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小惑星探査機「はやぶさ」
Successful recovery of Hayabusa re-entry capsule

and beginning of curation work for Hayabusa sample
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はやぶさ宇宙航空研究開発機構

宇宙科学研究所月・惑星探査プログラムグループ

「はやぶさ」 カプセルの探索と回収＠豪州ウーメラ砂漠
再突入当日 ～カプセル発見！！～

２０１０年６月１３日 「はやぶさ」カプセル帰還の当日 （時刻は豪州時間）

15時20分頃 再突入カプセル電源ＯＮ，起動

23時21分頃 再突入開始（カプセル高度200km通過）

23時22分頃 航空機班，全地上局で火球観測

地上光学観測班撮影

航空機光学観測班撮影

電波方探班撮影

23時26分頃 電波方探班，ビーコン入感＆ロックオン→本部，カプセル位置特定

23時40分頃 電波方探班，ビーコン消感，カプセル着陸．

23時50分頃 ヘリ班，電波方探結果をもとに探索へ出発

24時30分頃 ヘリ班，カプセルを目視で確認！！

地上光学観測班撮影

カプセル回収，ヒートシールド発見，そして日本へ…

各方探局䛿，ビーコン䛾受信方向を方探本
部に衛星電話を介して連絡する．

ヘリコプター䛾サーチライトで照らしだされ，ヘリ䛾機上から
目視で確認されたカプセル．

カプセル䛿，４つ䛾電波方探
局（赤丸）から䛾ビーコン䛾受

本部：方探解析モニタ

（黒色楕円䛿，事前に予測した着地点領域を表します．）

信方位角を示す線（青線）が交わった位置にあると特定できます．
そして，こ䛾位置へ探索ヘリコプターを誘導します．

20時20分頃 再突入カプセル，母船から分離成功

たんさ く かい しゅう ご う し ゅ う さ 䜀 く

6月14日 カプセル䛾回収作業を実施 6月14日 ヒートシールドを探索，発見 （回収䛿翌6月15日）

6月17日 カプセルとヒートシールドを載
せた専用機がウーメラから羽田にむけて
出発．回収隊䛾任務䛿これで完了．

カプセル䛾回収地点䛾様子
（上空から別䛾ヘリで撮影）

カプセルとパラシュート

輸送用ヘリ

万が一に備えて，万全を期してカプセル
䛾安全化処理を実施．輸送準備完了．

カプセル䛾発見状態

ヒートシールド䛿，着地点予測を頼りに，
ヘリから䛾目視䛾みで䛾探索．正確な予
測とヘリ班䛾”目”が迅速な発見䛾鍵．

前面ヒートシールド 背面ヒートシールド
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静電制御マニピュレータによるピックアップ作業の様子
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Computed Tomography (CT)法の原理
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ボリュームレンダリング e.g. Kak and Slaney , 2011



SPring-8

共用ビームライン：26 

専用ビームライン：20 

理研ビームライン：9 

計   ：55



SPring-8イメージング関連BLs

BL20B2　中尺BL 

Bending 
視野 300mm-5mm 

分解能 10µm 

大視野CT

BL20XU　中尺BL 

Undulator 
視野 5mm-1mm 

分解能 1µm 

総合CT

BL47XU　 
Undulator 
視野 

1mm-0.1mm 
分解能 0.1µm 

高分解能CT

BL28B2 
Bending 
視野 50mm 

分解能 20µm 

高エネルギーCT



試料周りセットアップ例
BL20XU



(放射光) X線CTの利点、欠点
○利点

[高精度・高分解能＋三次元＋非破壊] 観察が可能
=>ただし個々の特徴については必ずしもNo.1ではない
原子番号と密度に比例したコントラストがつくため、
電子顕微鏡のBSE画像と似た画像が得られる

○欠点
精度が低い
=>破壊観察の方が精度が高い
情報量が少ない
=>組織を見ることは出来ても、それが何かを知る手段が少ない
重たい元素、大きい物が苦手
=>高分解能で見るためには、試料を視野に合わせて加工しなければならない

CT

BSE



様々なCT法
結像型CT

マルチスケールCT

Dual Energy Tomography (DET)

XRD-CT

位相コントラストCT

高エネルギーCT (~200keV)

高分解能

情報の多角化



結像型CT (BL47XU)

Introduction

Imaging tomography system

封じきり型試料セルを利用したX 線CT 装置の開発

  An X-ray nano-tomography system using a full-field x-ray microscope has been open to 
public users since 2006 at BL47XU in SPring-8. The system now has a spatial resolution 
of about 200 nm (pixel size: ~75 nm/pixel) with a large-diameter Fresnel zone plate (310 
Pm) and a 110 Pm field of view under typical conditions.
  In most measurement cases, samples were mounted with glue. It shows that the sample 
is hard to be used for the analysis of organic materials, noble gas and other analysis 

which requires the samples not to be contaminated.
  We have developed a high resolution micro-tomography system and a sample container 
to solve the problem. The container is made of SiN membrane in a shape of truncated 
pyramid. The container is set downward to put a sample in it without any glue and sealed 
using Viton and SUS plate to avoid contamination of oxygen, H2O and small dusts from 
atmosphere. 

Photograph of the system

Sample container

上杉 健太朗1、上椙 真之2、濱田 宏3、
竹内 晃久1、鈴木 芳生1

1JASRI / SPring-8, 2ISAS/JAXA, 3NTT-AT

Schematic illustration @  BL47XUConcept of the system

CZP, (NTT-AT, Japan) 
  E-Beam Lithography Technique
  Material: Ta, 
  Diameter: 1000 PmI,
  Thickness: 1.65 Pmt
  Grating pitch: 400 nm

FZP, (NTT-AT, Japan) 
  E-Beam Lithography Technique
  Material: Ta, 
  Diameter: 310 PmI,
  Thickness: 1 Pmt
  Outermost Zone Width: 100 nm
  Focal Length: 200 mm at 8 keV

20Pm

Summary
  The sample container and CT system was successfully worked for the measurement of an 
asteroid particle. The container could avoid contamination from atomospher and the CT 
system achieved about 300nm spatial resolution. The spatial resolution or field of view is able 
to be changed with a different parameter FZP or beamline (see poster S1-63 by Dr. Suzuki).
  The developed system could be used for any kinds of materials which require sub-micrometer 
spatial resolution and the environment separated from atmosphere.

Evaluation of the system

  For the evaluation of the spatial resolution and 
quantitative properties of the X-ray linear absorption 
coefficient (LAC), the artificial test patterns of Cu/Al 
multilayer were fabricated at AIST Kansai[1,2]. Cu/Al 
were deposited onto rotating Al wire substrate by DC 
magnetron sputtering apparatus. The schematic 
illustration of the test pattern are shown in right.

1. No contamination during measurement
 - No glue for fixation, No moisture from the atmosphere.
 - Robust container for high flux density measurement.

2. A large field of view with quasi-Köhler’s illumination
 - Half diameter of objective ZP (~I120Pm) is available.
 - Uniform field and uniform imagimg properties.

3. Short measurement time
 - Avoiding sample and stage drift.
 - High throughput for users.

Cross slit

sample

Beam monitor
(Scintillator and optic system)

sCMOS camera

condenser
plate

FZP

beam stop
diaphragm

X-rays

~0.2 m
~7 m

Cut image of the container.

Optical devices Rotation stage

Sealed sample container

Image detector

type e-/photon
P43-20 7.79
P43-10 2.84
P43-7 1.64

P43-5U1T 0.52
YAG-150 0.32
P46-20 0.55

LSO-100 0.16
CsI-50 4.44

type chemical wavelength shape
P43 Gd2O2S:Tb 545nm powder
P46 Y3Al5O12:Ce 530nm powder
LSO Lu2SiO5:Ce 420nm single cryst.
YAG Y3Al5O12:Ce 550nm single cryst.
CsI CsI:Tl 545nm needle-like

ORCA Flash 4.0 (f=85mm, F=1.8)
Beam monitor (AA40P, f=35mm)
  Phosphor : P43 7Pm-thick
  2048 x 2048 pixels
  2.76Pm /pixels
  Dynamic range : ~30000

SPU-1AU (Kohzu precision) 
  Weight
       : 3.0 kg
  Maximum Load Capacity
       : 3 kg
  Guidance Mechanism
       : Slide Guide
  Angular Resolution
       : 0.004 degree / step
  Stroke
       : 360 degree
  Wobble (measured value)
       : less than 100nm

Photograph of the container.

SiN membrane

Si substrate

sample
SiN membrane

Viton

SiO2 glass

Spatial resolution and X-ray linear absorption coefficient

Application to planetary science

The container is made of SiN membrane (2Pm-thick) in a shape of truncated pyramid. The 
container is set downward to put a sample in it without any glue and sealed using Viton seals 
and SUS plate to avoid contamination from the atmosphere.

“SPU-1AU” has been specially developed for upside-down setup.

Width of copper layer

1, 2 : 250nm
3, 4 : 500nm
5, 6 : 400nm
7, 8 : 300nm
9, 10: 200nm
11, 12, 13, 14 : 150nm
15 : 1000nm

5Pm

1 2 3 4 5 6 7 8 9
10 11

1213
14

15

Experimental conditions
  Energy : 8keV
  Pixel size : 82.8nm/pixel
  Field of view : I115Pm
  Exposure time : 500msec/projection
  Number of projection : 1800

Cu

Al

Schematic illustration of multilayer test pattern

Experimental conditions
  Energy : 7keV
  Pixel size : 189 nm/pixel
  Exposure time : 250msec/projection
  Number of projection : 1800

CT image of multilayer test pattern

Line profile of red line in upper right image.

References
[1] K. Uesugi et al., AIP Conf. Proc. 705, pp. 1316-1319 (2004).
[2] S. Tamura et al., Journal of Synchrotron Radiation 9, pp. 154-159, (2002).

  Aluminum (Al) and copper (Cu) are clearly resolved to 
200nm line width. It shows that the spatial resolution is 
higher than 400nm, however, it would be around 300nm. 
Becasue the spatila resolution (5% MTF) of the image 
detector is 3pixels (248nm in this case). 
  The quantitative property of X-ray linear absorption 
coefficient is expressed as the characteristics of X-ray 
microscope optics.

  Asteroid particles were recovered from asteroid Itokawa in 
2010 [1]. Some of them are under investigation. Those particles 
should be taken CT images before the destructive analysis to 
obtain 3-D internal information without any contamination 
from the Earth environment.
  Here we have used the developed container and CT system for 
the particle “RA-QD02-0184” [2] and successfully obtained the 
internal images. However the particle is slightly larger than the 
field of view of the original X-ray microscope optics. We had to 
change the FZP to bigger one which diameter was I750Pm for 
obatining larger field of view. 

Orthogonal view (by ImageJ).

Volume rendering (by ImageJ).

0deg

20Pm

90deg

Transmittion images.

SiN membrane
SiN membrane

[1] A. Tsuchiyama et al., Science 333, 1125 (2011)
[2] http://hayabusaao.isas.jaxa.jp/catalog/dist/

SEM image provided by JAXA [2].

L
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SiN membrane

4.
8m

m

Effective pixel size and phosphorscreen have 
been optimized for this X-ray microscope optics.

SiN membrane

CZPBeam stop pinhole FZP

sample

X-rays

sample FZPpinhole

microscope (FE-SEM) and the chemical compositions of
the minerals were analyzed by a field-emission electron
probe microanalyzer (FE-EPMA) (Nakamura et al.,
2011). The results were compared with the results obtained
by analytical dual-energy microtomography.

3.2. Image processing and analysis

Image processing and analysis included making histo-
grams of LAC values, re-slicing in arbitrary directions of
the original 3D CT images, and correcting LAC values in
the CT images. These procedures were performed using
the “Slice” (Nakano and Uesugi, 2006) software package
for basic 3D analysis. Another computer program origi-
nally developed for the present study was used for perform-
ing image registration, making 2D LAC histograms, and
producing images of mineral phases.

3.2.1. Correction of LAC values
The LAC values in CT images obtained by tomography

reconstruction are not exactly the same as the LAC values

theoretically calculated from Eq. (1). Tsuchiyama et al.
(2005) performed calibration experiments, in which the
LAC values of standards were measured at SPring-8. They
found that the LAC values in CT images, lCT, are propor-
tional to the theoretical LAC values, l, in an appropriate
LAC value range:

lCT ¼ c" l; ð3Þ

where c is an empirical constant (0.887 ± 0.004). This linear
relationship holds for LAC values with sufficient X-ray
transmittance for the reconstruction (e.g., lx % 1). Tsuchiy-
ama et al. (2005) also found that by increasing the LAC val-
ues, both the transmittance and c decrease. In this study, we
corrected lCT values using Eq. (3) and a c value of 0.887.

3.2.2. Image registration
Because the voxel size of CT images at 7 keV is different

from that at 8 keV, the 8 keV images were isotropically
elongated to match the voxel size of the 7 keV images in or-
der to allow a direct comparison of the 7 and 8 keV CT
images. Because sample positions are generally different

(J) (I) 

(H) (G) 

LPx 

Ol 

Ol 

LPx 

HPx 

20 µm 

20 µm 

Meso 

0 X  Linear attenuation  
Coefficient, µ (cm-1) 

Fig. 2. (continued)

A. Tsuchiyama et al. / Geochimica et Cosmochimica Acta 116 (2013) 5–16 9

はやぶさ帰還粒子 RA-QD02-0048 
(Tsuchiyama et al. 2011,2013,2014)

70nm 程度の構造が見えている

2018/9/18  第8回JASRIワークショップ 「高分解能イメージング技術」

3D CTでは120nm分解能を日常レベルで達成

50 nm pitch

5μm

孔径~70 nm

5μm
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3D CTでは120nm分解能を日常レベルで達成

50 nm pitch

5μm

孔径~70 nm

5μm

※ただし10keV以下の 
X線しか使えない



Dual Energy CT (DET)

BL47XUの例

はやぶさ48粒子のCTデータ

普通コンドライト隕石（LL4-6）
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What%made%the%different%modal%abundances%between%room%A%and%B?%
 

1.  Local&heterogeneity&of&mineral&ra?os&on&Itokawa&surface&&
Touchdown& loca?on& of& the& Hayabusa& was& different& between& the& first& and& the&
second,&that&might&have&resulted&in&different&mineral&ra?os&between&room&A&and&
B&because&of&the&local&heterogeneity&of&mineral&ra?os&on&the&Itokawa&surface.&

&

2.  Sampling&bias&caused&by&different&manners&of&two&touchdowns&
For& the& 1st& touchdown&which& corresponds& to& room& B,& the& Hayabusa& could& not&
have&landed&as&nominal&way,&stayed&on&the&asteroid&surface&for&30&min.,&and&then&
liPed& off& as& emergency&mode.& & For& the& second& one&whose& par?cles& should& be&
captured&in&room&A,&it&landed&and&liPed&off&in&nominal&way&except&for&aborted&Ta&
bullet& shoo?ng.& & The& different&manner& of& landing&might& have& caused& different&
mineral&samplings&because&of&their&different&electrosta?c&proper?es.&

&
3.  Sampling&bias&caused&by&par?cles&recovery&in&the&clean&chamber&

QDStapping&sampling&was&performed&in&a&sequence&of&room&A&and&then&room&B.&&
It&might&have&caused&selec?ve&fall&of&par?cular&mineral&species&through&the&gap&
between&room&A&and&B&because&of&their&different&electrosta?c&proper?es.&
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&

Since&the&Hayabusa&spacecraP&returned&its&reentry&capsule&to&the&Earth&in&June&2010,&the&Extraterrestrial&Sample&CUra?on&TEam&(ESCUTE)&has&recovered&Itokawa&samples&from&its&
sample&catcher&and&described&them&[1].&In&the&course&of&the&ini?al&descrip?on,&all&of&the&par?cles&have&been&analyzed&by&FESEMSEDS.&U?lizing&these&data,&we&are&inves?ga?ng&a&
modal&abundance&of&Itokawa&par?cles&recovered&from&the&catcher.&Preliminary&results&indicated&that&the&modal&abundance&is&different&between&that&of&room&A&par?cles&and&room&
B&ones&[2].&However,&an&evalua?on&procedure&for&the&modal&abundances&has&an&essen?al&problem,&here&we&reSevaluate&the&modal&abundances&based&on&synchrotron&CT&data&[3].&

References:%[1]&Yada&T.&et&al.&2013.&Meteori'cs*Planet.*Sci.*in*press.&[2]&Yada&T.&et&al.&2013.&LPS*

XLIV* #1948.& [3]& Tsuchiyama&A.& et& al.& 2013.*Meteori'cs* Planet.* Sci.* in* press.& [4]&Hutchison&R.& 2004.&
Meteorites*–A*petrologic,*chemical*and*isotopic*synthesis.*Cambridge&Univ.&Press,&Cambridge,&506pp.&
[5]&Dunn&T.&L.&et&al.&(2010)&Meteori'cs*Planet.*Sci.*45,&&123.�

Procedures%for%ini]al%descrip]ons%of%Hayabusa#returned%samples�

Set%a%quartz%glass%disk%to%the%opening%of%each%room%of%the%

catcher,%and%vibrate%it%to%let%par]cles%inside%fall%onto%the%disk.%

Summary�

�&

100µm�

Hayabusa%2013:%Symposium%of%solar%system%materials%(Thursday,%17%Oct.%2013)% % %P#108�

Recover%the%glass%disk%and%observe%it%with%

an%op]cal%microscope%

Pick%up%par]cles%with%a%micromanipulator%one%by%one%and%move%them%to%an%SEM%holder�Recover%the%cover%of%the%catcher%room%B%

and%observe%it%with%the%microscope�

Categorize% them% based% on% EDS% data,% and% move% to% gridded%

glass%slides%for%preserva]on%with%sample%IDs%for%each%of%them.%

Analyze%them%with%FESEM#EDS%for%their%qualita]ve%

chemical%analyses �
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Overview%of%Itokawa%and%
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Calcula]on%method%for%modal%abundances%

based%on%ini]al%descrip]on%data�

�&We&assume&that&each&par?cle&is&
composed&only&of&its&major&
cons?tuent&&mineral.&
e.*g.)&The&leP&par?cle&is&assumed&
to&be&composed&only&of&olivine.&
&
�A&volume&of&each&par?cle&is&
calculated&as&cube&of&its&major&
axis.&
&
=>&We&sum&up&all&the&volumes&of&
par?cles&to&calculate&its&modal&
abundance.&
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=>%Is%this%a%real%modal%abundance%of%Itokawa%par]cles? �

A%modal%abundance%of%Itokawa%par]cles%in%different%methodologies�

64.9%&

18.6%&

2.8%& 11.2%&

0.1%&2.1%&0.2%& 0.1%&

48%Itokawa%par]cles,%based%on%XCT%data%

(Tsuchiyama%et%al.,%2012)%[3]�

ol"

lpx"

hpx"

pl"

chr"

FeS"

FeNi"

apa"

77.1%&

19.8%&

0.3%&1.0%& 1.7%&

48%Itokawa%par]cles,%based%on%ini]al%

descrip]on%data�

ol&

lpx&

hpx&

pl&

FeS&

FeNi&

Major&mineral&(olivine)&~&overes?mated&
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&=>&Olivine&enrichment&and&deple?on&of&plagioclase,&FeS&and&FeSNi&metal&might&be&ar?fact&in&evalua?on.�
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A&modal&abundance&in&highSCa&pyroxene&and&plagioclase&~&different&between&room&A&and&B&
=>&Underes?ma?on&of&minor&minerals&should&occur&both&for&room&A&and&B&in&the&same&manner.&
&&&&&&Thus,&the&different&modal&abundance&between&room&A&and&B&should&be&real&tendency.�

1.  We&evaluated&modal&abundance&of&Itokawa&par?cles&based&on&their&ini?al&
descrip?on&data.&&

2.  The& es?mated& modal& abundance& of& Itokawa& par?cles& is& different& from&
that&of&LL4S6&chondrite.&

3.  We& compared& the& modal& abundance& evaluated& from& ini?al& descrip?on&
data&with& that&analyzed& from&XSray&CT&data.& It& indicates& that& the& former&
should& overes?mate& the& abundance& of& a& major& mineral& and&
underes?mate&that&of&minor&minerals.&

4.  A&different&modal&abundance&between&room&A&and&B&es?mated&based&on&
the&ini?al&descrip?on&data&might&be&real&tendency,&because&both&of&them&
should&suffer&the&underes?ma?on&of&minor&minerals&in&the&same&manner.&

5.  So& far,& three& possible& reasons& are& proposed& for& the& different& modal&
abundance&between&room&A&and&B. �

microscope (FE-SEM) and the chemical compositions of
the minerals were analyzed by a field-emission electron
probe microanalyzer (FE-EPMA) (Nakamura et al.,
2011). The results were compared with the results obtained
by analytical dual-energy microtomography.

3.2. Image processing and analysis

Image processing and analysis included making histo-
grams of LAC values, re-slicing in arbitrary directions of
the original 3D CT images, and correcting LAC values in
the CT images. These procedures were performed using
the “Slice” (Nakano and Uesugi, 2006) software package
for basic 3D analysis. Another computer program origi-
nally developed for the present study was used for perform-
ing image registration, making 2D LAC histograms, and
producing images of mineral phases.

3.2.1. Correction of LAC values
The LAC values in CT images obtained by tomography

reconstruction are not exactly the same as the LAC values

theoretically calculated from Eq. (1). Tsuchiyama et al.
(2005) performed calibration experiments, in which the
LAC values of standards were measured at SPring-8. They
found that the LAC values in CT images, lCT, are propor-
tional to the theoretical LAC values, l, in an appropriate
LAC value range:

lCT ¼ c" l; ð3Þ

where c is an empirical constant (0.887 ± 0.004). This linear
relationship holds for LAC values with sufficient X-ray
transmittance for the reconstruction (e.g., lx % 1). Tsuchiy-
ama et al. (2005) also found that by increasing the LAC val-
ues, both the transmittance and c decrease. In this study, we
corrected lCT values using Eq. (3) and a c value of 0.887.

3.2.2. Image registration
Because the voxel size of CT images at 7 keV is different

from that at 8 keV, the 8 keV images were isotropically
elongated to match the voxel size of the 7 keV images in or-
der to allow a direct comparison of the 7 and 8 keV CT
images. Because sample positions are generally different
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the phases are not overlapped in the 2D histogram. The
spatial resolution of the mineral phase images is determined
mainly by the resolutions of the 3D registration of CT
image pairs and artifacts in CT images such as refraction
contrast. The chemical compositions of minerals forming
solid solutions can be estimated, and chemical zonings
can be detected in the CT images as indicated by
Fig. 2G–J. The optimal size of a sample is of the order of
the inverse of the LAC value and ranges from !5 to
!100 lm for ordinary chondrites and Itokawa particles.

The subtraction method is another important method
that utilizes the X-ray adsorption edge energy of an element
to obtain 3D quantitative elemental information (e.g., Ike-
da et al., 2004). In this method, the difference between LAC
values, Dl, which are measured at energies just below and
above the absorption edge energy, is calculated as

Dl ¼ qDsiwi ð4Þ

where Dsi is the difference between the MAC of element i
measured at the two energies. Then, we can obtain images
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Fig. 5. Mineral phase images for the same samples as in Figs. 2–4. (A) RA-QD02-0024. (B) RA-QD02-0031. (C) RA-QD02-0063. (D) RA-
QD02-0060. (E) RA-QD02-0048. The sliced position is the same as that in Fig. 2.
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かんらん石	 (Mg, Fe)2SiO4 

輝石(Ca-poor)) (Mg, Fe)2-xCaxSi2O6 
輝石(Ca-rich) (Mg, Fe)2Si2O6	  

斜長石	 NaAlSi3O8-CaAl2Si2O8 

硫化鉄	 FeS

(Tsuchiyama et al. 2011,2013,2014)
小惑星探査機「はやぶさ」帰還試料



XRD-CT (BL20XU)
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位相コントラストCT

相分離

グラファイト
ダイヤモンド
珪酸塩

吸収+位相位相CT

Scanning Imaging X-ray microscopy 
(SIXM,BL47XU)の例
吸収X線CT

Kenna (Ureilite)
20µm

Takeuchi et al., (2012,2013)



○破壊分析の方が遙かに精度が高い 
　組織：吸収CT像   << FE-SEM, TEM 
　元素：DET ,位相  << EDS, WDS  
　結晶：XRD-CT  << EBSD 
放射光実験にも、XRD, XAFS, SAXなど、高精度分析はある。 
が、イメージング、CTは違う 

○CTの利点：　非破壊、三次元　＝＞　本当に？ 
　非破壊：視野に試料サイズを合わせなければならない 
　三次元：シリアルセクショニング等、より精度の高い手法もある 

はっきり言ってまだ使いづらい

閑話休題
なぜCT？



マルチスケールCT (BL20XU)

FOV 6mm (3µm/voxel) FOV 600µm 
(0.3µm/voxel)100µm1mm

広視野CT 高分解能CT

広視野検出器

高分解能検出器

a

b c



マルチスケールCT-i  (BL20XU)
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200µm

20µm

0.5µm/pixel

0.05µm/pixel 140nm程度の分解能を
20-30keVのエネルギー
のX線で達成

Orgureil (CI)

投影CT＋結像CT（20-30keV）



高エネルギーCT (BL28B2)

10mm ○実験条件
X線エネルギー　200keV

投影数：1800投影
露光時間：40msec

11.16µm/pixel

SUS

隕石(LLコンドライト)



　流通、医療、保安などの産業・生活分野において、非
破壊検査は必須である。しかし、非破壊分析は破壊分析
に精度はどう頑張っても追いつかない。そのため、研究
者にとって非破壊分析は 
「どうしようもない理由で渋々使うもの」 
あるいは 
「破壊分析の精度をより向上させるための予備実験」で
ある。 
=>学術の世界で、非破壊そのものは売りになりにくい 

売りになるのはやっぱり、その装置でしか出来ないこと

なぜ非破壊？

閑話休題



その場観察：岩石メルトの結晶成長

200µm



様々なCT法　- まとめ１-

手法 長所 短所
結像型CT 高分解能（< 0.1µm） 視野が狭い(<100µm)

Dual Energy 
Tomography （DET）　元素組成分布がわかる

使用できるX線エネルギーが限られる
(≒試料サイズが限られる)

XRD-CT 鉱物組成・分布がわかる 時間がかかる（1スライス10時間）

位相コントラストCT 軽元素で出来た相が見やすい ノイズが多い、解析が大変

マルチスケールCT 10mmの試料の中の、µm観察 操作が複雑、解析が大変

高エネルギーCT Fe等の重元素の相が見やすい 軽元素の相がコントラストがつきにくい



BL20B2 BL20XU BL47XU BL28B2
視野* 5-300 mm 1-5 mm 0.1-1 mm 50 mm
分解能* 10µm 1µm 0.1µm 10-50µm
エネルギー 8-70keV 8-60keV 10-60keV ~200keV
撮影時間 20-60分 5-20分 20-30分 5-20分

可能な手法
（投影CT以外）

DET
位相CT

結像型CT

XRD-CT
位相CT

DET（元素制約有）
マルチスケールCTi

マルチモードCT

結像型CT

DET
位相CT

マルチスケールCT

様々なCT法　- まとめ２-
各ビームラインの特徴

＊ボクセルサイズは視野を1000-2000分割した程度



今後
大視野化
=>スキャンニングCTの開発

ダメージ評価
=> 有機物などは、X線による損傷を受ける事が考えられる。
　　各分析のダメージを測定し、その影響を調べる必要がある。

試料準備環境・データ解析環境の整備
=>試料準備用グローブボックスの整備、大気遮断ホルダの開発、試料保管場所の整備など
=>ソフトウェア開発、大容量ストレージ整備、リモート解析環境の整備

高性能化、高分解能、高濃度分解能化
=> 光学素子の性能向上等
=>ユーザーインターフェースの最適化、局所CT法の高精度化等


