʚʨʝʤʝʥ~ 50

ʥʩʜʣʤ̫ʠʰʝʥʠʩʤʦʥʦʤʦʜʫʣʷʮʠʷʤʠʧʦʚʝʨʭʥʦʩʪʠ.

Ç ʥʘʧʨʷʤʫʶʥʘʙʣʶʜʘʝʪʩʷʧʝʨʝʭʦʜʵʚʦʣʶʮʠʠʅʈʊʚ

ʪʫʨʙʫʣʝʥʪʥʫʶʬʘʟʫ

ʉʨʘʚʥʝʥʠʝʩ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤʤʦʜʝʣʠʨʦʚʘʥʠʝʤ

ʧʦʟʚʦʣʷʝʪʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴʦʩʥʦʚʥʳʝʧʘʨʘʤʝʪʨʳ

ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦʣʘʟʝʨʥʦ-ʧʣʘʟʤʝʥʥʦʛʦʧʦʪʦʢʘ(ʠʦʥʠʟʘʮʠʷ,

ʠʦʥʥʘʷʧʣʦʪʥʦʩʪʴ,ʚʷʟʢʦʩʪʴ,ʯʠʩʣʦʈʝʡʥʦʣʴʜʩʘʠʜʨ.).

Rigon G., et al. Nat Commun 12, 2679 (2021).
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ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʯʘʩʪʦʪʘ, ʤʢʤ-1

 80 ʥʩ

 60 ʥʩ

 50 ʥʩ

 40 ʥʩ

 20 ʥʩ

 0 ʥʩ

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʩʧʝʢʪʨʘ

Ç ʅʠʟʢʠʝʯʘʩʪʦʪʳ(fk < 0.12 ʤʢʤ-1): ʩʦʛʣʘʩʫʝʪʩʷʩʦʩʪʘʥʜʘʨʪʥʦʡʪʝʦʨʠʝʡʪʫʨʙʫʣʝʥʪʥʦʩʪʠ. ʆʧʠʩʳʚʘʝʪʩʷʩʪʝʧʝʥʥʳʤʟʘʢʦʥʦʤfq, ʛʜʝq

ʫʚʝʣʠʯʠʚʘʝʪʩʷʩʦʚʨʝʤʝʥʝʤʠʩʪʨʝʤʠʪʩʷʢq = -1,75 Ñ0,25. ʕʪʦʩʦʛʣʘʩʫʝʪʩʷʩʪʝʦʨʠʝʡʂʦʣʤʦʛʦʨʦʚʘ(q = - 5/3).

Ç ʉʨʝʜʥʠʝʯʘʩʪʦʪʳ(0.12 ʤʢʤ-1 < fk <0.2 ʤʢʤ-1): ʪʘʢʞʝʧʦʜʯʠʥʷʝʪʩʷʩʪʝʧʝʥʥʦʤʫʟʘʢʦʥʫ,ʥʦʩʛʦʨʘʟʜʦʙʦʣʝʝʚʳʩʦʢʠʤʢʦʵʬʬʠʮʠʝʥʪʦʤq=-

6,6 Ñ1.3.

Ç ʇʨʦʤʝʞʫʪʦʯʥʘʷʦʙʣʘʩʪʴ(0.2 ʤʢʤ-1 < fk < 0.68 ʤʢʤ-1):ʚʩʧʝʢʪʨʝʥʘʙʣʶʜʘʝʪʩʷʣʦʢʘʣʴʥʘʷʥʝʤʦʥʦʪʦʥʥʦʩʪʴʥʘʤʘʩʰʪʘʙʘʭfk
-1 = 3.9Ñ0.1 ʤʢʤ,

ʢʦʪʦʨʘʷʧʨʦʷʚʣʷʝʪʩʷʪʦʣʴʢʦʚʧʦʟʜʥʠʝʚʨʝʤʝʥʘ(ʪʫʨʙʫʣʝʥʪʥʘʷʬʘʟʘ)ʠʥʝʠʤʝʝʪʪʝʦʨʝʪʠʯʝʩʢʦʛʦʦʙʲʷʩʥʝʥʠʷ.

Ç ɺʳʩʦʢʠʝʯʘʩʪʦʪʳf (ʟʘʧʨʝʜʝʣʦʤʨʘʟʨʝʰʝʥʠʷ,fk > 0.68 ʤʢʤ-1): ʩʧʝʢʪʨʳʩʪʘʥʦʚʷʪʩʷʧʦʯʪʠʦʜʥʦʡʘʤʧʣʠʪʫʜʳʩʰʫʤʘʤʠ. ɼʘʥʥʘʷ

ʦʙʣʘʩʪʴʩʦʦʪʚʝʪʩʪʚʫʝʪʧʨʝʜʝʣʫʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦʨʘʟʨʝʰʝʥʠʷʠʩʧʦʣʴʟʫʝʤʦʡʛʝʦʤʝʪʨʠʠ(~ 1.4 ʤʢʤ).
17

ɺʩʧʝʢʪʨʝʤʦʞʥʦʚʳʜʝʣʠʪʴʯʝʪʳʨʝʟʦʥʳ:

~ f-5/3

Rigon G., et al. Nat Commun 12, 2679 (2021)



ȍʞʌʁʎʆʁШAl (h = 10 ʍʊʍ) 

32 ns

X10 (1270x1270 um2) X20 (635x635 um2)

X10 (1270x1270 um2)

X20 (635x635 um2)
12 ns

ȉɷʅʁʑ:
Å 532 nm
Å 5 ns (square)
Å Flat (FWHM = 250 um)

5.5 TW/cm2

4.7 TW/cm2

ʈʦʩʪʠ ʵʚʦʣʶʮʠʷʩʪʨʫʠʟʘʚʠʩʷʪʦʪ

ʘʤʧʣʠʪʫʜʳ (A) ʠ ʜʣʠʥʚrʦʣʥ(rl)

ʤʦʜʫʣʷʮʠʠ 
A = 0.5 um

l = 2 um

ʅʘʯʘʣʴʥʳʡ ʧʨʦʬʠʣʴ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ SPH
ʄʦʜʝʣʠʨʦʚʘʥʠʝʭʦʨʦʰʦʚʦʩʧʨʦʠʟʚʦʜʠʪ

ʵʢʩʧʝʨʠʤʝʥʪʠ ʜʘʞʝʠʟʤʝʥʝʥʠʝ

ʥʘʧʨʘʚʣʝʥʠʷʩʪʨʫʡʥʘʢʨʘʷʭ

Vx ~ 10-14 ʢʤ/ʩ

S. Yu. Grigoryevet al. // J. Appl. Phys. 
131, 065104 (2022) 
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ʈʦʩʩʠʡʩʢʠʡ XFEL - ʧʨʦʝʢʪ ñʉʠʃʘò(ʉʠʥʭʨʦʪʨʦʥ + ʃʘʟʝʨ) 
(ʇʨʦʪʚʠʥʦ 2021-2033)

[1] Kovalchuk, M.V., Blagov, A.E., Naraikin, O.S. et al. 

Crystallogr. Rep. 67, 676ï683 (2022).
XFEL -> 4 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʪʘʥʮʠʠ ʧʝʨʚʦʡ ʦʯʝʨʝʜʠ (6*): 

Å ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʚʦ ʚʨʝʤʝʥʠ 

Å ʂʦʛʝʨʝʥʪʥʘʷ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ 

Å ʕʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʠ ʜʠʥʘʤʠʢʘ 

Å ɺʝʱʝʩʪʚʦ ʚ ʵʢʩʪʨʝʤʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ

Synchrotron -> 

10 experimental stations of the first stage ( > 40*)

Cost ~ 140 billion RUB
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ʈʦʩʩʠʡʩʢʠʡ XFEL - ʧʨʦʝʢʪ ñʉʠʃʘò(ʉʠʥʭʨʦʪʨʦʥ + ʃʘʟʝʨ) 
(ʇʨʦʪʚʠʥʦ 2021-2033)

[1] Kovalchuk, M.V., Blagov, A.E., Naraikin, O.S. et al. 

Crystallogr. Rep. 67, 676ï683 (2022).
XFEL -> 4 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʪʘʥʮʠʠ ʧʝʨʚʦʡ ʦʯʝʨʝʜʠ (6*): 

Å ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʚʦ ʚʨʝʤʝʥʠ 

Å ʂʦʛʝʨʝʥʪʥʘʷ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʚʠʟʫʘʣʠʟʘʮʠʷ 

Å ʕʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʠ ʜʠʥʘʤʠʢʘ 

Å ɺʝʱʝʩʪʚʦ ʚ ʵʢʩʪʨʝʤʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ

Synchrotron -> 

10 experimental stations of the first stage ( > 40*)

Cost ~ 140 billion RUB
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Pump/probe 
X-ray pulse

Driver
(optical laser )

ʆʞʠʜʘʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʩʪʘʥʮʠʠ ɺʕʢʉ

21

XFEL

ʕʥʝʨʛʠʷ ʬʦʪʦʥʦʚ3-12 ʢʵɺ

ɼʣʠʪʝʣʴʥʦʩʪ<ɹ 50 ʬʩ

ʈʘʟʤʝʨ ʧʫʯʢʘ ʥʘ 

ʤʠʰʝʥʠ

0.1 ʤʢʤ ï 1 ʤʤ

ʏʘʩʪʦʪʘ 1/10 ɻʮ, MHz

ʀʥʪʝʥʩʠʚʥʦʩʪʴ
Ó 1018 ɺʪ/ʩʤ2

ʌʦʪʦʥʦʚ/ʠʤʧʫʣʴʩ
>1011 ʬʦʪ/ʠʤʧʫʣʴʩ

ʄʦʥʦʭʨʦʤʘʪʠʟʘʮʠʷæE/E = 10-3 - 10-5

ʆʧʪʠʯʝʩʢʠʝ ʢʘʥʘʣʳ

ʌʝʤʪʦʩʝʢʫʥʜʥʘʷʣʠʥʠʷ ʅʘʥʦʩʝʢʫʥʜʥʘʷ ʣʠʥʠʷ

l (0,75 ï1,0 ʤʢʤ) (1,0 ï1,1 ʤʢʤ)

E ʜʦ 10 ɼʞ ʜʦ 8000 ɼʞ

I >1020 ɺʪ/ʩʤ2 ʜʦ 1015 ɺʪ/ʩʤ2

t 30-50 ʬʩ 1-10 ʥʩ

n 10 ɻʮ 0.1 ɻʮ

Å "kinetic" 

Å strong electromagnetic fields

Å Nonequilibrium

Å hot (MeV)

Å "thermal" 

Å equilibrium 

Å dense 

Å hot (eV-keV)

ʀʥʜʫʮʠʨʦʚʘʥʥʘʷ ʧʣʘʟʤʘ:

V ~ ʤʤ3, Eimpact > 100 J

(t ~ ʥʩ,  I ~ 1012-1015ɺʪ/ʩʤ2)

V ~ʜʝʩ-ʢʠ ʤʢʤ3, Eimpact ~ ʝʜ. ɼʞ

(t ~ fs, I > 1018 ɺʪ/ʩʤ2)



ɿʘʢʣʶʯʝʥʠʝ

Åʉʧʦʷʚʣʝʥʠʝʤʩʠʥʭʨʦʪʨʦʥʥʳʭʠʩʪʦʯʥʠʢʦʚʥʦʚʦʛʦʧʦʢʦʣʝʥʠʷ(XFEL) ʩʦʟʜʘʶʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʌʠʟʠʢʝɺʳʩʦʢʦʡʇʣʦʪʥʦʩʪʠʕʥʝʨʛʠʠ. ɺʯʘʩʪʥʦʩʪʠ,ʜʣʷ

ʠʩʩʣʝʜʦʚʘʥʠʷʤʘʣʦʢʦʥʪʨʘʩʪʥʳʭ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʚ ʧʣʘʟʤʝ:

Åʬʩ-ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ ʦʪ ʪʘʢʠʭ ʫʩʪʘʥʦʚʦʢ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʦʝ ʚʨʝʤʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ

Åʤʦʥʦʭʨʦʤʘʪʠʯʥʦʩʪʴ, ʚʳʩʦʢʘʷ ʢʦʛʝʨʝʥʪʥʦʩʪʴ ʠ ʷʨʢʦʩʪʴ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʜʠʬʨʘʢʮʠʦʥʥʦ-

ʫʣʫʯʰʝʥʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʲʝʢʪʦʚ ʩ ʤʘʣʳʤʠ ʛʨʘʜʠʝʥʪʘʤʠ ʧʣʦʪʥʦʩʪʠʠʧʦʛʣʘʱʝʥʠʝʤʤʝʥʝʝ1%.

Åʈʘʟʨʘʙʘʪʳʚʘʝʤʳʡʚ ʈʦʩʩʠʠXFEL (ʉʀʃɸ)ʙʫʜʝʪʦʙʣʘʜʘʪʴʧʝʨʝʜʦʚʳʤʠʧʘʨʘʤʝʪʨʘʤʠ,ʥʝ

ʫʩʪʫʧʘʶʱʠʤʠʧʘʨʘʤʝʪʨʘʤʩʫʱʝʩʪʚʫʶʱʠʭʠʩʪʦʯʥʠʢʦʚ.

Åɺʩʦʩʪʘʚʧʝʨʚʦʡʦʯʝʨʝʜʠʩʪʘʥʮʠʠʚʦʡʜʝʪʩʪʘʥʮʠʷʜʣ ʠ̫ʟʫʯʝʥʠʷʚʝʱʝʩʪʚʘʚʵʢʩʪʨʝʤʘʣʴʥʳʭ

ʩʦʩʪʦʷʥʠʷʭ(ɺʕʢʉ). ʉʝʛʦʜʥʷʬʦʨʤʠʨʫʝʪʩʷʢʦʥʬʠʛʫʨʘʮʠʷʠʥʘʫʯʥʘʷʧʨʦʛʨʘʤʤʘʩʪʘʥʮʠʠ.
22

XFELLaser plasma BL Laser plasma BL

XFEL



LiF

 ʜʝʪʝʢʪʦʨ
ʈʃʉʕ

~100 ʤʤ

ʜʝʨʞʘʪʝʣʴ

ʤʠʰʝʥʴ

Å ʈʘʟʨʝʰʝʥʳʤʘʣʦʧʦʛʣʦʱʘʶʱʠʝʩʣʦʠ

ʠʜʝʪʘʣʠʤʠʰʝʥʠʟʘʩʯʝʪʧʨʦʷʚʣʝʥʠʷ

ʬʘʟʦʚʦʛʦʢʦʥʪʨʘʩʪʘʥʘʛʨʘʥʠʮʘʭ.

Å ʈʘʟʣʠʯʠʤʘʛʨʘʥʠʮʘçʚʦʟʜʫʰʥʳʡ

ʧʫʟʳʨïɹ ʧʝʥʘèʩ ʨʘʟʥʠʮʝʡ

ʧʦʛʣʦʱʝʥʠʷʤʝʥʝʝ1%

40x  

x

y

z

10 ʢʵɺ, ~ 10 ʬʩ,

FWHM ~ 600 ʤʢʤ

1 ʠʤʧʫʣʴʩ

23

ʉ8H7Br

 (1.54 ʛ/ʩʤ3)

ʉH-ʧʝʥʘ

 (200 ʤʛ/ʩʤ3)

~
 3

.5
 ʤ
ʤ

p ~120 ʤʢʤ

h ~25 ʤʢʤ

ʉʣʦʡ ʩ ʤʦʜʫʣʷʮʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ

ɸʙʣʷʪʦʨ

ʧʘʨʠʣʝʥ

(ʉ8H8)n

ɻʨʘʥʠʮʘ ʪʨʫʙʢʠ ʠʟ 

ʧʣʘʩʪʤʘʩʩʳ

(1 ʛ/ʩʤ3) 

1270 x 570 ʍʊʍ2

Faenov, A.Y., Pikuz, T.A. et al. Sci Rep 8, 16407 (2018)

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʰʝʥʠ ʜʦ ʚʦʟʜʝʡʩʪʚʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʣʘʟʝʨʘ



ʈʘʟʨʘʙʦʪʢʘ 2D ʤʦʜʝʣʠ ʨʘʟʨʫʰʝʥʠʷ ʘʣʤʘʟʘ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʜʘʨʥʦʡ ʚʦʣʥʳ

ʄʝʪʦʜ ʨʘʩʯʝʪʘ -ɻʠʜʨʦʜʠʥʘʤʠʢʘ ʩʛʣʘʞʝʥʥʳʭ ʯʘʩʪʠʮ (SPH)

ʈʘʟʨʘʙʦʪʢʘ ʤʦʜʝʣʠ: ɸʣʤʘʟ ïʭʨʫʧʢʠʡ ʤʘʪʝʨʠʘʣ, ʨʝʘʢʮʠʷ ʢʦʪʦʨʦʛʦ ʙʣʠʟʢʘ ʢ ʨʝʘʢʮʠʠ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʦʡ ʢʝʨʘʤʠʢʠ.
                                                                                                                             [R.S. McWilliams et al., PRB,81(2010)]

ʄʦʜʝʣʴ ʨʘʟʨʫʰʝʥʠʷ ʢʘʨʙʠʜʦʢʙʦʨʦʚʦʡʢʝʨʘʤʠʢʠ ʧʨʠ ʫʜʘʨʥʦʡ ʥʘʛʨʫʟʢʝ ʨʘʟʨʘʙʦʪʘʥʘ ʚ [S.A. Dyachkov et al., JAP, 124 (2018)] 

ʇʘʨʘʤʝʪʨʳʤʦʜʝʣʠʨʘʟʨʫʰʝʥʠʷʙʳʣʠʦʪʢʘʣʠʙʨʦʚʘʥʳʜʣʘ̫ʣʤʘʟʘ

ʩʠʩʧʦʣʴʟʦʚʘʥʠʝʤʜʘʥʥʳʭVISAR ʦʙʦʜʥʦʦʩʥʦʤʫʜʘʨʥʦʤʩʞʘʪʠʠʚ

ʥʘʧʨʘʚʣʝʥʠʠ<100> [R.S. McWilliams et al., PRB,81(2010)]                   

602 GPa

253 GPa

162 GPa

Shock loaded to ablator reaches interface
 with delay of 2.05 ns   24

h =0.1
si

0 = 50 GPa
si

max = 85 GPa
sf

0 = 5 GPa
sf

max = 10 GPa
C = 0.035

-25

Ablator -diamond
 interface

... 
Ablator
 front

Shock on 
interface

Pf = 5 GPa
Pi = 5 GPa

24



LCLS MEC

2009

SACLA

2011

EuroXFEL 

  HED   2017

Ephoton, keV 2.5 - 25 4 - 20 3 - 25

Epulse, mJ ~ 0.2 mJ 0.5 2.2

tpulse, fs < 10 fs < 10 <10 - 100

XFEL, ʦʩʥʘʱʝʥʥʳʝ ʩʪʘʥʮʠʷʤʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ HEDP

ʇʘʨʘʤʝʪʨʳ ʦʧʪʠʯʝʩʢʠʭ ʠʤʧʫʣʴʩʦʚ

LCLS MEC (2015) SACLA BL2,3 (2018) EuroXFEL HED (2021)

BL2 BL3 ReLaX DiPOLE

800 nm 

(400 nm)

537 nm 800 nm 532 nm 750-850 nm 515 nm

1 J / 5 Hz;

 10 

mJ/120Hz

4 x 15 J / 

7 min

~ 8 J / 

1Hz

10 ï 15 J / 

0.1 Hz

> 3 J / 5& 

10 Hz

50 J /10 

Hz

40 fs 5 ï 35 ns 35 fs 5 ns 30 fs 1 ï 15 

ns

1017 ï 1019 

W/cm2

1011 ï 1013 

W/cm2

~  1021 

W/cm2

1012 ï 1013 

W/cm2

1020 

W/cm2

up to 

1015 

W/cm2

2012  S. Moller, M. Yabashi, S. Hau-Riege (eds.) Proc. of SPIE, 

8504, 85040F Developing a platform for high-resolution PCI 

imaging of high pressure shock waves in matter
ɼʠʥʘʤʠʯʝʩʢʦʝ ʩʞʘʪʠʝ > 1 ʄɹʘʨ 

25

ʇʘʨʘʤʝʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʤʧʫʣʴʩʦʚ

25



LiF

 ʜʝʪʝʢʪʦʨ
ʈʃʉʕ

~100 ʤʤ

ʜʝʨʞʘʪʝʣʴ

ʤʠʰʝʥʴ

Å ʈʘʟʨʝʰʝʥʳʤʘʣʦʧʦʛʣʦʱʘʶʱʠʝʩʣʦʠ

ʠʜʝʪʘʣʠʤʠʰʝʥʠʟʘʩʯʝʪʧʨʦʷʚʣʝʥʠʷ

ʬʘʟʦʚʦʛʦʢʦʥʪʨʘʩʪʘʥʘʛʨʘʥʠʮʘʭ.

Å ʈʘʟʣʠʯʠʤʘʛʨʘʥʠʮʘçʚʦʟʜʫʰʥʳʡ

ʧʫʟʳʨïɹ ʧʝʥʘèʩ ʨʘʟʥʠʮʝʡ

ʧʦʛʣʦʱʝʥʠʷʤʝʥʝʝ1%

40x  

x

y

z

10 ʢʵɺ, ~ 10 ʬʩ,

FWHM ~ 600 ʤʢʤ

1 ʠʤʧʫʣʴʩ

26

ʉ8H7Br

 (1.54 ʛ/ʩʤ3)

ʉH-ʧʝʥʘ

 (200 ʤʛ/ʩʤ3)

~
 3

.5
 ʤ
ʤ

p ~120 ʤʢʤ

h ~25 ʤʢʤ

ʉʣʦʡ ʩ ʤʦʜʫʣʷʮʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ

ɸʙʣʷʪʦʨ

ʧʘʨʠʣʝʥ

(ʉ8H8)n

ɻʨʘʥʠʮʘ ʪʨʫʙʢʠ ʠʟ 

ʧʣʘʩʪʤʘʩʩʳ

(1 ʛ/ʩʤ3) 

1270 x 570 ʍʊʍ2

Faenov, A.Y., Pikuz, T.A. et al. Sci Rep 8, 16407 (2018)

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʰʝʥʠ ʜʦ ʚʦʟʜʝʡʩʪʚʠʷ ʦʧʪʠʯʝʩʢʦʛʦ ʣʘʟʝʨʘ



ʉʨʘʚʥʝʥʠʝ ʩ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷʤʠ ʥʘ 
ʧʦʩʣʝʜʥʝʡ ʩʪʘʜʠʠ ʣʠʥʝʡʥʦʡ ʬʘʟʳ (Flash ʠ Multi)

Ç ʅʘʙʣʶʜʘʝʪʩʷʩʭʦʞʘʷʦʙʱʘʤ̫ʦʨʬʦʣʦʛʠʷʛʨʘʥʠʮʳʨʘʟʜʝʣʘʚ

ʤʦʜʝʣʠʨʦʚʘʥʠʠʠʵʢʩʧʝʨʠʤʝʥʪʝʚʧʣʦʪʴʜʦ50 ʥʩ.

Ç ʈʘʩʯʝʪʳʥʝʤʦʛʫʪʙʳʪʚɹʳʧʦʣʥʝʥʳʜʣʚ̫ʨʝʤʝʥʪʫʨʙʫʣʝʥʪʥʦʡ

ʬʘʟʳ,ʧʦʩʢʦʣʴʢʫʵʪʘʬʘʟʘʥʝʚʦʩʧʨʦʠʟʚʦʜʠʪʩʷʧʨʠ

ʤʦʜʝʣʠʨʦʚʘʥʠʠ.

FLASH  ʤʦʜʝʣʠʨʦʚʘʥʠʝLiF 

ʠʟʦʙʨʘʞʝʥʠʝ

27[122] Robey, H. F. PoP 11, 4123ï4133 (2004).

Ç ʆʩʥʦʚʳʚʘʷʩʴʥʘ ʩʭʦʜʩʪʚʝʨʘʩʯʝʪʦʚʩ

ʵʢʩʧʝʨʠʤʝʥʪʦʤ(ʜʣʣ̫ʠʥʝʡʥʦʡʬʘʟ ʨrʘʟʚʠʪʠʷ

ʅʈʊ)ʠʟʤʦʜʝʣʠʨʦʚʘʥʠʷʙʳʣʠʧʦʣʫʯʝʥʳʦʩʥʦʚʥʳʝ

ʬʠʟʠʯʝʩʢʠʝʧʘʨʘʤʝʪʨʳʩʠʩʪʝʤʳ.

ʇʘʨʘʤʝʪʨʳʩʠʩʪʝʤʳʧʦʣʫʯʝʥʳʜʣ ʢ̫ʦʥʝʯʥʦʡʩʪʘʜʠʠ

ʣʠʥʝʡʥʦʡʬʘʟʳ. ʊʘʢʠʤʦʙʨʘʟʦʤ,ʦʥʠʤʦʛʫʪʙʳʪʴ

ʵʢʩʪʨʘʧʦʣʠʨʦʚʘʥʳʜʣʪ̫ʫʨʙʫʣʝʥʪʦʡʬʘʟʳ.

Rigon G., et al. Nat Commun 12, 2679 (2021).


