|

) <

The University of Osaka
Institutional Knowledge Archive

Tale Nanofocusing of X-ray Free-Electron Lasers Using
Multilayer Kirkpatrick-Baez Mirrors

Author(s) |&, =’

Citation |KFRKZ, 2016, EHIHX

Version Type|VoR

URL https://doi.org/10.18910/55976

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



£ 3
wWmoOoX N ®x oo BF

K 4 ( Jangwoo Kim (& & W) )

Nanofocusing of X-ray Free-Electron Lasers Using Multilayer Kirkpatrick-Baez Mirrors
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The principle aim of this study is to generate an extremely intense X-ray field for exploring nonlinear
phenomena in the hard X-ray regime. To meet this requirement, the usage of an X-ray free—electron laser (XFEL)
and its focusing are critically important. To achieve power densities of around 10% W/cm?, sub—10-nm XFEL
focusing has been developed using a two—stage reflective focusing optical system. This has required
investigations of the fabrication and measurement of mirror substrates with steeply curved surfaces, deposition
of multilayers with high reflectivity and sufficient X-ray irradiation tolerance, and technique for single—shot

measurement of the focused wavefront.

In Chapter 1, the research background and the purpose of this study are introduced

In Chapter 2, fundamentals for reflective X-ray focusing optics are described. Achievable focal spot sizes
by reflective optics, the limitations of total reflection, and the need for multilayer films to overcome their
limitations are described. Then, the existing reflective XFEL focusing optics at SPring—8 Angstrom Compact
free—electron LAser is introduced.

In Chapter 3, in order to fabricate the sub—10—nm focusing mirrors needed for this study, fabrication and
measurement methods of mirror substrates are described. The XFEL sub—10-nm focusing mirrors had steeply curved
surfaces that were difficult to measure using conventional shape—testing methods. The minimum radius of
curvature was a few meters, and the slope range was several dozen milliradians. Furthermore, the required
accuracy, or Rayleigh criterion, of the mirror surface was 1 nm peak-to-valley. A laser autofocus microscope
system was developed to carry out measurements at this level of accuracy, featuring a position correction
mechanism utilizing three heterodyne interferometers. This apparatus successfully measured the surface shape
of sub—10-nm focusing mirrors satisfying the Rayleigh criterion.

In Chapter 4, the developed thin film deposition system to fabricate a Pt/C multilayer and its tolerance
to XFEL irradiation are described. In the XFEL sub—10-nm focusing optical design, the utilization of multilayer
mirrors was considered since the grazing incidence angle was much greater than the critical angle of total
reflection. However, one of the critical requirements of optical elements for XFELs was sufficient tolerance
to intense X-ray irradiation. In order to investigate the feasibility of the Pt/C multilayers, a focused XFEL
was used to provide a sufficiently high intensity. The breakdown threshold value of the Pt/C multilayer was
confirmed to be 0.051 u J/um?, which is sufficiently higher than that under practical conditions.

In Chapter 5, various approaches to the improvement of reflectivity of Pt/C multilayers are described.
Thinning and C-doping of the Pt layer were tested and confirmed to increase the X-ray reflectivity of the
Pt/C multilayer by approximately 10%.

In Chapter 6, XFEL sub—10—-nm focusing optics and focusing strategies are described. To diagnose the focused
state of the XFEL nanobeam, a wavefront measurement method was developed. Using this method, it was confirmed
that phase errors of several radians were caused by the shape error of the multilayer mirror, and the focused
beam size was approximately 10 nm, which is the smallest reported beam size to date in XFEL focusing

In Chapter 7, the conclusions of this study are summarized
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XAREBES L—H— KFEL) [E@WE— 7 i, 2ot — LR, @R SVASEORMEAT 21 TH
D, MPERRMEICNT D RER SRRSO RAD R 75 T T X MWEEEA R S NS b LB SN T\ 5. K
%, RESSETH D68 X SIERIE LT O Z BHAIZ, ZEIE Kirkpatrick-Baez X 7 —% MV 72 XFEL 0 sub—10nm 4
HOEBREZAELIZBOTHY, HFERFFENFRFHABICET L2 EOMAERRE E LD LD THS.

RTHEHEFIIT LR = T = RV R e, KRB, @R, RESESORMEA L, XPEL
DF J EHITHIHTRERME— DN FFEF L E2 5. L L, I T —RERFITBOTL, JFFHIC RO
ERifiZ PV 1 nm % LA 2R E CIERT 2 LN H 5. MEAREE 2 B ATRE 22 I LIE L3 CITEL LTV 5 28,
R BN DRAIBTGIRIC K IS TR AR TR E RIS STV, T o7, #if eI L — Y —BEMeE 2 A 1
VTR —=TWRAL, 20T =T 0ORBEA~T oA CFWEHI L o TH TS A= MUEETE=X —T& 51
WEHUT AT L5 WEL, I T7—HEROAT7 74 o TORKIMAEARICL TS, LT, ZoFHIBREZb LI,
FTEREDHENRET 4 X I=AT v 7ML T 5 & HRIZL TV,

RIT—HFERTTIE, ET~D X ROBARAEN B OBAEMEBZ TBY, 20X REHETHIRK
FEEHFDZDIE, IT—ERCEZBE—T ¢ V7T RERSH S, LL, SPring-8 HDOMERMIHL Y v —
7 EED 10 BHELL L EW XFEL 28 0 546, £ ORSHHRBEIMERP S hic vy, 22T, M X #EKT
FED B DAL/ —Ry (Pt/C) ZBEICIER L, %0 XFEL #EMMEZ ST L T\ 5. KR H Ll
Wi TEM & W 7o fBE R IE 2 3 A L, BAOERICB W CRIA TR S NTFET 52 L 2H LML TN 5.
DT, BN RICHEBEREST DA ROLLN, KERHO Pt BORREICE > TREZ2Z L2 RH L, ZOMkiE
ELTCPtBIZCEZRMNTZ2 ZEZMEL, BEREEDOAN—T v FEH 10%E ET5Z LITHHIL TN D,

N — LA OEMM R EREEIL, XFEL BE— AT 4 LI T —HEHFE &y F LIDREET at-wavelength 39
HMBENH DN, T2 Tk Talbot BHEEZH WL Vo IV L—F o F X BT AR L, ZOFHINCEI LTV,
Z LT, BHZE L7 at-wavelength FHANEIZ L - T, I 7 —FAHR T sub—nm OIRIRFRZEITRIER T 2 e sk A2 D 3¥ Al 2 7]
REIC L, FIFEZI 7 —RBEETORBFBICHLBEAT D LIk > T, HRATHH TR 10 nm 2 XFEL 24635 2 &
WZREE LTV 5.

PLED X 91T, AFRICE XFEL O 2 LI ER DG & M E R I T —WEHE OB EITY, 10 nm OEEERE
FHT D LI, ITHFERFITUBEL R D EREINOMLZIT T2 b DO Th 5. T 2 CHEE L7 XFEL T/ 4308
SRIE, XFEL & AW REE D X B2 OBRBICRKVCERT 2 b0 LIS TR Y, RinSUTRBERF~OHRE
WCHEGTDELEZABKEN. Lo TRMINIMLHCE L Tlifid 2 b D L8 5.




