146

WEE FE16EEIS

1.

FL&IC

B X AROIARZE B RBEIC & B R AR RSO O Bl %%

O, BULEETY, BrREGLL, YRS,
HOCHE AT, ARIEREE, ROFEEGE, MBS
RS TR RFBEERSHIIER Y, BRI S 7 —, SRR e i 2 —

Hard X-ray Phase-Contrast Microscopy for Observing Biological Specimens

Yasushi KAGOSHIMA', Yoshiyuki YOKOYAMA!, Toshihiro NIIMI', Takashi IBUKI!,
Yoshiyuki TSUSAKA!, Junji MATSUI!, Kengo TAKAI? and Masataka AINO3
'Graduate School of Science, Himeji Institute of Technology, 2Japan Synchrotron Radiation Research Institute,
3Hyogo Prefectural Agricultural Institute

Abstract

Phase-contrast hard X-ray microscopy of Zernike’s method for observing transparent biological specimens is described
in both terms of theory and experiments. According to theoretical calculation, an image contrast as high as 1% may be ex-
pected even for a very thin protein structure of a 100 nm thickness in a water background at such high photon energy as 10
keV, although the absorption contrast is almost zero. Further, the phase-contrast hard X-ray microscopy requires smaller
dosage necessary to image the protein structure in the water background than the dosage required by the absorption-con-
trast soft X-ray microscopy when the water background thickness becomes thicker than approximately 14 um. We have
constructed a phase-contrast microscope using Fresnel zone plates as X-ray lenses at BL24XU of SPring-8 and succeeded
in imaging transparent biological specimens with a spatial resolution of approximately 500 nm. We have also succeeded in
obtaining positive- and negative-contrast images in the reverse contrast with phase plates to shift the phase by one-quarter
and three-quarters of a period. These results demonstrate that the phase-contrast hard X-ray microscopy may open a way
to observe fine structures of thick biological specimens in their natural living state.
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Figure 1. Principles of Zernike’s phase contrast method.
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Figure 2. Case when a sample with the thickness of ¢ and the linear
absorption coefficient of u exists in a uniform background with the
thickness of 7, and the linear absorption coefficient of .

L% SIT, mA1THES "+ OMpRYT 7

WA H15%5 35 (2002)

VETAMCHIGT S BT p IR ZEIRL T %,
Figure 2 IC7~ 9 L D1, ARAWEZL Ny 775/ F
IS A5G, (DROBOBEITKRKNITRT LDI1Ck
D —ipERIcEER—ZON S,

_mb,
Iy=e it D-ut.g 5 i

by,
I = mth=t-ut, |:2{1 —cos (p—¢) }+e &

gy
+2sin (p—¢,) e 20 :| 7

(DADPS, WEENy 775/ FHICABPEET 58
FOBROAV I AL G52 AR, K bnb,

aVESALN, m=3THEN “=7 OB TT 4+ 7
=1
Q_T+E

by by
e*ut[z{l—cos (p—¢p)t+e & +2sin (p—¢,) e 2% :|—e’”h‘-e 5

oy

_mby by L
e"”|:2{1—cos (p—p) t+e & £2sin (p—¢y) e 2 :|+e"‘”f-e %

(®)

51T,
27
¢_¢b:7 (6—06,) 11, uikl
EARE T (8) AT A LRI

b,

(upt—pt) e 20" +2(¢p—,) (1—put)

CI;Z (9)

b,

Q—ut—ut)-e 2 +2(¢p—¢;,) 1—put)

b B, WX TRBFERFPOHEITLHFKAR »BLET 5
K, COMREFSE K DBFBER VLD, HIEHE VR
ECORERE DAL WEBEIT @) R e x0T E# 21T
v, 8), RPN L LI, WEENNv 775
VEHRICRERPEET 2B 50ROV S ANENy 7
TS5V EDEILICEB W, - T, FlziEKkpO4E
HREOBETZKOESZaAVFFATFCEBLENS &
WD, COZEREXBrHWARERAY v Ek
Do

Wi, ERREOBZELRHHREL T, Enbwvwoay
FSAFBEONDPEIEL /P E R, Figure 3 (3K
FFI2100 nm RO X VR BT A L 2L S

BOA/ S AN BHBE LR TH D, MHEGRDa Y
FSAF RYFsTavbsAr AT+ TaVES
AF) AR, BIRaV S5 A N AR L 7,
MR OMBEE 2 2 e L, I3V F —H#iF TR
DOEIHMHE /2 (RYF 1+ 7av bS5 ALO%E) &
723 3n/2 (RAF 4TV ESANOEE) #5258
X EAHEDICEHEL TWh, 5~15keV DT FIVF—F
FICHc-> T, 1BMBOIVFSAFPFTESLT &
Db, RVF4T7aAVFSAMLORHTTF TV b
S AFDOFBEDIE, MARDOBIND D TTHK E N
MHTH b, 10~11keV IZ & 5N 5 ASH Gk (2 AR
THHHVANVDOLBRPEHTH 5, Fxid, 100 um FED
KOFBBERDS BLLT W HHHET, AHXKOT IV
F—%10keV ICRHE L7, & 2 )LD Ly WL 239.9
keV7eDT, COAFHXBPTEZ VY ZIUBERDENTYV
S5 A5 2 AR OMECH S,

2.3 RiRE

X fpgmE = Mo CAGRB A BET 256, Boa
VS AT TR AR ORI EIC OV T AL
TELLERD D, WIRER, WEOBROBIZICLE
SN HAC ko T A T LR TE, )k X HEBBEOEEIC
DWW, Rudolph HIZ &k - THELKKEFRFIN TV 5B, B
LI, Bt WEES, MRINGRE u, BEp D
Wik, [FUES TRBIGRE w OB HE Ny 7



WEE FIEEIS

1.5 Megative contrast
/ Positive contrast

(2002)

J210*

Phase Contrast (%)
Absorption Contrast

J110*

o10®

Photon Energy (keV}

Figure 3. Expected image contrast of phase-contrast microscopy
for a specimen of a 100-nm-thick protein feature in a water back-
ground. The elemental composition and the density of the protein
are assumed to be Co4H 30N»,03,S and 1.35g/cm3¥. The optical
constants from Henke et al.” are used in the calculation. For com-
parison, the absorption contrast is also shown. Image contrast of
about 1% can be expected by tuning the photon energy to the L; ab-
sorption edge of tantalum (9.9 keV) even though the absorption
contrast is almost zero.
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Figure 4. Dosage necessary to image a 100-nm-thick protein fea-
ture in a water background as a function of the water background
thickness both for soft x-rays and hard x-rays.
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Figure 5. Optical system of the hard X-ray phase-contrast micro-
scope developed in the beamline BL24XU of the SPring-8. Synchro-
tron radiation from the undulator is monochromatized by a silicon
double crystal monochromator. The photon energy is tuned to 10
keV so that the expected image contrast can be enhanced as shown in
Fig. 3. The absorption-contrast image can also be taken by removing
the phase plate.
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Table 1. Parameters of CZP and OZP. The zone plate material is
tantalum. Since the optimized tantalum thickness is 2.4 um at 10
keV?, the thickness of the CZP is not thick enough at present™!

CZP OZP
Radius of innermost zone; r; (um) 15.8 5.0
Number of zones; N 1000 100
Outer diameter; D (um) 1000 100
Outermost zone width; dry (nm) 250 250
Focal length @10 keV (mm) 2013 202
Thickness of zones (um) 0.6%*! 2.4

Calculated diffraction efficiency @10 keV (%) 4.5 20.8
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Figure 6. Magnified image of copper #2000 mesh. The exposure
time was 10 min. The photon energy was 10 keV. The total magnifi-
cation of the microscope system was X 450 (optical system X9, im-
age detector x50).
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Figure 7. Magnified image of the outermost region of a sample
zone plate having the same specification of the OZP. A 250 nm line-
and-space pattern was well resolved. The exposure time was 10 min.
The photon energy was 10 keV. The total magnification of the
microscope system was X 1080 (optical system X9, image detector
x120).
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Figure 8. Magnified image of phosphor powder (composition, Gd,
0,S:Tb, NICHIA Chemical Industries, Ltd., Type NP-3010). The
exposure time was 5 min. The photon energy was 10 keV. The total
magnification of the microscope system was X 450 (optical system
% 9, image detector X50).
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Figure 9. X-ray micrographs of the conidium of Curvularia species: (a) absorption contrast image, (b) positive con-
trast image and (c) negative contrast image. The structure of the specimen are well observed in (b) and (c), while the
structure can be seen with little contrast in (a). Further, the image contrast is reversed between (b) and (¢) as ex-
pected in eq. (7). The exposure time was 3 min. The photon energy was 10 keV. The total magnification of the micro-
scope system was x 450 (optical system %9, image detector x50).
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Figure 10. A montage X-ray micrograph of the same specimen in
Fig. 9. It was produced by increasing the magnification of the image
detector, taking images separately, and then combining them using
graphic software. The intensity changes caused by the optical thick-
ness variation in the specimen can be recognized. The exposure time
was 5 min for each separated image. The photon energy was 10 keV.
The total magnification of the microscope system was x 1800 (opti-
cal system X9, image detector x200).
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