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Although X'—ray has been discovered by Réntgen 100 years before, there are no
practical and commercially available “X-ray microscopes”. However, developments ‘
of hard X-ray microbeam and its application to scanning microscopy are now in

‘ 'progress at the third generatmn synchrotron light sources and the related institutes.
 The X-ray micro-probes are considered to become one of the key technologles for
- material analyses in near future. The spatial resolution of hard X-ray scanning
lmcroscopy has already approached sub-micrometer region, and some new methods‘
- or microscopy apphcatlons have been developed. Here, the recent progress in hard
- X-ray microscopy and our research at the expenmental station BL-8C of the PF 2.5
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Figure 1. Schematic diagram of contact microscopy
and shadow-projection microscopy.
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Figure 2. Schematic diagram of imaging microscope
and scanning microscope. Optical devices as FZPs or
mirrors are used instead of conventional lenses.

BHE $8EELS (19954)

P O TR TR U CHiEE 7 2 2K
DFEGRTIEAMEE (Imaging Microscopy) &,
FHRFEHOTHCE > 7w A4 7o B —L%230E
W U o a2 ZonEBE T2 stk -
THEA21G2EXOEETEAMEE (Scanning
Microscopy) 3% %, FEZAYBRMIE ISIX X SR AR
TRIL N T B, HXETE, DO
AZfrnT®259 3L A EHB SN THID,
ZOHEHIE, BZ 5 HEXREETRILOHET
DINFEDINS WHFERENEL DORRDTH L WA
LEbNnz,

KX AR DFEBINE RN X AR Y v 757
14 —DNFFRE U TRE TENTH bEREINT
ETWVBY, fiVNEICOICFERTTMEE DONFE R %
WL bDTHD, AHEMIZZIELAEEDS
S0, BRI XARY VT 57 4 —TllibhTH
5 IR B BRI EE % F W 72 Schwarzschild Y
Thb, BEDOHTIE, ZEROXFHEORGED
H-T, MXKOPTHRE 100 A LLE O
ARIZRoNTH D, EYISHEZEE Uik X
HREATYEE TEYE water-window (A ~20-40 A)
LhEV, UMLEH S water-window 5RIE COE
AL EEIREORE bEA SN THB D, K
13 Z DIREETEAGEE R % O 7o BRI A3 F]
BEICIE 200 b LT,

3.3 ZRREBE
=IRouBEED RIRE I ik & LT, CT, X7V
AHFE, ROBROTTT 4 —=0H b, BKXERKo
7574 —TRITEDH 5HEGREBIHING S
237, BB KT DBHED AP ThN TN 5,
N XA I 74 =Tl (KX#TH-T
b) EENEORBITHES BB LN TERS A RO
SR EREEIHEYST2H0) 2B, 20
FETCRHERTBRIGHEI RO D)6 TH B, —fik
WZBEEE IZ B AR EEE O EEEREREED @
Bafkid, IEAZHOVT

.._4__



BatE E8EE4L4F (19954#)

D~kx8x(6/4),

THREIND, ZITRITNEFERTHRD SN HEH
ThHh, TB1OA—5—Th b, PlZIEA >0
-V MNBHOb &, MEBOONERT %
O AEBIIEIME OB k~1.6 TH B, T2
TG =100nm, A =20A%{RET 5L D~8um
THD, 2=2ATED~80umiZi %, TN
RS ZWIZFHT 28T, A7 VA
% (Stereo-imaging) ° CTHA[fEE 5 5,

AT VAR, F3 5 A0 6 X el
AR EE 5 Z Eizdk » TAROHOHZEIEY
5 _ROEBRERE T 52FE (VbW BIKE
H) ThHa, S BBmEE” ™ LIk X %S4
e A LTV B,

CT IRz Bz s & T2 HD AR & ¥
A LTI & - THREINOWES (R
BN R 5 A 2 LWt DBig) =BT 5 F
HETH D, FERZWIHO CT OZE MRS
ImmBETH D, BHAEEOHEEICIEEL TV
o fo. WEDEEFIE Ucm RN MEECT (X-
ray Tomographic Microscopy ¢ {3 X-ray Micro-
tomography & FHIN 2HRIZIE > TE TV 5) DBl
FEIE NSLS®, SSRL¥*% pE %9 kg iz
HLNTWD, EIZSROFATHEAFIFHLT, &%
RIS RRE DB S %2 H W C CTRD e %]
LEEEBHETHED, BEBEIFNKRT T v
ICETTHER U TR LA 18] L X 2 7k bidd 5
nNTHW39, HEDIHNE L LTEET Iy
A EEEMEI OPIEREIEE 2, PRBNE O MAN
GOBIEE® MNp b, BAONHEIEICHS
NTOBHLH 5, BHRD CT DOMREEIZ R 5 A
AN TR I0um A FISELTHAEN®, 20 b
J A b EES/MELLDORT, ZOHEDAT A
ARSI EB 1004 mIEEIZ I > TV B, =Rt
LT, B/DEHEHEAL (boxel : Box Element) 17
um X 17um X 17umDEED b - & HEZERD
fRRED CT L7825 TW %%,

393

CT b EHEET I BRSSO R S BRI &
BAINCIEFRIUTH B, LIcd'> T, DFEERA
EHENERRO K& S EFD T SICHkT 5445
R EIMESOMESRRES L 07 LAJUVERTT
FIPRIN A Z L1278 %, R CTDGAIEEE D]
PR ERMN D B 7o0lz, BE S i @It %
IS 2 2 EDEEL BT ORENIRE 1
D, FEBRTOREICE T 5 EHPET b
Rk WA 5 57, ERIZ lum I FO%E
FAoRRE 2B DI D CT T:ERR T % DIEAATRE
itWEEZ onb, JORFEZRRY 5 algEH:
BHEHFHEE LT, CTIZB 5i%EE% Gaborkl
Aol S LERELUT—E RO T 74 —DHIE
HAZFBEE ETiTY, HAEUKHEBZ CTO pro-
jection & UTHUEN » T CT OEGEMEREZITOH
ENEZ OND. ZDOHEEHTOREIRHIK
VIR XARE TR EICEA o TH B,

3.4 EEDXIRIEME

INSDOHFEH LT, X FEEROBMEET
A L o o X R E — s UTEERE oty
WER L TBRAE 2 ERRBEMEN TR TH 5,
AR EE LT — L2 BT 2 0EER
XARERMEE DR A b H B0, 1F L AL OY&I
AR BRI I ZIROGEE T 2 AEMED N T
%, FEWMBAMIEARSEGIORE, FERIME L
g U2ciid, RO LI BRENEA NS,
(DRSNS T EARICER XA RN T 2
R THLOI LT, EERBIMEETIE T IKE
F, VInxveUX, B, RS, EEXER B
BLX R, HEXIRFOL  DIESENALK 5,
(2)Z DFEER, WRD XERDTEN & lAEE /5
HrERMEEETI I 5,
@B)wA 7 ot — LDIRBAEZEE LT, X#RE
ric & 2RISR, EXAFS H0O 9 ENTFE,
HHE XTI & BHEBTTRDTED XD T
o, JRPOREMEESTTS S
KD, RCEEAIZE<A 7 oE—LERHWS

-5 —



354

ek oT, BIRARY MVAIE (u-XAFS)
Do, HHIRSE AR OREI R TBLD & % R
SEH DA CEARE DT ASFIREIZ L B

@R FIT U Tidih EOEIEHRE T TR
{, HEEROBEMEITERINS K O REVHE
TORBEMNPERINIE D,  OFEEEERT
T A HBENKE L5,

ZOKME, Ee LTRUTO LSBT EES
5Nb,

(DRI E V. & AR UESRETH -7
ELTH, BB OB 12 ER IC B ISR 72
BTN AR TARITH 5, 7 OFER, RfEiZE(L
DH BHROBENITHE X I, F A HFREDZE
PEHANZIE Blcdiz, XUV —HF =PI X< X
RIROREIL IR LR OIERN T T v & 2 TIDN
LDy F 27BN,

QB OB S EE 2T O AT, HIEOEVE
BOBENH L <, FABEEICEET 2 B8 0D
%o

@I b — L v MIONENPVETSH 5, I
i, BEHROELI v ¥R VTD 5O
FETHEE X BB TIOHRO LI v ¥ Y ADIED
DXBOBEBELI vy v AXDKEVDT, RV
v MOV R— VORI ZER 7 4 V& 2RI LT
Moz -V MSESAETI DB LUTES
2, ZORHIT, 3 k—L 2 REHOMKEED
VRS A GRS I LR TR T &
3 XEHEENE K-> TLESDT, Y rab
0 R OB SRS X BRIROFIRANARIR T H
%o

3.5 XBREMBECLHEIZERIVFSZX b

B X $R T 2 I ORI Tl @ik
I (XEBOBE) Ta v IR T SATY
%o BEXARGEROEEMBMEE T, FITHET
SO O R TtB Rk TR 2 80t
X RO T 2 FHENIL N T 5,
/o, [ XEREFIHT2FELES SN TV S,

Bt F8HELS (1995%F)

L LIEDs 2hlfbicd, RIRTERictE A
KAV MIAMNPEBLOND, BIFE, XAREAMEE
TRALNTVE LD E LTRUTOL S B FiE
NH b

(1318 X Hposi

WHO X FEAMEETHEON TS b - & b—f
g2 v X MNTH 5B,

()HE XFRART ML

SSDEED L 3 )LF — B D X iR gs2 H L
TERED S E N 806 (RitE) XEROANRS K
VEHELT, RO EEEZET 5FET
H 5o KON UTid H BRI O FHIE A
LU EEBATTIZIBEANE 0D, fD O &
THEITTRITKTT 2B O AT X fERTY
PMESETRIBLCFHINTHEY, Fi, K
D U A SR 1 2 S50 X RO B A FIF
TEHHELRA LN TV B, BllERE N
HOE X AROFEEBIR = 2R, EHEE
B OB EIE TR O =R D MmOFH b AlfET
Hbo FHITHIE XFRANT MLEEDERETIE
FIE, BOEXBIEDY I ALY T M oAb
REDOHBN L ARETH 2T THE, 50LZ
AUHERA~ OISO & 9 TH 5,
(3B X FROAIHE

Incident X-rays
(Wavelength and/or Polarization)

Fluorescent X-rays
(Intensity and/or Angular distribution)

A 1.’
, * Diffraction and/or

Ao Scattering
.
Photo-emission Specimen
A0
Reflection and/or
Ag Refraction

Transmitted X-rays ¥
(Intensity, Phase and/or Polarization)
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Figure 5. An example of optical systems for X-ray microbeam with Fresnel

zone plate®’.
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Figure 6. Focusing by single spherical mirror in the grazing incidence

condition.
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Figure 7. Schematic view of Kirkpatrick-Baez optics.
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Table 1 Parameters of Elliptical Mirrors

: First Mirror (M1)  Second Mirror (M2)
Major Axis of Ellipse . 28045mm 28045mm

Minor Axis of Ellipse ~ 75mm : ~53mm
Eccentricity (¢) * 1-36X10° 1-18% 107
ro* 10.096 X 10" mm  5.048 X 10~*mm
Mirror Length : 30mm 30mm
Average Glancing Angle ; 3mrad 3rﬁrad
Average Focal Length k 30mm 60mm
Nominal Magnification (a / b) 1/466 1/934
. Convergent Angle of F(‘)cused Beam 1.51mrad 3,47mrad
(full width) |
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Figure 10. Profiles of the SR X-ray source measured :
is 0.95A, and the storage current is 300mA. :

AT OHETHIEORE I ZAE Ul R e Rd Figure 11. Spot diagram obtained using the optical
. w L . e system in Fig. 1 and Table I. A rectangular light
DS, FIEIFFESAY AW TH D, REIE source, 0.92mm (Vertically) X 2.8mm (horizontally),

2.8mm GKEHED) X 0.92mm (FEEA]) T - is assumed to simplify the calculation.
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Figure 13. Intensity of the focused X-ray beam
normalized by ring current.

IR HEIC, WE23AT48um X 3.4um
(FWHM{E) TH 7o T DOEIZIFITFHRMEICEE
L, ELWEBTTORTOWAZ &R LTH
%o

HHE— LD, RIBIRTERZ) v 70D
LW 300mA D5 1.2 A-2.0 A DI EILT
#14 X 10%cps TH b, EABERETP ) CHED
AREIBRE S SN TNV B, 5 2.3A TlREMIC
E— LS > TW0AED, ThidE—L4F
A VEMERKDRNIZ LR bDTH B, il
523 A TR OBREN M ENIERTRD b1

TVWABD, E—LY A IR 4I28T L DI
BAKIFHRH D, 21 =12ATI37um (KFE) x

um (HEH) ITFEFTHELL TV, ZDFRKIGIE
SED EIFH > TORND, BZ5L I35 —-DFK
flEick b EHEENS,

XERBEE: 2.3 ATIREE E — L4 o XTUATTE
50K%é&%$$f%@éﬂfbéoibﬂ$
BENE = L AAKT B /cdIid E R — VT
E#H@tﬁ%mé<bmwnm@emmo:@
By B — LB ORI KE VD, JLFERT DR
fRAEPRAZTEN D 5 HINT, E—LT A vikth
(e 5 10.8m EiR) WWHRA L E vk —Ib

Bt HE8EFLE (19954%)

15 15
Horizontal Vertical
€
~ 10 —10- -
[
N
0
°
a
)
5/5 —
O vt v vt o JOo e v b
23 20 15 1223 20 15 12

Wavelength (A)

Figure 14. X-ray wavelength dependence of focused
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knife-edge scan. A pin-hole with 100y m-diameter
installed between the SR source and the crystal
monochromator is used as a pseudo-source point. The
X-ray wavelength is 2. 3A.
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Figure 16. Scanning X-ray microscope images of the
resolution test pattern. (a) 1.0~ m line and 1.0-xm
space. (b) 0.8-xm line and 0.8-xm space. (c) 0.6-
wm line and 0.6- ¢ m space.
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Figure 17. Modulation transfer function (MTF) of the
focused beam derived from a series of line scan of the
resolution test patterns. The MTF value at 0.5 m line
/space (1.0 m period) is about 4%.



366

75— 7 CHEE Uc® F Va4 B W TN
HIE D FEERZ1T - 7o—P 2R, kDN T%
filith g~ 2720z, F8 X A2 U TRINRES
HEARROIGE (R18b) &HUE X fRaiH Uit
B (K18 c¢) OMEZAA 7o, T I TIEEOE XER
BHBELTNaA Y v FL—varvhy vyl
-2 TW3, &I THMHELSFED NNy 7759 VK
BT 5 e D IR ESEE VTV S,
BICHRICHT 2 R Tl EE XM BN T
WBD, V¥ KA v 0HORINESEORREA%
B 5E, REVSSIEESVEGEOEENTIE
BIRZENTEPMEN TS, EBIZK18b LK 18
CAFRUTHIRT 2 &, 30t XERHEE Tl £
vV aDEILEBT—F T 77 "B BT EHH
5o

5.6 #HEEINEOEEZIL

K19 B Si Y 2/ v~ FED GaAs N7 LE
s+ VE (B 2um) Z2EFLVEBEL
T, HE&ED S O XfRe it 4 AT MR
757 4 =k B TFIES PR OB K
B X SRR 1T & 2 IR O AT % i A 7o fS
Baind, HEERERD SO ERt T 51
&, TakFAR 2L E S SR AT

Figure 18. Elemental mapping of the test sample. (a) Transmission image at
an X-ray energy of 7.132 keV. (b) Subtraction image (Fe mapping). A pair of
images at 7.132 keV and at 7.100keV are measured by the transmission
method. (¢)Subtraction image (Fe mapping). A pair of images at 7.132 keV
and at 7.100 keV are measured by the fluorescent X-ray detection method.
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Figure 19. Scanning X-ray microscopic image of a
GaAs epitaxial film on a Si(100) substrate. (a)
Diffraction image, A=1.5454, lattice: GaAs (531). (b)
Diffraction image, A =1.484A, lattice plane: Si (531).
(¢) Elemental mapping of Ga measured by Ga Ka
fluorescent X-ray detection. (d) Mapping of As by As
Ka X-rays.
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Figure 20. The iron K-absorption spectra of reference
compounds. The absorption spectra of Fe, FeO, Fe,Q,,
a-Fe,0O; and ferritin are measured by the trans-
mission mode. The absorption spectra of 7 -Fe, Qs is
measured by the fluorescent X-ray detection method.
The number of data points for each spectra is 512, and
the signal integration time for each point is 2s. The
smooth pre-edge background is subtracted, and the
absorption coefficient is normalized at its peak to
compensate for the differences in sample thickness.
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Figure 21. Chemical state imaging of the test sample. Mapping of a specific
chemical state of iron compounds is obtained as the linear combination of
images measured at different X-ray energies: 7.100 keV, 7.114keV and
7.128keV. (a) Mapping of total iron, (b) Fe metal, (c) Fe;O,.
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(a) )

Figure 22. Scanning XRM image of teeth of
Oreochromis nilotics. (a) transmission image at
hv=7.138keV, (b) iron distribution obtained by
fluorescent X-ray detection. Back ground signals due
to scattered X-rays and fluorescent X-rays from other
elements are eliminated by absorption-edge subtrac-
tion of the two images at 7.105keV and at 7.138keV
(below and above the Fe K-absorption edge). 512 X
512 pixel data are taken at 5y m steps and 20 ms dwell
time.
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Figure 23. The X-ray absorption spectra of iron. Solid
line: iron compound contained in the enameloid of
teeth of Oreochromis nilotics. 512 points of data were
taken at 10s dwell time. Dotted line: ferritin. Two
spectra are identical.
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Figure 24. Experimental setup for dark-field imaging.
A movable beam stop is used for selecting angular
region of scattering.
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(a)

Figure 25. A scanning X-ray microscopic images of a copper grid mesh
(#400). (a) Dark-field image. X-rays deflected to the right-hand side
areselected by beam stop. (b) Dark-field image. The beam stop is set in a
reversed position. (c) Transmission (bright-field) image. A =1.75A.
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