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10722 W/cm™2 7x 7 nm XFEL X
1s

Using a newly developed XFEL beam focused to 7x 7 nm with a peak intensity
of 10722 W/cm~2, we performed a study for exploring nonlinear X-ray optical phenomena. As a result,
we demonstrated the formation of a "fully ionized" state in chromium, in which all electrons were
strongly photo-excited. Furthermore, in molybdenum, we achieved the first observation of a hard
X-ray three-photon absorption, where three photons simultaneously interacted with a 1s electron.



¥ X C—19. F—19—1, Z—19 (@)

1. WFEBAAR S WO 5

HAD X #H HET L —W —X-ray free-electron laser: XFEL)fiiz% T %5 SACLA(SPring-8
Angstrom Compact Free-electron Laser)|Z3\ T, 7X7 F ./ A— hbnm) DFREEREN & Z 1
IZfE 9 1022 Wem2 O B — 7 SREEDSERL S U7z, Z O#EE#RE XFEL (12 X » CERAHE SN D
BB D —IZ X BOIERIENFENH D, TNETITIERO E— 7 BEIC L - T, X #ReHE
O A BRI W R A 2 EMFEIES N T E 120, T SITMRRIERIE B G D JLpE 73
BlIRIZHH E > T, KV SRR XFEL # W2 2 & T, IERIEILTT A ZA~DIEHH
T2 7R X MR IERIE R~ DIENRIT 5 E s T& 5.

LML G, EEOIEBRELFEZERICEB N TUIW L ODRBHOYEUICEE T I LERH
%. 7 nm £ XFEL TlX, WRIRENSRENSENRAR Y SPITIHEET DR 75ER Cu 0
A 8.3x106 ) X v ¥, 3HTLL LS\ ET-50(3.4x1010 {E)AY 1 -2 XFEL 7L AN TRllhz i
SND. ZOXD e XHOETF OB S DJRFRETIE, #EE s LW ) BV UL ZIRNT
b, EEOFEE BN SN D Z ERTHEIN, ZHE TOWDIXFR L EREDG
BT, ZEMEREOGRBR T « A A Z5HT 52 LITHSET 5. 29 LIEFRRRE IR
HEIE 1022 W/em2 O B — 7 BE THIO CER{L L T 2MBETH Y, B TITTX HRIFIBIFEL
RN EDND, TNETRETChHoTBERTHEE X L — - TEx 28R %, i
WA LT L TS LERSH 5.

2. e EM

AHFGEO BIL, 7X7 nm £ XFEL Z28H7 5 2 & T, ZEMEIRER T - 5 T O%
e XML TRINAREIND XBERIFE A TFREZYBN TS 2 L2hH D, 20D
IZE9, 9.1keV @ 7 nm ¢ XFEL 12 X » CTE%E 1 Z bt il RE /R~ H L B4 8 & X R ICE B
JECIRIEZ AR L, 028t XD EHEREZ T 5. 725, Tom #£5% XFEL T
HERE LT REFIRREARET D, ZORMBICH ST, BTSRRI NS X HE
SO IR IEFIE A FBLG DBLR~1A) ) 7= B 2 I ET 5.

3. WD kL

AWFFETIE 7X7 nm #£Y XFEL ZHW 7z, (DCr(7 7 2)OZERECIREOHE, BLO
2Mo(E U 7T NZEBT D2 TWIEG OB, #EhL7-. L 72 5B ERITAERD
g & EREEREMERICH S, IERE LT, (DTIE Cr MERENS DEE X 4,
HAPG(Highly annealed pyrolytic graphite) 5t & F\V 7z A7 k1 A — X T CE D FREIZER
3 L72. (2) Tt Mo i B> & OfT5 72 = J6 TR 3 X #k %, B— Y6 7-at 55 F® CCD(charged
coupled device)ff g5 2 N CIANIARA « W ICHEI L 7. REMERLZSOWTC, AU A K7
A IV N F T2 BRI DRI TORFF S D88 - SRB R L A 2B L, D7 4 v Ak
IZ~x 7R b r ARy ZIEIC TR 2 a3 2 Rk 2 i L.

4. WFIEERS
(1) Cr(Z7 1 1) D% Ephkd IR RE DRI E

—fIZ Cr @ K W & Ka #0t X e 2L X — 32T 5.898keV & 5.415keV TH 5.
X, ETOETFHIHioT- CrJ] 7Tl KRB FiEIZ 5.898 keV D= R VX —NMETH
D, K#kLBEOWENT RLF—EN 5415 keV ITHYS T 5 2 & Zord. BRZ2RA L T- 5 5
DT 2 XFEL # W H6121E, BEOFEE TP s sd. H5o K- L&kET
DIFFE L 72\ Cr A A RBETIX, = D05 HEM398 £ 2 72 IR X O X e v
X—NEERMA~ 7 FT 52N TREND. Tam £ XFEL % Cr IZBRE L, ST R/LX
—REREIC CHOE X MRAENIET D2 LT, ZEEIREZETZHORNE—7 ZRET D2
ERTED., T7bb, Tnm ) XFEL CTHEME S T _REEREAZIRET H I ENTE S,

FEBRIT SACLA @ EHd4c (2 CTHEf L, MEICBEHRE L 7 nm £V AT AOFREE T -
2, ¥ 7R R ARy ZIETER LT 2 um JEO Cr #EFEHZ XFEL # B L7-. S£re—
LOEMIREGRI 2 um) 2B E L, EAAE IR L T-19~20 pm OEEOT 7 4 — 7 A LM T
HEEIT- 2.

BT ERICEE L7 HAPG 222 b XA —Z | TCHEAS L2t X oA 11oRT. EiR
WTEFIZ CHUS L7z a3 XA TIES B0 e— 7 BIEE S, 7512 5.932keV B8 LTV 7.017
keV IZBWT, RV EFN 1O LMEELRVKFER Cr23 4 T N DJFEFHRALT hL T
A~ U E ST, IOICRDBBERESNEGT 7 4 —5 A 0um) TliT Ly SR E—
I LTNWD ZENSID . ZHUTETOBET AR S, SEEMIC K D3Ot HEL
L2t 2FL, HoFEFRE T522EHE NECTEZZ N5, iEkETo XFEL #E



TIHBR SN2 > T-8%TH v, Tnm £t XFEL TIXIRZIRETFRIENE L 5 2 L BB 50
272577, AREGRIE XFEL @ 7 nm £ RED Y & &8 T, Nature Photonics 550 2024
FT7H %K%%‘Zéﬂf:.

(2) Mo(E Y 7T NZHT D2 T RIS DO ELH

(1)@%*5'&& v, 7 nm £ XFEL OB TR TN O L5 OE %wﬁbténé &M

ot BRI EREBII VD XBOKX =3 F—(9.1 keV) &, JTH| lfj(m’ F
mi*w% @%M iof&ié&mbmé IO, ZIETWIN OB WA A
b X —DEW Mo & V7= Mo 1Z KA 4 b=k /¥ —23 20 keV TH D , 1;%@ 9.1keV
® 7 nm F£t XFEL TIiX K#® 1s a@%%ﬁ:ﬁbtf%f@b\ —J7 T, ZHTNIFEKFZ 1s BB ICH
HERT 2 &AFF 27. 3keV YO = R X —IZ XA HERINSEZ Y, fHEFRE L TEt X
BRNFAET D, KFBIZBIT D IATIGERE R DAME LB R 2 =i 5 &, Mo @ =11k
IR EFEDS 10100 cmb 24— X —Th->72HETH, 102 Wem2 ERB LI SACLAD 7 7 =
A R (Es) v 2 gD XFEL % AW, /\0/1/7\ 72V 1Z 10~100 photon D753 725k HIEKE 35
LD T LRI L.

FEHRIEX SACLA @ EH4c IZCHEM L, MBI L 7 nm £ AT LOFRE AT > 1%
12, v 7% ha ARy ZETHERL 72 1.5 pm JE O Mo #ifEEHZ XFEL 2 WS L7-. #%o
T A —HAFMEEEE LN LEN X METEL, BN IEAT MLO ASRERTE
Pa7ray N7 7 7%K 2 1RT. AFRED 3 izt L CHAKREI L TWD Z &3y
MAh. TN ERFEFESICIVEESTERRTHLZEE2ERTIHETHY, # X BO=HFRIN
DOUBANTELEY LT, 5 SRR D S 1% Mo & = 6 F-IRIRMrEfE & LT, 9.01x109 ~
2.66x1098cmbs2 SRS LN TWD. BIfE, KV B =Y FWRINETRFE DY E D 7= 12, Mo
D BARE 72 ihiEL IR RE fi’?&ﬂiﬁ‘éfﬁ%unﬂﬁr%%%ﬁmb’@\

52 HIEXBRD T RILF—(keV) 71
-

N
o

TI74—hR (um)
o 1

Ly@ﬂ Ly@ﬂ

Lya#R & K9 5 LyBIREFENT S

Cr24 4 DETIL Cr3 44 DETIL

1. Cr b0t X REHARE R & Ly S A7 M VIZxhind 2 BHEIRREED T L [X].

4
\ MW

=Y 4
=" ﬁ' p@‘& AT LT —
o B

100 4 Q B

102 4 y_lo 642

Fluorescence (photons/pulse)

=
0

Mo 1.5 um3&

107!

3x 102 4x 102 " ex10% ' 102
Intensity (W/cm~™2)

2. LTFWRIR ISR AT D H0E X RO AGSTREL KA.



7 6 4 3

Huang Lei Wang Tianyi Yamada Jumpei Rebuffi Luca Austin Corey Choi Heejoo Kang Hyukmo 32
Negi Vipender Kim Daewook Idir Mourad
Manufacturability-based optical design optimization for advanced Kirkpatrick- Baez X-ray 2024

focusing mirrors

Optics Express

25755 25755

DOl
10.1364/0E.529965

Inoue Ichiro Sato Takahiro Robles River Seaberg Matthew H. Sun Yanwen Zhu Diling Yabashi 12

Makina Marinelli Agostino Yamada Jumpei et al.

Nanofocused attosecond hard x-ray free-electron laser with intensity exceeding 10719 W/cm"2 2025

Optica 309 309
DOl

10.1364/0PTICA.554954

Yamada Jumpei Matsuyama Satoshi Inoue Ichiro Osaka Taito Inoue Takato Nakamura Nami 18

Tanaka Yuto [Inubushi Yuichi Yabuuchi Toshinori Tono Kensuke Tamasaku Kenji Yumoto

Hirokatsu Koyama Takahisa Ohashi Haruhiko Yabashi Makina Yamauchi Kazuto

Extreme focusing of hard X-ray free-electron laser pulses enables 7 nm focus width and 10722 W 2024

cm\2 intensity

Nature Photonics 685 690
DOl

10.1038/s41566-024-01411-4

Inoue Ichiro Yamada Jumpei Kapcia Konrad J. Stransky Michal Tkachenko Victor Jurek 131

Zoltan Inoue Takato Osaka Taito Inubushi Yuichi Ito Atsuki Tanaka Yuto Matsuyama

Satoshi Yamauchi Kazuto Yabashi Makina Ziaja Beata

Femtosecond Reduction of Atomic Scattering Factors Triggered by Intense X-Ray Pulse 2023

Physical Review Letters

DOl
10.1103/PhysRevLett.131.163201




35 7 17

J. Yamada

Ultra-intense XFEL 7 nm focusing with advanced KB mirror

16th International Conference on X-Ray Microscopy (XRM2024)

2024

J. Yamada

Ultra-intense sub-10 nm focusing at a hard X-ray FEL

15th International Conference on Synchrotron Radiation Instrumentation (SR12024)

2024
7 nm X FEL
38
2025
XFEL
38

2025




XFEL

2025

2025

J. Yamada

Advanced Mirror-Based Optics for Hard X-Ray Focusing and Imaging Applications

Gordon Research Conference: X-ray Science

2023

J. Yamada

XFEL sub-10 nm focusing with 10722 W/cm"2 intensity: wavefront corrected mirror and focus characterization

PhotonMEADOW23: PhotonDiag 2023 & MEtrology, Astronomy, Diagnostics and Optics Workshop

2023

J. Yamada

Sub-10 nm focusing of hard X-ray free-electron laser for reaching 10722 W/cm"2 intensity

The International Conference on Optical and Photonic Engineering (icOPEN) 2023

2023




J. Yamada

Ultra-intense hard X-ray FEL with sub-10 nm focusing

13th Ringberg Workshop: Science with FELs

2024

J. Yamada, T. Inoue, S. Matsuyama, N. Nakamura, Y. Tanaka, A. Ito, K. Shioi, T. Osaka, I. Inoue, Y. Inubushi, Y. Sano, M.
Yabashi, and K. Yamauchi

Design, fabrication, and implementation of XFEL sub-10 nm focusing mirrors

International Conference on X-ray Optics and Applications (XOPT2023)

2023

37

2024

A. Ito, J. Yamada, Y. Tanaka, K. Shioi, S. Matsuyama, T. Inoue, I. Inoue, T. Osaka, Y. Inubushi, M. Yabashi, T. Ishikawa,
and K. Yamauchi

Direct focus characterization of sub-10 nm XFEL using speckle patterns from random nanoparticles

International Conference on X-ray Optics and Applications (XOPT2023)

2023




A. Ito, J. Yamada, Y. Tanaka, K. Shioi, I. Inoue, T. Osaka, G. Yamaguchi, Y. Inubushi, M. Yabashi and K. Yamauchi

Determination of astigmatism in XFEL sub-10 nm focusing system using speckle patterns from random nanoparticles

PhotonMEADOW23: PhotonDiag 2023 & MEtrology, Astronomy, Diagnostics and Optics Workshop

2023

XFEL sub-10 nm

2023

2023

XFEL sub-10nm

2023

2023

X XFEL 7 nm

37

2024




sub-10 nm

XFEL Pulse-to-pulse

37

2024

X 7 nm
https://resou.osaka-u.ac.jp/ja/research/2024/20240315_2

Brookhaven National
Laboratory

SLAC National Accelerator
Laboratory

Stanford PULSE Institute

Center for Free-Electron
Laser Science

European XFEL GmbH




