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Progress in Photonic Crystal Lasers
and Their Application to LiDAR
Susumu Noda

Department of Electronic Science and Engineering, Kyoto University

Recent progress on photonic crystal lasers and their application to light detection and ranging (LiDAR), which
will support smart mobility of robots and automobiles, are discussed. Following a brief introduction to the progress
on photonic crystal lasers thus far, it is shown that high-power, high-beam-quality (= high-brightness) photonic
crystal lasers can be used to construct lens-free, high-resolution LiDAR systems. Further capability of electrical twodimensional beam scanning by changing the sizes and positions of the photonic-crystal lattice points is also addressed.

Introduction
/L'$5 LV XQGHUJRLQJ DFWLYH UHVHDUFK DQG GHYHORSPHQW
ZRUOGZLGH DV DQ LQGLVSHQVDEOH RSWLFDO VHQVLQJ WHFKQRORJ\
ZKLFKZLOOVXSSRUWVPDUWPRELOLW\RIURERWVDXWRPRELOHVDQG
DJULFXOWXUDO DQG FRQVWUXFWLRQ PDFKLQHU\ $ VFKHPDWLF RI D
W\SLFDO/L'$5V\VWHPLVVKRZQLQFig. 1)RUWKHOLJKWVRXUFH
ZKLFKLVWKHFHQWUDOSDUWRIWKLVV\VWHPDFRPSDFWDIIRUGDEOH
VHPLFRQGXFWRUODVHU SDUWLFXODUO\DEURDGDUHDVHPLFRQGXFWRU
ODVHU ZKRVH HPLVVLRQ DUHD KDV EHHQ H[SDQGHG WR LQFUHDVH LWV
RXWSXW SRZHU  LV PDLQO\ XVHG Fig. 2  +RZHYHU WKLV ODVHU
LQHYLWDEO\VXIIHUVIURPDGHWHULRUDWHGEHDPTXDOLW\GXHWRWKH
H[FLWDWLRQ RI PXOWLSOH WUDQVYHUVH PRGHV RYHU WKH EURDG DUHD
DQGLWVEHDPGLYHUJHQFHDQJOHLVZLGHDQGDV\PPHWULF7RXVH
WKLVODVHUDVD/L'$5OLJKWVRXUFHKLJKSUHFLVLRQLQWHJUDWLRQ
RI FRPSOLFDWHG H[WHUQDO OHQV V\VWHPV LV UHTXLUHG WR UHVKDSH

Fig. 1 Schematic of a typical LiDAR
system (Time-of-Flight (ToF) type)
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Fig. 2 Comparison of a conventional semiconductor laser and a PCSE
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Electrical twodimensional beam
scanning is possible
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WKHEHDPZKLFKFRPSURPLVHVWKHFRPSDFWQHVVDIIRUGDELOLW\
DQG IXQFWLRQDOLW\ RI WKH V\VWHP )XUWKHUPRUH IRU VHQVLQJ
DSSOLFDWLRQV D EDQGSDVV ILOWHU LV YLWDO IRU VXSSUHVVLQJ WKH
LQÀXHQFHRIEDFNJURXQGOLJKWVXFKDVVXQOLJKWWKDWLVLQFLGHQW
RQWKHGHWHFWRU+RZHYHUWKHODVLQJVSHFWUXPRIDFRQYHQWLRQDO
VHPLFRQGXFWRUODVHULVERWKZLGHDQGVHQVLWLYHWRFKDQJHVRI
WHPSHUDWXUHVRRQO\ZLGHEDQGSDVV¿OWHUVFDQEHXVHGZKLFK
UHVXOWVLQDORZVLJQDOWRQRLVH 61 UDWLR
7KHSKRWRQLF FU\VWDO VXUIDFHHPLWWLQJ ODVHU 3&6(/  >@
VKRZQRQWKHULJKWKDQGVLGHRI)LJLVH[SHFWHGWRVROYHWKHVH
SUREOHPVRIWKHFRQYHQWLRQDOVHPLFRQGXFWRUODVHUDQGWKHUHE\
PDNH/L'$5V\VWHPVVPDOOHUVLPSOHUPRUHDIIRUGDEOHDQGHYHQ
PRUHIXQFWLRQDO$VLWVUHVRQDQWFDYLW\WKH3&6(/XVHVDEXLOW
LQSKRWRQLFFU\VWDO ZKLFKLVDQRSWLFDOQDQRVWUXFWXUHFRQVLVWLQJ
RIDLUKROHVIRUPHGDWLQWHUYDOVHTXDOWRZDYHOHQJWKRIOLJKWLQ
WKHVHPLFRQGXFWRUPDWHULDO ZLWKLQZKLFKWKHRVFLOODWLRQRID
VLQJOHRSWLFDOPRGHRYHUHYHQEURDGDUHDVLVSRVVLEOHLQSULQFLSOH
&RQVHTXHQWO\HYHQLIWKHODVLQJDUHDLVH[SDQGHGWRLQFUHDVHWKH
RSWLFDORXWSXWSRZHUDEHDPFDQEHHPLWWHGZLWKDQH[WUHPHO\
QDUURZGLYHUJHQFHDQJOHDQGZLWKQRGHJUDGDWLRQRILWVEHDP
TXDOLW\$OVRODVLQJRFFXUVDWDVLQJOHZDYHOHQJWKGHWHUPLQHG
E\WKHSKRWRQLFFU\VWDOVWUXFWXUHDQGWKXVWKHODVLQJVSHFWUXPLV
QDUURZDQGLWVWHPSHUDWXUHGHSHQGHQFHLVVPDOO%\YLUWXHRIWKHVH
IHDWXUHVKLJKSUHFLVLRQLQWHJUDWLRQRIFRPSOLFDWHGOHQVV\VWHPV
LVQRORQJHUUHTXLUHGLQWKH/L'$5OLJKWVRXUFHOHDGLQJWRWKH
UHDOL]DWLRQRIDVPDOOHUVLPSOHUDQGPRUHDIIRUGDEOHV\VWHPZLWK
IHZHUFRPSRQHQWV,QDGGLWLRQWKHFLUFXODUV\PPHWULFQDUURZ
GLYHUJHQFHEHDPHPLWWHGE\WKH3&6(/OHDGVWRDQLPSURYHPHQW
RIWKHVSDWLDOUHVROXWLRQRIWKHV\VWHP7KHQDUURZOLQHZLGWK
DQGVPDOOWHPSHUDWXUHGHSHQGHQFHRIWKHODVLQJVSHFWUXPDOVR
SHUPLWVWKHXVHRIQDUURZEDQGSDVV¿OWHUVZLWKZKLFKEDFNJURXQG
OLJKWFDQEHJUHDWO\VXSSUHVVHGWKHUHE\LPSURYLQJWKH61UDWLR
)XUWKHUPRUH E\ FXVWRPL]LQJ WKH SKRWRQLF FU\VWDO VWUXFWXUH ±
VSHFL¿FDOO\E\VLPXOWDQHRXVO\PRGXODWLQJWKHSRVLWLRQVDQGVL]HV
RILWVODWWLFHSRLQWV±LWLVHYHQSRVVLEOHWRVFDQWKHODVHUEHDP
HOHFWULFDOO\DQGLQWZRGLPHQVLRQV
%HORZDIWHUEULHÀ\UHYLHZLQJWKHKLVWRULFDOGHYHORSPHQWVRI

3&6(/VWKHGHYHORSPHQWRID3&6(/EDVHG/L'$5V\VWHPLV
GHVFULEHG 7KHQWKHSRVVLELOLW\ RIHOHFWULFDO WZRGLPHQVLRQDO
EHDPVFDQQLQJZLWK3&6(/VLVDGGUHVVHG

Historical developments of PCSELS
Figure 3 EULHIO\ VXPPDUL]HV WKH SURJUHVV RI 3&6(/V WKXV
IDU$VVKRZQLQWKLV¿JXUHLQWKHDXWKRUVSURSRVHGDQG
GHPRQVWUDWHG WKH FRKHUHQW RVFLOODWLRQ RI D VLQJOH WUDQVYHUVH
PRGHRYHUWKHEURDGDUHDRIDWZRGLPHQVLRQDOSKRWRQLFFU\VWDO
>@,QWKLVSKRWRQLFFU\VWDOYDULRXV%ORFKZDYHVSURSDJDWLQJ
ZLWKLQWKHSODQHRIWKHSKRWRQLFFU\VWDODWDVLQJXODULW\NQRZQ
DV WKH ī SRLQW DUH FRXSOHG LQWR HDFK RWKHU DQG IRUP D WZR
GLPHQVLRQDOVWDQGLQJZDYHLWLVWKLVVWDQGLQJZDYHE\ZKLFK
WKHEURDGDUHDWZRGLPHQVLRQDORVFLOODWLRQPRGHLVIRUPHG>@
$OVRDWWKLVīSRLQWWKHRVFLOODWLQJOLJKWLVHPLWWHGLQDGLUHFWLRQ
SHUSHQGLFXODUWRWKHVXUIDFHRIWKHSKRWRQLFFU\VWDO
(DUO\3&6(/VZHUHUHDOL]HGXVLQJWULDQJXODUODWWLFHSKRWRQLF
FU\VWDOV>@ZKLOH3&6(/VVLQFHWKHQKDYHEHHQUHDOL]HGXVLQJ
VTXDUHODWWLFHRQHV7KHFKDQJHIURPWULDQJXODUODWWLFHSKRWRQLF
FU\VWDOVWRVTXDUHODWWLFHRQHVZDVGXHWRWKHEHWWHUVXLWDELOLW\RI
WKHODWWHUIRUFRQWUROOLQJWKHSRODUL]DWLRQVWDWHDQGEHDPVKDSH
DQGDOVRIRULQFUHDVLQJWKHRXWSXWSRZHU)RUH[DPSOHDVVKRZQ
LQWKHVHFRQGSDQHOIURPWKHOHIWLQ)LJE\VLPSO\FKDQJLQJ
WKHVKDSHRIWKHODWWLFHSRLQWVRIDVTXDUHODWWLFHLQWRWULDQJOHVRU
FLUFOHVEHDXWLIXOFLUFXODUEHDPVRUGRQXWVKDSHGYHFWRUEHDPV
FDQEHHPLWWHG>@DQGSRODUL]DWLRQFRQWUROFDQEHDFKLHYHG
DV ZHOO >@ +RZHYHU LQ RUGHU WR UHDOL]H VWDEOH EURDGDUHD
RVFLOODWLRQLQDVTXDUHODWWLFHSKRWRQLFFU\VWDOLWLVQHFHVVDU\WR
IRUPWKHSKRWRQLFFU\VWDOXVLQJPDWHULDOVZLWKDKLJKUHIUDFWLYH
LQGH[FRQWUDVW IRUH[DPSOHDLUDQGDVHPLFRQGXFWRUPDWHULDO 
7KLVLVEHFDXVHLQDVTXDUHODWWLFHSKRWRQLFFU\VWDOGLUHFWWZR
GLPHQVLRQDO FRXSOLQJ EHWZHHQ WKH IXQGDPHQWDO %ORFK ZDYHV
RIZKLFKWKHUHDUHIRXUHDFKRIZKLFKSURSDJDWHVLQDGLUHFWLRQ
RUWKRJRQDOWRWKHRWKHUV FDQQRWRFFXULQVWHDGWZRGLPHQVLRQDO
FRXSOLQJRFFXUVRQO\YLDLQWHUPHGLDU\%ORFKZDYHVRIKLJKHU
RUGHUV>@DQGWRLQGXFHWKHVHKLJKHURUGHUZDYHVDKLJK

Fig. 3 Progress of PCSELs
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contrast of refractive indices is necessary.
)ROORZLQJWKHDERYHSURSRVDODQGGHPRQVWUDWLRQRI3&6(/V
DQG WKH FRQWURO RI WKHLU SRODUL]DWLRQ DQG EHDP VKDSH WKH
RSHUDWLQJ ZDYHOHQJWK RI 3&6(/V ZDV H[SDQGHG WR WKH EOXH
YLROHWUDQJH>@DQGDQHDUO\GHPRQVWUDWLRQRIDQHZW\SHRI
3&6(/ WKDW FDQ HOHFWULFDOO\ VFDQ D EHDP LQ RQH GLPHQVLRQ 
ZDVFRQGXFWHG>@ VHHWKHWKLUGDQGIRXUWKSDQHOVIURPWKHOHIW
LQ)LJ ,QLWLDOO\ZKHQIDEULFDWLQJWKHVH3&6(/VDSKRWRQLF
FU\VWDOFRQVLVWLQJRIDLUKROHVLQDVHPLFRQGXFWRUEDFNJURXQG
ZKLFKLVUHTXLUHGWRDFKLHYHWKHKLJKUHIUDFWLYHLQGH[FRQWUDVW
ZDVIRUPHGXVLQJDZDIHUERQGLQJPHWKRG+RZHYHULWODWHU
EHFDPH SRVVLEOH WR IRUP WKH VDPH SKRWRQLF FU\VWDO XVLQJ D
PHWDORUJDQLFFKHPLFDOYDSRUGHSRVLWLRQ 02&9' UHJURZWK
WHFKQLTXH ZKLFK GUDPDWLFDOO\ LPSURYHG WKH LQWHUIDFLDO
FKDUDFWHULVWLFVRIWKHGHYLFHV$VDUHVXOWLQWKHRSHUDWLRQ
RID3&6(/ZLWKZDWWFODVVRXWSXWSRZHUZDVDFKLHYHG>@
DVVKRZQLQWKHVHFRQGSDQHOIURPWKHULJKWLQ)LJ)RUWKLV
3&6(/DVTXDUHODWWLFHSKRWRQLFFU\VWDOFRQVLVWLQJRIXQLTXHDLU
KROHVLQWKHVKDSHRILVRVFHOHVULJKWWULDQJOHVZDVIRUPHGRYHU
DQDUHDRIȝP2$WDURXQGWKHVDPHWLPHDVWKLVUHSRUWIURP
3&6(/VZLWKRXWSXWSRZHUVRIDURXQG:ZHUHPDGH
FRPPHUFLDOO\DYDLODEOH>@7KHQLQD3&6(/ZLWKWHQ
ZDWWFODVVRXWSXWSRZHUDQGDKLJKEHDPTXDOLW\ZDVUHDOL]HG
EDVHG RQ D QHZ FRQFHSW LQYROYLQJ WKH DGRSWLRQ RI D GRXEOH
ODWWLFHSKRWRQLFFU\VWDOVWUXFWXUH>@ VHHWKHULJKWPRVWSDQHOLQ
)LJ 1RRWKHUVHPLFRQGXFWRUODVHUFDQDWWDLQVXFKKLJKSRZHU
ZKLOHFRQWLQXLQJWRRSHUDWHLQDVLQJOHPRGHZLWKDKLJKEHDP
TXDOLW\DQGWKXVLWFDQEHVDLGWKDWWKHDGYDQWDJHVRIWKH3&6(/
KDYHFOHDUO\PDWHULDOL]HG

A new PCSEL-based LiDAR system
A) Characteristics of a PCSEL developed for LiDAR
applications

Figure 4 OHIW LVDSKRWRJUDSK RID3&6(/ PRXQWHG RQD
PPGLDPHWHUVWHPSDFNDJH GHYHORSHGIRULQVWDOOPHQWLQD
/L'$5V\VWHP7KLV3&6(/FRQWDLQVDGRXEOHODWWLFHSKRWRQLF
FU\VWDOZKLFKHQDEOHVLWWRHPLWDKLJKSRZHUKLJKTXDOLW\EHDP
IURPLWVEURDGPGLDPHWHURVFLOODWLRQDUHD$VVKRZQLQLWV
OLJKWFXUUHQWFKDUDFWHULVWLFXQGHUURRPWHPSHUDWXUH 57 SXOVHG
RSHUDWLRQLQ)LJ FHQWHU DSHDNRXWSXWSRZHURIRYHU:

DQGDKLJKVORSHHI¿FLHQF\RI:$ZHUHDFKLHYHG>@%\
FRQQHFWLQJVHYHUDORIWKHVH3&6(/VLQVHULHVLWLVSRVVLEOHWR
LQFUHDVHWKHVORSHHI¿FLHQF\HYHQIXUWKHU HJWR:$DQG
EH\RQGLIWKUHH3&6(/VDUHFRQQHFWHGLQVHULHV )XUWKHUPRUH
DV VKRZQ LQ )LJ  ULJKW  HYHQ DW WKLV KLJK SHDN SRZHU D
V\PPHWULFFLUFXODUEHDPZLWKDQH[WUHPHO\QDUURZGLYHUJHQFH
DQJOHRIDURXQGZDVUHDOL]HG
Figure 5VKRZVWKHIDU¿HOGSURSDJDWLRQRIWKH3&6(/EHDP
ZLWKRXWWKHDVVLVWDQFHRIDQ\OHQV>@7KHVDPHSURSDJDWLRQRI
D FRQYHQWLRQDO EURDGDUHD VHPLFRQGXFWRU ODVHU LV DOVR VKRZQ
IRU FRPSDULVRQ ,W LV VHHQ WKDW WKH EHDP RI WKH FRQYHQWLRQDO
ODVHU KDV D ORZ TXDOLW\LV DV\PPHWULFDQG TXLFNO\GLYHUJHV
HVSHFLDOO\LQWKHYHUWLFDOGLUHFWLRQ,WLVIRUWKLVUHDVRQWKDWZKHQ
DSSO\LQJWKHFRQYHQWLRQDOODVHUWR/L'$5DFRPSOLFDWHGV\VWHP
RIOHQVHVLVUHTXLUHGWRUHVKDSHWKHEHDP,QFRQWUDVWWKHEHDP
RIWKH3&6(/SURSDJDWHVDOPRVWZLWKRXWGLYHUJLQJHYHQWKRXJK
QROHQVLVXVHG(YHQDWDIDUGLVWDQFHRIPDV\PPHWULF
FLUFXODUEHDPZLWKDVPDOOFPUDGLXVVSRWVLGHLVREVHUYHG
IURPWKH3&6(/ 1RWHWKDWDWGLVWDQFHVRIXQGHUPWKHEHDP
VSRWVL]HLVWRRVPDOOWREHHDVLO\REVHUYHG
B) PCSEL installed in a LiDAR system

Figure 6 VKRZV D FRPSDULVRQ RI D /L'$5 V\VWHP ZLWK D
FRQYHQWLRQDO VHPLFRQGXFWRU ODVHU OLJKW VRXUFH DQG D /L'$5
V\VWHPZLWKWKH3&6(/OLJKWVRXUFHGHVFULEHGDERYH>@+HUH
WKHODVHUEHDPVDUHVFDQQHGLQRQHGLPHQVLRQE\PHFKDQLFDOO\
URWDWLQJ D PLUURU $V GHVFULEHG DERYH IRU WKH FRQYHQWLRQDO
semiconductor laser, a complicated system of lenses must
EH LQWHJUDWHG LQWR WKH OLJKW VRXUFH WR UHVKDSH WKH EHDP DQG
HYHQDIWHUGRLQJVRWKHEHDPVSRWVL]HLVODUJHDQGGLVWRUWHG
FRQVHTXHQWO\ WKH EHDP VSRWV RYHUODS GXULQJ EHDP VFDQQLQJ
ZKLFK ORZHUV WKH VSDWLDO UHVROXWLRQ RI WKH V\VWHP VHH WKH
ERWWRPOHIW SDQHO RI )LJ   ,Q FRQWUDVW IRU WKH 3&6(/ WKH
EHDP VSRW KDV DQ H[WUHPHO\ QDUURZ GLYHUJHQFH DQJOH DQG LV
FLUFXODUVRLWFDQEHXWLOL]HGZLWKRXWWKHDVVLVWDQFHRIDQ\OHQV
)XUWKHUPRUHDVVKRZQLQWKHERWWRPULJKWSDQHORI)LJWKH
EHDPVSRWVDUHFOHDUO\VHSDUDWHGGXULQJEHDPVFDQQLQJZKLFK
DOORZVWKHV\VWHPWRKDYHDKLJKVSDWLDOUHVROXWLRQ
1H[WFig. 7VKRZVDGHPRQVWUDWLRQRIGLVWDQFHPHDVXUHPHQWV
SHUIRUPHGLQUHDOWLPHXVLQJWKH3&6(/EDVHG/L'$5V\VWHP
ZKLFKFDQEHPLQLDWXUL]HGDQGVLPSOL¿HGE\YLUWXHRILWVOLJKW

PP

$FWLYHDUHD؟P
PP̗

3HDNRXWSXWSRZHU :

Fig. 4 940 nm-wavelength PCSEL developed for LiDAR applications
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VRXUFHEHLQJOHQVIUHHDQGZKLFKFDQDOVRKDYHDQLPSURYHG
VSDWLDO UHVROXWLRQ ,W FDQ EH VHHQ KRZ WKH ILQH GHWDLOV RI WKH
PRWLRQ RI 3HUVRQV $ DQG % VXFK DV WKH PRYHPHQW RI WKHLU
KDQGVDUHFDSWXUHGE\WKHV\VWHP7KHVHUHVXOWVLQGLFDWHWKDWD
3&6(/EDVHG/L'$5V\VWHPKDVEHHQVXFFHVVIXOO\GHYHORSHG
DQG WKH\ DOVR GHPRQVWUDWH WKH VXSHULRULW\ RI WKH 3&6(/ DV D
/L'$5OLJKWVRXUFH

Electrical two-dimensional
beam-scanning PCSEL
7KHDIRUHPHQWLRQHG3&6(/HPLWVDODVHUEHDPLQDGLUHFWLRQ
QRUPDOWRWKHVXUIDFHRIWKHSKRWRQLFFU\VWDODQGEHDPVFDQQLQJ
ZLWKWKHFRQVWUXFWHG/L'$5V\VWHPLVGRQHE\PHFKDQLFDOO\
URWDWLQJDPLUURUDVVKRZQLQ)LJ,IWKLVEHDPVFDQQLQJFDQ
EH SHUIRUPHG QRW E\ WKH PHFKDQLFDO PRWLRQ RI D PLUURU EXW
UDWKHU E\ HOHFWULFDO PHDQV WKHQ WKH UHOLDELOLW\ VWDELOLW\ DQG
FRPSDFWQHVVRIWKHV\VWHPLVH[SHFWHGWRUHPDUNDEO\LPSURYH

%HORZLVDQLQWURGXFWLRQWRDUHFHQWO\GHYHORSHG3&6(/WKDWLV
FDSDEOHRIVXFKHOHFWULFDOEHDPVFDQQLQJLQWZRGLPHQVLRQV>@
$VZDVVKRZQLQWKHIRXUWKFROXPQIURPWKHOHIWLQ)LJD
3&6(/ZLWKDQHOHFWULFDOO\VFDQQDEOHEHDPLQRQHGLPHQVLRQ
KDVDOUHDG\EHHQVXFFHVVIXOO\SURSRVHGDQGGHPRQVWUDWHG9HU\
UHFHQWO\IXUWKHULQQRYDWLRQVWRWKHSKRWRQLFFU\VWDOVWUXFWXUHKDV
OHGWRWKHDGRSWLRQRIWKH³GXDOO\PRGXODWHGSKRWRQLFFU\VWDO´
VKRZQLQFig. 8ZLWKZKLFKWKHHPLVVLRQRIDKLJKSRZHUKLJK
TXDOLW\EHDP LQ DQ DUELWUDU\GLUHFWLRQLQ WZR GLPHQVLRQVKDV
EHHQVXFFHVVIXOO\GHPRQVWUDWHG
7KHSRVLWLRQVDQGVL]HVRIWKHODWWLFHSRLQWVRIWKHSKRWRQLF
FU\VWDO VKRZQ LQ )LJ  DUH VLPXOWDQHRXVO\ PRGXODWHG DQG
LQIRUPDWLRQ SHUWDLQLQJ WR WKH EHDP HPLVVLRQ GLUHFWLRQ DUH
HQFRGHGDWWKHWLPHRIWKLVPRGXODWLRQ7KH3&6(/VGLVFXVVHG
XS WR WKH SUHYLRXV VHFWLRQ RSHUDWHG DW WKH ī SRLQW DW ZKLFK
HPLVVLRQLQWKHVXUIDFHQRUPDOGLUHFWLRQLVSRVVLEOHEXWZLWK
WKHVHGXDOO\PRGXODWHGSKRWRQLFFU\VWDOVDGLIIHUHQWVLQJXODULW\
NQRZQDVWKH0SRLQWLVXVHGLQRUGHUWRLQKLELWWKHHPLVVLRQ

Fig. 5 Comparison of far-ﬁeld beam propagation of a conventional semiconductor laser and a PCSEL
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Fig. 6 Comparison of conventional semiconductor laser and PCSEL light sources for LiDAR
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RI OLJKW SULRU WR WKH PRGXODWLRQV 7KHQ GXDO PRGXODWLRQ LV
LQWURGXFHG LQ RUGHU WR KDYH D EHDP EH HPLWWHG LQ VROHO\ WKH
GLUHFWLRQRIRQH¶VFKRRVLQJ
Figure 9 VKRZV D VFKHPDWLF GLDJUDP RI DQ RQFKLS DUUD\
RIGXDOO\PRGXODWHG3&6(/VEDVHGRQWKHDERYHFRQFHSWIRU
EHDP HPLVVLRQ LQ PXOWLSOH GLUHFWLRQV LQ WZR GLPHQVLRQV DV
ZHOODVDPLFURVFRSHLPDJHRIWKHERWWRPRIDIDEULFDWHGFKLS
(DFK 3&6(/ KDV D IRRWSULQW DUHD RI  ȝP2 DQG D FLUFXODU
FXUUHQWLQMHFWLRQDUHDRIȝPGLDPHWHU DQGWKH3&6(/VDUH

DUUD\HGLQDîPDWUL[$OOHOHFWURGHVDUHLQWHJUDWHGRQWR
WKHEDFNRIWKHFKLSVRWKDWWKHODVHUEHDPVFDQEHHPLWWHGIURP
WKHIURQWRIWKHFKLSZLWKRXWREVWUXFWLRQDQGWKH3&6(/VDUH
HOHFWULFDOO\LVRODWHGIURPHDFKRWKHUVRWKDWRQO\WKH3&6(/ V 
DWWKHLQWHUVHFWLRQVRISDQGQOLQHHOHFWURGHVDFURVVZKLFKD
YROWDJHLVDSSOLHGDUHGULYHQ,QWRHDFK3&6(/LVHQFRGHGLWV
RZQXQLTXHEHDPHPLVVLRQGLUHFWLRQ$OVRIURPHDFK3&6(/
WZREHDPVDUHVLPXOWDQHRXVO\HPLWWHGDWREOLTXHDQJOHVZKLFK
DUHPXWXDOUHÀHFWLRQVRIHDFKRWKHUDERXWWKHVXUIDFHQRUPDO

Fig. 7 Demonstration of LiDAR with a PCSEL light source

&DPHUDLPDJH

'LVWDQFHPDS

$SSHDUDQFHRI
/L'$5V\VWHP

/L'$5

Fig. 8 Scanning-electron-microscope image of a dually modulated photonic crystal (birds’-eye view).

Scanning electron microscope image
(taken at an oblique angle from the surface normal)
Lattice-point positions and sizes are simultaneously modulated. In these modulations are encoded information about the beam emission direction. Also, the lattice constant
(= spacing between the lattice points) is set to 1/32 times the wavelength in the material (5 195 nm). An electron beam lithography system used is a JEOL JBX-9400FS.
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8VLQJWKHDUUD\HGFKLSGHVFULEHGDERYHLWLVSRVVLEOHWRGULYH
3&6(/VLQDQ\RUGHUDQGDWDQ\VSHHGFigure 10VKRZV
VQDSVKRWVRIEHDPVFDQQLQJ7KHWRSURZRIVQDSVKRWVLQWKLV
¿JXUHVKRZEHDPVFDQQLQJZKHQWKHQOLQHHOHFWURGHVDUHGULYHQ
LQVHTXHQFHIURPQWRQZKLOHWKHSOLQHHOHFWURGHLV¿[HG
WR S )RU WKLV VHTXHQFH RI 3&6(/V D IL[HG SRODU HPLVVLRQ
angle ș  IURP WKH VXUIDFH QRUPDO  RI  KDV EHHQ HQFRGHG
ZKLOH D]LPXWKDO HPLVVLRQ DQJOHVࢥ  IURP WKH SRVLWLYH [ D[LV 
KDYH EHHQ HQFRGHG WR YDU\ IURP  WR  WKHVH
HPLVVLRQDQJOHVDUHSUHFLVHO\WKRVHREVHUYHGLQWKHVQDSVKRWV
1H[WWKHPLGGOHURZRIVQDSVKRWVVKRZVEHDPVFDQQLQJZKHQ
WKH VDPH VHTXHQFH RI QOLQH HOHFWURGHV DUH GULYHQ EXW WKH
SOLQHHOHFWURGHLV¿[HGWRS,QWKLVFDVHLWLVWKHD]LPXWKDO
angles ࢥ WKDWKDYHEHHQGHVLJQHGWRUHPDLQIL[HGWR
ZKLOHWKHSRODUDQJOHș KDVEHHQGHVLJQHGWRYDU\IURPWR
DJDLQWKHVHHPLVVLRQDQJOHVDUHSUHFLVHO\WKRVHREVHUYHG
LQWKHVQDSVKRWV)LQDOO\WKHERWWRPURZRIVQDSVKRWVVKRZV
EHDPVFDQQLQJZKHQWKHHOHFWURGHVLQWKHWRSDQGPLGGOHURZV
DUHGULYHQDWWKHVDPHWLPHWRVFDQIRXUEHDPVVLPXOWDQHRXVO\
7KHVH VQDSVKRWV DUH MXVW RQH H[DPSOH RI EHDP VFDQQLQJ LQ
JHQHUDO YDULRXV EHDPV FDQ EH VFDQQHG LQ DQ\ RUGHU DW DQ\
WLPLQJ)XUWKHUPRUHDOWKRXJKGHWDLOVDUHRPLWWHGGXHWRVSDFH
UHVWULFWLRQV WKH QXPEHU RI UHVROYDEOH SRLQWV LV QRW OLPLWHG
WR  DQG FDQ LQ IDFW EH LQFUHDVHG WR RYHU  ZLWKRXW
FRQVLGHUDEO\ LQFUHDVLQJ WKH FKLS DUHD ,W LV DOVR SRVVLEOH WR

FRQVWUXFWDQHZW\SHRI/L'$5V\VWHPWKDWOHYHUDJHVWKLVEHDP
VFDQQLQJWHFKQRORJ\)RUPRUHGHWDLOVWKHUHDGHULVUHIHUUHGWR
5HIHUHQFH

Conclusions
7KH UHFHQW GHYHORSPHQWV RI 3&6(/V DQG WKHLU DSSOLFDWLRQ
WR /L'$5 ZKLFK ZLOO VXSSRUW VPDUW PRELOLW\ RI URERWV DQG
DXWRPRELOHV KDYH EHHQ GLVFXVVHG )LUVW IROORZLQJ D EULHI
LQWURGXFWLRQWRWKHSURJUHVVRI3&6(/GHYHORSPHQWWKXVIDUWKH
SRVVLELOLW\RIOHYHUDJLQJWKHKLJKRXWSXWSRZHUDQGKLJKEHDP
TXDOLW\ KLJKEULJKWQHVV RIWKH3&6(/LQWKHFRQVWUXFWLRQRID
OHQVIUHHKLJKUHVROXWLRQ/L'$5V\VWHPKDVEHHQVKRZQ1H[W
WKHSRVVLELOLW\RIHOHFWULFDOO\VFDQQLQJDEHDPLQWZRGLPHQVLRQV
E\FKDQJLQJWKHODWWLFHSRLQWSRVLWLRQVDQGVL]HVRIDSKRWRQLF
FU\VWDOKDVEHHQDGGUHVVHG$OVRZKLOHWKH3&6(/VLQWURGXFHG
KHUHKDYHDODVLQJZDYHOHQJWKRIDURXQGQPH[SDQVLRQRI
WKLVZDYHOHQJWKLQWRWKHWHOHFRPPXQLFDWLRQVZDYHOHQJWKEDQGV
ȝPWRȝP ZKHUHLPSURYHGH\HVDIHW\LVH[SHFWHGLV
under development.
,Q DGGLWLRQ WR VHQVLQJ 3&6(/V FDQ EH DSSOLHG WR PDWHULDO
SURFHVVLQJ LQFOXGLQJ KLJKSUHFLVLRQ PDFKLQLQJ DQG WKH
PDFKLQLQJ RI PHWDOV  DQG ELRPHGLFDO ILHOGV ZKHUH WKHLU
FRPSDFWQHVVDIIRUGDELOLW\ORZSRZHUFRQVXPSWLRQDQGKLJK
IXQFWLRQDOLW\ ZLOO OHDG WR WKHLU VXSSODQWLQJ RI EXON\ KLJK

Fig. 9 On-chip array of dually modulated PCSELs for beam emission in various directions
in two dimensions.
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Fig. 10 Example of multi-beam scanning.
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The lasing wavelength is 940 nm.

EULJKWQHVVODVHUV HJJDVODVHUVDQGILEHUODVHUV FXUUHQWO\LQ
XVH:LWKWKHVHDGYDQWDJHV3&6(/VFDQEHVDLGWREHDNH\WR
XQORFNWKHGRRUWRDVXSHUVPDUWVRFLHW\ 6RFLHW\ 
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And Yet It Moves:
Molecular Rotors and Motors Studied
by Solid-State NMR Spectroscopy
0DUWLQ'UDþtQVNê&DULQD6DQWRV+XUWDGR*XLOODXPH%DVWLHQ-LĜt.DOHWD
Institute of Organic Chemistry and Biochemistry, Czech Academy of Sciences

Artificial molecular machines promise applications in many fields, including physics, information technologies,
chemistry as well as medicine. The deposition of functional molecules in 2D or 3D assemblies in order to control
their collective behavior and the structural characterization of these assemblies are important tasks. This paper
summarizes our recent solid-state NMR (SS-NMR) studies of functional molecules deposited in a rigid matrix or on
a surface (spectrometer: JEOL JNM-ECZ600R). It is demonstrated that SS-NMR experiments provide unequivocal
evidence of the formation of these assemblies and can also be used for the observation of such a molecular function
as the photoisomerization of a molecular switch.

Introduction
Molecular machines play many important roles in nature.
These fascinating molecules or supramolecular complexes are
responsible, for example, for muscle contraction, for moving
cargo inside cells, for the motion of cilia and flagella, and for
energy production [1].
Like in many other fields, researchers have been inspired by
QDWXUHDQGGHVLJQHGDQGV\QWKHVL]HGDUWL¿FLDOPROHFXODUPDFKLQHV
and nanodevices [2-6]. Their structures include biaryls [7],
metal complexes [8], rotaxanes [9], catenanes [10], and light[11] or chemically-driven [12-14] molecular motors. Artificial
molecular nanodevices promise applications as transporters [1517], autonomous molecular machines [18, 19], synthesizers [20],
materials for information storage [21], and responsive materials
[22-24]. The importance of the field has also been recognized
by the Nobel Committee, which awarded Jean-Pierre Sauvage,
Sir J. Fraser Stoddart and Bernard L. Feringa for “the design and
synthesis of molecular machines” in 2016.
An important task for the development of functional materials
based on molecular machines is a precise control of their
positioning in two- or three-dimensional arrays in order to
synchronize and amplify their function. The approaches toward
this goal include surface mounting [25-29], the use of metalloorganic frameworks [30, 31] or other porous materials [32], gels
[33], polymers [34] and liquid crystals [35-37].
The structural characterization of the 2D and 3D assemblies
of functional molecules is a crucial task for the success of
the control of their collective behavior. Single-crystal X-ray
diffraction (XRD) has been called the “gold standard” for solidstate structure determination [38], but there are limitations
to this technique. A well-known limitation of XRD is that it
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typically requires a highly-ordered crystalline sample and is thus
inherently limited in the structural characterization of disordered
or amorphous samples. Unfortunately, supramolecular
assemblies of functional molecules are often heavily disordered.
The lack of periodicity in disordered materials leads to a
dramatic loss of information from diffraction experiments.
An alternative experimental technique for the atomic-level
characterization of solids is solid-state NMR spectroscopy
(SS-NMR). For example, 13C SS-NMR is commonly used as a
structural probe of polymorphs in crystalline solids [39, 40]. In
contrast to X-ray diffraction, SS-NMR does not require a longrange order in the materials studied and is, therefore, suitable
for the characterization of disordered and amorphous samples
[41-43].
In this paper, we summarize our recent progress in the SSNMR studies of the supramolecular complexes of molecular
rotors and motors. We have investigated the formation of the
supramolecular assemblies and the function of the molecular
devices in the solid assemblies. As the hosts for these
supramolecular complexes, we have used hexagonal tris(o phenylenedioxy)cyclotriphosphazene (TPP) or cucurbit[7]
uril (CB[7]). The host–guest complexes were prepared
mechanochemically by ball milling. The layered structure of
hexagonal TPP contains an array of parallel hollow channels that
can accommodate suitable guest molecules. Similarly, suitable
guests can be inserted into the CB[7] cavity.
The results will be discussed in four subchapters, dealing
with: 1) 3D assemblies of pyridazine rotors in TPP, 2) surface
inclusions of molecular motors in TPP, 3) surface inclusions of
an azo-switch in TPP, and 4) the mechanochemical preparation
of CB[7] inclusion complexes. The structures of the compounds
discussed are shown in Figure 1.

JEOL NEWS │ Vol.56 No.1 (2021)

Results and Discussion

Fig. 1

1) 3D Assemblies of Pyridazine Rotors in TPP

Pyridazine derivatives, such as compounds 1 and 2, have
a large dipole moment. We prepared these compounds with
the aim of controlling their rotary motion (rotation along the
long axis of the molecule) by a fluctuating electric field. We
synthesized several other pyridazine derivatives similar to
compounds 1 and 2; these derivatives differ in the length of the
linker that connects the pyridazine fragments with each other
and with the terminal tert -butyl group. These variable-length
linkers were used to fine-tune the distance between individual
pyridazine moieties in the TPP channels and thus enabled a
thorough investigation of the collective behavior of these rotors.
$OOWKHVWXGLHGPROHFXODUURWRUVKDGDURGOLNHVKDSHZKLFK¿WV
well in the TPP channels [32].
,QRUGHUWRFRQ¿UPWKHIRUPDWLRQRIWKHKRVW±JXHVWFRPSOH[HV
prepared by ball-milling, we employed SS-NMR. To have a
reliable indicator of the host–guest complex formation of the
molecular rotors inserted into the TPP channels, we prepared
a fully deuterated TPP (TPP-d 12) host. Cross-polarization (CP)
SS-NMR experiments are based on a polarization transfer from
hydrogen (1+ QXFOHLWRWKHQXFOHLRILQWHUHVW 13C or 31P in our
case). Consequently, only the atoms that are close in space to
hydrogen atoms are observable by this technique. On the other
hand, experiments with direct excitation lead to the observation
of all nuclei of a given isotope. For this reason, fully deuterated
TPP has no signal in the 13C CP experiment, while three signals
corresponding to the three non-equivalent carbon atoms in
the hexagonal TPP polymorph are clearly observable in the
13
C experiment with direct excitation. These three signals are
also well visible in the 13C CP magic-angle-spinning (MAS)
spectrum of the inclusion complexes of the studied pyridazines
in deuterated TPP (Figure 2). The observation of the TPP
carbon signals thus confirms that the fully protiated rotor
molecules are immersed in the TPP-d 12 matrix. The same
observation was also done in 31P SS-NMR spectra: no signal
appeared in the CP-MAS spectrum of deuterated TPP, whereas
a singlet at 33.0 ppm was observed in the phosphorus spectra
with direct excitation and in the CP-MAS spectrum of the
inclusion complex [32].
The immersion of molecular rotors into the TPP matrix also
leads to significant chemical-shift changes. The ring current
LQGXFHGLQWKHDURPDWLFULQJVRI733FDXVHVDQXS¿HOGVKLIW WR
lower chemical shifts) of the signals of atoms in the TPP cavities
(Figure 2).
We have also studied the cross-polarization dynamics in
the pure crystalline rotors and in the inclusion complexes. We
have observed that the dependence of the intensity of carbon
signals on the contact time (the length of CP) correlates with
the distance to the nearest hydrogen atom. The signals of triplebond carbon atoms, which are separated from the nearest
hydrogen atoms by three or more bonds, grow slowly with
increasing contact time. This is the result of inefficient CP
JLYHQE\ORQJHU&±+GLVWDQFHV,QWKHSXUHFU\VWDOOLQHURWRUV
the intermolecular distances of the triple-bond carbons to the
hydrogen atoms of a neighboring molecule are shorter than
RU FRPSDUDEOH ZLWK LQWUDPROHFXODU &±+ GLVWDQFHV 7KH PRVW
remarkable difference in the 13C CP-MAS spectra of the host–
guest complexes (apart from the presence of the TPP signals)
is the very low intensity of the signals of the triple bonds;
furthermore, this intensity increases only very slowly with
increasing contact time. This observation may be attributed to
LQVXI¿FLHQWLQWUDPROHFXODU&3IURPWKHFORVHVWK\GURJHQQXFOHL
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Fig. 2

The 13C CP-MAS spectra of a) crystalline compound 1 and of b) the inclusion
complex of compound 1 in TPP-d 12; the 13C spectra of TPP-d 12 measured with c)
the direct excitation of carbon nuclei and with d) CP.
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and the absence of intermolecular interactions with hydrogen
atoms. The attenuated signals of the triple bonds may thus serve
as another evidence of the formation of the inclusion complex.
The triple-bond carbon signals can be observed in the 13C NMR
spectra of the inclusion complexes acquired with direct carbon
excitation without CP.
SS-NMR experiments can also be used to determine the
dynamics of the guest molecules in the TPP matrix. MAS at
high frequencies leaves only the isotropic line in the spectrum
accompanied by a few low-intensity spinning sidebands (SSBs).
Since any molecular mobility in the studied solid material leads
to a further suppression of the SSBs, the number and intensity of
SSBs may be used to diagnose internal motion in solid materials.
In the 13C NMR spectrum of compound 2DFTXLUHGZLWKN+]
MAS (Figure 3), the dominant lines correspond to the isotropic
chemical shifts and the few observed SSBs belong mostly to
the signals of triple bonds, which have very large chemical-shift
DQLVRWURS\+RZHYHUZKHQWKHVDPHVSHFWUXPLVDFTXLUHGZLWK
N+]0$6WKHUHDUHPDQ\66%VEHORQJLQJWRDOOLVRWURSLF
signals. Many SSBs belong to the signals of the pyridazine
carbon atoms, which indicates that these aromatic rings do not
XQGHUJRʌMXPSVRUDQ\NLQGRIIUHHURWDWLRQ
The spectrum of the inclusion complex of compound 2 in
TPP (2#733  DFTXLUHG ZLWK N+] 0$6 VKRZV RQO\ YHU\
few SSBs, which belong to the signals of TPP. In the spectrum
of 2#733DFTXLUHGZLWKWKHVORZHUVSLQQLQJRIN+]WKHUH
are many SSBs, but most of them belong to the signals of TPP.
The SSBs belonging to the signals of compound 2 have very
low intensity or are completely missing in the spectrum. This
REVHUYDWLRQFDQEHXQGHUVWRRGDVDFRQ¿UPDWLRQRIWKHIRUPDWLRQ
of the inclusion complex; the TPP matrix is rigid and provides
signals with many SSBs in slow MAS spectra. Nevertheless,
the guest molecule is relatively mobile with fast re-orientation
of all its parts, which leads to a suppression of chemical-shift
anisotropy and hence to the reduction of the number of SSBs in
the spectrum. The suppression of SSBs indicates that the speed
of the molecular re-orientation is in the order of the chemicalVKLIW DQLVRWURS\ H[SUHVVHG LQ +]  RU IDVWHU WKXV VHWWLQJ WKH
ORZHUOLPLWRIS\ULGD]LQHURWDWLRQWRFDN+]>@

direction (upfield, Figure 5). This observation confirms the
inclusion on the TPP surface. The ring-current effects of the
aromatic rings of TPP cause an upfield shift of the signals of
atoms in the TPP cavities (the shaft), whereas the stopper and
the motor deposited on the TPP surface are less shielded than in
crystalline 3.
3) The Surface Inclusion of
an Azobenzene Molecular Switch on TPP

Another functional molecule that we prepared and whose
surface inclusion complexes on TPP we studied contained a
molecular switch based on azobenzene (compound 4, Figure 1).
The “passive” part of the molecule is the same as in compound 3
– it contains the same long shaft and the triptycene stopper [46].
Azobenzenes contain the azo group (–N=N–), which makes
the compounds colorful. Apart from their use as colorants,
azo compounds have found many applications in the fields of
molecular devices and artificial molecular machines [3, 4750], where the easy E/Z photoisomerization of the azo group is
exploited. In most cases, the E arrangement is more stable than
the Z  DUUDQJHPHQW +RZHYHU LUUDGLDWLRQ ZLWK 89 RU YLVLEOH
light can lead to E/Z isomerization. The resulting metastable Z
isomer then rearranges back to the E isomer either thermally or
E\DQRWKHU89YLVLUUDGLDWLRQ
The E/Z photoisomerization can be followed by 15 N
NMR spectroscopy, because the signals of azo nitrogens are
substantially different for the two isomers. In order to facilitate
these measurements, compound 4 was prepared as 15N-labelled
in one of the azogroup nitrogen atoms (Figure 1). Figure 6a and
6b depicts the solution-state 15N spectra of compound 4 before
DQGDIWHU89LUUDGLDWLRQ7KHQLWURJHQFKHPLFDOVKLIWLQFUHDVHV
by 23 ppm upon the formation of the Z isomer.
The E/Z photoisomerization of the surface inclusion
complexes of compound 4 in TPP has been investigated by SSNMR. The SS-NMR nitrogen signal of the surface inclusion is
in the same position as the signal of the E isomer in solution, but

Fig. 3

2) The Surface Inclusion of
Unidirectional Molecular Motor 3 on TPP

In order to prepare a 2D array of molecular motors on the
TPP surface, we prepared compound 3, which contains the
molecular motor designed by Feringa. The “passive” part of
WKHPROHFXOHFRPSULVHVDORQJVKDIWWKDW¿WVLQWR733FKDQQHOV
and a triptycene stopper, which prevents the immersion of the
whole molecule into the channel. The stopper ensures that the
molecular motors are deposited on the TPP surface. Two NMR
probes with distinct chemical shifts, namely the tert -butyl group
and the bicyclo[1.1.1]pentyl cage, were intentionally installed
into the shaft.
Like in the case of pyridazine rotors, we worked with a fully
deuterated TPP matrix. The observation of TPP carbon signals
in CP-MAS experiments then confirms that compound 3 is
immersed in the TPP matrix (Figure 4). The same observation
was also made in 31P SS-NMR spectra: there was no signal in the
CP-MAS spectrum of deuterated TPP, whereas a singlet at 33.0
ppm appeared in the phosphorus spectra with direct excitation
and in the CP-MAS spectrum of the inclusion complex [29].
A close inspection of the spectra reveals that the signals of
the long shaft immersed in the matrix 3 have moved to higher
FKHPLFDOVKLIWV GRZQ¿HOG ZKHUHDVWKHVLJQDOVRIWKHWULSW\FHQH
stopper and of the molecular motor have moved in the opposite
11
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The 13C CP-MAS spectra of compound 2 (a and b) and host–guest complex
2@TPP (c and d) measured with the MAS of 13 kHz (a and c) and 4.3 kHz (b
and d) and the 13C spectrum of TPP-d 12 (e). The blue dashed lines connect the
isotropic lines in the spectra of compound 2, and the asterisks indicate the
SSBs; the yellow asterisks belong to the TPP signals, and the blue and green
asterisks to the signals of compound 2.
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the SS-NMR signal is significantly broader (Figure 6c). After
irradiation, new 15N signal appears in the spectrum close to the
position of the signal of the Z isomer in solution (Figure 6d).
The preparation and observation of the Z isomer was challenging
for two reasons: First, the inclusion compound is optically
dense and cannot be irradiated through the entire volume of the
sample. Therefore, we irradiated the sample for four hours and
regularly mixed the powder sample under the irradiation device.
Second, the thermal back isomerization could destroy the Z
isomer before it was measured. Therefore, the irradiation was
performed at low temperature of 8 °C, the SS-NMR experiments
DWí&DQGWKH0$6VSHHGZDVUHGXFHGWRN+]1RWHWKDW
MAS leads to frictional heating of the sample and the decrease
LQWKHVSLQQLQJVSHHGVLJQL¿FDQWO\UHGXFHVWKHIULFWLRQDOKHDWLQJ

Fig. 4

4) Host–Guest Complexes of Cucurbit[7]urils

Apart from TPP, we have also investigated another type of
inclusion hosts – cucurbiturils. The host–guest complexes were
also prepared by ball-milling. Cucurbit[n ]uril macrocycles
(CB[n]) are well-established hosts for the encapsulation of
guests in water solutions [51-53], often with extreme binding
affinities (up to 7.2 × 1017 Mí  >@ +RZHYHU PDQ\ RI
the potential guests are insoluble in water. To overcome this
complication, we have demonstrated that mechanochemistry
can be used for the preparation of host–guest complexes with
CB[7] by simple solvent-free ball-milling of both substrates
[57].
As an example, Figure 7 depicts the proton SS-NMR spectra
of a selected guest (1-adamantylammonium hydrochloride,

Fig. 6

The solid-state 13C NMR spectra of TPP- d 12, compound 3 and the inclusion
complex of 3 in TPP-d 12.

Fig. 5

The nitrogen NMR spectra of compound 4 in THF-d 8 solution a) before and
b) after UV irradiation. The 15N CP-MAS spectra of the surface inclusion of
compound 4 on TPP c) before and d) after UV irradiation.

Fig. 7

A part of the 13C CP-MAS spectra of compound 3 and the inclusion complex
3@TPP- d 12 with partial signal assignment. The red dashed lines indicate the
signals of compound 3 that are shifted upfield upon complexation, while
the blue dashed lines mark downfield-shifted signals. The asterisks indicate
spinning sidebands. Note that the spectrum of 3 has been acquired at a higher
MAS speed (14.5 kHz) than the spectrum of 3@TPP (13 kHz).

The 1H SS-NMR spectra of ball-milled (a) compound 5, (b) a 1:2 mixture of
CB[7] and 5, (c) a 2:1 mixture of CB[7] and 5, and (d) pure CB[7].
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compound 5), of pure CB[7] and of their host–guest complexes.
The encapsulation of compound 5OHDGVWRVLJQL¿FDQWFKHPLFDO
shift changes of the guest. The proton signals were assigned by
PHDQVRIDSURWRQGHWHFWHG',1(37VSHFWUXPVKRZLQJ&±+
correlations via heteronuclear J -coupling (Figure 8). The spatial
proximity of the host and guest was confirmed by a proton
double-quantum (DQ) – single-quantum (SQ) experiment, which
shows through-space interactions of the compounds (Figure 9).

Conclusions
SS-NMR experiments provide a unique opportunity for the
investigation of 2D and 3D assemblies of functional molecules,
such as molecular rotors, motors and switches. The formation
of the host–guest complexes has been confirmed by CP
experiments with a deuterated host, by chemical-shift changes
of the guest, by changes of the signal intensities of triple-bond
carbon atoms, and by 2D proton-detected NMR experiments.
Furthermore, SS-NMR experiments have confirmed the
photoisomerization of the molecular switches deposited on the
TPP surface.

measurements were taken at the MAS rates of 70 and 12–18
N+]UHVSHFWLYHO\7KH 13C, 15N and 31P spectra were measured
using either CP or direct excitation. The ramped-amplitude
shape pulse was used during the cross-polarization. The contact
time for the CP was 5 ms for 13C and 31P and 10 ms for 15N. The
signals were assigned by means of a 2D double-CP experiment
DQG ' &3,1(37 H[SHULPHQW VKRZLQJ &±+ FRUUHODWLRQV
via dipolar coupling or J -coupling, respectively. These 2D
H[SHULPHQWVZHUHSHUIRUPHGDWWKH0$6UDWHVRIN+]7KH
1
+í1+ '4í64 0$6 VSHFWUD ZHUH UHFRUGHG XVLQJ WKH URWRU
synchronized back-to-back (BABA) recoupling pulse sequence
DWWKH0$6UDWHVRIN+]>@
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Experimental Notes
Ball milling. A pure host (TPP or CB[7], ~0.025 mmol) was
ball-milled at 25 °C for 5 min using a stainless-steel ball mill.
Subsequently, pure guest 1– 4 was added and the mixture was
ball-milled four consecutive times for 5 min. After each cycle,
the milling chamber was opened and the glassy solid material
was thoroughly scratched from the mill walls.
Solid-state NMR experiments.+LJKUHVROXWLRQ 1+ 13C, 15N
and 31P solid-state NMR spectra were obtained using a JEOL
(&=5 VSHFWURPHWHU RSHUDWLQJ DW  0+] IRU 13C, at
0+]IRU 151DW0+]IRU 313DQGDW0+]IRU
1
+ DQG D %UXNHU $YDQFH ,, VSHFWURPHWHU RSHUDWLQJ DW 
0+]IRU 13&DW0+]IRU 313DQGDW0+]IRU 1+
Samples were packed into 1- and 3.2-mm (MAS) rotors and

Fig. 8

A 2D CP-INEPT SS-NMR spectrum of a ball-milled mixture of CB[7] and 5 in 1:2
ratio, showing C–H correlations via heteronuclear J -coupling, measured at the
MAS speed of 70 kHz.
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The Sector Mass spectrometer (MS) combined with gas-chromatograph (GC-HRMS) was the official method
used for polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) analysis due to its high selectivity
and high sensitivity for those compounds. It is still mainly used in expert laboratories. The European commission
regulation has been amended in 2014 (EU589/2014) and now allows the use of the GC-triple quadrupole MS system
for PCDDs and PCDFs (PCDD/Fs) analysis to check the compliance of samples [1]. In this study, we have quantiﬁed
PCDD/Fs using the new JEOL GC-triple quadrupole MS called JMS-TQ4000GC. The software TQ-DioK which is
dedicated to dioxins analysis was used to process the data.

Introduction
Dioxins are a general term for PCDD/Fs. Their structures
consist of two chlorinated rings. Many congeners differ in term
of number of chlorine atoms and binding sites (Fig. 1).
These substances are considered as persistent organic
pollutants (POPS) due to their presence in the environment
and the health risks associated. A World Health Organization
(WHO) study has demonstrated the health risks (carcinogenic
and immunotoxic) when population are exposed to them [2].
In addition, PCDD/Fs have been regulated by the Stockholm
convention on POPs in May 2001 [3].
In particular, 17 substances have to be monitored because
they are regulated (7 PCDDs and 10 PCDFs). The highest toxic
compound is the 2378-TeCDD (Fig. 2).
Currently, dioxins analysis can be done not only using GCHRMS but also with GC-MS/MS according to European
commission regulation (2014). GC-triple quadrupole MS is
interesting in terms of handling, instrument size and operating
costs.
Recently, JEOL has developed a new GC-triple quadrupole
MS (JMS-TQ4000GC) and a new dedicated dioxins analysis
software called TQ-DioK. In this study, we evaluated JMSTQ4000GC with TQ-DioK using dioxins standard samples and
several real samples.

US8604420) [4]. It allows to carry out high speed and high
sensitivity quantitative measurements. The switch between “high
speed” and “high sensitivity” modes is easy to do, by changing
accumulation time for ions in the short collision cell. Besides,
new compounds can be added on the SRM data file using the
SRM optimization tool. Therefore, dioxins data obtained can be
analyzed smoothly.

Fig. 1 The structures of PCDDs(A) and
PCDFs(B)













(A) PCDDs

(B) PCDFs

Fig. 2 The structure of 2378-TeCDD

Instrument
JMS-TQ4000GC
The collision cell of JMS-TQ4000GC is a unique technology
called short collision cell (Patent No.: US8692191, EP2469578,
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TQ-DioK
JEOL has introduced a dedicated GC-triple quadrupole MS
software specialized in MS/MS data analysis: TQ-DioK. It is
a quantitative analysis software dedicated to dioxins analysis.
The data processing is very special, because dioxins compounds
consist of many isomers with the same basic composition and an
isotopic dilution technique is required for their determination.
JEOL already provides a quantitative analysis software for
dioxins analysis (DioK) dedicated to the GC-Sector MS. Its
features were ported to TQ-DioK. Therefore, dioxins data
obtained can be analyzed smoothly.
The TQ-DioK analysis window is a “three-layer chromatogram
window”. On the upper part, the chromatogram of native
compounds is represented, and on the lower part of the window we
FDQ¿QGWKHFKURPDWRJUDPRILQWHUQDOVWDQGDUG ,6 FRPSRXQGVDQG
between the 2 chromatograms the calculated retention time (RT).
As a result, the peak can be identified and assigned to a
specified isomer by comparing the peak position between the
chromatogram of native compounds, the chromatogram of IS
compounds and calculated RT of compounds. Since the RT axis
always synchronizes with each isomer, it is easy to check the
chromatogram of each isomer, and identify the peak status by an
associated coloring system (Fig. 3).

Experimental
Standard sample measurement
Samples
The standard PCDD/Fs solutions (DF-IS-A, DF-ST-A and DFLCS-C from WELLINGTON Laboratories (CANADA)) were
used for the measurement. Then, the range of concentrations for
calibration curve was prepared from 0.025 to 1 pg/μL (OCDD
and OCDF: 0.05 - 2 pg/μL) (Table 1).

GC-MS/MS measurement conditions
Table 2 shows the GC-MS/MS measurement conditions. A
split/splitless inlet was used, and nitrogen gas was applied as
collision gas. Table 3 shows the precursor ion, product ion and
collision energy (CE). Two specific precursor ions from each
non-labeled compound and labeled compound were set.

Results for standard samples
The GC-MS/MS method was validated in term of
chromatographic separation, sensitivity and RRF. Some
criteria, especially separation and RRF have to comply with EU
commission regulation.

Fig. 3 Analysis view of TQ-DioK

Table 1 Concentrations of each calibration point
PCDD/Fs

Concentration

12

C (pg/μL)

Concentration

13

C (pg/μL)

Cal. 1

0.025(OCDD and OCDF 0.05)

1.25(OCDD and OCDF 2.5)

Cal. 2

0.05(OCDD and OCDF 0.1)

1.25(OCDD and OCDF 2.5)

Cal. 3

0.1(OCDD and OCDF 0.2)

1.25(OCDD and OCDF 2.5)

Cal. 4

0.25(OCDD and OCDF 0.5)

1.25(OCDD and OCDF 2.5)

Cal. 5

0.5(OCDD and OCDF 1.0)

1.25(OCDD and OCDF 2.5)

Cal. 6

1.0(OCDD and OCDF 2.0)

1.25(OCDD and OCDF 2.5)
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Table 2 Measurement conditions
[GC]
Inj. volume:

2 μL

Inlet type:

Split/Splitless

Inj. mode:

Splitless
(Purge time 1 min, Purge ﬂow 20 mL/min)

Inlet temp.:

280 °C

Column ﬂow:

1 mL/min (Constant ﬂow)

GC column:

DB- 5 MS (60 m × 0.25 mm, 0.25 μm)

Oven temp.:

120 °C (3 min) → 50 °C/min → 200 °C (0 min) → 4 °C/min → 300 °C (5 min) → 40 °C/min → 325 °C (5 min)

[MS]
MS:

JMS-TQ4000GC

Ionization:

EI+

Acquisition mode:

High sensitivity mode

IS temp.:

280 °C

ITF temp:

280 °C

Table 3 Precursor ion, product ion and CE
No.

Compound name

Group name

Precursor ion

Product ion

Precursor ion

Product ion

1

13C-2378-TeCDF

13C-T4CDF

315.9

252

317.9

254

2

2378-TeCDF

T4CDF

303.9

240.9

305.9

242.9

3

13C-1234-TeCDD

13C-T4CDD

333.9

270

331.9

268

4

13C-2378-TeCDD

13C-T4CDD

331.9

268

333.9

270

5

2378-TeCDD

T4CDD

321.9

258.9

319.9

256.9

6

13C-12378-PeCDF

13C-P5CDF

351.9

287.9

353.9

289.9

7

12378-PeCDF

P5CDF

339.9

276.9

341.9

278.9

8

13C-23478-PeCDF

13C-P5CDF

351.9

287.9

353.9

289.9
278.9
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9

23478-PeCDF

P5CDF

339.9

276.9

341.9

10

13C-12378-PeCDD

13C-P5CDD

367.9

303.9

369.9

305.9

11

12378-PeCDD

P5CDD

355.9

292.9

357.9

294.9

12

13C-123478-HxCDF

13C-H6CDF

385.9

321.9

387.9

323.9

13

123478-HxCDF

H6CDF

373.8

310.9

375.8

312.9

14

13C-123678-HxCDF

13C-H6CDF

385.9

321.9

387.9

323.9

15

123678-HxCDF

H6CDF

373.8

310.9

375.8

312.9

16

13C-234678-HxCDF

13C-H6CDF

385.9

321.9

387.9

323.9

17

234678-HxCDF

H6CDF

373.8

310.9

375.8

312.9

18

13C-123478-HxCDD

13C-H6CDD

401.9

337.9

403.9

339.9

19

123478-HxCDD

H6CDD

389.8

326.9

391.8

328.9

20

13C-123678-HxCDD

13C-H6CDD

401.9

337.9

403.9

339.9

21

123678-HxCDD

H6CDD

389.8

326.9

391.8

328.9

22

13C-123789-HxCDD

13C-H6CDD

401.9

337.9

403.9

339.9

23

123789-HxCDD

H6CDD

389.8

326.9

391.8

328.9

24

13C-123789-HxCDF

13C-H6CDF

385.9

321.9

387.9

323.9

25

123789-HxCDF

H6CDF

373.8

310.9

375.8

312.9

26

13C-1234678-HpCDF

13C-H7CDF

419.8

355.9

421.8

357.9

27

1234678-HeCDF

H7CDF

407.8

344.8

409.8

346.8

28

13C-1234678-HpCDD

13C-H7CDD

435.8

371.9

437.8

373.9

29

1234678-HpCDD

H7CDD

423.8

360.8

425.8

362.8

30

13C-1234789-HpCDF

13C-H7CDF

419.8

355.9

421.8

357.9

31

1234789-HpCDF

H7CDF

407.8

344.8

409.8

346.8

32

13C-12346789-OCDD

13C-O8CDD

471.8

407.8

469.8

405.8

33

12346789-OCDD

O8CDD

459.7

396.8

457.7

394.8

34

13C-12346789-OCDF

13C-OCDF

455.8

391.8

453.8

389.8

35

12346789-OCDF

OCDF

443.8

380.8

441.8

378.8
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CE(V)
25

25

30

25

30

25

30

30
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30
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Separation
123478-HxCDF and 123678-HxCDF peaks were separated
perfectly by using GC-MS/MS method (Fig. 4). Indeed EU
commission regulation in force, allows a 25% valley between
these 2 peaks.

Fig. 4 Separation of 123478-HxCDF and
123678 HxCDF

123478-HxCDF
23478-HxCDF

123678-HxCDF
123678-

Sensitivity
All target compounds in the lowest calibration point were
detected (Fig. 5). In addition, the lowest calibration point was
measured 8 times for the instrument detection limit (IDL)
determination. Then, IDL was calculated using 2378-TeCDD.
As a result, IDL value was equal to 4 fg (Fig. 6).

RRF
Fig. 7 shows calibration curves of 2378-TeCDD and
2378-TeCDF. Indeed Table 4 shows the result of relative
standard deviation (RSD) of relative response factor (RRF) for
the lowest calibration point, average of RRF, RSD of RRF and
limit of quantification (LOQ). RSD of RRF obtained with the
lowest calibration point was between 2.2 and 12.9%. Average of
RRF value was between 0.94 and 1.14.
According to EU regulation, RSD for RRF has to be under
15%. Here, RSD of RRF from the average of all calibration points
was within 9.1%. Regarding LOQ, its value was calculated by
signal-to-noise (S/N = 3) of the lowest calibration point. As a
result, obtained LOQ value was between 0.08 and 1.69 fg/μL.

Food samples Measurement
Extraction and puriﬁcation

Fig. 5 Average SRM chromatograms of
PCDDs(A) and PCDFs(B) in calibration
point 1 (0.05 pg injected)
(A) PCDDs

(B) PCDFs

The collected samples were freeze-dried or only dried and
then grinded to make a homogenous powder. Subsequently,
dioxins were extracted from the powder sample using the Büchi
“SpeedExtractor E-914” automated instrument. The extracted
samples were purified using the “MIURA GO-4 HT” system.
)LQDOO\WKHSXUL¿HGVDPSOHVZHUHPHDVXUHGE\ERWK*&+506
and GC-MS/MS instruments and the results were compared.

Result
Ratio of selected two transition
product ions
The tolerance of ratio of the selected two transitions product
ions for average value or calculated value should be < ±15%
according EU regulation.
Average value of each compound was calculated using all
calibration points. Those ratios for each compound were within
±15% of average value (Fig. 8).

Fig. 6 IDL data by 2378-TeCDD

2378-TeCDD 50 fg

Comparison of GC-HRMS and GC-MS/
MS systems
Grass, Egg and Pork fat were measured by both GC-HRMS
and GC-MS/MS systems. Toxic Equivalent Quantity (TEQ)
was calculated using Toxic Equivalency Factors (TEF) based
on WHO 2005 [5]. Fig. 9 shows the comparison data of Grass,
Egg and Pork fat. The TEQ calculated for each compound by
GC-MS/MS was similar to GC-HRMS result. By consequence
the difference between the Dioxin OMS-TEQ in ng/kg of matrix
calculated by GC-HRMS and the GC-MS/MS TEQ(dioxins)
was within 20%.

Average

Standard deviaƟŽŶ

CV%

IDL [fg]

69077.5

1847.6

2.7

4.0
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Fig. 7 Calibration curve of 2378-TeCDD(Left) and 2378-TeCDF(Right)
2378-TeCDD

2378-TeCDF

Table 4 Results of RSD of RRF for the lowest calibration point, average of RRF, RSD of RRF and LOQ
Compound

Lowest calibration point
(pg/μL)

RSD of RRF
by the lowest calibration point (%)

Average of RRF

RSD of RRF
(%)

LOQ
(fg/μL)

0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.025
0.050

2.2
2.3
4.0
3.7
12.9
8.7
5.3
4.2
5.5
4.1

1.04
1.04
1.05
1.00
1.00
1.03
1.01
1.07
1.04
0.95

1.8
2.4
3.9
2.9
6.1
5.6
3.5
4
4
9.1

0.13
0.45
0.68
0.40
0.36
0.42
0.35
0.08
0.08
1.19

0.025
0.025
0.025
0.025
0.025
0.025
0.050

3.6
5.4
12.5
12.5
5.9
8.9
8.3

1.14
1.00
1.00
0.94
1.03
1.10
1.03

3.1
4.1
6.4
8.6
4.5
5.8
9

0.41
0.21
1.46
1.69
1.11
0.22
0.90

PCDFs
2378-TeCDF
12378-PeCDF
23478-PeCDF
123478-HxCDF
123678-HxCDF
234678-HxCDF
123789-HxCDF
1234678-HeCDF
1234789-HpCDF
12346789-OCDF
PCDDs
2378-TeCDD
12378-PeCDD
123478-HxCDD
123678-HxCDD
123789-HxCDD
1234678-HpCDD
12346789-OCDD

Fig. 8 Ratios of selected two transition product ions
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Fig. 9 Comparison data of GC-HRMS and GC-MS/MS
(A) Grass

(B) Egg

(C) Pork fat

Conclusion
7KH-0674*&ZDVHYDOXDWHGIRUGLR[LQVTXDQWL¿FDWLRQ
The results have shown that the JMS-TQ4000GC instrument
complies with the EU commission regulation. In addition, it is
HDV\WRLGHQWLI\WKHFKURPDWRJUDPRIHDFKLVRPHUDQGWRFRQ¿UP
the peak status using TQ-DioK software. These results show that
the JMS-TQ4000GC system associated with TQ-DioK software
are a powerful tool for dioxins analysis.
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Characterization of Localized
Physical Properties Using High
Resolution EELS
Ryosuke Senga, Kazu Suenaga
National Institute of Advanced Industrial Science and Technology, Osaka University

Scanning transmission electron microscopy coupled with electron energy loss spectroscopy (STEM-EELS) is an
extremely powerful tool for material characterization that enables simultaneous atomic-level structural and elemental
analysis, and it has contributed signiﬁcantly to the current development of nanomaterials science. Furthermore, the
recent development of monochromators for electron microscopy has signiﬁcantly improved the energy resolution
of EELS. This has enabled the measurement of optical and vibrational properties of materials at the nanoscale using
electron beams, whereas previously only macroscopic properties could be accessed using light or X-ray probes. In
this paper, our research results are reviewed using a monochromatized low-voltage electron microscope (TripleC#2),
which was developed in collaboration with JEOL, as an example of the application of high-energy resolution EELS.

Introduction
Non-periodic structures, such as vacancies and edges in
low-dimensional materials, including graphene and carbon
nanotubes (CNTs), are closely related to their physical
properties. Therefore, it is necessary to investigate the behavior
of quasiparticles, such as excitons and phonons, in relation to
the structure at the atomic level, to understand their physical
properties. However, because of diffraction limits, conventional
spectroscopic methods using light or X-rays as probes cannot
focus on local structures, such as defects, and the information
obtained is averaged over the entire or a wide range of materials.
The monochromatized electron microscope introduced in
this paper outperforms the conventional methods in terms
of spatial resolution and enables the characterization of the
physical properties of individual defects. The energy resolution
of the electron beam in a typical transmission electron
microscope (TEM) is approximately 400 to 600 meV, and
measuring absorption in the infrared and visible light ranges
VHYHUDOWHQVRIPH9WRVHYHUDOH9 E\((/6KDVEHHQGLI¿FXOW
However, the development of a monochromator has resulted
in an energy resolution of approximately 30 meV, which
is an order of magnitude higher than that of conventional
methods, and even visible [1-5] and infrared [6-9] absorption
of materials is now measurable. In addition, by adjusting the
electron beam conditions and improving the angular resolution,
dispersion relations that extract each momentum component of
quasiparticles [10-12] can be obtained. Thus, by maintaining
all three elements of spatial, energy, and angular resolution
at a high level of efficiency, one can directly access the
electronic, optical, and vibrational properties of single atoms,
molecules, and individual defects, which have been the focus of

〉〉1-1-1 Higashi, Tsukuba, Ibaraki 305-8565, Japan | E-mail: Ryosuke-senga@aist.go.jp
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computational science. In the next section, the monochromator
is briefly discussed, and experimental studies on the local
properties of CNTs and graphene are described.

Monochromator
TripleC#2 (Fig. 1) was equipped with a double Wien filter
W\SHPRQRFKURPDWRU>@7KH¿UVW:LHQ¿OWHUFUHDWHVDQHQHUJ\

Fig.1 External view of TripleC#2
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dispersive plane, and a slit inserted therein monochromatizes
WKHHOHFWURQEHDP7KHVHFRQG:LHQ¿OWHUUHWXUQVWKHGLVSHUVHG
electron beam to the point source. The electron beam is then
accelerated to the required energy, as in a normal TEM. Because
there is a monochromator before the acceleration tube, the
energy resolution can be easily changed with little effect on the
aberration in the image plane. Therefore, it is relatively easy to
obtain multiple spectra that require different energy resolutions
(e.g., core-electron and valence excitation loss spectra) from the
same sample.
The use of a monochromator has two advantages. One is
the improvement in the energy resolution of EELS, which is
the subject of this study. The energy resolution of incident
electrons in a conventional TEM without a monochromator is
approximately 400-600 meV at full width at half maximum.
Therefore, low-energy excitations, such as phonons and excitons
are buried in the tail of inelastically scattered electron peaks
known as zero-loss peaks and cannot be distinguished. However,
the monochromator has improved the energy resolution
to several tens of meV, which enables the detection of the
absorption peaks of quasiparticles with low excitation energy.
In addition, the core-electron excitation loss spectra described
in the next section provide detailed information on the band
structure and electronic state.
The second advantage is the reduction in chromatic aberration,
which improves the spatial resolution of the TEM images.
&KURPDWLFDEHUUDWLRQLVDVLJQL¿FDQWOLPLWLQJIDFWRULQWKHVSDWLDO
resolution of low-voltage TEMs, whereas a monochromator
can suppress it to achieve high spatial resolution even at low
accelerations. This topic will not be discussed further in this
article, however details can be found in [14-16].

Core-loss spectroscopy (X-ray region)
In the high-energy range (50 eV-1000 meV) of STEM-EELS,
core-electron excitation loss spectra (hereafter referred to as
core-loss spectra) can be obtained and used for elemental and
chemical state analysis at the single-atom level [17-19]. For
example, from the fine structure of core-loss spectra obtained
from single atoms using STEM-EELS, the bonding and
electronic state of a single carbon atom at the edge of graphene
have been measured [18] and the spin state of a single transition
metal atom doped in the graphene surface has also been
LGHQWL¿HG>@

Fig. 2 High-resolution core-loss spectra
of a single CNT.

(a) Core-loss spectrum of 1s electrons obtained from a single CNT. (a) Core-loss
spectrum of 1s electrons from a single CNT, acquired with the monochromator
with an energy resolution of 200 meV (solid line) and with the monochromator
turned off (dashed line). (b) Comparison of EELS spectrum and X-ray absorption
spectrum (XAS), where the XAS (dashed line) is obtained from a bulk sample
of CNTs with the same chirality, whereas the EELS spectrum (solid line) is
obtained from a single CNT with the same energy resolution as the XAS.

The monochromator provides the highly resolved core-loss
spectra and allows us to access richer information of materials.
Figure 2 shows the excitation loss spectrum of a 1s electron
(K-edge) obtained from a single CNT. While the conventional
HQHUJ\ UHVROXWLRQ VKRZV RQO\ D VLQJOH SHDN DW WKH ʌ  HGJH
UHIOHFWLQJʌERQGLQJWKHPRQRFKURPDWRUVKRZVPXOWLSOHVXE
peaks reflecting the structure of the CNT (Fig. 2(a)). These
subpeaks are caused by the excitation of 1s electrons to the
singular states in the conduction band (van Hove singularity),
which originates from the one-dimensionality of CNTs and
UHÀHFWVWKHLUJHRPHWULFVWUXFWXUH FKLUDOLW\ 7KLVKLJKO\UHVROYHG
ʌ  HGJHV KDYH RQO\ EHHQ DYDLODEOH IURP EXON VDPSOHV XVLQJ
X-ray absorption spectra [20], whereas STEM-EELS using
monochromatized electron beams can now provide spectra with
WKHVDPHHQHUJ\UHVROXWLRQIURPDVLQJOH&177KXVWKHʌ ¿QH
VWUXFWXUHREWDLQHGKHUHFDQEHXVHGDVD¿QJHUSULQWWRLGHQWLI\WKH
chirality of CNTs. Furthermore, this method can also characterize
the modulation of the electronic state in each defect in a CNT [3].

Valence-loss spectroscopy
(visible light region)
In contrast to the core-loss spectrum, the valence excitation
loss spectrum captures the relatively low-energy excitation
phenomenon when electrons in the valence band are excited
to the empty level. With the conventional energy resolution,
the main role of EELS is to measure plasmons in the range of
several to several tens of eV, however with the improvement
of energy resolution, it is now possible to capture absorption in
the infrared to near-ultraviolet region from several tens of meV
to several eV. In this section, the optical characterization using
EELS is discussed.
Optical absorption spectra are generally obtained by
irradiating a bulk sample with an incandescent lamp. For
example, to obtain the optical absorption spectrum of CNTs, a
CNT dispersion solution of deuterium oxide can be used with
a surfactant or a solid sample of CNTs in sheet form. These
samples usually contain an uncountable number of CNTs,
and the resulting spectra are an average of all of them. On the
contrary, STEM-EELS can obtain the same or even richer
information from a single CNT.
Figure 3 shows the actual spectrum obtained from a single
isolated CNT, which shows strong excitation between the van
Hove singularity in the valence and conduction bands and

Fig. 3 Optical characterization of a single
CNT using an electron beam.

By scanning the CNT with a focused beam (left), the E11 peaks of the defective
and defect-free areas can be directly compared (right). The Kramers-Kronig
transformation is applied to convert the EELS spectrum to optical conductivity
for quantitative comparison.
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several sharp peaks in the visible light region. Here, we focus
on the absorption peak at the highest wavelength (E11), which
determines the optical properties of the CNTs. E11 contains peaks
owing to three factors (exciton, exciton-phonon coupling, and
interband transitions), which can be separated from the spectral
line shape analysis. Furthermore, the probe size of the electron
EHDPLVVXI¿FLHQWO\VPDOOWRGLUHFWO\FRPSDUHWKHGHIHFWLYHSDUW
and the perfectly crystalline part in the same CNT, as shown
in Fig. 3, although the signal detectable area of this method is
larger than the probe size because of the delocalization of the
low-energy excitation. This allows to capture the modulation
of the electronic state, band structure, and exciton lifetime at
the defects, and to discuss the optical properties of CNT defects
in detail. Reference [4] describes the analysis method and a
detailed discussion of each peak.

Measurement of phonon dispersion
relation (infrared region)
In the last section, absorption spectra in the infrared region
using STEM-EELS is discussed, where pioneering studies have
recently been reported consecutively [6-11]. Here, we describe
our phonon dispersion relation measurements of graphene
[11]. Phonons, which propagate atomic vibrational waves,
are involved in all transport properties of materials, including
thermal, optical, electrical, and magnetic properties. Therefore,
the relationship between vibrational energy and momentum
transfer (q ), that is, the phonon dispersion relation, is one of
the most important factors for understanding and optimizing
the properties of materials. However, owing to experimental
GLI¿FXOWLHVLWKDVEHHQKDUGO\SRVVLEOHWRPHDVXUHWKHSKRQRQ
dispersion relation from monatomic films of two-dimensional
materials, such as graphene. For example, existing inelastic
X-ray (neutron) scattering spectroscopy and reflection EELS
measurements have a spatial resolution of a few to tens of
PLFURPHWHUVDQGUHTXLUHEXONFU\VWDOVZLWKVXI¿FLHQWWKLFNQHVV
In this study, an angular-resolved EELS is used with a
parallel beam that can scan the samples (Fig. 4(a)). The phonon
dispersion relation shown in Fig. 4(b) can be obtained by
acquiring the vibrational spectrum at each q with a pinholetype EELS aperture inserted in the diffraction plane. In this

method, the spectra are obtained from a wide q range, including
the second and third Brillouin zone (BZ) as well as the first
one. In fact, it is not sufficient to draw a complete phonon
GLVSHUVLRQUHODWLRQIURPWKH¿UVW%=DORQH,QWKHFDVHRIQRQ
polar materials, such as graphene, the dipole moment between
neighboring atoms is small in the lower q UHJLRQDQGDVXI¿FLHQW
signal cannot be obtained. On the contrary, as q increases, the
intensity of the loss peak decreases inversely proportional to q 2
UHJDUGOHVVRIWKHSRODULW\RIWKHPDWHULDOWKHUHIRUHDVXI¿FLHQW
signal cannot be expected.
In this study, however, we observed that this is not the case
for phonons: as q increases, the intensity hardly drops even
in the outer BZ. Although this result cannot be explained
by the conventional rigid-body ion model, we succeeded in
reproducing it with high accuracy by theoretical calculations
using a unique model that considers the local charge modulation
RIQXFOHL )LJ E 7KLV¿QGLQJOHGWRWKH¿UVWPHDVXUHPHQW
of the phonon dispersion relation in graphene monolayers.
The method can measure the energy of phonon excitation
with a momentum resolution of less than 0.2 Å-1 and a spatial
resolution of 10 nm; therefore, it can detect localized lattice
vibrations around defects and edges in materials. Figure 5 shows
an example of the lattice vibrations in graphene nanoribbons on
WRSRIJUDSKLWH+HUHWKHVDPSOHLVVFDQQHGDWD¿[HGq in the
second BZ (q = 3.5 Å-1), and the intensity distribution of each
vibrational mode is mapped. It is interesting to note that the
intensity of the longitudinal and transverse optical (LO and TO)
modes on the high-energy side depends only on the number of
graphene layers, whereas the longitudinal acoustic (LA) modes
on the low-energy side show an increase in signal intensity at the
edges of graphene nanoribbons and around impurities. Because
the acoustic modes are directly related to the thermal properties
of the material, the edges of graphene are expected to exhibit
different thermal conduction properties than the rest of the
sample, and the low-energy peaks are not very straightforward
to interpret because they include out-of-plane modes and
vibration modes related to the impurities; please refer to Ref. [11]
for further details. Because a certain number of defects must be
tolerated in actual material applications, there is an increasing
demand for such a method that can directly characterize the
local structure at the nanoscale.

Fig. 4 Measurement of phonon dispersion relation of graphene.

(a) Schematic of nanoscale angular resolved EELS using parallel beam scan. (b) Phonon dispersion relation of the graphene along īȂ direction from the experiment (top) and
calculation (bottom). There is a good agreement including the signal intensity.
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Fig. 5 Localized lattice vibrations at the graphene edge.

The lattice vibrations of a graphene nanoribbon at the
top of a multilayer graphene (upper left ADF image and
lower left schematic) were measured in the second
BZ (q = 3.5 Å-1) (lower right spectrum). The intensity
maps of the acoustic mode (top center image) and
the optical mode (top right image). The intensity
distribution of the optical mode is proportional to
the number of layers, independent of the graphene
structure, while the acoustic mode shows signiﬁcant
signal enhancement at the edges of graphene and
around impurities on the sample.

Summary
The development of the monochromator has significantly
improved the energy resolution of EELS, and the range of
applications of STEM-EELS has expanded. It is now possible
to access the electronic, optical, and vibrational properties
of localized regions, such as individual atoms, molecules, or
defects that cannot be obtained with conventional methods using
X-ray or light probes. Because the modulation of properties in
non-periodic structures sometimes dominates all the properties,
such local information obtained by monochromatized STEMEELS is extremely important for discussing the origin of the
physical properties of materials. In addition, the identification
of isotopic elements using STEM-EELS in the infrared region
has been recently reported [9]. These applications may lead to
highly sensitive detection of radioactive isotope materials and
tracking of chemical reactions using isotope labels in the future.
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In-Resin CLEM of Epon-Embedded
Cells Using Fluorescent Proteins
,VHL7DQLGD-XQML<DPDJXFKL6RLFKLUR.DNXWDDQG<DVXR8FKL\DPD
-XQWHQGR8QLYHUVLW\*UDGXDWH6FKRRORI0HGLFLQH

In-resin CLEM of Epon embedded samples is able to greatly simplify the correlation of fluorescent images with
electron micrographs. However the limitation of this technique was the low number of ﬂuorescent proteins that retains
fluorescence in the Epon-embedding. For this purpose, we found mWasabi, CoGFP variant 0, mKate2-GGGSGL,
mCherry2; two green and two far-red ﬂuorescent proteins. These proteins retain ﬂuorescence after chemical ﬁxation with
glutaraldehyde, osmium tetroxide-staining, dehydration, and polymerization of Epoxy resins. Using mKate2-fusion proteins,
we demonstrated in-resin CLEM of organelles (mitochondria, the Golgi, and endoplasmic reticulum) in 100 nm-thin sections
of the Epon-embedded cells. In addition, when mitochondria-localized mCherry2 and histone H2B tagged with CoGFP
variant 0 were expressed in the cells, far-red and green ﬂuorescent signals of mCherry2 and CoGFP variant 0, respectively,
were detected in the 100 nm-thin sections of the Epon-embedded cells. In the same thin sections, we correlated the
fluorescent signals with mitochondria and the nucleus using a scanning electron microscope. When endoplasmic
reticulum-localized mCherry2 was employed instead of mitochondria-localized mCherry2, two-color in-resin CLEM of the
endoplasmic reticulum (ER) and nucleus was also succeeded. mWasabi is also suitable for in-resin CLEM. When ERlocalized mWasabi and mitochondria-localized mCherry2 were employed for in-resin CLEM, green and far red ﬂuorescent
signals were detected the 100 nm-thin sections of the Epon-embedded cells. In the same thin sections, we correlated the
green and far red ﬂuorescent signals with the ER and mitochondria, respectively, using a scanning electron microscope.
These results suggested that two-color in-resin CLEM was applied to Epon-embedded cells using these proteins.

Introduction
Correlative light-electron microscopy (CLEM) combines the
advantage of fluorescent and electron microscopy and enables
WKHDQDO\VLVRIÀXRUHVFHQWSUREHH[SUHVVLRQDWWKHXOWUDVWUXFWXUDO
level [1-6]. In standard CLEM, fluorescent images of cells are
REWDLQHG DIWHU FKHPLFDO IL[DWLRQ ZLWK SDUDIRUPDOGHK\GH DQG
RUJOXWDUDOGHK\GH7KHUHDIWHUWKHFHOOVDUHWUHDWHGZLWKRVPLXP
WHWUR[LGH GHK\GUDWHG ZLWK HWKDQRO DQG HPEHGGHG LQ HSR[\
resins [7]. After sectioning the Epon-embedded specimens using
an ultramicrotome, electron microscopic images of cells in thin
VHFWLRQVDUHREWDLQHG$VDGHWULPHQWWKHFKHPLFDOPRGL¿FDWLRQV
FDXVHGE\¿[DWLRQDQGWKHSK\VLFDOVHFWLRQLQJGLVWRUWWKHVDPSOH¶V
morphology. These factors affect the accuracy in the correlation
RIWKHÀXRUHVFHQWLPDJHZLWKHOHFWURQPLFURVFRSLFLPDJH
2QHRIWKHPRVWHI¿FLHQWZD\VWRJHWWKHKLJKHVWDFFXUDF\RYHUOD\
RIWKHÀXRUHVFHQWDQGHOHFWURQPLFURVFRSLFLPDJLQJPRGDOLWLHVLVWR
PHUJHÀXRUHVFHQWDQGHOHFWURQPLFURVFRSLFLPDJHVIURPWKHVDPH
VHFWLRQRIHSR[\UHVLQV(SRQHPEHGGLQJLVRQHRIPRVWUREXVWDQG
popular methods, because it preserves the ultrastructure of cells
EHWWHUDQGZLWKKLJKHUFRQWUDVWWKDQRWKHUPHWKDFU\ODWHEDVHGUHVLQV
$GLVDGYDQWDJHRIWKLVWHFKQLTXHLVWKDWWKHÀXRUHVFHQWLQWHQVLW\RI
PRVWÀXRUHVFHQWSURWHLQVLVVLJQL¿FDQWO\GHFUHDVHGGXULQJFKHPLFDO
WUHDWPHQWV HVVHQWLDO IRU HSR[\ UHVLQHPEHGGLQJ $ SURSRVHG
VROXWLRQIRUWKHVHSUREOHPVLVWRXVH/RZLFU\O+0 DFU\ODWHDQG
methacrylate-based) resins instead of Epon resins and high pressure
〉〉2-1-1, Hongo, Bunkyo, Tokyo, 113-8421, Japan. | E-mail: tanida@juntendo.ac.jp
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IUHH]LQJDQGIUHH]HVXEVWLWXWLRQWHFKQLTXHVIRULQUHVLQ&/(0ZLWK
VWDQGDUGIOXRUHVFHQWSURWHLQV P(*)3P9HQXVP5XE\DQG
<)3 +RZHYHUWKHVHWHFKQLTXHVUHTXLUHVSHFLDOLQVWUXPHQWVDQG
VSHFLDOUHVLQV>@
Considering the advantage of fluorescent proteins and Epon
based in-resin CLEM in cell biology, in-resin CLEM of Eponembedded cells should be developed [11-14]. We and other group
found monomeric green and red fluorescent proteins that retain
WKHLUÀXRUHVFHQFHDIWHU(SRQHPEHGGLQJ>@7KHVHSURWHLQV
FDQEHYLVXDOL]HGXVLQJDÀXRUHVFHQFHPLFURVFRSHZLWKVWDQGDUG
¿OWHUVHWVIRUJUHHQ H[FLWDWLRQQPGLFKURLFPLUURU
QP /3 HPLVVLRQQP DQGUHG H[FLWDWLRQ
QPGLFKURLFPLUURUQP /3 HPLVVLRQQP 
IOXRUHVFHQWSUREHV:HDFKLHYHGVLQJOHDQGWZRFRORULQUHVLQ
CLEM of Epon embedded cells using these proteins.

Experimental Results
Fluorescent proteins that retain their
ﬂuorescence after osmium tetroxide
staining.
:HLQYHVWLJDWHGZKHWKHURUQRWPRQRPHULFJUHHQIOXRUHVFHQW
SURWHLQVLQFOXGLQJPRQRPHULFHQKDQFHG*)3ZLWKWKH$.
PXWDWLRQ P(*)3  ȜH[PD[ QPȜHPPD[ QPS.D
  $GGJHQHSODVPLG >@P:DVDEL ȜH[PD[
QPȜHPPD[ QPS.D   $GGJHQHSODVPLG
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 >@P(RV(0>@DQGPRQRPHULF&R*)3YDULDQW
isolated from Cavernularia obesa  &R*)3Y  ȜH[PD[ 
QPȜHPPD[ QPS.D  >@UHWDLQWKHLUÀXRUHVFHQFH
DIWHURVPLXPVWDLQLQJ&HOOVH[SUHVVLQJHDFKÀXRUHVFHQWSURWHLQ
ZHUHIL[HGZLWKDPL[WXUHRISDUDIRUPDOGHK\GHDQG
JOXWDUDOGHK\GH DW  & IRU  K DQG VWDLQHG ZLWK  RVPLXP
WHWUR[LGHDW&IRUPLQ7KHUHWDLQHGIOXRUHVFHQFHRIHDFK
JUHHQ IOXRUHVFHQW SURWHLQ ZDV GHWHFWHG XVLQJ D IOXRUHVFHQFH
PLFURVFRSHZLWKD¿OWHUVHWIRUJUHHQÀXRUHVFHQWSUREH Fig. 1)
[14]. After osmium-staining, fluorescent intensities of mEGFP,
P(RV(0P:DVDELDQG&R*)3ZHUHVLJQLILFDQWO\GHFUHDVHG
)LJ$ &R*)3YDQGP:DVDELUHWDLQHGEULJKWHUÀXRUHVFHQFH
than that of mEGFP under these conditions (Fig. 1B).
:H QH[W DQDO\]HG PRQRPHULF UHG IOXRUHVFHQW SURWHLQV
P&KHUU\ ȜH[PD[ QPȜHPPD[ QPS.D  
$GGJHQHSODVPLG DQGP.DWH***6*/ ȜH[PD[ 
QPȜHPPD[ QPS.D   :$.2 
7KHIOXRUHVFHQFHRIERWKSURWHLQVZDVUHWDLQHGDIWHURVPLXP
VWDLQLQJZKLOHWKHLUÀXRUHVFHQWLQWHQVLWLHVRIP.DWH***6*/
DQG P&KHUU\ ZHUH GHFUHDVHG )LJ $  P&KHUU\ UHWDLQHG
EULJKWHUÀXRUHVFHQFHWKDQP.DWHXQGHUWKHVHFRQGLWLRQV )LJ
% 7KHVHUHVXOWVVXJJHVWHGWKDWLWZLOOEHSRVVLEOHWRDFKLHYH
VLQJOHDQGWZRFRORULQUHVLQ&/(0RI(SRQHPEHGGHGFHOOV
XVLQJWKHVHÀXRUHVFHQWSURWHLQV

SRVW¿[HGLQRVPLXPWHWUR[LGHDW&IRUPLQDQGZDVKHG
WKUHHWLPHVZLWKDQ+%VROXWLRQLQFXEDWHGLQD78.VROXWLRQ
)8-,),/0:$.2&KHPLFDOVRUIRU
PXOWLFRORU DW&IRUPLQWRUHFRYHUWKHÀXRUHVFHQFHRIWKH
IOXRUHVFHQWSURWHLQVDQGZHUHZDVKHGWKUHHWLPHVZLWKDQ+%
VROXWLRQ&HOOVZHUHGHK\GUDWHGZLWKDJUDGHGVHULHVRIHWKDQRO
DQGHPEHGGHGLQ(SRQDW&IRUK7KLQVHFWLRQV 
QP ZHUHFXWZLWKDQXOWUDPLFURWRPH8& /HLFD DQGSODFHGRQ
JODVVFRYHUVOLSVWKDWZHUHFRDWHGZLWK3W$XXVLQJDQLRQVSXWWHU
6HFWLRQVZHUHREVHUYHGLQD78.VROXWLRQIRUPXOWLFRORUXVLQJ
DIOXRUHVFHQFHPLFURVFRSHZLWKILOWHUVHWVIRUJUHHQ H[FLWDWLRQ
QPGLFKURLFPLUURUQP /3 HPLVVLRQ
QP UHG H[FLWDWLRQQPGLFKURLFPLUURUQP /3 
HPLVVLRQQP DQGEOXH H[FLWDWLRQQP
GLFKURLFPLUURUQP /3 HPLVVLRQQP ÀXRUHVFHQW
SUREHV)OXRUHVFHQFHRIÀXRUHVFHQWSURWHLQVLQWKHFHOOVRI(SRQ
HPEHGGHG VDPSOHV ZDV REVHUYHG LQ WKH 78. VROXWLRQ $IWHU
REVHUYDWLRQWKHWKLQVHFWLRQVZHUHZDVKHGZLWKGLVWLOOHGZDWHU
GULHGRYHUQLJKWDWURRPWHPSHUDWXUHVWDLQHGZLWKXUDQ\ODFHWDWH
and lead citrate, and observed via scanning electron microscopy.

How to prepare Epon-embedded cells
suitable for in-resin CLEM.

:H SUHSDUHG (SRQHPEHGGHG VDPSOHV RI FHOOV H[SUHVVLQJ
PLWRFKRQGULDORFDOL]HGP.DWH***6*/ )8-,),/0:$.2
&KHPLFDOV >@DQGDQDO\]HGWKHPLQWKLQ
sections using fluorescence microscopy and scanning electron
PLFURVFRS\,PDJHVREWDLQHGE\IOXRUHVFHQFHPLFURVFRS\VKRZ
WKDWIOXRUHVFHQWVLJQDOVZHUHSUHVHUYHG Fig. 2). Positive signals
IRUPLWRFKRQGULDLQIOXRUHVFHQFHPLFURVFRS\ZHUHFRQILUPHGDV
mitochondria in corresponding cells via scanning electron microscopy.

&HOOV H[SUHVVLQJ IOXRUHVFHQW SURWHLQV DQG WKHLU IXVLRQ
SURWHLQVZHUHSUHIL[HGZLWKDIL[DWLRQVROXWLRQFRQWDLQLQJ
SDUDIRUPDOGHK\GH DQG  JOXWDUDOGHK\GH DW  & IRU  K
7KHIL[HGFHOOVZHUHZDVKHGWKUHHWLPHVZLWKDQ+%VROXWLRQ
)8-,),/0:$.2&KHPLFDOV )L[HGFHOOVZHUH

Fig. 1 Fluorescent intensities of
fluorescent proteins in the cells
were quantified after the fixation
with paraformaldehyde and
glutaraldehyde and osmification.

Cells expressing mEGFP, mWasabi, CoGFP, mEosEM, mCherry2, and mKate2
were ﬁxed with a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde at 4
ºC for 1 h. Fluorescence images were obtained with a ﬂuorescence microscope
using ﬁlter sets for green (for mEGFP, mWasabi, CoGFP, and mEosEM) and
red (for mCherry2 and mKate2) ﬂuorescent probes (PFA+GA, white squares).
Next, the ﬁxed cells were treated with 1% osmium tetroxide at 4 ºC for 10 min
(OsO4, black squares). Fluorescence images were obtained with a ﬂuorescence
microscope under the same conditions. Fluorescent intensities of the cells (n>340
in each ﬂuorescent protein) were evaluated using ImageJ software. (A) Relative
intensity of each ﬂuorescent protein was shown when ﬂuorescent intensity of
mEGFP after ﬁxation with a mixture of paraformaldehyde and glutaraldehyde was
regarded as 100%. (B) Relative intensity of each ﬂuorescent protein was shown
when ﬂuorescent intensity of mEGFP after osmium-staining was regarded as
100%. Error bars indicate standard errors.

In-resin CLEM of mitochondria, endoplasmic
reticulum, and the Golgi apparatus in Epon
embedded cells using mKate2-GGGSGL.

Fig. 2 In-resin CLEM of mitochondria was
performed using mKate2-mito.

The “Whole Image” indicates the whole images obtained from a confocal
ﬂuorescence microscope and from a scanning electron microscope. Scale bars, 100
μm. The images in Areas 1 and 2 indicate a magniﬁcation of the areas (white squares
1 and 2). Scale bars, 1 μm. The “Merge” is a merged image of the ﬂuorescence
image with an electron microscopic image (EM). “N”, “e”, and asterisks in the
images indicate respective nucleus, endoplasmic reticulum, and mitochondria.
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:H QH[W SHUIRUPHG LQUHVLQ &/(0 RI WKH *ROJL DSSDUDWXV
XVLQJ WKH *ROJLORFDOL]HG WKLV SURWHLQ )8-,),/0 :$.2
&KHPLFDOV  Fig. 3 >@)OXRUHVFHQWVLJQDOV
ZHUH REVHUYHG LQ WKLQ VHFWLRQV YLD WKH XVH RI IOXRUHVFHQFH
microscopy. Electron microscopic analyses revealed that
IOXRUHVFHQW SRVLWLYH UHJLRQV FRUUHVSRQGHG ZHOO ZLWK *ROJL
FLVWHUQDHDQGZLWKYHVLFXODUWXEXODUVWUXFWXUHV
:HH[SUHVVHGWKLVIOXRUHVFHQWSURWHLQZLWKDQ(5WDUJHWLQJ
VLJQDODWWKHDPLQRWHUPLQXVDQGDQ(5UHWULHYH.'(/VLJQDO
DW WKH FDUER[\O WHUPLQXV LQ FHOOV >@ )8-,),/0 :$.2
&KHPLFDOV    DQG SHUIRUPHG LQUHVLQ &/(0 RI
the ER in the Epon-embedded cells (Fig. 4). In-resin CLEM
revealed that fluorescence-positive signals are representative
RIWKHPHPEUDQRXVVWUXFWXUHVRIWKH(5ZLWKULERVRPHVLQWKH
electron microscopic image. These results suggested that in-resin
CLEM of Epon-embedded cells is available using this protein.

Fig. 3 In-resin CLEM of the Golgi apparatus
was performed using mKate2-Golgi.

Two-color in-resin CLEM of nucleus and
mitochondria in Epon embedded cells.
:HIRFXVHGRQWZRFRORULQUHVLQ&/(0RI(SRQHPEHGGHG
FHOOVXVLQJJUHHQDQGIDUUHGÀXRUHVFHQWSURWHLQV>@+H/DFHOOV
H[SUHVVLQJKLVWRQH+%WDJJHGZLWK&R*)3Y +%&R*)3Y 
DQG P&KHUU\IXVHG ZLWK D PLWRFKRQGULDWDUJHWLQJ VLJQDO
P&KHUU\PLWR$GGJHQHSODVPLG ZHUH¿[HGVWDLQHG
DQG HPEHGGHG $IWHU (SRQHPEHGGLQJ  QP WKLQ VHFWLRQV
ZHUH SUHSDUHG $QDO\VLV RI WKH VHFWLRQV XVLQJ D IOXRUHVFHQFH
PLFURVFRSHVKRZHGWKDWWKHJUHHQÀXRUHVFHQFHRI+%&R*)3Y
ZDVGHWHFWHGLQWKHQXFOHXV Fig. 5 DQGWKHUHGÀXRUHVFHQFHRI
P&KHUU\PLWRZDVGHWHFWHGLQWKHF\WRVRO(OHFWURQPLFURVFRS\
DQDO\VHVUHYHDOHGWKDWJUHHQÀXRUHVFHQWVLJQDOVFRUUHVSRQGHGWR
WKHQXFOHXVZKLOHWKHUHGÀXRUHVFHQWVLJQDOVFRUUHVSRQGHGWRWKH
PLWRFKRQGULDLQGLFDWLQJWKDWWZRFRORULQUHVLQ&/(0RIWKH
QXFOHXVDQGPLWRFKRQGULDZDVDFKLHYHG

The fluorescent image was obtained using a fluorescence microscope, and
the electron microscopic image was obtained using a transmission electron
microscope. The “High Mag” in Areas 1 and 2 indicates a magniﬁcation of the
areas surrounded by white squares 1 and 2 in the “Low Mag” areas. “N” and
asterisks in the images indicate respective nucleus and mitochondria.

Fig. 4 In-resin CLEM of the endoplasmic reticulum
was performed using mKate2-ER.

Two-color in-resin CLEM of the nucleus
and endoplasmic reticulum in Epon
embedded cells.
)RU WKH ORFDOL]DWLRQ RI P&KHUU\ WR (5 ZH JHQHUDWHG DQ
H[SUHVVLRQ SODVPLG RI P&KHUU\ IXVHG ZLWK DQ (5WDUJHWLQJ
VHTXHQFHRIFDOUHWLFXOLQDQGWKH(5UHWULHYDOVHTXHQFH.'(/
P&KHUU\(5 $GGJHQH SODVPLG    +%&R*)3Y
DQGP&KHUU\(5ZHUHH[SUHVVHGLQWKHFHOOV$IWHUFKHPLFDO
IL[DWLRQ DQG RVPLXPVWDLQLQJ FHOOV ZHUH HPEHGGHG LQ WKH
(SRQ UHVLQV ,Q  QPWKLQ VHFWLRQV RI WKH (SRQHPEHGGHG
FHOOVZHGHWHFWHGJUHHQDQGUHGIOXRUHVFHQFHIURP&R*)3Y
DQGP&KHUU\ Fig. 6 ,QPDWFKLQJHOHFWURQPLFURJUDSKVZH
determined that the red fluorescent signals corresponded to
the endoplasmic reticulum and the green fluorescent signals
corresponded to the nucleus.

Two-color in-resin CLEM of mitochondria
and the endoplasmic reticulum in Epon
embedded cells.
:HIXUWKHUSHUIRUPHGWZRFROULQUHVLQ&/(0RIPLWRFKRQGULD
DQG (5 LQ (SRQ HPEHGGHG FHOOV XVLQJ P:DVDEL IXVHG ZLWK
an ER-targeting sequence of calreticulin and the ER retrieval
VHTXHQFH.'(/ P:DVDEL(5$GGJHQHSODVPLG DQG
P&KHUU\PLWR)OXRUHVFHQFHPLFURVFRS\FRQ¿UPHGWKHGHWHFWLRQ
RIJUHHQDQGUHGIOXRUHVFHQFHRIP:DVDEL(5DQGP&KHUU\
mito, respectively (Fig. 7). Electron microscopy analyses of
the same thin sections revealed that the red fluorescence from
27
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The “Whole Image” indicates the whole images obtained from a ﬂuorescent
microscopy and from a scanning electron microscopy. The “Low Mag”
indicates a low-level magniﬁcation of the area surrounded by a square in the
“Whole Image”. The “High Mag” indicates a higher magniﬁcation of the area
surrounded by a square in the “Low Mag”. “N” and “e” in the images indicate
respective nucleus and endoplasmic reticulum.

JEOL NEWS │ Vol.56 No.1 (2021)

Fig. 5 Two-color in-resin CLEM of the nucleus
and mitochondria was performed using
H2B-CoGFPv0 and mCherry2-mito.

Thin section (100 nm) of Epon-embedded cells expressing H2B-CoGFPv0 (green pseudo
color) and mCherry2-mito (red pseudo color) was prepared. Fluorescent images (FM)
were obtained with a fluorescence microscope using filter sets for green and red
fluorescent probes. Electron microscopic images (EM) were obtained with a scanning
electron microscope, and were processed with a method called “Contrast Limited
Adaptive Histogram Equalization” using ImageJ software with the plugin Enhance Local
Contrast (CLAHE). The “Merge” is a merged image of the ﬂuorescence image (FM) with
an electron microscopic image (EM). The images in B indicate magniﬁcation of images
corresponding to the boxed area in the Merge image in A.

Fig. 6 Two-color in-resin CLEM of the nucleus and endoplasmic reticulum was performed using
H2B-CoGFPv0 and mCherry2-ER.

Thin section (100 nm) of Epon-embedded cells expressing H2B-CoGFPv0 (green pseudo color) and mCherry2-ER (red pseudo color) was prepared. The “Merge” is a merged
image of the ﬂuorescence image (FM) with the electron microscopic image (EM). The images in B and C indicate magniﬁcation of images corresponding to the boxed area in
the Merge image in respective A and B. Arrowheads in C indicate red ﬂuorescence-positive rough endoplasmic reticulum.
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P&KHUU\PLWR FRUUHVSRQGHG WR WKH PLWRFKRQGULD DQG JUHHQ
ÀXRUHVFHQFHIURPP:DVDEL(5FRUUHVSRQGHGWRWKH(5

Discussion
:HGLVFRYHUHGWKDWWZRJUHHQIOXRUHVFHQWSURWHLQVP:DVDEL
DQG&R*)3YDQGWZRUHGÀXRUHVFHQWSURWHLQP.DWH***6*/
DQG P&KHUU\ FDQ UHWDLQ WKHLU IOXRUHVFHQFH DIWHU RVPLXP
VWDLQLQJP:DVDELDQG&R*)3YUHWDLQEULJKWHUIOXRUHVFHQFH
WKDQ P(RV(0 DIWHU RVPLXP VWDLQLQJ XQGHU RXU H[SHULPHQWDO
conditions (Fig. 1). When the fluorescent intensities of these
fluorescent proteins are compared before and after osmiumstaining, these intensities of mEGFP, mEosEM, mWasabi,

&R*)3Y P.DWH DQG P&KHUU\ GHFUHDVH DIWHU RVPLXP
VWDLQLQJ&RQVLGHULQJÀXRUHVFHQWLQWHQVLWLHVRIWKHVHÀXRUHVFHQW
SURWHLQVDQGDXWRÀXRUHVFHQFHRIQPWKLQVHFWLRQVRIHSR[\
UHVLQVZHIRFXVHGRQ&R*)3YP:DVDELP.DWH***6*/
DQGP&KHUU\8VLQJWKHVHSURWHLQVZHDFKLHYHGVLQJOHDQG
WZRFRORULQUHVLQ&/(0RIFHOOVDQGRUJDQHOOHVLQQPWKLQ
sections of the Epon-embedded samples.
,QWHUHVWLQJO\ P(*)3 DOVR UHWDLQV IDLQW ZHDN IOXRUHVFHQFH
DIWHURVPLXPVWDLQLQJZKLOHLWUHTXLUHVDERXWIROGORQJHU
H[SRVXUHWKDQWKDWEHIRUHRVPLXPVWDLQLQJ )LJ ,WFRXOGEH
possible to achieve in-resin CLEM of Epon-embedded specimen
using mEGFP, if the sensitivity of fluorescence microscopy is
LPSURYHGVLJQL¿FDQWO\

Fig. 7 Two-color in-resin CLEM of ER and mitochondria was performed using mWasabi-ER
and mCherry2-mito.

Thin section (100 nm) of Epon-embedded cells
expressing mWasabi-ER (green pseudo color) and
mCherry2-mito (red pseudo color) was prepared.
The “Merge” images in A and B are merged
images of the ﬂuorescence image (FM) with the
electron microscopic image (EM). The images in
B indicate magniﬁcation of images corresponding
to the boxed area in the Merge image in A.
The EM images in C indicate magnification of
image corresponding to the boxed area in the
Merge image in B. Arrowheads in C indicate
green fluorescence-positive rough endoplasmic
reticulum.
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Conclusion
,Q WKLV VWXG\ ZH IRXQG WKDW WZR JUHHQ &R*)3Y DQG
P:DVDEL  DQG WZR IDUUHG IOXRUHVFHQW SURWHLQV P.DWH
***6*/DQGP:DVDEL UHWDLQWKHLUÀXRUHVFHQFHDIWHU&/(0
SURFHVVLQJ ,QWHUHVWLQJO\ WKHVH SURWHLQV UHWDLQ  IROG
brighter fluorescence than previously reported mEosEM after
RVPLXP WHWUR[LGHVWDLQLQJ :H GHPRQVWUDWHG WZRFRORU LQ
resin CLEM of some organelles (mitochondria, the nucleus,
endoplasmic reticulum, and the Golgi apparatus) using these
IOXRUHVFHQW SURWHLQV 7KHVH UHVXOWV VXJJHVWHG WKDW WZRFRORU
in-resin CLEM of other organelles and proteins in the EponHPEHGGHGFHOOVZLOOEHDFKLHYHGZLWKWKLVWHFKQLTXHXVLQJWKHVH
ÀXRUHVFHQWSURWHLQV
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Degradation Analysis for Polymer
Materials by Spin-Trapping
Wataru Sakai

)DFXOW\RI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ.\RWR,QVWLWXWHRI7HFKQRORJ\

Although polymer materials are familiar to us, the detailed mechanisms of their degradation reactions are still unclear.
Therefore, much of the knowledge about the radical species of reaction intermediates has been obtained by analysing the
products after degradation. To address this problem, the author focused on using the spin-trapping method to observe
short-lived radical species, which is an application of electron spin resonance (ESR), and attempted to detect the ESR of
short-lived radical species produced in the degradation process of polymer materials. As a result, the molecular structures
could be assigned, and the thermal degradation scheme of a relatively early stage could be clariﬁed, which has not been
conﬁrmed thus far. In this study, the author brieﬂy introduces the actual ﬂow used to analyse the degradation of polymer
materials by the spin-trapping method and shows an example of the analysis result.

Introduction
Polymer materials were previously made of natural materials,
such as silk, cotton, animal hair, wood, and leather. Since the
19th century, polymer materials have been artificially produced
in industry. However, the basic concept that polymers are
“macromolecules”, large molecules composed of thousands of
FRYDOHQWERQGVZDV¿UVWSURSRVHGE\+6WDXGLQJHUD*HUPDQ
chemist, in 1920, almost 100 years ago [1]. Since then, polymer
science has made remarkable progress not only academically
but also industrially from the viewpoint of both chemistry
and physics. Polymer materials have excellent moulding
processability, colourability, transparency, and high specific
strength and can be functionally enhanced with various chemical
reactions. Therefore, polymer materials have been widely used
together with metals and ceramics as one of the three major
industrial materials. However, because polymer materials are
made of organic compounds, "degradation" which the original
performance and function are lost is likely to occur. The molecular
structures are easily destroyed by various energy stimuli, such
as heat, light, and mechanical stress, and by the presence of
oxygen, which causes an autoxidation chain reaction (Fig. 1). The
analytical methods used to study the degradation mechanism of
polymer materials generally include molecular weight analysis by
JHOSHUPHDWLRQFKURPDWRJUDSK\ *3& DQGJDVFKURPDWRJUDSK\
PDVV VSHFWURPHWU\ *&06  VSHFWUDO DQDO\VLV E\ )RXULHU
WUDQVIRUPLQIUDUHGVSHFWURVFRS\ )7,5 DQGQXFOHDUPDJQHWLF
UHVRQDQFH 105  DQG WKHUPDO DQDO\VLV VXFK DV GLIIHUHQWLDO
VFDQQLQJ FDORULPHWU\ '6&  DQG WKHUPRJUDYLPHWULF DQDO\VLV
7*$ +RZHYHUVLQFHWKHVHPHWKRGVFDQQRWREVHUYHVKRUWOLYHG
reaction intermediates, the degradation mechanism reported has
been inductively derived by product analysis after degradation.
(OHFWURQVSLQUHVRQDQFH (65 LVWKHRQO\DQDO\WLFDOPHWKRGWKDW
FDQLGHQWLI\WKHPROHFXODUVWUXFWXUHRIUDGLFDOVSHFLHV$IWHUWKH
¿UVWVXFFHVVIXO(65REVHUYDWLRQRIUDGLFDOVSHFLHVE\=DYRLVN\
D6RYLHWSK\VLFLVWLQ>@FKHPLFDOVWXGLHVZLWK(65ZHUH
³H[SORVLYHO\´SHUIRUPHGLQWKHV>@,WZDVDOVRDURXQGWKDW
WLPHZKHQ(65EHJDQWRGHPRQVWUDWHWKDWWKHGHJUDGDWLRQRI

polymer materials occurs via radical reactions. However, radical
species generally have a lifetime of less than a millisecond and
FDQQRWEHGHWHFWHGE\QRUPDOFRQWLQXRXVZDYH(65HTXLSPHQW
Therefore, researchers have conducted degradation studies by
the matrix isolation method and the freezing method as well as
WKHIORZLQMHFWLRQPHWKRGDQGWLPHUHVROYHG(65+RZHYHULQ
PDQ\FDVHVFRPSOLFDWHGV\VWHPVDUHUHTXLUHGRUWKHGHJUDGDWLRQ
conditions are different from the actual conditions.
)URP WKH DERYH EDFNJURXQG WKH UDGLFDO VSHFLHV SURGXFHG
during the degradation reaction of most polymer materials have
QRWEHHQIXOO\HOXFLGDWHGHYHQQRZ$OWKRXJKLWLVNQRZQWKDW
some of the degradation inhibitors added to polymer materials
effectively suppress radical reactions, they have been empirically
added in the same way that humans are symptomatically
prescribed cold remedies to suppress symptoms. Therefore, if
radical species produced during the degradation of polymer
materials can be detected, the reaction mechanism can be
understood in more detail, and causal treatments to more
effectively prevent degradation become possible.
With the background described above, the author focused on the
VSLQWUDSSLQJPHWKRGZKLFKLVDQDSSOLFDWLRQPHWKRGRI(65
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Fig.1 Schematic diagram of the
autoxidation degradation
mechanism of polymer materials.
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WRGHWHFWDQGLGHQWLI\WKHVKRUWOLYHGUDGLFDOVSHFLHVSURGXFHG
during the degradation reaction process of polymer materials.
&RQVHTXHQWO\WKHHDUO\VWDJHRIWKHWKHUPDOGHJUDGDWLRQFDQ
EHFODUL¿HGWKXVIDUIRUSRO\ EXW\OHQHWHUHSKWKDODWH  3%7 >@
WKHUPRSODVWLFHODVWRPHURI3%7FRSRO\PHU>@DQGSRO\ YLQ\O
alcohol) [6].

ESR and Spin-Trapping Method
Principle of ESR and the Hyperﬁne Structure

$V D QXPEHU RI JRRG ERRNV KDYH EHHQ SXEOLVKHG DERXW
WKH EDVLFV RI (65 SOHDVH UHIHU WR WKHP WR VWXG\ LQ GHWDLO 
The radical species produced by the degradation of polymer
materials is a molecule that has an unpaired electron. The
unpaired electron has a magnetic dipole moment due to its own
VSLQ:KHQDQH[WHUQDOPDJQHWLF¿HOGLVDSSOLHGWRWKHUDGLFDO
VSHFLHVLQWKHSRO\PHUWKHXQSDLUHGHOHFWURQVDUHFODVVL¿HGDV
WZRW\SHVGXHWRWKH=HHPDQHIIHFWHQHUJHWLFDOO\VWDEOHȕVSLQV
DQG XQVWDEOH ĮVSLQV Fig. 2(a)). When an electromagnetic
ZDYHZLWKWKHVDPHHQHUJ\DV=HHPDQVSOLWWLQJLVDSSOLHGWRWKH
V\VWHPWKHȕVSLQWUDQVODWHVWRWKHĮVSLQWKURXJKUHVRQDQFH7R
REVHUYHWKLV(65LWLVQHFHVVDU\WRVDWLVI\WKH(65HTXDWLRQ Ȟ
= Jȝ %H 0&RPPRQ(65HTXLSPHQWXVHVDQH[WHUQDOPDJQHWLF
ILHOG RI DSSUR[LPDWHO\  7 DQG D PLFURZDYH IUHTXHQF\ RI
DSSUR[LPDWHO\  *+] +HUH is Planck's constant, Ȟ is the
PLFURZDYH IUHTXHQF\ ȝ % LV WKH %RKU PDJQHWRQ H 0 is the
H[WHUQDOPDJQHWLF¿HOGDQGWKHSURSRUWLRQDOFRQVWDQWLVFDOOHG

the g YDOXH,QWKHDFWXDOPHDVXUHPHQWZKLOHWKHPLFURZDYH
IUHTXHQF\ LV IL[HG WKH PDJQHWLF ILHOG LV VZHSW ZLWK D VPDOO
PRGXODWLRQDWDKLJKIUHTXHQF\QRUPDOO\DWN+]WRLQFUHDVH
WKHGHWHFWLRQVHQVLWLYLW\%HFDXVHWKHFRPSRQHQWZLWKWKHVDPH
IUHTXHQF\LVH[WUDFWHGDVDVLJQDOWKH(65VSHFWUXPDSSHDUVWR
EHDVRPHZKDWFRPSOLFDWHGGHULYDWLYHW\SHFXUYH
,IWKHUHLVDQXFOHXVZLWKDQRQ]HURQXFOHDUVSLQQXPEHUQHDU
the unpaired electron (e.g., 1H (, = 1/2), D (2H) (, = 1), 13& , =
1/2), 14N (, = 1), and 19) ,   WKH=HHPDQVSOLWEHFRPHV
complicated by the influence of its nuclear magnetic moment,
DQGDVDUHVXOWDQ(65VSHFWUXPZLWKPXOWLSOHSHDNVLVREVHUYHG
7KLVVWUXFWXUHLVFDOOHGWKHK\SHU¿QHVWUXFWXUH ƒs %\DQDO\VLQJ
the hyperfine coupling constant ( ƒcc ) between the peaks, the
molecular structure near the unpaired electron can be deduced
(Fig. 3). The g value calculated from the centre position of the
VSHFWUXPXVLQJWKH(65HTXDWLRQ )LJ E LVDXQLTXHYDOXH
WKDWUHÀHFWVWKHGLIIHUHQFHEHWZHHQWKHHQYLURQPHQWVVXUURXQGLQJ
unpaired electrons and is also used to identify the radical species.
Spin-trapping Method

7KHVSLQWUDSSLQJPHWKRGZDV¿UVWSURSRVHGE\-DQ]HQLQ
>@7KHVSLQWUDSSLQJUHDJHQWDGGHGLQDGYDQFHWRWKHUHDFWLRQ
V\VWHPEHFRPHVD³VSLQDGGXFW´RIQLWUR[LGHW\SHUDGLFDOVZKHQ
it traps a radical intermediate (Fig. 4). Since the spin adduct has
a long lifetime, it can be observed with normal continuous wave
(65HTXLSPHQWDQGVKRZVXQLTXH ƒs WKDWUHÀHFWVWKHPROHFXODU
VWUXFWXUHRIWKHRULJLQDOUDGLFDOVSHFLHV,QUHFHQW\HDUVWKHVSLQ

Fig. 2

(a) Schematic diagram of the basic principle
of the electron spin and the ESR and (b)
absorption-type and derivative-type spectra
of the ESR.

Fig. 3 Some examples of ESR spectra of
the various radical species with
different hyperﬁne structures (hfs ).

The constant a is the hyperfine coupling constant (hfcc ). When n
nuclei with nuclear spin number I interact evenly with the unpaired
electron, their hfs splits into 2nI +1. The intensity ratios of those peaks
are the so-called binomial coefﬁcient (Pascal's triangle).
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WUDSSLQJPHWKRGKDVEHHQZLGHO\XVHGLQ¿HOGVVXFKDVPHGLFLQH
SKDUPDFHXWLFDOVDQGHQJLQHHULQJHVSHFLDOO\IRUORZPROHFXODU
weight free radicals and reactive oxygen species in solution
systems. However, there have not been many research examples
DSSOLHGWRWKHGHJUDGDWLRQRISRO\PHUPDWHULDOV>@
6SLQWUDSSLQJUHDJHQWVDUHPDLQO\FODVVLILHGLQWRWZRW\SHV
WKHQLWURVRW\SHDQGQLWURQHW\SH7KHVHDUHVHOHFWHGDFFRUGLQJWR
the purpose of the experiment (Fig. 5 1LWURVRW\SHVDUHXVXDOO\
unstable to light and heat, and their spin adducts are also relatively
unstable. However, since the addition position of the original radical
VSHFLHVLVFORVHUWRWKHXQSDLUHGHOHFWURQWKDQLQWKHQLWURQHW\SHD
ƒs LVPRUHOLNHO\WRDSSHDULQWKH(65VSHFWUXPDQGWKHVWUXFWXUH
of the original radical species is easier to distinguish. On the other
KDQGQLWURQHW\SHVVKRZDVLPSOHU ƒs , from which it is more
GLI¿FXOWWRGLVWLQJXLVKWKHRULJLQDOUDGLFDOVSHFLHVWKDQWKHQLWURVR
W\SHVKRZHYHUPRVWQLWURQHW\SHVDUHVWDEOHWROLJKWDQGKHDW
6LQFHQLWURQHW\SHUHDJHQWVHDVLO\FDSWXUHR[\JHQFHQWUHGUDGLFDOV
they are often used for radical analysis of reactive oxygen species
such as •OH, and most of them are water soluble.

Degradation Analysis of Polymer
Materials by the Spin-Trapping Method
Addition of the Spin-Trapping Reagent to the
Polymer Materials

7R DGG D VSLQWUDSSLQJ UHDJHQW WR D SRO\PHU PDWHULDO LQ
advance, the solvent casting method or the swelling method
under temperature conditions that do not degrade the polymer
LVXVHG,IWKHDGGHGFRQFHQWUDWLRQLVWRRKLJKWKHVSLQWUDSSLQJ
reagents will react with each other, and if it is too low, the
polymer radicals cannot be captured. Therefore, we need to decide
WKHFRQFHQWUDWLRQE\WULDODQGHUURU,QDGGLWLRQLQWKHFDVHRI
engineering plastics with extremely low solubility, impregnation
XVLQJVXSHUFULWLFDOFDUERQGLR[LGH VF&22) may be effective. We
KDYHFRQ¿UPHGWKHHIIHFWLYHQHVVRIDSSO\LQJVF&22 treatment to
SRO\SURS\OHQH¿EUHV:KHQXVLQJVSLQWUDSSLQJUHDJHQWVWKDWDUH
sensitive to light, sample preparation must proceed in the dark
RUXQGHUUHGOLJKWLOOXPLQDWLRQZLWKRXW89DQGEOXHOLJKW,IWKH
effect of dissolved oxygen has to be eliminated, the sample must
EHSUHSDUHGLQDQLWURJHQVXEVWLWXWHGJORYHER[
ESR Measurement Procedure used for the
Spin-Trapping Method

The procedure is basically the same as the procedure used for
QRUPDO(65PHDVXUHPHQWDQGDSRO\PHUPDWHULDOZLWKDVSLQ
trapping reagent is inserted into a sample tube made of synthetic

Fig. 4 Scheme of the spin-trapping method

(a) nitrone-type and nitroso-type spintrapping reactions and (b) examples
showing a spin adduct using TTBNB
that was derived from the secondary
carbon radical and the ESR spectrum
of the spin adduct.
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TXDUW]ZLWKDQRXWHUGLDPHWHUࢥ of 5 mm. Nitrogen substitution is
necessary to suppress the oxidative degradation of the sample, but
conversely, the oxidative degradation can be observed by purging
DLURUR[\JHQ$WHPSHUDWXUHFRQWUROOHULVXVHGWRPHDVXUHWKH
thermal degradation, and the temperature is kept constant during
WKHPHDVXUHPHQWRIRQH(65VSHFWUXP6LQFHWKHVWDWHRIWKH
sample changes slightly as the temperature rises, it is necessary to
UHDGMXVWWKH4GLSRIWKH(65HTXLSPHQWDVDSSURSULDWH(ODSVHG
time is also an important factor in the thermal degradation,
and more detailed knowledge may be obtained by repeating
PHDVXUHPHQWV DW D FRQVWDQW WHPSHUDWXUH ,Q WKH FDVH RI WKH
SKRWRGHJUDGDWLRQ WKH (65 PHDVXUHPHQW LV SHUIRUPHG ZKLOH
irradiating with light directly from an external light source through
the round hole on the front side of the resonator.
ESR Spectrum Simulation Analysis

To determine the molecular structure of the reaction
LQWHUPHGLDWHLWLVILUVWQHFHVVDU\WRVHSDUDWHWKHREVHUYHG(65
VSHFWUXPLQWRFRPSRQHQWVIRUHDFKVSLQDGGXFW)XUWKHUPRUHWKH
ƒs indicated by each component spectrum should be isolated for
each peak, and the molecular structure of the spin adduct can be
LGHQWL¿HGE\DQDO\VLQJWKHLU ƒcc DQGLQWHQVLW\UDWLRV)LQDOO\WKH
molecular structure of the trapped intermediate radical species
LVFODULILHG,QWKLVVWXG\WKLVVHULHVRIDQDO\VHVLVLQGXFWLYHO\
SHUIRUPHGE\FRPSXWHUVLPXODWLRQDVGHVFULEHGEHORZ)LUVW
consider various radical species that can be generated from the
molecular structure of the polymer material to be investigated
and assume various spin adducts that will be produced when the
UDGLFDOVDUHFDSWXUHGE\DVSLQWUDSSLQJUHDJHQW1H[WUHIHUULQJ
to research papers on similar radical compounds and the data
obtained thus far by us, the number of peaks, the ƒcc , and the
intensity of each peak in the component spectrum shown by one
VSLQDGGXFWDUHDVVXPHG7KHQRQH(65VSHFWUXPLVSORWWHG
with all the peaks using the basic functions shown below, and
this is repeated for all possible spin adducts. One absorption peak
EDVHGRQRQH(65WUDQVLWLRQFDQEHVLPXODWHGE\D/RUHQW]LDQ
IXQFWLRQIRUDKRPRJHQHRXVV\VWHPRUD*DXVVLDQIXQFWLRQIRUD
heterogeneous system depending on the environment surrounding
the unpaired electron. The intensity , '(H) with magnetic field
H FDQEHGHULYHGE\WKHIROORZLQJHTXDWLRQV+HUHǻH pp is the
magnetic width between the upper and lower peaks, H 0 is the
UHVRQDQFHFHQWUDOPDJQHWLF¿HOGDQGS of the integrated intensity
LVDQDUHDSURSRUWLRQDOWRWKHREVHUYHGUDGLFDODPRXQW,QDFWXDO
DQDO\VLVZRUNWKHVHWZRHTXDWLRQVPD\EHOLQHDUO\FRPELQHGWR
DGMXVWWKHVSHFWUDOFXUYHV5HIHUULQJWRWKHUHSRUWHGGDWDRQWKH
ƒcc RIVSLQDGGXFWVWKHGDWDOLVWFRPSLOHGE\%XHWWQHU>@DQG
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)RUUHVWHU>@DQGWKHRQOLQHGDWDEDVHE\1DWLRQDO,QVWLWXWHRI
(QYLURQPHQWDO+HDOWK6FLHQFHV 1,(+6 >@DUHYHU\XVHIXO

/RUHQW]LDQ

*DXVVLDQ

Next, the calculated component spectra of each spin adduct are
DGGHGWRIRUPRQH(65VSHFWUXPZKLOHFRQVLGHULQJWKHUHODWLYH
intensities of the components, and the spectrum is compared with
the measured spectrum. Then, if there is a difference, reconsider not
only all the simulation parameters but also the type of spin adduct
and patiently repeat the above simulation work until the difference
LVDVVPDOODVSRVVLEOH,QWKHFDVHRISRO\PHUPDWHULDOVEHFDXVH
the molecular motion of radical species is usually suppressed, the
asymmetry of the spectrum is indeed observed due to the effect
of anisotropy. Therefore, to accurately simulate the details of
the spectrum, fine adjustment of all parameters for each peak is
HVVHQWLDODQGZHXVHJHQHUDOVSUHDGVKHHWVRIWZDUHLQVWHDGRIUHDG\
PDGHVSHFLDOVRIWZDUHWRSHUIRUPWKHVHULHVRIDQDO\VHVDERYH,Q
IDFWWKLVVLPXODWLRQDQDO\VLVLVDNLQGRIPDQ\ERG\SUREOHPDQG
nearly 150 peaks are sometimes analysed simultaneously, which is
DSHUVHYHULQJWDVNWKDWUHTXLUHVFRQVLGHUDEOHWLPHDQGHIIRUW,VLW
SRVVLEOHWRFUHDWHDQDO\VLVVRIWZDUHWKDWFDQXVH$,WRDXWRPDWLFDOO\
¿WEDVHGRQUHSRUWHGVSLQWUDSSLQJGDWD"

Example of Degradation Analysis by
the Spin-Trapping Method
Analysis of the Thermal Degradation of PVA

$VPHQWLRQHGDERYHZHLQYHVWLJDWHGWKHWKHUPDOGHJUDGDWLRQ
SURFHVV RI VRPH SRO\PHU PDWHULDOV XVLQJ WKH VSLQWUDSSLQJ
PHWKRG>@,QWKLVDUWLFOHZHLQWURGXFHVRPHRIWKHUHVXOWVIRU
SRO\ YLQ\ODOFRKRO  39$ >@39$LVDSRO\PHUZLWKH[FHOOHQW

Fig. 5 Examples of typical spin-trapping
reagents

(a) nitrone-types and (b) nitroso-types.

ILOPIRUPLQJDQGDGKHVLYHSURSHUWLHVDQGLVZLGHO\XVHGDVD
UDZPDWHULDOIRUV\QWKHWLF¿EUHVDQG¿OPV6LQFH39$LVZDWHU
VROXEOH '032 ZDV VHOHFWHG DV D VSLQWUDSSLQJ UHDJHQW DQG
D39$'032ILOPVDPSOHZDVSUHSDUHGE\DVROYHQWFDVWLQJ
PHWKRG7KHFRQFHQWUDWLRQRI'032ZDVDGMXVWHGWRZW
Fig. 6 VKRZV HDFK VSHFWUXP WDNHQ E\ DQ (65 VSHFWURPHWHU
-(2/ -(67(  ZKLOH KHDWLQJ WKH 39$'032 VDPSOH
VWHSZLVHXVLQJDWHPSHUDWXUHFRQWUROOHU -(2/'97 $VWKH
WHPSHUDWXUHLQFUHDVHGDQ(65VSHFWUXPGRPLQDWHGE\WKHVL[
OLQHVLQGLFDWHGE\ŸZDVREWDLQHG7KHVDPHPHDVXUHPHQWZDV
SHUIRUPHG IRU QHDW 39$ ZLWKRXW '032 EXW QR (65 VLJQDO
ZDVREWDLQHG7KHUHIRUHWKH(65VSHFWUXPREVHUYHGIRU39$
'032LQGLFDWHGWKDWWKHVKRUWOLYHGUDGLFDOLQWHUPHGLDWHVZHUH
JHQHUDWHGE\WKHWKHUPDOGHJUDGDWLRQRI39$DQGWUDSSHGE\
'032UHVXOWLQJLQORQJOLYHGVSLQDGGXFWV,QDGGLWLRQWRWKH
six lines, small peaks and shoulders were also observed, which
indicated that several types of spin adducts were mixed.
Fig. 7 shows the results of the simulation analysis for the
VSHFWUXPREWDLQHGDW&$IWHUGR]HQVRIWULDOVZH¿QDOO\
concluded that the observed spectrum consisted of five spin
adduct components, S1~S5. Some reference parts of spectral
components are indicated by *, 㾙, and 㾚. Table 1 lists the
structures and ƒcc of the trapped radical intermediate species,
along with data from the references used for assignment. The
reasons for the assignment are as follows.
The ƒcc of S 1 was consistent with the parameter of the
'032VSLQDGGXFWIURP2+SURGXFHGLQWKH)HQWRQUHDFWLRQ
E\)HDQG+2O2 in tert EXWDQRO>@+RZHYHUVLQFHWKHERQG
GLVVRFLDWLRQHQHUJ\RIWKH&2+ERQGLVDSSUR[LPDWHO\a
N-PROKLJKHUWKDQWKDWRIRWKHUERQGV>@LWLVXQOLNHO\WKDW
2+LVJHQHUDWHGE\KRPRO\VLVIURPWKH39$PDLQFKDLQ2Q
the other hand, there is a report that the thermal degradation
RI 39$ FDXVHV D QRQUDGLFDO GHK\GUDWLRQ UHDFWLRQ YLD DQ
LQWUDPROHFXODUIRXUPHPEHUHGULQJWRSURGXFHDPDLQFKDLQDOO\O
DOFRKRO &+ &+&+ 2+ &+2 >@6LQFHWKHGLVVRFLDWLRQ
HQHUJ\RIWKH&±2+ERQGLQWKLVVWUXFWXUHLVDSSUR[LPDWHO\
N-PROORZHUWKDQWKDWEHIRUHGHK\GUDWLRQ>@WKLVVWUXFWXUH
can be a source of •OH derived by homolysis. S2 was assigned
WRDVSLQDGGXFWGHULYHGIURPWKH39$PDLQFKDLQí&+2±&+±

Fig. 6

ESR spectra of PVA/DMPO in stepwise heating using an ESR spectrometer
(JEOL JES-TE300) and a temperature controller (JEOL DVT3) [6].
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&+2VLQFHWKH ƒcc of S2 was very close to that derived from
WKHDON\OUDGLFDO&+3±&+±&+3 [15]. This intermediate can be
a counterradical of •OH. S3 is characterized by the fact that the
ƒcc RIWKH1DWRPZDVVOLJKWO\VPDOOHUWKDQXVXDO*HQHUDOO\
WKHVSLQDGGXFWRI'032GHULYHGIURPDON\OUDGLFDOVVKRZVDQ
Į NRIDSSUR[LPDWHO\P7LQDTXHRXVVROXWLRQKRZHYHUWKHUH
are reports that Į N decreases in carbon radicals with OH groups
>@,QWKLVVWXG\63ZDVLGHQWL¿HGDVDVSLQDGGXFWGHULYHG
IURP&+ 2+ &+2EDVHGRQWKHGLIIHUHQFHLQWKHVROYDWLRQ
HIIHFW E\ 39$ DQG RQ WKH UHVXOWV RI YHULILFDWLRQ H[SHULPHQWV
SHUIRUPHGXVLQJDQRWKHUWUDSSLQJUHDJHQW'%1%664, which is
the most dominant in the observed spectrum, is known as a spin
adduct derived from the radical species generated by the thermal
GHFRPSRVLWLRQRI'032LWVHOI>@DQGQRWDFRPSRQHQWGXHWR
WKHWKHUPDOGHJUDGDWLRQRI39$65, which showed three lines,
FRXOGQRWEHD'032VSLQDGGXFWEHFDXVHLWVKRXOGVKRZDW
least six lines of ƒs E\RQH1DQGRQH+LQWKH'032VWUXFWXUH
&KHQ HW DO ZKR REVHUYHG WKH VDPH WKUHH OLQHV FRQVLGHUHG

Fig. 7

Results of simulation analysis for the ESR spectrum of PVA/DMPO at 160 °C [6].

it an unknown component caused by a secondary reaction
between spin adducts [19]. Since the amount of S5 produced
here was the smallest among the five components and did not
increase, even when the temperature was raised, S5 was also
assigned to a component unrelated to the thermal degradation
RI39$5HJDUGLQJ61, there was a possibility that H2O mixed
LQK\GURSKLOLF39$PD\EHDVRXUFHRI2+UDGLFDO7RFRQ¿UP
this possibility, two solution samples containing H22RU39$
with the same number of OH groups were prepared using
DQRWKHUWUDSSLQJUHDJHQW'%1%6DQGWKHVROYHQW'062DQG
the amounts of spin adducts derived from •OH were compared.
$VDUHVXOWWKHDPRXQWSURGXFHGLQWKH+2O sample was much
VPDOOHUWKDQWKDWSURGXFHGLQWKH39$VDPSOH7KHUHIRUHZH
FRXOGFRQFOXGHWKDW2+RULJLQDWHVIURPWKH39$PDLQFKDLQ
)URP WKH (65 VSHFWUXP REWDLQHG DW HDFK WHPSHUDWXUH WKH
relative amount of radical spin adduct was calculated by double
integration for S1~S3 and is shown in Fig. 8. The amount of
every component increased with increasing temperature, but
the amount of S1 and S2LQFUHDVHGPRUHVORZO\DERYH&
while that of the main chain scission radical S3 showed a faster
WHQGHQF\ WR LQFUHDVH )URP '6& PHDVXUHPHQW WKH PHOWLQJ
EHKDYLRXURIFU\VWDOOLQHSDUWRI39$ZDVREVHUYHGEHWZHHQFD
&DQG&7KHUHIRUHWKHPROHFXODUPRWLRQRI39$
was activated and main chain scission was actively promoted in
WKHUHJLRQDERYH&
,QDGGLWLRQWKHFKDQJHLQWKHPROHFXODUZHLJKWGLVWULEXWLRQRI
QHDW39$KHDWHGIRUKZDVLQYHVWLJDWHGE\*3&PHDVXUHPHQW
:KHQ KHDWHG DW  & DQG  & WKH GLVWULEXWLRQ RI WKH
KLJKHUPROHFXODUZHLJKWSDUWLQFUHDVHGVOLJKWO\ZKLFKLQGLFDWHG
WKDW WKH 39$ PROHFXOHV ZHUH FURVVOLQNHG +RZHYHU ZKHQ
KHDWHGDW&PRVWRIWKH39$VDPSOHVKRZHGJHODWLRQZLWK
WKH*3&VROYHQWDQGWKHPROHFXODUZHLJKWGLVWULEXWLRQRIWKH
dissolved part largely shifted to a lower molecular weight. These
results indicate that random decomposition of the main chain
competitively proceeds at the same time as crosslinking when
39$LVKHDWHG
&RPSUHKHQVLYHO\FRQVLGHULQJWKHDQDO\VLVUHVXOWVEDVHGRQWKH
VSLQWUDSSLQJPHWKRGWKH2+UDGLFDOWKDWGLVVRFLDWHGIURPWKH
side chain of the main chain type allyl alcohol is an important
DFWLYHVSHFLHVLQWKHWKHUPDOGHJUDGDWLRQUHDFWLRQRI39$$W
&RUORZHUK\GURJHQLVDEVRUEHGIURPWKHPDLQFKDLQWR
SURGXFHSRO\PHUUDGLFDOV &+2&+&+2DQG&+2& 2+ 
&+2 ZKLFKFDXVHLQWHUPROHFXODUFURVVOLQNLQJ$ERYH&
DVFURVVOLQNLQJSURJUHVVHVȕVFLVVLRQRIWKHPDLQFKDLQSRO\PHU
radicals proceeds at the same time, which reduces the molecular

Table 1

Molecular structure of the trapped radical species produced through PVA degradation, the hfcc and g -value of spin adducts, and data in references [6].
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Fig. 8

The change in the relative amounts of radicals for spin adducts S1~S3, as
produced by PVA/DMPO upon stepwise heating from 100 to 200 °C [6].

,ZLVKWRH[SUHVVP\VLQFHUHJUDWLWXGHWR3URIHVVRU.XQLKLNR
7DMLPD 3URIHVVRURI.\RWR,QVWLWXWHRI7HFKQRORJ\ 3URIHVVRU
$NLUD1DNDMLPD 3URIHVVRURI0L\D]DNL8QLYHUVLW\ 3URIHVVRU
0DVDKLUR.RQR 3URIHVVRURI7RN\R,QVWLWXWHRI7HFKQRORJ\ 
DQG3URIHVVRU0DVD\RVKL7DEDWD 9LVLWLQJ3URIHVVRURI&KLWRVH
,QVWLWXWHRI6FLHQFHDQG7HFKQRORJ\ IRUWKHLUJUHDWFRPPHQWV
DQG DGYLFH RQ WKH (65 UHVXOWV E\ WKH VSLQWUDSSLQJ PHWKRG
7KHZRUNRQ39$LQWURGXFHGLQWKLVDUWLFOH>@ZDV¿QDQFLDOO\
VXSSRUWHGE\.XUDUD\&R/WG,ZRXOGOLNHWRDFNQRZOHGJHWKH
VWDIIDW-(2/5(621$1&(,QFLQFOXGLQJ0V<XPL1DNDL
0U0DVDKLWR2NDQR'U$LNR6KLPDGD0U.RLFKL2NX]XPL
DQG WKH VWDII DW -(2/ /WG LQFOXGLQJ 'U <XNLR 0L]XWD DQG
many others, for their kind advice and cooperation regarding
(65HTXLSPHQW,ZLVKWRH[SUHVVP\VSHFLDOWKDQNVWRWKHODWH
'U1RULR0DQDEHZKRZDV¿UVWLQWHUHVWHGLQRXUVSLQWUDSSLQJ
VWXG\DQGVWURQJO\HQFRXUDJHGPHWRSURFHHGZLWKWKLVVWXG\,Q
fact, the experimental results are the fruits of the efforts of many
VWXGHQWVLQP\ODERUDWRU\DQG,ZRXOGOLNHWRH[SUHVVP\VLQFHUH
gratitude to all of them, as well as Professor Naoto Tsutsumi and
$VVRFLDWH3URIHVVRU.HQML.LQDVKLIRUWKHLUNLQGKHOS
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Summary
*HQHUDOO\PRVWRIWKHDQDO\VHVRIWKHWKHUPDOGHJUDGDWLRQ
of polymer materials focus on the temperature range near the
melting point or higher, and there are few reports on reactions that
occur at relatively low temperatures, as in our study. However,
REVHUYDWLRQE\WKHVSLQWUDSSLQJPHWKRGXVLQJ(65ZKLFKLV
a very sensitive analysis method, can clarify the initial reaction
process of the degradation of polymer materials, which has not
EHHQLQYHVWLJDWHGZHOOXQWLOQRZ&XUUHQWO\ZHDUHFRQGXFWLQJ
research on mechanical and photodegradation in addition to the
WKHUPDOGHJUDGDWLRQ)RUH[DPSOHLWPD\EHSRVVLEOHWRDQDO\VH
IDWLJXHIUDFWXUHVDVSHUFHLYHGE\WKHORQJWHUPDFFXPXODWLRQRI
PLQXWHFKDQJHV5HFHQWO\GHVSLWHWKHJURZLQJLQWHUHVWLQWKH
durability and longevity of polymer materials, academic research
LQWKLV¿HOGGRHVQRWVHHPWREHYHU\DFWLYH+RZHYHURQWKHRWKHU
KDQG,KDYHRIWHQEHHQFRQVXOWHGE\FRPSDQLHVDERXWEDVLFRU
specialized knowledge of the degradation or lifetime of polymer
PDWHULDOV,IHHOWKDWWKHVSHFL¿FDQGGHWDLOHGNQRZOHGJHUHTXLUHG
E\WKHLQGXVWU\LVVWLOOODFNLQJ,ZRXOGOLNHWRFRQWLQXHWRSDWLHQWO\
VWXG\ GHJUDGDWLRQ WR DFTXLUH PRUH VFLHQWLILF NQRZOHGJH WKDW
enables causal treatment measures to protect against degradation
and control the lifetime of polymer materials.
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High-Speed Electron Beam Modulation
System Using Electrostatic Deﬂection and
Laser Delivery System to the Specimen in
Transmission Electron Microscopy
Takeshi Kaneko1, Norihiro Okoshi1, Takeo Sasaki1.D]XNL<DJL1, Takeshi Sato1,
Hiroki Hashiguchi1, Ichiro Ohnishi1<X-LPER1+LGHWDND6DZDGD1DQG6KLQVXNH2JLZDUD1,2,
5XWK6KHZPRQ%ORRP2%U\DQ5HHG26DQJ7DH3DUN2, Daniel Masiel2
1

-(2//WG2,'(6,QWHJUDWHG'\QDPLF(OHFWURQ6ROXWLRQV,QF6WRQHULGJH'U3OHDVDQWRQ&$

A high-speed electron shuttering system (Electrostatic Dose Modulator: EDM) using an electrostatic deﬂector
has been developed to control electron dose with a beam-blank switching time of 20 ns. It enables smart electron
illumination with quantitative modulation of frequency and duty ratio to control electron dose. A newly developed
laser illumination system (Luminary Micro) is used for localized specimen heating. Application data taken with the
laser illumination system is reported using gold nanoparticle specimens. The system enables in-situ observation of
laser-driven photoreactions during high-resolution imaging in an electron microscope.

1. Introduction
In scanning transmission and transmission electron microscopy
(STEM/TEM), remarkable resolution improvements have been
achieved through development of electron optics, including
DEHUUDWLRQFRUUHFWRUVDQGFROG¿HOGHPLVVLRQJXQVWRJHWKHUZLWK
improvement of the electrical and mechanical stability of the
equipment, yielding a resolution less than 50 pm. In addition,
the analytical performance of STEM has been improved so that
DWRPLFUHVROXWLRQ WZRGLPHQVLRQDO PDSSLQJ FDQ EH REWDLQHG
URXWLQHO\ ZLWK HQHUJ\ GLVSHUVLYH ;UD\ DQDO\]HUV (QHUJ\
'LVSHUVLYH;UD\6SHFWURVFRS\('6 DQGHOHFWURQHQHUJ\ORVV
VSHFWURVFRS\ (OHFWURQ(QHUJ\/RVV6SHFWURVFRS\((/6 ,Q
terms of ease-of-use, automated control of the instrument provides
alignment free operation. Whereas the resolution and analytical
capability of the integrated system has been continuously
improved by such cutting-edge technology developments, future
improvements in in-situ environmental observation of function
and dynamic structural changes demand greater control of the
electron beam.
7KXVLQWKLVVWXG\ZHKDYHGHYHORSHGDKLJKVSHHGVKXWWHU
V\VWHP (OHFWURVWDWLF 'RVH 0RGXODWRU ('0  XVLQJ DQ
HOHFWURVWDWLFGHÀHFWRUSODWH7KHV\VWHPFDQTXDQWLWDWLYHO\FRQWURO
illumination electron dose by changing frequency and duty ratio,
XVLQJWHFKQRORJ\VLPLODUWRWKHIDVWHOHFWURVWDWLFVZLWFKLQJV\VWHPV
XVHGIRUWHPSRUDOFRPSUHVVLYHVHQVLQJ>@,WFDQEHXWLOL]HGIRU
HOHFWURQGRVHFRQWURODQGWLPHUHVROYHGGDWDDFTXLVLWLRQZLWKȝV
RUVXEȝVVWURERVFRSLFLPDJLQJPHWKRGV
We have also developed a laser illumination system that can

〉〉3-1-2 Musashino, Akishima, Tokyo, 196-8558, Japan | E-mail: takekane@jeol.co.jp
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LQWURGXFHODVHUVZLWKYDULRXVLQWHQVLWLHVLQWRDVSHFLPHQLQDQ
electron microscope. This system focuses and directs a laser
beam onto the specimen using lenses and mirrors. This makes it
SRVVLEOHWRREVHUYHWKHLQWHUDFWLRQEHWZHHQOLJKWDQGVSHFLPHQVLQ
high resolution TEM or STEM observation. Moreover, the system
FDQEHXVHGIRUKLJKO\ORFDOL]HGVSHFLPHQKHDWLQJIRFXVHGODVHU
LOOXPLQDWLRQZLWKDKLJKSRZHUGHQVLW\FDQEHDSSOLHGORFDOO\
RQWKHVSHFLPHQKHDWLQJDȝPUHJLRQDWWKHFHQWHURIWKH
¿HOGRIYLHZ&RPSDUHGWRPRUHFRQYHQWLRQDOPHWKRGVLQZKLFK
entire TEM samples are heated at once, this produces much less
VSHFLPHQ GULIW DQG DOVR DOORZV PXOWLSOH LQGHSHQGHQW KHDWLQJ
experiments to be conducted on each specimen.

2. High Speed Electron Beam Modulation
System Using Electrostatic Deﬂection
in Transmission Electron Microscopy
2.1. High-speed blanking technology using
electrostatic deﬂection plates

The Electrostatic Dose Modulator (EDM) is a high-speed beam
blanking system consisting of a pair of electrostatic deflector
plates mounted above the condenser lens system, a controller,
DQGVRIWZDUH Fig. 1(a)). Using EDM, high-speed blanking can
VZLWFK WKH HOHFWURQ EHDP LOOXPLQDWLQJ WKH VDPSOH RQ DQG RII
100,000 times faster than a conventional beam blanking system.
8VLQJ SXOVH ZLGWK PRGXODWLRQ 3:0  WKH HOHFWURQ EHDP
illumination density to the specimen can be controlled quickly
DQGTXDQWLWDWLYHO\ZLWKRXWFKDQJLQJIRFXVRUEHDPDOLJQPHQWLQ
contrast to conventional methods of changing the illumination

JEOL NEWS │ Vol.56 No.1 (2021)

Fig. 1
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(a) Schematic diagram of the electrostatic shutter and control system.
(b) Diagram for blanking an electron beam by applying a voltage to an electrostatic shutter.
(c) Diagram in which an electron beam is directed onto a specimen when the electrostatic shutter voltage is turned off.

FRQGLWLRQE\FKDQJLQJOHQVVWUHQJWKVDQGDSHUWXUHV7KH 
VZLWFKLQJWLPHEHWZHHQWKHRQDQGRIIVWDWHV )LJV EF LVQV
RUOHVVHQDEOLQJ3:0DWȝVVFDOHSHULRGV

Fig. 2

2.2. Demonstration of High-Speed Blanking using
Electrostatic Deﬂection

)DVW EODQNLQJ ZLWK ('0 FDQ EH XVHG WR SXOVH WKH HOHFWURQ
beam illumination on the specimen. Figures 2 D  G VKRZDQ
H[DPSOHRIIDVWEODQNLQJLQRSHUDWLRQGXULQJDQQXODUGDUN¿HOG
67(0 $')67(0  REVHUYDWLRQ )LJXUH  D  VKRZV D KLJK
UHVROXWLRQ$')67(0LPDJHWDNHQZLWKWKHEODQNLQJSHULRG
set to 10 ms (5 ms blanking, 5 ms illumination) under STEM
REVHUYDWLRQFRQGLWLRQVZKHUHHDFKVFDQOLQHWDNHVDSSUR[LPDWHO\
20 ms. The specimen used is a Si [110] crystal and the
DFFHOHUDWLQJYROWDJHLVN97KHHOHFWURQEHDPLVEODQNHGDW
KLJKVSHHGGXULQJ67(0REVHUYDWLRQDQGWKHERXQGDU\EHWZHHQ
the illuminated and dark regions of the STEM image is less than
SL[HOWKLFN,WVKRZVWKDWWKHWUDQVLWLRQWLPHRIEODQNLQJ IURP
blank to illumination, and from illumination to blank) is less
WKDQWKHGZHOOWLPHSHUSL[HORIȝV1RREYLRXVGLVWXUEDQFH
of the image by blanking can be seen, indicating that the electron
probe in STEM is sharply defected for blanking and returned to
WKHVDPHSRVLWLRQDWWKHDWRPLFOHYHO$')67(0LPDJHVZLWK
KLJKHUEODQNLQJIUHTXHQFLHVDUHVKRZQLQ)LJV E  F 7KH
GDUNEDQGVFRUUHVSRQGLQJWRWKHWLPHVZKHQWKHEHDPLVEODQNHG
SURJUHVVLYHO\EHFRPHWKLQQHUDQGLQ)LJ F LWEHFRPHV¿QHU
WKDQWKHZLGWKRILPDJHRID6LDWRPLFFROXPQ,Q)LJ G WKH
SHULRGRIWKHEODQNLQJ ȝV LVOHVVWKDQWKHGZHOOWLPHSHU
SL[HO ȝV DQGZHFDQQRORQJHUVHHWKHYHUWLFDOGDUNOLQHV
Instead, the entire image intensity is reduced by a factor of 2
corresponding to the 50% duty ratio. Even in this condition,
ZH REVHUYH QR GLVWRUWLRQ RU ORVV RI UHVROXWLRQ LQ WKH LPDJH
&RPELQLQJWKHVHWHFKQLTXHVDOORZVIRUVHOHFWLYHVFDQVDWRQO\
SDUWLFXODUORFDWLRQVDQGZLWKFRQWUROODEOHLOOXPLQDWLRQLQWHQVLW\
2.3 Current Modulation using Pulsed Illumination

Figure 3LVDKLJKUHVROXWLRQ$')67(0LPDJHRI6L>@
WDNHQE\SXOVHGHOHFWURQEHDPLOOXPLQDWLRQ IUHTXHQF\N+]

ADF-STEM images using illumination with different frequencies, with a STEM
image size of 512 × 512 pixels and pixel dwell time of 38 μs/pix, using a
[110]-oriented Si crystalline specimen.
(a) with frequency of 100 Hz (10 ms period); duty ratio 50% (5 ms illumination)
(b) with frequency of 1 kHz (1 ms period); duty ratio 50% (0.5 ms illumination)
(c) with frequency of 10 kHz (100 μs period); duty ratio 50% (50 μs illumination)
(d) with frequency of 100 kHz (10 μs period); duty ratio 50% (5 μs illumination)

SHULRGȝV DQGFKDQJLQJWKHPRGXODWLRQUDWLR GXW\UDWLR GXULQJ
STEM observations. The illumination turns on and off on average
 WLPHV SHU  ȝV SL[HO GZHOO WLPH 6LQFH WKH LOOXPLQDWLRQ
EODQNLQJVSHHGLVIDVWHUWKDQWKHGZHOOWLPHWKHVWULSHSDWWHUQVHHQ
LQ)LJV D  F ZLOOQRWEHREVHUYHGLQWKH67(0LPDJH
7KHDFFHOHUDWLRQYROWDJHLVN9DQGWKHGZHOOWLPHLVȝV
SHUSL[HO îSL[HOV ,Q)LJ D ZKLOHDFTXLULQJ
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a STEM image of one image for 20 seconds, the duty ratio
LV FKDQJHG IURP  WR  $W D GXW\ UDWLR RI  WKH
LOOXPLQDWLRQLVRQIRUQVDQGEODQNHGIRUQVGXULQJ
HDFK F\FOH ,Q WKH FDVH ZLWK D GXW\ UDWLR RI  ERWK WKH
electron beam illumination time and the blanking time are 1000
QV)LJXUH D VKRZVWKH67(0LPDJHREWDLQHGE\FKDQJLQJ
WKH GXW\ UDWLR IURP  WR  DW WKH PLGGOH RI WKH LPDJH
DFTXLVLWLRQHOHFWURQGRVHFDQEHFRQWUROOHGE\RQO\FKDQJLQJ
GXW\UDWLRLQ('0DJDLQZLWKQRFKDQJHLQIRFXVRUDOLJQPHQW
)LJXUH  E VKRZVWKH67(0LPDJHZKHUHWKHGXW\UDWLRLV
JUDGXDOO\FKDQJHGIURPWRDQGWKHQLQFUHDVHGDJDLQWR
$WWKHFHQWHURIWKHLPDJHWKHHOHFWURQEHDPGRVHLVORZ
ZKHUHDVWKHHOHFWURQEHDPGRVHLVKLJKDWWKHWRSDQGERWWRPRI
the image. Even if the dose is changed during scanning, a highUHVROXWLRQ$')67(0LPDJHFDQEHREWDLQHGZLWKRXWVSHFLPHQ
GULIWLQJ7KHVHWHFKQLTXHVDOORZIRUDGYDQFHG67(0LPDJLQJWKDW
changes the illumination current for different parts of the image.
This is not only much faster but also much easier than changing
LOOXPLQDWLRQFXUUHQWE\FKDQJLQJWKHVSRWVL]HFRQGHQVHUOHQV
H[FLWDWLRQV DSHUWXUH VL]HV DQGRU HOHFWURQ JXQ VHWWLQJV DV LW
requires neither refocusing nor realignment. The TEM column
remains thermally stable because the excitation of each lens does
QRWQHHGWREHFKDQJHGZKHQFKDQJLQJWKHHOHFWURQGRVH
2.4 EDS True Area Scan by “ﬂyback cut” using EDM

,QWKHFDVHRIDVFDQQLQJV\VWHPZKLFKGHÀHFWVDQHOHFWURQ
beam by passing an electric current through a coil and generating
a magnetic field, there is a nonlinear scan region that cannot
be used for STEM image acquisition because of the overshoot
of the magnetic coil and the limited response speed of signal
reception. This nonlinear scanning area is not used for elemental
mapping in EDS analyses, even though the electron beam
LUUDGLDWHVWKHVSHFLPHQGXULQJWKLVWLPH7KLVLVFDOOHGÀ\EDFN
DQGLVXQDYRLGDEOHLQVFDQV\VWHPVZLWKPDJQHWLFFRLOV7KLV
causes needless specimen damage through electron irradiation.
%ODQNLQJWKHHOHFWURQEHDPXVLQJDQRWKHUPDJQHWLFFRLOGRHV
not solve the problem, since the magnetic blanking system
ZLOOEHVXEMHFWWRWKHVDPHVSHHGOLPLWDWLRQVDVWKHPDJQHWLF
VFDQQLQJV\VWHP7KLVPRGL¿HVWKHEHKDYLRUEXWVWLOOLQWURGXFHV
VFDQ QRQOLQHDULW\ DQG QHHGOHVV LUUDGLDWLRQ RI WKH VDPSOH $V
the magnetic beam blanker shuts off, the beam can oscillate,
overshoot, and produce a poorly aligned beam for some
milliseconds.
7RVROYHWKLVSUREOHPZHXVHG('0WRUHPRYHWKHÀ\EDFN
area (Fig. 4 D WDNLQJDGYDQWDJHRIWKHQVVFDOHVZLWFKLQJWLPH
WREODQNDQGXQEODQNWKHEHDPZLWKRXWLQWURGXFLQJVLJQL¿FDQW

overshoot or distortion on the time scale of the scan (10-50
ȝV SL[HO GZHOO WLPHV  :H LQWHJUDWHG WKH ('0 ZLWK DQ ('6
VFDQ V\VWHP DQG V\QFKURQL]HG WKH ('0 VR WKDW WKH EHDP LV
EODQNHGGXULQJWKHÀ\EDFNWLPH )LJ E 7KH('0V\VWHP
thus removes the flyback area and the excess irradiation that
RWKHUZLVH RFFXUV GXULQJ ('6 WZRGLPHQVLRQDO PDSSLQJ :H
FDOOWKLV('67UXH$UHD6FDQEHFDXVHLWRQO\VFDQVWKHHOHFWURQ
EHDPGXULQJWKHOLQHDUSDUWRIWKHVFDQZKHQWKHEHDPVWULNHV
WKHDUHDLWZDVLQWHQGHGWRVWULNHDQGQRWKLQJPRUHFRPSOHWHO\
HOLPLQDWLQJWKHH[WUDLUUDGLDWLRQGXULQJÀ\EDFN
2.5 Applications of EDS True Area Scan

Figures 5 D DQG E VKRZVWKHLPDJHDQGLQWHQVLW\SURILOH
RIWKHVFDQDUHDWDNHQE\WKH&026FDPHUD)LJXUH D LVWKH
FRQYHQWLRQDOVFDQDUHDLPDJHDQG E LVWKHVFDQDUHDLPDJHZLWK
('07UXH$UHD6FDQ,QWKHFRQYHQWLRQDOVFDQQLQJWKHVSHFLPHQ
LVLUUDGLDWHGZLWKKLJKLQWHQVLW\HOHFWURQEHDPLQWKHIO\EDFN
DUHD2QWKHRWKHUKDQGLQWKHVFDQZLWK('67UXH$UHD6FDQ
WKH VSHFLPHQ LV VFDQQHG ZLWKRXW H[WUD QRQOLQHDU LUUDGLDWLRQ
)LJXUHV F DQG G VKRZVWKH('6PDSSLQJRI6U7L2 from the
RULHQWDWLRQRI>@GLUHFWLRQ)LJXUH F VKRZVWKHFRQYHQWLRQDO
('6HOHPHQWDOPDSSLQJDQG)LJ G VKRZVWKH('6³WUXHDUHD´
HOHPHQWDOPDSSLQJZLWKIO\EDFNFXWE\('0,QFRQYHQWLRQDO
EDS elemental mapping, the flyback area is not removed, so
HOHFWURQEHDPGDPDJHWRWKHVSHFLPHQFDQEHREVHUYHGDVVKRZQ
E\WKHZKLWHGDVKHGOLQHDUHDLQ)LJ F 7KHLQWHQVLW\SUR¿OHLQ
ULJKWKDQGVLGHLQ)LJ F VKRZVWKHVLJQDOIURP('6IRUHDFK
element of Sr, Ti, and O as a function of the time, corresponding
the number of the atoms in the specimen. Decreasing the signal
indicated that the number of the atoms inside the specimen is
reduced by electron irradiated damage due to large current. On
WKHRWKHUKDQGUHGXFWLRQRIWKHVLJQDOLQWHQVLW\SUR¿OHZLWKWUXH
DUHDVFDQE\('67UXH$UHD6FDQLQ('6HOHPHQWDOPDSSLQJLV
UHODWLYHO\VPDOOHYHQZLWKODUJHFXUUHQWVKRZQLQWKHULJKWKDQG
VLGHRI)LJ G ,WFDQDOVREHVHHQLQOHIWKDQG¿JXUHLQ)LJ G 
VKRZLQJWKDWWKHUHLVUHODWLYHO\XQLIRUPLQWHQVLW\FRQWUDVWLQ('6
WZRGLPHQVLRQDOHOHPHQWDOPDSSLQJGXHWRUHGXFLQJHOHFWURQ
beam damage to the specimen.

3. Laser Introduction System to the
Specimen [2]
3.1. Laser illumination of the specimen

/XPLQDU\0LFURZDVGHYHORSHGDVDFRPSDFWVSHFLPHQRSWLFDO
excitation system for TEM. The system consists of a continuousZDYH &:  ODVHU D FRPSDFW RSWLFDO GHOLYHU\ V\VWHP DQG D

Fig. 3 High-resolution ADF-STEM image using pulsed illumination.

(a)

'XW\UDWLR 
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Duty ratio

(a) High-resolution ADF-STEM image with duty ratios
changed from 90% to 50% using the following
conditions: accelerating voltage = 300 kV, convergence
half-angle = 24 mrad, image size = 1024 × 1024 pixels,
pixel dwell time = 19 μs, specimen = Si[110], and
EDM modulation frequency = 500 kHz (2 μs period).
The STEM image above the middle of the image is
taken with 90% duty ratio i.e. an illumination time of
1800 ns, and blank time of 200 ns for each 2000 ns
cycle. Roughly halfway through the scan, the duty ratio
is changed to 50%, with an illumination time of 1000
ns, and blank time of 1000 ns per cycle.
(b) High-resolution ADF-STEM image obtained by
changing the duty ratio from 90% to 10%.
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mirror (Fig. 6(a)). The laser is introduced through a backscattered
HOHFWURQLPDJLQJGHYLFH %(, SRUWDQGFDQLUUDGLDWHWKHVSHFLPHQ
from directly above using mirrors and other optical systems.
The laser illumination position on the specimen can be precisely
aligned to the center of the observed area of the specimen. The
ODVHULOOXPLQDWLRQDUHDLVȝPGLDPHWHUDQGWKHLOOXPLQDWLRQ

LQWHQVLW\FDQEHDGMXVWHGE\FRQWUROOLQJWKHODVHURXWSXW
7KHOHIWLPDJHLQ)LJ E LVDKLJKUHVROXWLRQLPDJHRIDQ
DPRUSKRXV FDUERQ ILOP 48$17,)2,/ E\ 48$17,)2,/
0LFUR 7RROV  LQ ZKLFK KROHV RI VHYHUDO ȝP GLDPHWHU DUH
DUUDQJHG)LJ E VKRZVWKHVDPHUHJLRQDIWHULOOXPLQDWLQJWKH
VSHFLPHQZLWK:RIODVHUSRZHUIRUVHFRQG$KROHRIDERXW

Fig. 4
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(a) Conﬁguration diagram of EDS True Area Scan.
(b) The left-hand schematic diagram shows blanking during the ﬂyback time by applying voltages to the EDM electrostatic plates. The right-hand schematic shows electron
beam illumination with a linear scan for EDS mapping on the specimen with no voltage to the EDM. The system automatically switches modes during the ﬂyback time of
every single scan line.

Fig. 5
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EDS True Area Scan with ﬂyback cut with EDM using an accelerating voltage of 300 kV and a beam current of 660 pA. The specimen is SrTiO3 and the magniﬁcation is 25Mx.
The image is 256 pixels wide and the ﬂyback time at the end is equivalent to 128 pixels. The pixel dwell time is 10 μs.
(a) (Upper) Real-space image of part of the scan as captured by a CMOS camera. (Lower) The corresponding intensity proﬁle summed in the vertical direction.
(b) As (a), but with the True Area Scan ﬂyback-cut system engaged. The true scan area is uniformly illuminated and the total dose is signiﬁcantly reduced, especially near the left edge.
(c) (Left) EDS two-dimensional elemental map using a conventional scanning system corresponding to (a). (Right) The EDS signal intensity for each element as a function of the
time, showing the decay rate caused by specimen damage by the electron beam.
(d) As (c), but with the True Area Scan ﬂyback-cut system engaged. The image is much more uniform and the rate of damage is signiﬁcantly reduced.
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ȝPGLDPHWHUKDVEHHQFUHDWHGE\WKHODVHULOOXPLQDWLRQ
DOLJQHGWRWKHFHQWHURIWKH¿HOGRIYLHZ%\UHGXFLQJWKHODVHU
SRZHU LW LV SRVVLEOH WR REVHUYH KHDWLQJ SKHQRPHQD DQG WKH
LQWHUDFWLRQEHWZHHQOLJKWDQGPDWWHUDWWKHDWRPLFUHVROXWLRQ

Summary
This paper introduces advanced illumination current
modulation called EDM using electrostatic deflection plates
and high-speed blanking. We demonstrated dose control in
67(0XVLQJ('0)XUWKHUWKH('0V\VWHPHQDEOHGD7UXH
$UHD 6FDQ V\VWHP WR UHGXFH VDPSOH GDPDJH LQ 67(0 E\
turning off the beam during flyback. This paper also reports
application data demonstrating a laser introduction system for
WKHVSHFLPHQFDOOHG/XPLQDU\0LFURVKRZLQJVXEOLPDWLRQRI
JROGQDQRSDUWLFOHVLPDJHGDWDWRPLFUHVROXWLRQZLWKUHODWLYHO\
little sample drift. These techniques open the possibility of
XQSUHFHGHQWHGLQVLWXDQGWLPHUHVROYHGREVHUYDWLRQVZLWKRXW
WKHQHHGRIODVHUGULYHQSKRWRFDWKRGHVXVHGLQSUHYLRXVZRUN>@

3.2. Demonstration of specimen heating in a
localized area by Luminary Micro

Figure 7 D  VKRZV D KLJKUHVROXWLRQ 7(0 LPDJH RI JROG
SDUWLFOHVEHIRUHODVHULOOXPLQDWLRQ$ODVHUZLWKDZDYHOHQJWK
RIQPLOOXPLQDWHVWKHSDUWLFOHVZLWKDSRZHURIP:DQG
DQDUHDRIDERXWȝPGLDPHWHU)LJXUH E VKRZVWKHVDPSOH
DIWHUPLQXWHVRILOOXPLQDWLRQGXULQJZKLFKVRPHRIWKHJROG
sublimated due to laser heating, causing the particles to become
VPDOOHU %HFDXVH WKH ODVHU KHDWLQJ LV ORFDOL]HG WKH VSHFLPHQ
drift caused by changing the temperature of the support film is
minimal. Thus, high-resolution TEM imaging observation is
IHDVLEOHHYHQLQKLJKWHPSHUDWXUHKHDWLQJFRQGLWLRQV)LJXUH F 
VKRZVWKHJROGSDUWLFOHVDIWHUPLQXWHVRIDGGLWLRQDOLOOXPLQDWLRQ
DWP:7KHJROGSDUWLFOHVFRQWLQXHGWRUHGXFHLQVL]HDQGWKH
VDPSOHGULIWZDVVWLOOUHODWLYHO\VPDOO
/XPLQDU\0LFURLVXWLOL]HGQRWRQO\IRULQVLWXREVHUYDWLRQZLWK
laser excitation of a specimen, but also for heating a specimen
ZLWKRXWDVSHFLDOKROGHU,QFRPELQDWLRQZLWK('0/XPLQDU\
Micro can also be used for microsecond time-resolved studies using
the pump-probe method, since the specimen laser can be modulated
by the same timing control system that controls the EDM.

Fig. 6
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Optical path of laser
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Specimen

(a) Schematic of a laser introduction system (Luminary Micro).
(b) Amorphous carbon ﬁlm before (left) and after (right) laser illumination (specimen: QUANTIFOIL by QUANTIFOIL Micro Tools), with the estimated laser spot superposed in green.

Fig. 7

(a)

(b)

 QP

(c)

QP

(a) High-resolution TEM image before laser illumination of gold nanoparticles on a thin carbon ﬁlm using an accelerating voltage of 300 kV.
(b) High-resolution TEM image after 5 minutes of illumination with a laser power of 2 mW and an illumination area of 40 μm diameter.
(c) High-resolution TEM image after 5 minutes of illumination with a laser power of 5 mW and an illumination area of 40 μm diameter.
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The New Detection System of
High-End FE-SEM JSM-IT800
Super Hybrid Lens〈SHL〉
Tatsuro Nagoshi, Yuuki Yamaguchi

EP Business Unit, JEOL Ltd.

Scanning Electron Microscope (SEM) is able to acquire various information on a specimen surface by selecting
energy and emission angles of electrons emitted from the specimen. The latest high-end FE-SEM JSM-IT800
<SHL> is equipped with Super Hybrid Lens (SHL) and various detectors including a newly developed Upper Hybrid
Detector (UHD). It is possible to select information such as surface structure and composition of the specimen with
high spatial-resolution in various ﬁelds. In this paper, we explain various information on a specimen surface provided
by electrons emitted from the specimen. And then, we introduce the information obtained by using the various
detectors together with observation examples.

Fig.1 SEM image information that depends
on the energy and the emission
angle of the emitted electrons.
6(

In SEM observation, electrons emitted from a specimen
VXUIDFHE\LUUDGLDWLRQZLWKDSULPDU\HOHFWURQEHDPDUHFODVVL¿HG
into SEs and BSEs. Figure 1 shows the difference in SEM
images which depends on the energy and the emission angles.
1.1. Secondary electrons (SEs)

SEs are excited from atoms of a specimen. They are generated
in inelastically scattering process when incident electrons

6XUIDFH3RWHQWLDO

6XUIDFH 0RUSKRORJ\

˅
H

1. Difference in image depending on energy
and emission angle of emitted electrons

%6(

&RPSRVLWLRQ
&U\VWDO2ULHQWDWLRQ

7RSRJUDSK\
&U\VWDO2ULHQWDWLRQ

˅

SEM enables us to obtain images with information on
specimen surface by scanning focused electron beam and
detecting secondary electrons (SEs) and backscattered
electrons (BSEs) emitted from the vicinity of the surface.
Information in SEM images changes depending on energy
DQGHPLVVLRQDQJOHV GH¿QHWKHDQJOHSDUDOOHOWRWKHVSHFLPHQ
surface as zero) of emitted electrons. For example, SEs are
usually thought to reveal surface morphology. However, if the
detector acquires both SEs and BSEs, the image reflects not
only the structure of the specimen surface with SEs, but also
the composition of the specimen with BSEs [1]. Therefore, it is
necessary to select an appropriate detector for purposes.
JSM-IT800 <SHL> has features such as an intuitive
graphical user interface and an energy dispersive X-ray
spectroscopy (EDS) integration system that enables seamless
operation both of observation and analysis [2]. Furthermore,
as a high-end model of JSM-IT800 series, it is equipped with
a new detection system that enables selecting information with
high spatial-resolution for a wide variety of specimens. This
new detection system has made possible to acquire various
information on specimen by selecting energy and emission
angle of the emitted electrons.

penetrate into the specimen. Since energy of SEs is several tens
of eV or less, the SEs generated within about 10 nm from the
specimen surface can escape into a vacuum. When the primary
electron beam enters the slope, the distance from the inside of

7KHHPLVVLRQDQJOHRIHPLWWHGHOHFWURQД

Introduction

H9
H9
NH9
7KHHQHUJ\RIHPLWWHGHOHFWURQ(

Д
6SHFLPHQSODQH

The horizontal axis is the energy E of the emitted electrons, the vertical axis is
the emission angle 㸦 of the emitted electrons, and the emission angle parallel
to the specimen surface is deﬁned as 0°. SE images have contrast of surface
potential or surface morphology depending on the energy. BSE images have
contrast of composition or topography which includes crystal orientation
depending on the emission angle. In this paper, the "structure" of the specimen
surface obtained by SEs is referred to as surface morphology, and the one
obtained by BSEs is referred to as topography.
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the specimen, where the SEs are generated, to the slope becomes
short, so that the SEs are more easily emitted. As a result, the
VORSHJLYHVDEULJKWHUFRQWUDVWLQWKHLPDJHWKDQDÀDWVXUIDFH
and surface morphology of the specimen surface is enhanced. In
addition, SEs with relatively low energy (several eV) are easily
affected by differences in surface potential and charged states
on the specimen. Therefore, it is possible to acquire images
containing information on the surface morphology and surface
potential by selecting the energy of SEs.

the number of BSEs emitted from the specimen.
As shown above, it is possible to obtain images based on the
target information by selecting the detection range of SEs or BSEs.

2. The conﬁguration of detection
system in JSM-IT800〈SHL〉
As shown in Figure 2, JSM-IT800 <SHL> consists of
Super Hybrid Lens (SHL), a specimen stage bias function and
detectors placed at four locations.

1.2. Backscattered electrons (BSEs)

BSEs are emitted from specimens in the opposite direction
of the incident electrons when they are elastically or
inelastically scattered. Since the maximum energy of BSEs is
the same energy as the incident electrons, the escape depth of
BSEs is deeper than that of SEs. Since the BSE images have a
contrast depending on the chemical composition (the average
atomic number) of the specimen, the image has compositional
information on the specimen surface. In addition, since the
emission angle of BSEs changes on the slope angle of the
specimen, the image has also the topographic information
on the specimen. If the emission angle of BSEs is large,
the compositional information becomes dominant, and if it
is small, the topographic information becomes dominant.
Furthermore, BSE images are also useful for crystal orientation
information on specimens [3]. The electron channeling effect,
in which the penetration depth of incident electrons changes
depending on the crystal orientation of the specimen, changes

2.1. Super Hybrid Lens

In general, an electron beam is focused on a specimen
surface with only a magnetic lens. JSM-IT800 <SHL> is
equipped with an objective lens which combines with a
magnetic lens and an electrostatic lens. In this objective lens,
a tubular accelerating electrode is located inside the magnetic
lens in order to superpose an electrostatic lens. As a result, the
chromatic aberration of the objective lens can be reduced, and
WKHSULPDU\HOHFWURQEHDPFDQEHIRFXVHGPRUH¿QHO\)XUWKHU
this electrostatic lens can draw electrons emitted from the
specimen surface into the objective lens. By changing working
GLVWDQFH :' WKHPDJQHWLF¿HOGDQGHOHFWURVWDWLF¿HOGQHDU
the specimen can be changed and the trajectories of electrons
can be controlled to some extent. In addition, JSM-IT800
<SHL> enables switching between SHL mode combined with
a magnetic lens and an electrostatic lens, and standard (STD)
mode with only the magnetic lens (Figure 3).

Fig. 2 JSM-IT800 <SHL> detection system.
8+' 8SSHU+\EULG'HWHFWRU

8(' 8SSHU(OHFWURQ'HWHFWRU

6+/ 6XSHU+\EULG/HQV

JSM-IT800 <SHL> has a super hybrid lens (SHL)
which is combined with a magnetic lens and
an electrostatic lens, a specimen stage bias
function which can apply a negative voltage to
the specimen stage, and four detectors. They
are located outside (SED), just below (BED),
inside (UHD), and above (UED) the SHL.

%('
%DFNVFDWWHUHG(OHFWURQ'HWHFWRU
'HWHFWRU

0DJQHWLF OHQV
(OHFWURVWDWLF OHQV
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6SHFLPHQ VWDJH ELDV

Fig. 3 Observation mode of JSM-IT800 <SHL>.
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JSM-IT800 <SHL> has STD mode with only a magnetic lens, SHL mode with a magnetic lens and an electrostatic lens superposed, and BD mode with specimen stage bias
function. Spatial-resolution increases in the order of STD mode, SHL mode, and BD mode.
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2.2. Specimen stage bias

JSM-IT800 <SHL> has Beam Deceleration (BD) mode,
which decelerates the primary electron beam by applying a
negative bias voltage up to -5 kV to a specimen stage (Figure 3)
as well as SHL mode which combines with a magnetic lens and
an electrostatic lens. In BD mode, the chromatic aberration of
the electron beam is reduced even at a low acceleration voltage
by deceleration of the electron beam just before the specimen,
and then it enables observation with high spatial-resolution [4].
In addition, this negative bias voltage accelerates the electrons
emitted from the specimen as an accelerating electrostatic
¿HOG$VDUHVXOWLWLVSRVVLEOHWRFKDQJHWKHWUDMHFWRULHVRIWKH
emitted electrons.
2.3. Detector

As shown in Figure 2, the four detectors are located at
outside, just below, inside, and above the objective lens.
2.3.1 Secondary Electron Detector (SED)
SED is a so-called ET (Everhart-Thornley) detector that
consists of a scintillator and a photomultiplier tube, placed
outside the objective lens. In addition, a collector electrode
is installed in front of the scintillator. By applying a voltage
of +300 V to the collector electrode, SEs are collected. Then,
the SEs are accelerated by a high voltage applied to the
scintillator, the SEs colliding with the scintillator are converted
into light, and the light is converted into an electric signal
in the photomultiplier tube to obtain SEM images. SED can
detect not only SEs but also BSEs emitted in the direction of
the detector. In addition, since SED is placed at the side of the
objective lens, the topographic contrast is strongly enhanced
as if it was illuminated from the direction of the detector
(illumination effect).
2.3.2 Backscattered Electron Detector (BED)
BED is an annular detector located just below the objective
lens. Due to this location, it has a large solid angle of the
detection element from the electron beam irradiation position,
and it can detect BSEs with high efficiency. Conventionally,
the detection element is composed of a silicon photodiode.
When BSEs enter the detection element, electron-hole pairs are
generated inside, and the current of them is detected.
It is possible that JSM-IT800 <SHL> is equipped with
new two types of BEDs as well as the conventional silicon
photodiode type (Table 1).

One is Scintillator BED (SBED) which has an annular
scintillator as the detection element. In SBED, BSEs are
converted into light in the scintillator and detected. Compared
to the silicon photodiode type, it has the features of high
responsiveness and high sensitivity at low energy (for example,
1 kV).
The other is Versatile BED (VBED). VBED has a silicon
photodiode as the detection element which is composed of the
center parts divided into 5 segments and shadow part. By using
VBED, it is possible to select the emission angle of BSEs.
Therefore, we can select the compositional and topographic
information, and also obtain topographic information with a
strong illumination effect. Furthermore, 4 segments around
the center part of VBED enable us to reconstruct of threedimensional images of the specimen surface.
2.3.3 Upper Hybrid Detector (UHD)
UHD is located inside the objective lens and it can be used
in SHL and BD modes. It detects SEs that are drawn by the
electrostatic lens or accelerated by the specimen stage bias into
the objective lens. It also detects BSEs that are emitted at high
angles. The images by using UHD do not have illumination
effect like SED images and they have less shadow effect.
2.3.4 Upper Electron Detector (UED)
UED is located on top of the objective lens and it can be
used in SHL and BD modes. It detects BSEs and SEs that
are passed through the UHD. It is capable of detecting BSEs
and SEs emitted at higher angles than the electrons detected
E\8+',QDGGLWLRQDQHQHUJ\¿OWHULVSODFHGLQIURQWRIWKH
detector, and we can select a mixed image of SEs and BSEs
and an image of only BSEs. The images of only BSEs have
compositional contrast and crystal orientation contrast with
little topographic information.

3. Observation mode of JSM-IT800 <SHL>
and electron detection-range
As mentioned above, JSM-IT800 <SHL> has the three
observation modes: STD, SHL, and BD mode (Figure 3). It is
possible to obtain information on the target specimen surface
by selecting an appropriate detector in these observation
modes. Here, the electron detection range of each detector is
shown for each observation mode.

Table 1 Various BEDs that can be attached to JSM-IT800 <SHL>.
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JSM-IT800 <SHL> can be attached to not only a conventional silicon photodiode type BED, but also a SBED with high responsiveness and high sensitivity even for low energy,
and a VBED with 6 segmented parts which can select the emission angle.
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3.1. STD mode

Figure 4(a) shows the range of electron detection-energy
and emission angles of each detector in STD mode. Only SED
and BED can be used because the number of electrons entering
the objective lens is small. SED detects SEs emitted in a wide
range of directions and BSEs emitted to the direction of SED.
Therefore, SED provides surface morphology and topographic
information with illumination effects. BED detects middle and
low angle BSEs. Therefore, BED provides images in which
topographic, compositional, and crystal-orientation information
are mixed.
3.2. SHL mode

Figure 4(b) shows the electron detection range of each
detector in SHL mode. Since most of the SEs are drawn into
the objective lens by the electrostatic lens, SED detects only
BSEs. Therefore, SED with SHL mode provides topographic
information with stronger illumination effects than with STD
mode. SEs are detected by UHD inside the objective lens.
Although the UHD also detects some of the BSEs at high
angles due to the electrostatic lens, the surface morphology and
surface potential information is dominant because of the high
detection rate of SEs. UED detects high emission angle SEs
and BSEs that are not detected by UHD. By using the energy
¿OWHULWFDQGHWHFWRQO\%6(VDQGFRPSRVLWLRQDOLQIRUPDWLRQ
with less topographic information can be obtained. Similar to
STD mode, BED in SHL mode can detect BSEs at middle and
low angles.
Furthermore, changing the WD makes it possible to select
the energy of SEs entering the objective lens in SHL mode. In
the long WD, SEs with the low energy which have the surface
potential information can be detected. In the short WD, SEs
with relatively high energy which have the surface morphology
information can be detected. Therefore, the minimum energy
of SEs that can be detected by UHD and UED in Figure 4(b)
depends on WD.
3.3. BD mode

Figure 4(c) shows the electron detection range of each
detector in BD mode which specimen stage bias is applied
in SHL mode. Due to the specimen bias, SEs are accelerated

and enter the objective lens. Since the SEs with low energy
go through along the optical axis in the objective lens, they
are detected by UED not UHD. Although UED also detects
BSEs at high angles, SEs are dominant. Therefore, the images
have the information on surface morphology and surface
potential. SEs with high energy go through away from the
optical axis and they are detected by UHD. In addition, since
BSEs are also accelerated towards the objective lens by the
specimen bias, UHD in BD mode detects the BSEs emitted
at lower angles than in SHL mode. Therefore, we can obtain
surface morphological and topographic information. BED with
BD mode can acquire only BSEs with relatively low angles
compared to SHL mode. Therefore, BED provides images with
topographic information.
As shown above, Table 2 summarizes the information in
images which depends on the detectors and observation mode.

4. Observation examples by using new
detection system
As mentioned above, the various detectors installed in JSMIT800 <SHL> acquire images with different information by
selecting energy and emission angles of SEs and BSEs. In this
chapter, we introduce how to use detectors and observation
conditions to accurately acquire information in various specimens.
4.1. Observation of topographic structure for a
non-conductive specimen by using SED

Observation of topographic structures in specimens requires
detection of BSEs emitted at low angles by using SED as
shown in Figure 4(a, b). However, in case of non-conductive
specimens, images of topographic structures become unclear
due to electron charging unless the observation mode is properly
selected. Because of low energy of SEs, the trajectories of SEs
are affected by the charging. Since SED with STD mode detects
SEs and BSEs, charging contrast appears. On the other hand,
SED with SHL mode detects BSEs except SEs, so the charging
contrast does not appear. Figure 5 shows images of a fracture
surface in resin. For the resin without conductivity, charging
contrast appears in observation by using SED with STD mode
(Figure 5(a)). On the other hand, the charging contrast is

Fig. 4 SE and BSE detection range of detectors for each observation mode.
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(a) STD, (b) SHL, and (c) BD mode. The horizontal axis is the energy E of the emitted electrons, the vertical axis is the emission angle 㸦 of the emitted electrons, and the
emission angle parallel to the specimen surface is deﬁned as 0°.
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suppressed and the topographic structures is clearly observed by
using SED with SHL mode (Figure 5(b, c, d)).
4.2. Observation of organic substances on metal
surface by using SBED

To obtain the compositional contrast of organic substances
on a metal surface, it is necessary to acquire BSEs images at
low incident voltages. An electron beam with low incident
voltages makes penetration depth in a specimen small, and
it enables us to observe the outermost surface of a specimen.
For example, the penetration depth of an incident electron
beam into gold (Au), which is simulated by Electron Flight
Simulator (Small World LLC), is around 40 nm at an incident
voltage of 3.0 kV and around 7 nm at an incident voltage
of 0.8 kV (Figure 6). In addition, it is necessary to detect
BSEs with middle or high angle emission in order to obtain
compositional contrast. According to Figure 4, BED enables
us to obtain compositional contrast in any observation
mode. Therefore, SBED with high sensitivity for low energy
is useful. Figure 7 shows the BSE images of a gold wire
obtained at different incident voltages. At an incident voltage

of 3.0 kV, channeling contrast is enhanced (Figure 7(a)), but
at an incident voltage of 0.8 kV, the compositional contrast of
organic substances on the surface is enhanced (Figure 7(b)).
4.3. Selection of compositional and topographic
contrast by using VBED

BSE images have compositional and topographic contrast of
specimens. VBED makes it possible to select those contrasts.
In an inner detection element of VBED which detects BSEs
emitted at high angles, compositional contrast is enhanced.
In outer detection elements of VBED which detect BSEs
emitted at low angles, topographic contrast is enhanced.
Figure 8 shows examples of observing phosphor particles
in an aluminum film. In a BSE image acquired by the inner
element, compositional contrast is enhanced (Figure 8(a)), and
WKHSKRVSKRUSDUWLFOHVRQDOXPLQXP¿OP DUURZ$ LVFOHDUO\
observed. Compositional contrast of the phosphor particles
XQGHUWKHDOXPLQXP¿OP DUURZ% LVDOVRREVHUYHGZLWKEULJKW
although edges are blurred. On the other hand, topographic
contrast of the phosphor particles is enhanced in a BSE image
acquired by the outer elements (Figure 8(b)).

Table 2 SEM image information obtained by each detector in each observation mode.
6('

%('

8('

8+'

6XUIDFH3RWHQWLDO
6XUIDFH0RUSKRORJ\
7RSRJUDSK\

&RPSRVLWLRQ
7RSRJUDSK\
&U\VWDO2ULHQWDWLRQ





6+/ PRGH

7RSRJUDSK\

&RPSRVLWLRQ
7RSRJUDSK\
&U\VWDO2ULHQWDWLRQ

&RPSRVLWLRQ
&U\VWDO2ULHQWDWLRQ
6XUIDFH3RWHQWLDO
6XUIDFH0RUSKRORJ\

6XUIDFH3RWHQWLDO
6XUIDFH0RUSKRORJ\

%' PRGH



&RPSRVLWLRQ
7RSRJUDSK\
&U\VWDO2ULHQWDWLRQ

6XUIDFH3RWHQWLDO
6XUIDFH0RUSKRORJ\

6XUIDFH0RUSKRORJ\
7RSRJUDSK\

67'PRGH

ː&RQWUROODEOHZLWKHQHUJ\ILOWHU

Fig. 5 Observation of resin fracture
surface by using SED.
(a)

(b)

20 µm

20 µm

(d)

(c)

Observation of resin fracture surface by using SED at an
incident voltage of 1.0 kV. (a) Charging contrast is observed in
STD mode (black part of the arrow). (b) No charging contrast
is observed in SHL mode. (c, d) The topographic structure is
observed on magniﬁed images in SHL mode.

2 µm

2 µm
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4.4. Selection of voltage and morphological
contrast by using UHD

mode and WD 1 mm, morphological contrast is enhanced and
voltage contrast is suppressed (Figure 9(b)). This is because
high energy SEs of several tens of eV are mainly detected.
In order to further enhance the morphological contrast, it is
effective not to detect secondary electrons with low energy in
UHD as shown in Figure 4(c). For example, in BD mode and
WD 2 mm, morphological contrast is enhanced and voltage
contrast is almost not observed (Figure 9(c)). This is because
not only SEs with high energy but also BSEs with topographic
information are detected.

Since boron nitride tends to have a surface potential
difference on own surface., both of voltage contrast and
morphological contrast are observed. In order to obtain such
contrast, it is necessary to select energy range of SEs. As
shown in Figure 4 (b), UHD is useful to detect low energy SEs
of several eV. In SHL mode and WD 4 mm, voltage contrast
is enhanced (Figure 9(a)). The detection energy range of
6(VFDQEHPRGL¿HGE\FKDQJLQJ:')RUH[DPSOHLQ6+/

Fig. 6 Simulation of penetration depth of incident electron beam in a bulk sample of gold (Au).
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The simulation was performed with Electron Flight Simulator (manufactured by Small World LLC). Red lines show the incident electron beam, and blue lines show the
scattering orbit of the incident electron beam in the specimen. (a) The penetration depth is about 40 nm at an incident voltage of 3.0 kV, and (b) the penetration depth is about
7 nm at an incident voltage of 0.8 kV.

Fig. 7 Observation of gold wire by using SBED.
D

E

(a) Channeling contrast is enhanced at an
incident voltage of 3.0 kV. (b) The compositional
contrast of organic substances on metal surface
is enhanced at an incident voltage of 0.8 kV.
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Fig. 8 Observation of phosphors by using VBED.
(a)

(b)

3KRVSKRU

$ %
Observation of phosphors by using VBED at an
incident voltage of 3.0 kV. (a) The compositional
contrast between phosphor particles and
aluminum ﬁlm is enhanced by using the inner
element of VBED. (b) The topographic contrast
of phosphor particles is enhanced by using the
outer elements of VBED.
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4.5. Observation of ﬁne structure for a non-conductive
specimen

Although it is possible to observe the fine structure of
polymer materials by using UHD, the non-conductive materials
produce charging contrast in their images. Therefore, we need
to eliminate low energy SEs in their images. Therefore, it is
better to use UHD with BD mode as shown in Figure 4(c)
than SHL mode as shown in Figure 4(b). Figure 10 shows
acrylic particles which are non-conductive polymer materials.
In SHL mode and WD 4 mm, due to the effect of charging
contrast by SEs with low energy of several eV, bright streaks
appear in the images and the surface morphology becomes
unclear (Figure 10(a)). However, the charging contrast is
suppressed in SHL mode and WD 1 mm (Figure 10(b)), and
the charging contrast is not observed in BD mode and WD 2
mm (Figure 10(c)). This is because high energy SEs and BSEs
are mainly detected and low energy SEs are not detected.
4.6. Observation of segregation in metal by using
UHD

When we observe segregation with different compositions in
PHWDOVLWPD\EHGLI¿FXOWWRGLVWLQJXLVKHDFKNLQGRIVHJUHJDWLRQ
by compositional contrast. Even in this case, if there are surface
potential difference for each kind of the segregation, it is possible
to easily distinguish by enhancing voltage contrast. Figure 11
shows EDS elemental maps and observation images of a cross
section of an aluminum alloy. From the EDS elemental maps,

segregation of Cu and Si-Mn-Fe are observed in the aluminum
alloy (Figure 11(a)) and EDS spectra of them are shown in
Figure 11(b). However, it is difficult to distinguish between
them in the BED image (Figure 11(c)). In order to distinguish
them, we need to detect low energy SEs which are affected
by surface potential using UHD with SHL mode as shown in
Figure 11(d). Since the contrast is different between the two
kinds of segregation, these can be easily distinguished. This is
because there is a difference in surface potential between them.
4.7. Observation of supported catalysts by using
UHD and UED

Surface fine structure of particles with catalysts such as
supported catalysts can be observed by detecting low energy
SEs. In this purpose, using UHD with SHL mode as shown
in Figure 4(b) is needed. On the other hand, since UED
detects BSEs emitted at high angles, the distribution of the
catalyst can be revealed by compositional contrast with less
morphological contrast. Figure 12 shows titanium-oxide
particles with silver nanoparticles. The surface structure
of the titanium-oxide particles is observed by using UHD
(Figure 12(a)), and the compositional contrast of the silver
nanoparticles is observed brightly by using UED (Figure 12(b)).
In this observation, a negative voltage of -500 V is applied to
WKH8('HQHUJ\¿OWHU7KHUHIRUH6(VDUHQRWGHWHFWHGDQGRQO\
BSEs are detected by UED.

Fig. 9 Observation of Boron Nitride by using UHD.
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Observation of Boron Nitride by using UHD at an incident voltage of 0.7 kV. (a) In SHL mode and WD 4 mm, the voltage contrast between black and white particles is
enhanced. (b) In SHL mode and WD 1 mm, the morphological contrast is enhanced and the voltage contrast is suppressed. (c) In BD mode and WD 2 mm, the morphological
contrast is enhanced and the voltage contrast is almost invisible.

Fig. 10 Observation of acrylic particles by using UHD.
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Observation of acrylic particles by using UHD at an incident voltage of 0.7 kV. (a) In SHL mode and WD 4 mm, charging contrast is observed. (b) In SHL mode and WD 1 mm,
charging contrast is suppressed. (c) In BD mode and WD 2 mm, the charging contrast disappears.
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Fig. 11 EDS analysis and observation of aluminum alloy by using BED and UHD.
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(a) The BSE image and the EDS elemental maps (measurement time of about 12 minutes) were acquired at an incident voltage of 4.0 kV and a probe current of 3.6 nA. For
obtaining these images, we used BED and JED (EDS detector EX-74720U1L5Q manufactured by JEOL Ltd.). In the EDS elemental maps, the segregation parts of Cu and
Si-Mn-Fe can be conﬁrmed. (b) EDS spectra of them were extracted from the EDS maps. (c) The BSE image by BED at an incident voltage of 3.0 kV, SHL mode, and WD 4 mm.
The compositional contrast is enhanced in the Cu and the Si-Mn-Fe segregation parts. However, it is difﬁcult to distinguish between them. (d) The BSE image by UHD at an
incident voltage of 3.0 kV, SHL mode, and WD 4 mm. The voltage contrast between the segregated part of Cu and Si-Mn-Fe is clearly visible.

Fig. 12 Observation of titanium-oxide particles carrying silver nanoparticle catalysts by using
UHD and UED.
D

Observation of titanium-oxide particles carrying silver
nanoparticle catalysts by using UHD and UED at an
incident voltage of 2.0 kV. (a) Surface morphology
of titanium-oxide particles observed by using UHD.
(b) Compositional contrast of the silver nanoparticle
catalysts observed by using UED. At this time, -500 V is
applied to the energy ﬁlter of UED.

Summary
In this paper, we explained the various information (surface
potential, surface morphology, topography, composition, and
crystal orientation) in SEM images depending on the energy
and emission angles of electrons emitted from specimens. In
addition, we introduced the functions of each detector and
observation modes in JSM-IT800 <SHL>. In the observation
examples by using each detector, we showed the differences
in the images obtained by changing the observation mode and
observation conditions for various specimens. JSM-IT800
<SHL> enables us to obtain various information in specimens
by properly using the detectors and observation modes.
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Preparation of TEM Specimens
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In TEM or STEM observations of micro-crystals or poly-crystals, we need to search for crystalline grains having
the primary crystal orientations of the target rather than the random crystal orientations, and, if necessary, we also
need to perform specimen tilting and crystal-orientation alignment. These procedures require a signiﬁcant effort and
long hours. To improve this situation, we used a FIB-SEM equipped with an EBSD detector to examine a method to
select crystalline grains having speciﬁc orientations and then prepare TEM specimens of crystals having the target
primary orientations. In our study, we applied the method to Allende meteorite and prepared TEM specimens of
olivine grains having the orientations of [100], [010] and [001] from the ﬁne-grained matrix in the meteorite. Our TEM
results conﬁrmed that the TEM specimens can be aligned to the target primary orientations with an accuracy of a tilt
angle of 5 degrees using the TEM goniometer stage, and they were thin enough to produce good atomic-resolution
STEM images. The results suggest that our method is very effective in preparing TEM specimens having speciﬁed
crystal orientations of the target from not only the matrix of Allende meteorite but also from any specimens
composed of various micro-crystals or poly-crystals.

Introduction
Recent development of the aberration correction technology
has enabled us to observe atomic resolution TEM (Transmission
Electron Microscope) or STEM (Scanning Transmission Electron
Microscope) images for crystalline specimens. However, in order
to observe the crystal structure at the atomic level, the electron
beam has to be irradiated along the target zone axis of the crystal.
If this condition is not satisfied, it is necessary to align the
orientations by tilting the specimen using the TEM goniometer
stage. In general, the powder or poly-crystal specimens such as
ceramics, minerals, and so on, contain randomly oriented many
crystalline grains and therefore, specimen tilting and orientation
alignment are essential procedures, and require many efforts
and long hours. Moreover, if the specimen tilt angle is large, the
specimen appears thicker, resulting in degrading image resolution
by increased chromatic aberration. To avoid these problems, it
is useful to obtain the information on crystal orientations of the
specimen before or during the preparation of TEM specimen. This
orientation information facilitates preparation of TEM specimen
having the primary crystal orientations, thus greatly reducing the
efforts and hours for observation steps.
The FIB (Focused Ion Beam) technique irradiates and scans a
¿QHO\IRFXVHGJDOOLXPLRQEHDPRQWKHVXUIDFHRIEXONVDPSOH
to make a specially shaped specimen by ion-sputtering. Since

FIB can prepare the TEM specimen with specific size and
thickness from an arbitrary area, this technique is indispensable
for the preparation of TEM specimen. Common FIB instrument
FRQ¿JXUDWLRQLQFOXGHVQRWRQO\DQLRQJXQEXWDOVRDQHOHFWURQ
beam gun, called multi-beam or FIB-SEM system. This system
can acquire SEM images such as secondary electron image (SEI)
and backscattered electron image (BEI). The instrument can
observe the surface morphology and Z contrast of the sample to
help us prepare a TEM specimen. With detection of secondary
electrons which are generated by the interactions between a
gallium ion beam and a sample, the FIB is also able to acquire
SIM (Scanning Ion-beam Microscope) images. The SIM image
is highly sensitive to the surface structure of sample, compared
with the SEM image. In addition, the SIM image shows
channeling contrast which depends on the crystal orientation,
thus providing the relative difference in the orientations among
WKHFU\VWDOOLQHJUDLQV+RZHYHUVXFKLQIRUPDWLRQUHÀHFWVRQO\
qualitative one, and thus the SIM image cannot provide detailed
and quantitative information on the crystal orientations.
On the other hand, the EBSD (Electron Back-Scatter
Diffraction) method is more useful for obtaining precise crystal
orientation information. In the method, the electron back-scatter
diffraction pattern (Kikuchi pattern), which is formed by the
interaction between electron beam and sample, is acquired using
a CCD or CMOS camera. Then, we can conduct quantitative
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study of the crystal orientation on the sample surface. By
combining EBSD with the scanning function of SEM, a twodimensional (2D) crystal orientation map of the sample surface
can be obtained. Furthermore, the incorporation of an EBSD
detector into a FIB-SEM can take a three-dimensional (3D)
distribution analysis of the crystal orientations by iterative
procedures of milling a sample and then acquiring crystal
RULHQWDWLRQPDSVIRUPLOOLQJVXUIDFHDWWKHVSHFL¿HGLQWHUYDO
In our study, we used an FIB-SEM system equipped with an
EBSD detector. Then, the crystal orientation information on the
sample surface was obtained by the EBSD method, followed
by preparing TEM specimens having the target primary crystal
orientations by the FIB method. This method was applied to the
matrix of Allende meteorite and we prepared TEM specimens of
olivine grains having the orientations of [100], [010] and [001]
for TEM & STEM observations. From the observation results,
ZHFRQ¿UPHGWKHHIIHFWLYHQHVVRIRXUPHWKRG,QWKLVDUWLFOHZH
will report the detailed procedures of this method and the results
of observing TEM specimens prepared with the method.

Sample
Allende meteorite was used as a sample for this study (Fig. 1).
This meteorite belongs to carbonaceous chondrite, which is one
of the groups in stony meteorite. Carbonaceous chondrite has
chemical composition similar to that of the solar atmosphere.
That is, it contains information on the pre-solar or early process
of the Solar System, which was lost in many planets and
satellites caused by the geological activities after the formation
of those bodies. Therefore, it is regarded to be an important
sample to study the formation process of the solid materials in
the early Solar System. Allende meteorite consists mainly of
mm-sized spherical objects, called as chondrules, and irregular
shaped Ca, Al-rich inclusions (CAIs) embedded in the matrix
composed of fine grained aggregate of olivine, pyroxene and
)H1LR[LGHVXO¿GH )LJ 6LQFHWKHJUDLQVL]HVRIFRQVWLWXHQW
minerals of the matrix are very small (<10 μm in size), there
have been only a few studies for these grains compared with
chondrules and CAIs.
Ohnishi et al. (2018) reported that very thin plate-shaped
precipitates (~1 nm in thickness) are generated in the olivine

grains from Allende matrix and their long axes are parallel to
the (100) plane of the host of olivine. Based on their results,
they suggested that the precipitates are Fe, Cr-rich oxides and
they were probably formed by the high-temperature oxidation
process of olivine [1]. However, it should be noted that the
number of olivine grains that they studied is limited and it is still
controversial whether the plate-shaped precipitates commonly
occur in the matrix olivine. In order to observe the precipitates
parallel to the (100) plane, we need to observe them in the
VSHFL¿FRULHQWDWLRQ IRUH[DPSOH>@RU>@ %XWWKHROLYLQH
grains are randomly oriented in the matrix and thus, if we study
the TEM specimen prepared by using the conventional FIB
method or the ion-milling method, many efforts and long hours
are required for searching the target grains and the orientation
alignment. To overcome this situation, we applied our method
to prepare TEM specimens from the matrix of olivine grains in
the [001], [010] and [100] orientations and then, we examined
whether the precipitates reported in [1] commonly occur or not
in olivine grains from the Allende matrix.
For the FIB-SEM observations, we conducted the following
two steps. A thick section of Allende meteorite was embedded
by conductive resin and the surface of embedded section
was mechanically polished. For performing EBSD analysis
after these steps, mirror polishing using a colloidal silica was
performed to obtain mirror polish of the surface. Furthermore, in
order to prevent electrical charging, osmium coating was applied
to the mirror polished surface of embedded section.

Instruments
For EBSD analysis and TEM specimen preparation, we
used a JEOL Multi-Beam System, JIB-4700F (Fig. 2) which is
equipped with an EDAX DigiView EBSD detector. The JIB4700F is a FIB-SEM system equipped with both a gallium ionbeam gun and a Schottky electron gun. This system enables us
to perform both FIB milling and high spatial-resolution SEM
observation and analyses in a single instrument. The JIB-4700F
also includes the Picture Overlay function [2] for performing
overlay display of an arbitrary image on the FIB image or SEM
image. The use of this unique function allows us to provide
overlay-displaying the SEM image on the SIM image, leading

Fig. 1 Optical micrograph of a thick section of Allende meteorite (a) and SEM image
obtained from an area of surface of the section (b).

(a) Optical reﬂection image of Allende meteorite. The meteorite is composed of white-colored CAIs and chondrules (a few mm in size), black-colored matrix which ﬁlls the gaps
among CAIs and chondrules.
(b) SEM image of Allende meteorite (backscattered electron image). The matrix of aggregated small grains occurs as ﬁlling the gaps in chondrules.
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to highly precise positional setting of deposition or milling onto
the target region. For observing the TEM specimen prepared
by FIB milling, a JEOL Atomic Resolution Analytical Electron
Microscope, JEM-ARM300F, was used. This microscope is
our 300 kV aberration-corrected S/TEM equipped with a cold
field emission gun [3-4]. In the JEM-ARM300F, two types of
the objective lens pole-pieces; FHP (Full High resolution Polepiece) for ultra-high resolution imaging and WGP (Wide Gap
Pole-piece) for ultrahigh sensitive analysis are selectable. In our
study, the microscope equipped with the WGP was used.

Experimental Results and Discussion
The workflow of preparation and observation of TEM
specimens using the method in our study is shown in Fig. 3.
First, the crystal orientation maps were obtained from the
matrix in a thick section of Allende meteorite using the EBSD
method, and olivine grains were selected for the preparation
of TEM specimens. Next, TEM specimens of the selected
grains were prepared with FIB function. At that time, using the
Picture Overlay function, the acquired crystal orientation map
was overlaid on the SEM image for helping us to determine the
milling position, and then electron-beam deposition was applied
to this position for preparing TEM specimens. Finally, TEM
observations were performed to evaluate the prepared TEM
specimens. The following descriptions will show each process
of the method in detail.

Preparation of TEM specimen by FIB

For the preparation of TEM specimens by FIB, we utilized
the bulk pickup method, which uses a pickup tool independent
of the FIB system, described as follows. First, a thick specimen
block is prepared by FIB milling. This block is mounted onto
a TEM grid using the pickup tool. After that, FIB milling is
performed again for the preparation of a thin specimen.
The detail procedures of preparation of TEM specimen for
observation in the [100] direction of olivine, using the bulk
pickup method in our study, are shown in Fig. 6. First, electronbeam deposition was performed on the target area (grain) to
be milled. Next ion-beam deposition was further performed on
the electron-beam deposition area. During the electron-beam
deposition on the target area, the Picture Overlay function was
used to overlay the crystal orientation map on the SEM image,

Fig. 2 Appearance of the JIB-4700F

Selecting olivine grains for TEM observations

In Fig. 4(a) to (c), an SEM image of the matrix of Allende
meteorite and crystal orientation maps of olivine grains,
which were obtained from the same field of view using the
EBSD method, are shown. From Fig. 4(b) and (c), it is clearly
confirmed that olivine grains in the matrix are randomly
oriented. From them, the preparation of TEM specimens
for observing the grains having the [100], [010] and [001]
orientations was carried out with the following procedures. First,
as shown in Fig. 4(b), olivine grains having the [001], [100]
and [010] orientations, which are aligned within the tilt angle
of 20 degrees in the direction vertical to the polished surface of
the sample (Z direction), were selected and colored (Fig. 5(a)).
The crystal structure of olivine belongs to the orthorhombic
crystal system, and thus the [100], [010] and [001] orientations
are orthogonal to each other (Fig. 4(d)). Therefore, if TEM
specimen is prepared for the above-mentioned, selected and
colored grains in the direction parallel to the sample surface, it
becomes possible to obtain the TEM specimens of olivine grains
having the [100], [010] and [001] orientations within at least
WKHWLOWDQJOHRIGHJUHHV(YHQLIWKLVFRQGLWLRQLVVDWLV¿HG
several grains and two kinds of the orientations in the direction
parallel to the sample surface become candidates for milling
(for example, in the case of grains having the [001] orientation
parallel to the Z direction, it is possible to prepare TEM
specimens in the two directions of [100] and [010]). From them,
we selected grains and directions so that the TEM specimens can
be made over the area as large as possible with the FIB milling
accuracy. After this selection, we prepared TEM specimen for
observing in the [100] direction from the olivine grains having
the [001] orientation within the tilt angle of 20 degrees in the
Z direction (Fig. 5(b)). In the same way, TEM specimen for
observing in the [010] direction was prepared from the olivine
grains having the [100] orientation (Fig. 5(c)), and also for
observing in the [001] direction from the olivine grains having
the [010] orientation (Fig. 5(d)).

The JIB-4700F is an FIB-SEM system that is equipped with a gallium ion-beam
gun and a Schottky electron gun. The system also includes the 3D observation
function. Furthermore, the EDS (Energy Dispersive X-ray Spectroscopy) and
the EBSD systems are optionally available, thus utilizing a diversiﬁed range of
applications.

Fig. 3 Workflow of preparation and
observation of TEM specimens
using our method.
Selecting crystalline grains for TEM
observation by EBSD

Preparation of TEM
specimen by FIB

TEM observation
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Fig. 4 SEM image of the matrix of Allende meteorite (a), Crystal orientation map of
olivine grains (b), Pole Figures (PF) of the (001), (100) and (010) planes (c), and an
ideal crystal structure of olivine (d).

Coordinate system

(a) SEM image of the matrix of Allende meteorite (backscattered electron image).
(b) Crystal orientation map (IPF(Z) + Fit) of the olivine grains from the area corresponding
to the yellow-colored dotted box in (a). The crystal orientations of the olivine grains in
the Z direction (direction vertical to the polished surface of the sample) are exhibited
with colors. Different color keys to the lower right of the orientation map indicate the
corresponding crystal orientations.
(c) Pole Figures (PF) of the (001), (100) and (010) planes.
(d) Ideal crystal structure of olivine.

Olivine (Mg,Fe)2SiO4

Fig. 5 Crystal orientation maps of olivine grains selected for the preparation of TEM specimens.

(a) Crystal orientation map of only the olivine grains having the [001], [100] and [010]
orientations within the tilt angle of 20 degrees in the direction vertical to the sample
surface (Z direction), which were preferentially selected and colored from the result
of Fig. 4(b). (b-d) Enlarged images of the selected and colored olivine grains for the
preparation of TEM specimens.
(b) Olivine grains with the orientation close to [001], which were subjected to the
preparation of TEM specimen for observing the grain in the [100] direction.
(c) Olivine grains with the orientation close to [100] for observing in the [010] direction.
(d) Olivine grains with the orientation close to [010] for observing in the [001] direction.
Red-colored frames in Fig. 5(b-d) show the unit cell models of olivine estimated by
EBSD analysis. White-colored dotted lines in Fig. 5(b-d) correspond to the area milled
for TEM cross-sectional specimen, and yellow-colored thick arrows in these three
ﬁgures show the direction of TEM observation.
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so as to precisely select the grains to be milled and to locate
the milling position (Fig. 6(a) and Fig. 7(a), (c)). After the
deposition, a specimen block, which included the deposition
layer and a part of the sample, was cut out at an accelerating
voltage of 30 kV (Fig. 6(c-e)). After that, this chunk was moved
to the FIB grid using the pickup tool, and it was mounted on the
grid by epoxy resin (Fig. 6(f)). Finally, the chunk mounted on
the grid was returned to the FIB system and it was thinned using
the ion beam (accelerating voltages: 30 kV and 5 kV). With this
procedure, the specimen was thinned down to about 80 nm in
thickness, which enables us to perform high-resolution TEM/
STEM observations (Fig. 6(g)). With the same procedures, TEM
specimens were also prepared for observation in the [010] and
[001] directions of olivine (Fig. 7).

Evaluation of Prepared Specimens Using TEM

TEM specimens prepared by the above-mentioned method
were evaluated using TEM. Figure 8 shows the upper Selected
Area Diffraction (SAD) patterns and the lower atomic-resolution
STEM-HAADF (High Angle Annular Dark Field) images in the
[100], [010] and [001] direction of olivine, respectively.
As shown in Fig. 8, atomic-columns were clearly observed in
every direction, thus suggesting that all the prepared specimens
are thin enough for atomic-resolution observations. From the
results of STEM-HAADF observation, we confirmed that plateshaped precipitates (<1 nm in thickness) occur along the (100)
plane of olivine in the [010] and [001] directions of olivine (Fig. 8),
while no distinct defects were found in the [100] direction of
olivine. These results are consistent with the previous study [1],

Fig. 6 Secondary electron images of TEM specimen prepared for observation of the [100]
direction of olivine.

(a) Electron-beam deposition. Using the Picture Overlay function, the crystal orientation map was overlaid on the secondary electron image to perform the deposition precisely
on the target milling position. This image was obtained from the same area as that of Fig. 5(b).
(b) Ion-beam deposition directly onto the electron-beam deposition area.
(c) FIB milling was performed for both the front and back side of the deposition area to create a hole.
(d) The sample was tilted so that it can be observed with the FIB-SEM from the oblique direction, and then the bottom portion of the milled specimen was cut.
(e) Both sides of the deposition were cut out to separate a specimen block from the host of the sample.
(f) The cut-out block was mounted on the FIB grid.
(g) Thin specimen was made by milling the specimen block.

Fig. 7 Secondary electron images of area
of TEM specimens prepared for
observation in the [010] and [001]
directions of olivine (a, c), and of the
prepared TEM specimens (b, d).

(a, b) olivine grains for observation in the [010] direction.
(c, d) olivine grains for observation in the [001] direction.
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Fig. 8 TEM observation results of the prepared specimens of the matrix olivine in Allende
meteorite in the [100], [010] and [001] directions.

Upper: Selected electron diffraction patterns in each direction. Lower: Atomic-resolution STEM-HAADF images. Instrument: JEM-ARM300F (WGP). Accelerating voltage: 300 kV.

indicating that plate-shaped precipitates might commonly occur
in the matrix olivine of Allende meteorite.
Table 1 shows the tilt angles of the TEM goniometer stage
when the SAD patterns were obtained in each orientation.
These tilt angles were found to be within 5 degrees for all the
prepared specimens. The small tilt angle of the stage can be due
to the accuracy of the crystal orientation map obtained by the
EBSD method, the FIB milling accuracy for the bulk pickup, the
precision for mounting the specimen on the FIB grid and for thin
specimen milling, the errors in loading the FIB grid on TEM
specimen holder, etc. We successfully achieved the tilt angle
of the TEM stage within 5 degrees under any conditions. This
result suggests that our method described in this article is very
effective for preparation of TEM specimens having the target
primary orientations, where EBSD and FIB are combined.

Summary
In our study, we examined a method which combines EBSD
and FIB-SEM, for preparing TEM specimens with specific
crystal orientations and applied the method to the matrix of
Allende meteorite. From the results, we confirmed that our
method enables us to prepare TEM specimens having the
VSHFL¿FRULHQWDWLRQVZLWKKLJKDFFXUDF\7KDWLVE\XVLQJWKLV
method, the TEM specimens of olivine grains with [100], [010]
and [001] orientations were prepared within the accuracy of tilt
angle of 5 degrees using the TEM goniometer stage.
In the preparation of TEM specimens with FIB, the selection
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Table 1 Tilt angles of TEM goniometer
stage when the selected
electron diffraction patterns in
Fig. 8 were obtained.
TEM specimen
[ 100 ]

[ 010 ]

[ 001 ]

X

-1.7

-3.5

+3.4

Y

+2.6

+2.7

-0.5

Tilit

of the target crystalline grains by using the EBSD method
JUHDWO\UHGXFHVWKHHIIRUWVDQGKRXUVUHTXLUHGWR¿QGWKHWDUJHW
FU\VWDODQGDGMXVWWKHFU\VWDORULHQWDWLRQWRDVSHFL¿FGLUHFWLRQ
in the TEM observation steps. Thus, it is suitable to apply our
method not only to the matrix of Allende meteorite, but also to
the powder specimens (ceramics, minerals. etc.) or the polycrystal specimens composed of randomly oriented grains.
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Chemical Bonding State Analysis of
Boron and Phosphorus Compounds
by Soft X-ray Emission Spectroscopy
and Electronic Structure Calculations
Shogo Koshiya, Takanori Murano, Masaru Takakura and Hideyuki Takahashi
6$%XVLQHVV8QLW-(2//WG

The spectra of characteristic X-rays obtained using a soft X-ray emission spectrometer and appropriately selecting
X-ray lines of the elements show ﬁne structures that reﬂect the chemical bonding state of the specimen. It is said
that the bonding state is closely related to the physical properties of the specimen, and is suitable for material
evaluation. There are several methods to interpret the spectra reﬂecting the bonding state. In this paper, theoretical
calculations (ﬁrst-principles electronic structure calculations) were used. We present the results of our attempt to
interpret the ﬁne structure of the soft X-ray spectra of various boron and phosphorus compounds by comparing the
measured soft X-ray emission spectra with the calculated electronic structure (density of states).

Introduction
In materials research and development, obtaining information
on the valence electrons of a target material is one of the
most important ways to understand its physical properties. In
general, valence electrons are the outermost electrons. In the
case of boron (B, atomic number 5) as an example, the electron
configuration is K-shell 1s2, L-shell 2s2, 2p1, and the valence
electrons are those in the L-shell. Unlike the inner-shell electron
level, which has a symmetrical electronic structure with an
energy width of a few eV, the valence band (VB) formed by the
valence electrons has a width (energy band) of about 10 eV. The
electronic structure of the VB has a fine structure that reflects
the bonding state of the valence electrons.
There are several methods to obtain information on the VB.
In this paper, we will focus on soft X-ray emission spectroscopy
(SXES) by electron beam excitation. When a specimen is
irradiated with an electron beam having energy sufficiently
higher than the binding energy of the inner-shell electron levels
(accelerated by a voltage higher than the critical excitation
voltage), the electrons in the specimen are excited and then the
vacancies are created. An electron of a lower binding energy
level transitions into this vacancy. And then, characteristic
X-rays of the energy difference are emitted (Fig. 1). The
spectrum of these characteristic X-rays can be regarded as a
convolution of the electronic structures of the vacancy created
electron level and the transition electron belonged level. If the
electron transition is between a vacancy in the inner-shell and
an electron in the VB, the characteristic X-ray ( ν1 in Fig. 1)
VSHFWUXPUHÀHFWVWKHHOHFWURQLFVWUXFWXUH GHQVLW\RIVWDWHV'26
distribution) of the VB. In this case, the electronic transitions

follow the dipole selection rule. The component of a particular
HOHFWURQRUELWDOLQWKH9%DSSHDUVLQWKHVSHFWUDOSUR¿OH
In the soft X-ray region (in this paper, it refers to the energies
from 50 to 2,300 eV, which is the detectable energy range of

Fig.1 Schematic diagram of electron
transitions in X-ray emission.

ν1: VB to inner-shell level, ν2: inner-shell to inner-shell level.
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our spectrometer), characteristic X-rays associated with electron
transitions between the VB and the inner-shell level of light
elements up to third period and transition-metal elements in
IRXUWKDQG¿IWKSHULRGVDUHFRQWDLQHG7KHHOHFWURQLFVWUXFWXUHV
of the VB involve information on the bonding states with
neighboring atoms, and thus the spectral profile indicates
complicated structures. There are several ways to interpret the
spectra. The so-called fingerprinting method, which compares
the spectra with those obtained from reference materials, is often
used. For a more detailed interpretation, it is useful to compare
the spectra with electronic structures obtained by theoretical
calculations, as is the case with other spectroscopic methods.
We have developed a soft X-ray spectrometer with Terauchi
et al . in the JST project from 2008 to 2012 [1]. Since 2013,
the commercial soft X-ray emission (SXE) spectrometers [2]
developed based on this technology, have been provided. The
lineups of SXE spectrometer are SXES-LR (SXE spectrometer
ORZHUHQHUJ\UDQJH666;(6GHWHFWDEOHHQHUJ\UDQJH
50 - 210 eV) and SXES-ER (SXE spectrometer extended energy
UDQJH666;6(5GHWHFWDEOHHQHUJ\UDQJH
eV). They can be attached to our electron probe micro analyzer
(30$ DQG¿HOGHPLVVLRQVFDQQLQJHOHFWURQPLFURVFRSH )(
SEM). As for EPMA, a product that can be attached to the
('6 SRUW LV FXUUHQWO\ XQGHU GHYHORSPHQW 7KH VSHFWURPHWHU
is a wavelength-dispersive type using an aberration-corrected
varied-line-spacing concave grating. The back-illuminated
W\SH&&'GHWHFWRUPDNHVLWSRVVLEOHWRDFTXLUHFKDUDFWHULVWLF
X-rays spectra of multiple elements at once with high sensitivity
and high energy resolution. The SXES Handbook [3] is a
FROOHFWLRQRIVSHFWUDRIUHIHUHQFHVSHFLPHQVDFTXLUHGXVLQJWKHVH
spectrometers, and the principles and measurement examples of
SXES are also explained.
In this paper, we compare the measured SXE spectra of
various boron and phosphorus compounds with the electronic
VWUXFWXUHV '26 GLVWULEXWLRQV  REWDLQHG IURP WKHRUHWLFDO
calculations, and present the results of our attempt to interpret
WKH¿QHVWUXFWXUHRIWKHVSHFWUD

Experiment
The SXES apparatus used for the experiments was an SXES/5 DWWDFKHG WR DQ (30$ -(2/ -;$)3OXV -;$
HP200F). The grating used was JS200N (detectable energy
UDQJH    H9  7KH DFFHOHUDWLQJ YROWDJH DQG WKH SUREH
FXUUHQW ZHUH VHW DW    N9 DQG    Q$ UHVSHFWLYHO\
depending on the specimen to avoid the electron irradiation
GDPDJH 7KH H[SRVXUH WLPHV ZHUH VHW    PLQ LQ WRWDO WR
obtain spectra with sufficient S/N. The boron compound
VSHFLPHQVZHUHERURVLOLFDWHJODVVZKLFKFRQWDLQVERURQ
oxide (B223), hexagonal boron nitride ( -BN), and cubic boron
nitride ( -BN). The phosphorus compounds were gallium
SKRVSKLGH *D3  DOXPLQXP SKRVSKDWH $O32), fluorapatite
(Ca5 32)3F), and black phosphorus (P). The electronic structure
calculations were performed using commercial WIEN2k
program package [3]. The crystal structure models used were
WKRVHDYDLODEOHLQWKHFU\VWDOVWUXFWXUHGDWDEDVH>@

Figure 2 shows the SXE spectra obtained from the specimens
and corresponding crystal structure models (the crystal structure
models were drawn by VESTA [6]). The horizontal axis is
the X-ray energy and the vertical axis is the intensity. The
structure indicated by the vertical line (｜) corresponds to the
characteristic X-ray of B. In all the spectra, the main structure of
%LVREVHUYHGIURPWRH97KHVSHFWUXPRIERURVLOLFDWH
glass specimen indicates additional structures around 165
DQGH97KHVWUXFWXUHDURXQGH9RULJLQDWHVIURP2
In the spectra of boron nitride (BN) specimens, the structure
DURXQG  H9 RULJLQDWHV IURP % DQG WKH VWUXFWXUHV DURXQG
H9RULJLQDWHVIURP17KH -BN and the -BN are crystal
polymorphs with different structures (hexagonal and cubic), i.e.,
GLIIHUHQWERQGLQJVWDWHV7KHUHIRUHWKHLUVSHFWUDOSUR¿OHVDURXQG
DQGH9DUHGLIIHUHQW,WFDQEHVHHQWKDWWKHVSHFWUDO
SUR¿OHVDUHGLIIHUHQWGHSHQGLQJRQWKHFRQWDLQLQJHOHPHQWVDQG
WKHFU\VWDOVWUXFWXUHV,QWKHVHVSHFWUDWKHUHDUH2.HPLVVLRQ
and N K-emission structures, which are higher-order diffraction
lines. They are observed because a wavelength-dispersive
spectrometer was used.
2. Interpretation of the spectral proﬁles of boron
compounds by electronic structure calculations

Here, to interpret the experimentally obtained SXE spectra,
ZH SHUIRUPHG WKH HOHFWURQLF VWUXFWXUH '26 GLVWULEXWLRQ 
calculation using the WIEN2k program package [3]. This
program uses an all-electron calculation method based on the
density functional theory, which is widely used to interpret
electron energy-loss spectra (EELS) and X-ray spectra,
etc. Precisely, the orbital relaxation due to the inner shell
vacancies in the excited state must be considered in the X-ray
emission. But for simplicity, we calculated the ground state (no
YDFDQFLHV >@7KH'26GLVWULEXWLRQVREWDLQHGE\WKHIROORZLQJ
calculations are broadened according to the energy resolution of
the spectrometer.
2-1. The case of borosilicate glass
Figure 3 shows the SXE spectrum obtained from borosilicate
JODVV D DQGWKH'26GLVWULEXWLRQVRIERURQ % DQGR[\JHQ

Fig. 2

Results and Discussion
1. Measured SXE spectra of boron compounds

The B K-emission spectrum is the emission of an electron
transition from 2p orbital of the VB to the 1s vacancy in the
LQQHUVKHOOFUHDWHGE\HOHFWURQLUUDGLDWLRQ7KLVVSHFWUXPUHÀHFWV
the p-orbital electronic structure of the VB of B.
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SXE spectra obtained from borosilicate glass containing 14.9% B2O3, hexagonal
boron nitride (h -BN), and cubic boron nitride (c -BN) specimens. Spectral display
range 160 - 210 eV.
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2 LQ%223 ((b) and (c)) obtained by calculation. In the program
XVHG LQ WKLV SDSHU WKH FDOFXODWLRQ FRVW UHTXLUHG FDOFXODWLRQ
time and computer performance) for the amorphous material is
enormous. Therefore, we calculate the B223 crystal, which is a
component of the specimen and can give a comparable spectrum
with the obtained one. In the calculation results shown in Figs.
3(b) and 3(c), the vertical axis is the energy. 0 eV means the
upper end of the VB. Below 0 eV corresponds to the VB, and
above 0 eV corresponds to the conduction band (CB). The
YHUWLFDO D[LV LV WKH '26 QXPEHU RI VWDWHV SHU XQLW HQHUJ\ 
and s, p, and d indicate the component of each electron orbital
SDUWLDO'26S'26 7KHUHVXOWVRIWKHFDOFXODWLRQVVKRZQLQ
the following sections are presented in the same format. Here,
WKH¿QHVWUXFWXUHRI'26GLVWULEXWLRQ DURXQGWRH9LQ)LJ
3(b)) is not clearly observed in the measured spectra. This is
probably due to the fact that the periodic structure of B223 is not
maintained in the measurement area (electron irradiation area)

Fig. 3

SXE spectra of borosilicate glass (a) and DOS distributions of boron and oxygen
in B2O3 ((b) and (c)). Spectral display range 160 - 200 eV.

because the specimen is amorphous.
,Q WKH FDVH RI .HPLVVLRQ S ĺ V WUDQVLWLRQ  WKH S'26
distribution of p-orbital electrons in the VB region is compared
ZLWKWKHVSHFWUDOSUR¿OHGHULYHGIURPWKHVHOHFWLRQUXOH,WFDQ
be seen that the calculation result in Fig. 3(b) reproduces well
WKHSHDNSRVLWLRQVDQGVWUXFWXUHVDURXQGH9DQG H9
RIWKH6;(VSHFWUXPLQ)LJ D 7KHSHDNDURXQGH9FDQ
EH H[SODLQHG E\ WKH K\EULG RUELWDO RI % DQG 2 %HFDXVH WKH
calculation results (Figs. 3(b) and 3(c)) indicate the presence of
S'26RI%SDQG2VDURXQGH9WKLVUHJLRQFRUUHVSRQGVWR
WKHH9SHDNRIWKHVSHFWUXP
2Q WKH RWKHU KDQG WKH VWUXFWXUH DURXQG    H9 LV
not observed in boron nitride. This structure was a shake-up
emission reported by Muramatsu et al . [8]. The process can be
understood as follows.
1. When inner-shell electrons are emitted from the specimen,
inelastic collisions excite electrons in the VB into the
antibonding orbital (conduction band).
2. The excited electron and the vacancy in the inner-shell form
an exciton.
3. In the exciton relaxation process, X-rays are emitted when
the excited electron transitions to the inner-shell vacancy.
In the calculation results, the antibonding orbitals correspond to
WKH'26GLVWULEXWLRQDURXQGH9 &%UHJLRQ LQ)LJ E 
Since the emission goes through an intermediate state, it is
necessary to incorporate the excited state to reproduce this
peak shape by calculation. For example, in the core-loss
spectra of EELS, the ground state calculations do not match the
experimental results. This is due to the presence of vacancies
LQWKHLQQHUVKHOOHOHFWURQOHYHOVDWWKH¿QDOVWDWHVRWKHH[FLWHG
state must be considered.
As shown above, we were able to obtain information on the
origin of the peak positions and structures of the measured
spectra by comparing them with the calculated results. This
result shows the effectiveness of using electronic structure
calculations for the interpretation of SXE spectra.
2-2. The case of boron nitride
Next, we will introduce boron nitride compounds. Figure 4
shows the SXE spectra of -BN and -BN ((a) and (c)) and the
S'26GLVWULEXWLRQVRIWKHERURQ % DQGQLWURJHQ 1 SFRPSRQHQWV
E DQG G 7KH1.HPLVVLRQVSHFWUD )LJV D DQG F 

Fig. 4

SXE spectra of -BN and -BN ((a) and (c), spectral
display range 165 - 200 eV) and pDOS distribution ((b)
and (d)).
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are the second-order diffraction line and the energy are half of
WKH¿UVWRUGHUOLQH7KHKRUL]RQWDOD[HVRI1S'26 )LJV E 
DQG G DUHUHGXFHGWRPDWFKWKHVFDOH,QWKH%.HPLVVLRQ
VSHFWUD WKH VWUXFWXUH DURXQG  H9 LV GLIIHUHQW EHWZHHQ
)LJV D DQG F GXHWRLWVFU\VWDOVWUXFWXUH,WLVDWWULEXWHG
to the difference in the electronic structure at the upper end
of the VB, as shown in the calculation results. Although the
FDOFXODWLRQUHVXOWVDUHQRWVKRZQKHUHWKHVWUXFWXUHDURXQG
eV is a hybrid orbital of B p and N s. The calculation results
for N K-emission also reproduce the peak position well. But
the profiles of %1 DURXQG  DQG  H9 DUH GLIIHUHQW
between experiment and calculation. Here, we will discuss this
difference.
Figure 5(a) shows an anisotropic crystal structure of -BN.
The six-membered rings of boron and nitrogen in the a-b plane
are stacked in the c-axis direction (lattice direction [0001]). In
such a case, it is well known that the X-ray emission intensity
DOVREHFRPHVDQLVRWURSLF>@$VVKRZQLQ)LJ E WKHRUELWDO
components contributing to the emission differ depending on the
crystal orientation and the position of the detector (in practice,
the detector position is fixed and the specimen is tilted and
URWDWHG  )LJXUHV  G  DQG  I  VKRZ WKH S'26 ZKHUH WKH S
component is divided into px, py, and pz orbital components. In
this case, the pz orbital component contributes to the emission
intensity when the c-axis is parallel to the detector plane
(Fig. 5(b) position‖ 2QWKHRWKHUKDQGWKHSx and py orbital
components contribute to the emission intensity when the -axis
is perpendicular to the detector plane (Fig. 5(b) position⊥ ). The
spectral intensities in Figs. 5(c) and (e) show that the intensity
derived from the pz component is strong. Therefore, the c-axis
of the specimen is nearly parallel to the detector. Furthermore,
the crystal orientation of the specimen can be analyzed by using
spectrum deconvolution. We do not describe the details of the
analysis here, but please refer to the SXES Handbook [2] for a
practical example.
3. SXE spectra of phosphorus compounds and
interpretation by electronic structure calculations

Finally, examples of phosphorus compounds are presented.
Figure 6 shows SXE spectra (a), crystal structure models (b),
and electronic structure calculations (c) obtained from various
phosphorus compounds (gallium phosphide (GaP), aluminum

SKRVSKDWH $O32  ), fluorapatite (Ca 5 32  ) 3 F), and black
phosphorus (P)).
In the SXE spectrum (Fig. 6(a)), the structure between 111 and
130 eV is P L-emission. They are the emissions of the transition
from M-shell electron to vacancies in 2p level (L2,3 shell). From
the selection rule, it can be said that electrons in the s and d
orbital components of the VB contribute to the L-emission.
Thus, the results of the electronic structure calculation (Fig. 6(c))
VKRZWKHVGDQGVGS'26RISKRVSKRUXV 3 $VLQWKHFDVH
of boron compounds, the calculated results for all compounds
reproduce well the peak positions and structures observed in the
SXE spectra.
,QLVRODWHGDWRPVWKHHOHFWURQLFFRQ¿JXUDWLRQRISKRVSKRUXV
is K-shell 1s 2, L-shell 2s 2, 2p6, M-shell 3s 2, 3p3, and the 3d
orbital is empty. At first glance, it may seem strange to show
the d-orbital component in the calculation results. However,
when atoms bond with each other to form a solid, they form
a band structure (VB and CB), which results in a different
electronic structure from that of isolated atoms. As a result,
if we consider that a component with d-orbital symmetry
appears among the electrons in the VB, the calculation results
FDQEHVPRRWKO\DFFHSWHG,QIDFWWKHVWUXFWXUHRI$O32 and
Ca5 32)3F around 126 eV is due to the d-orbital component
caused by the hybridization with the p-orbital of the neighboring
2%\LQFOXGLQJWKLVFRPSRQHQWWKHPHDVXUHGVSHFWUDFDQEH
interpreted. Besides, the crystal structure near the P atom in
$O32 and Ca5 32)3) KDV D VLPLODU VWUXFWXUH DV WKDW RI 32
in Fig. 6 (b). As a result, similar structures are observed in the
spectra and calculation results.

Conclusion
In this paper, we discuss the comparison between measured
SXE spectra and theoretical calculations. It is shown that the
JURXQGVWDWHFDOFXODWLRQLVVXI¿FLHQWIRUTXDOLWDWLYHFRPSDULVRQ
and that the electronic structure calculation results reproduce
the experimental data well. It should be noted that the calculated
UHVXOWV S'26LQWKH9% DQGWKH6;(VSHFWUDDUHQRWLGHQWLFDO
since the actual SXE spectra are generated by electronic
transitions between two levels. Nevertheless, theoretical
calculations are one of the effective means for spectral
interpretation.

Fig. 5

Crystal structure model of -BN (a) and schematic diagram of anisotropic K-emission (b), SXE spectra (c) and (f), and pDOS distribution of p-component (d) and (f).
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Fig. 6

SXE spectra (a) (spectral display range 109 - 133 eV), crystal structure models (b) and pDOS distributions (c) obtained from various phosphorus compounds.
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Chemical State Analysis of Fe in
the Matrix of the Allende Meteorite
Using an FEG EPMA and SXES
Takaomi D. Yokoyama
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The combining of a field emission EPMA and a Soft X-ray Emission Spectrometer (SXES) provides a useful
method to analyze the chemical states of elements in bulk samples with ﬁne textures (μ to sub μ scale). In this
paper, we will introduce a sequential method that includes electron image observation, determination of the mineral
grains to be analyzed, quantitative analysis using WDS and chemical state analysis using the SXES. Determination
of the desired analytical positions was conducted by backscattered electron observation and real time EDS mapping
overlaid on the electron image. Grains of olivine, and the so named “Ca-rich objects” from the matrix of the Allende
meteorite were selected for analysis. Next, quantitative analysis by WDS was performed, and each mineral was
classiﬁed by its chemical composition. We examined the ﬁtting method for Fe L -emission spectra obtained by the
SXES-ER to read out quantitative peak position energies and signal intensity ratios. Reproducibility of the acquisitions
of the Fe L -emission spectra was enough to observe differences of each mineral grain.

Introduction
An electron probe micro-analyzer (EPMA) is a specialized
SEM for X-ray spectroscopy using a focused and; accelerated
electron beam, for excitation of the sample. The EPMA
provides: qualitative, quantitative, X-ray maps, and line scan
analyses for elements in a solid material, on micron to submicron scale, along with high resolution SE and BSE imaging.
The FEG EPMA has the spatial resolution well into the submicron. It is also possible to analyze and map a wide area of
several cm2, and it is industrially invaluable tool for evaluation
and analysis of material structures by measuring the distribution
and diffusion of elements in solid materials. Furthermore, it
is widely recognized as a major analytical tool for earth and
planetary sciences including mineralogy and petrology. The
EPMA has multiple wavelength dispersive X-ray spectrometers
(WDS), which can measure elements from beryllium to uranium
on the periodic table with a high energy resolution.
Recently, JEOL developed a new type of Soft X-ray Emission
Spectrometer (SXES) for a new type of X-ray spectroscopy [1].
The SXES disperses X-rays emitted from sample surface using a
¿[HGSRVLWLRQYDULHGOLQHVSDFLQJJUDWLQJZLWKGHWHFWLRQRIORZ
energy (soft) X-rays using a back-illuminated CCD camera. The
SXES has a very high energy resolution compared to commonly
used energy dispersive X-ray spectrometer (EDS). It is possible
to take a stable spectrum in a much shorter time than WDS
because no mechanical movement (crystals and counters) of the
spectrometer is needed and it collects X-rays from the entire
energy range (much like EDS). Hence, SXES measurement
simultaneously includes the energy range of multiple elements
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with high energy resolution, and the image holds spectral
information of each measurement point, allowing hyperspectral
mapping. Chemical state analysis using electron excited
FKDUDFWHULVWLF;UD\LVVLJQL¿FDQWO\LPSURYHGZLWKWKH6;(6
The Allende meteorite is a CV type carbonaceous chondrite,
which is considered to be a carbon-rich asteroid-derived
meteorite that has been attracting attention with the sample
return mission by Hayabusa 2 in recent years. The matrix
JURXQGPDVV RIWKH$OOHQGHPHWHRULWHLVDQDJJUHJDWHRI¿QH
grained minerals about a few μm to few tens of μm. Iron (Fe)
exists universally in various chemical forms everywhere on the
Earth and in the Solar System. The chemical state of Fe in the
minerals provides essential information for estimating the change
in redox state during formation and the chemical composition
of the substance of origin. In this study, we would like to
introduce an application example for obtaining information on
WKH)HFKHPLFDOVWDWHVRI)HIURP¿QHVLQJOHSDUWLFOHVOLNHWKH
matrix mineral of meteorites, as a useful technique for earth and
planetary sciences. The determination of the Fe oxidation states
using Fe L -emission spectra obtained with an EPMA has been
ongoing since the 1970’s [2]. Currently, it is mainly used as a
method which can determine the Fe oxidation number of Fe
oxide and garnet type minerals. Fe L -emission spectra reported
to date are indicating that the tendency of a higher peak energy
and lower L ȕL Į UDWLR DUH GHSHQGHQW RQ WKH DEXQGDQFH UDWLR
RIWULYDOHQW)H>@,QWKLVSDSHUZHUHSRUWWKHFODVVL¿FDWLRQ
by quantitative analysis of the meteorite matrix minerals using
an FEG EPMA with an SXES-ER technique, and show the
reproducibility of the Fe L -emission spectrum from a single
mineral particle and the difference between the minerals.
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Experimental

Results and Discussion

The Allende meteorite is very fragile. Therefore, polishing
with sandpaper or diamond paste may cause structures to get
plucked, or removed. A more advanced polishing technique is
required to create a flat analytical surface without damaging
the sample. In this study, the sample was cut using a low-speed
precision cutting machine (Buehler IsoMet) with a width of
about 8 mm, a height of about 10 mm and a thickness of about
2 mm. The analytical surface was then prepared by milling
with a defocused Ar+ ion beam using the CROSS SECTION
POLISHER™ (JEOL).
The quantitative analysis and Fe chemical state analysis
were conducted with an FEG EPMA (JXA- HP200F integrated
Hyper Probe, JEOL), combined with a Soft X-ray Emission
Spectrometer-Extended Range (SXES-ER). The JXA- HP200F
is a high spatial resolution EPMA equipped with an “in-lens”
6FKRWWN\W\SH¿HOGHPLVVLRQ )( HOHFWURQJXQDQGLVVXLWDEOHWR
analyze samples with micron to sub-micron structures like the
meteorite matrix. This EPMA uses an automatically acquired
image, when the sample holder is placed into the airlock, for
VWDJHVDPSOHQDYLJDWLRQDORQJZLWKWKH('6/LYH$QDO\VLVDQG
LiveMap functions that display the elemental analysis with EDS
in real time when observing the electron image making it easy
WR¿QGWKHPLQHUDOVWUXFWXUHRILQWHUHVWRUGHWHUPLQHWKHDQDO\VLV
field. Currently, there are two types of SXES. The SXES-LR
has an energy range of 50-210 eV and SXES-ER has an energy
range of 100-2300 eV. In this study, we used the SXES-ER
which can measure L -emission spectra of the transition metals.
An image of the JXA- HP200F with a JEOL EDS and an SXESER is shown in Fig. 1. The current EPMAs (JXA- SP100 and
JXA- HP200F) can be equipped with up to 5 WDSs, an EDS, a
hyperspectral CL and an SXES in a single instrument allowing
simultaneous collection of data.

The most abundant mineral in matrix of the Allende meteorite
is olivine (Ol), which appears in the form of barred shape of a
few μm. It also contains pyroxene, Fe-Ni metal, Fe sulfide, a
few graphite, nepheline and sodalite. A backscattered electron
(BSE) image of the analyzed area on the Allende matrix is
shown in Fig. 2 7KH EDUUHFWDQJXODU VKDSHG ROLYLQH JUDLQV
indicate a sharply defined grain boundary, and the formless
aggregates which have a zoned compositional contrast appear to
be surrounded by the olivine grains. The EDS LiveMap function
of the JXA- HP200F superimposes elemental maps collected
with EDS in real time, while viewing the sample with the
electron image. (Fig. 3). It is obvious from the real time image

Fig. 2

#1

#6

#4
#9
#8

#5
#3

#7

#2

Backscattered electron image of Allende matrix minerals. Numbered markers
indicate microanalysis points.

Fig. 1
Fig. 3

Fe-Ni sulfide
Olivine

Ca-rich
object

Image of the JXA-i HP200F with: an EDS, 5 WDS, and an SXES-ER.

Analysis example of the Allende matrix minerals using the EDS LiveMap
function.
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that the formless aggregates include a higher concentration of
Si and Ca than the surrounding olivine grains. The formless
aggregate was named a “Ca-rich object” by a previous study
[5]. The mineralogy of these objects, that were observed inside
and around the “dark inclusion”, rich in Ca, were considered to
be generated as a result of secondary aqueous alteration on the
chondrite parent body. The formation process of Ca-rich objects
is speculated through the distribution of Ca, Na, Fe and S in the
dark inclusions and in the neighboring Allende matrix.

I o = ƒA(E) + ƒB(E) +ƒC(E) + B(E) + İ (E)
5 Ȉİ (E)
ƒA(E): Pseudo-Voigt function 1
ƒB(E): Pseudo-Voigt function 2
ƒC(E): Pseudo-Voigt function 3
B (E): Background (Linear function)
İ (E): Residual error
I o: Measured signal intensity
R: Total residuals

Quantitative Analysis using EPMA

Table 1 shows the quantitative analysis of Allende matrix
minerals conducted by EPMA and those results. The chemical
compositions of matrix olivines are well consistent with
previous studies [5, 7], which are Fe rich (compared to Mg)
olivines. The dark and bright minerals in the BSE image of Carich grains exhibit a number of Si cations of about 8 when the
O number is 24. This infers that these minerals are pyroxenetype, and not garnet-type minerals (6 Si cations). Dark minerals
have a lower Fe content than the bright minerals. In both, the
Ca concentrations are approximately 21-22%, consistent with
the Ca-rich pyroxene and hedenbergite reported for the Allende
meteorite, but in contrast, the fact that Mg and Fe are major
elements is not consistent. Inferring from the compositions of
the major elements, the constituent minerals of this Ca-rich
grains are considered to be solid solution series of diopside (Di:
CaMgSiO3), hedenbergite (Hed: CaFe2+SiO3) and augite (Aug:
(Ca, Mg, Fe)Si3O6). In this paper, the dark minerals in the BSE
image are called “dark Ca-rich pyroxene (D-Cpy), and bright
minerals are called “light Ca-rich pyroxene (L-Cpy)”.
Fitting method for the Fe L -emission spectra

Fitting calculations for the Fe L -emission spectra obtained
with the SXES were conducted to provide a quantitative read
out of peak position and intensity ratio. The calculation method
in this study is as follows. As shown in Fig. 4, the Fe L ĮOLQHLV
the characteristic X-ray derived from electronic transition from
the M4 and M5-shell to the L3-shell. In this study, we used a
method of assigning two Pseudo-Voigt functions (addition of the
Lorentzian function and the Gaussian function) to the L ĮUHJLRQ
and one Pseudo-Voigt functions to the L ȕUHJLRQ7KHILWWLQJ
formulas are described below:

The background was approximated with a linear function,
and the least squares method was repeatedly calculated as that
the total residuals of the measured signal intensity value and the
¿WWLQJYDOXHVZHUHPLQLPL]HG Fig. 5a). Residual errors between
the measured value and fitted line are plotted to evaluate the
¿WWHGUHVXOW )LJE %\XVLQJWKLV¿WWLQJPHWKRGWKHUHVLGXDOV
of both the oxides and silicate minerals could be reduced to
below the level of a statistical function error. For the peak
positions of the L ĮDQGL ȕOLQHVDQGWKHLUUHODWLYHLQWHQVLWLHV
the maximum values at each peak position are calculated.
Comparison of Fe L -emission spectra acquired
with the SXES

Figure 6 shows the Fe L -emission spectra of measured minerals
using the SXES. Analytical conditions are: accelerating voltage
7 kV, beam current of 50 nA, with a fully focused beam for the
matrix minerals of the Allende sample, and a 30 μm defocused
spot for the mineral standards. For each of the minerals in the
Allende matrix, spectra with good reproducibility were obtained
for each mineral. The positions of the peak energy of the matrix
minerals and the L ĮDQGL ȕUDWLRVZHUHFRPSDUHGZLWKWKHVSHFWUD
of the standard samples for each phase (Table 2). The spectra
of olivine in the Allende matrix are similar to fayalite standard
(Fa: FeSiO4, * an endmember of the olivine solid solution series).
These exhibit lower peak energy positions and a higher L ȕL Į
ratio compared to pyroxene-type minerals. Conversely, results
of the D-Cpy and L-Cpy show higher peak energy positions and
VLJQL¿FDQWO\KLJKHUL ȕL ĮUDWLRVFRPSDUHGWRWKHPDWUL[ROLYLQHV
When comparing results of D-Cpy and L-Cpy, the spectral
characteristics are clearly separated, and L-Cpys systematically
shows higher peak energy positions and lower L ȕL Į UDWLRV

Table 1 Results of quantitative analysis of matrix minerals of the Allende meteorite by WDS analysis.

Spot
#1
#2
#3
#4
#5
#6
#7
#8
#9
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Ol_1
Ol_2
Ol_3
D-Cpy_1
D-Cpy_2
D-Cpy_3
L-Cpy_1
L-Cpy_2
L-Cpy_3

Composition (mass%)
CaO SO3 MnO Al2O3 SiO2 FeO NiO TiO2
0.13 0.19 0.20 0.42 35.11 40.58 0.08 0.04
0.25 2.53 0.18 0.18 34.62 39.53 1.13 0.00
0.32 1.04 0.20 0.14 34.35 40.87 0.43 0.08
22.32 0.42 0.04 1.03 53.89 7.32 0.16 0.07
21.34 0.42 0.01 0.99 53.76 7.03 0.26 0.03
21.08 0.30 0.07 2.11 51.80 9.21 0.13 0.06
20.74 2.31 0.24 0.95 49.14 16.73 0.93 0.03
21.67 0.27 0.42 0.39 50.52 21.06 0.16 0.00
21.44 0.28 0.23 0.47 49.05 16.99 0.21 0.02
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MgO
21.67
21.51
22.54
13.54
14.63
13.37
8.26
4.85
7.27

Total
98.43
99.93
99.97
98.78
98.47
98.14
99.34
99.34
95.97

Cation
Si
Total
6.10 17.80
5.86 17.48
5.96 17.75
8.03 15.78
8.01 15.80
7.78 15.89
7.66 15.75
8.04 15.86
7.96 15.96
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Quantitative evaluation is not possible because there are no
standard reference materials with known Fe valence information
for pyroxene-type minerals. However, Höfer and Brey (2007)
reported that the sift of peak energy to the high energy side and
low L ȕL ĮUDWLRVFRUUHODWHZLWKWKHFRPSRVLWLRQRIWULYDOHQW)H>@
These results indicate that the oxidation number of Fe in L-Cpy
has a higher proportion of trivalent Fe than in D-Cpy.

Fig. 4

M5
M4
M3
M2
M1

Conclusions

Į1
Į2

In this paper, mineral identification and the results of Fe
L -emission spectra from a single mineral grain in the matrix
of Allende meteorite using an FEG EPMA with an SXES is
introduced. Analytical regions including olivine grains and Carich grains, which are a secondary product in the Allende matrix
were analyzed using the EDS LiveMap function of JXA- HP200F.
The result of quantitative analysis shows that the chemical
compositions of matrix olivines are consistent with previous
studies, and that the pyroxene-type minerals with light and dark
FRQWUDVWLQWKH%6(LPDJHFDQEHHDVLO\FODVVL¿HGLQWRWZRW\SHV
The Fe L -emission spectra of each mineral in the Allende matrix
exhibits obvious characteristic differences. Among the two types
of pyroxene-type minerals, the Ca-rich grain, (L-Cpy) was shown
to have a higher proportion of trivalent Fe than D-Cpy.
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L3
L2
L1
Electron transition diagram of the L α and L β emissions.
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Fe L -emission spectra of minerals in the Allende matrix and Fe mineral standards.
(a) olivine, (b) dark Ca-rich pyroxene, (c) light Ca-rich pyroxene, (d) Fe mineral standards (Fa: fayalite, And: Andradite, Aeg: Aegirine).

Table 2 Results of Fe L -emission spectral analysis of Allende matrix minerals and
Fe mineral standards.
Olivine
/ĮSHDN H9
/ȕSHDN H9
/ȕ/Į

Ol_3
705.01
717.24
0.57

Total
705.12
717.29
0.60

ı

Dark-Cpy
/ĮSHDN H9
/ȕSHDN H9
/ȕ/Į

D-Cpy_1 D-Cpy_2 D-Cpy_3
705.87
705.43
705.75
717.55
717.63
717.68
0.44
0.46
0.46

Total
705.68
717.62
0.45

ı

Light-Cpy
/ĮSHDN H9
/ȕSHDN H9
/ȕ/Į

L-Cpy_1 L-Cpy_2 L-Cpy_3
706.27
706.18
706.21
717.75
717.90
717.79
0.42
0.42
0.45

Total
706.22
717.81
0.43

ı

Standards
/ĮSHDN H9
/ȕSHDN H9
/ȕ/Į
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Ol_1
705.20
717.32
0.62

Fa
704.78
717.09
0.68

Ol_2
705.15
717.30
0.61

Aeg
706.16
717.74
0.49

And
706.27
717.75
0.44

0.10
0.04
0.03
0.23
0.06
0.01
0.05
0.08
0.01

JEOL NEWS │ Vol.56 No.1 (2021)

MultiAnalyzer – Unknown Compounds Analysis System
New Gas Chromatograph Time-of-Flight Mass Spectrometer

JMS-T2000GC “AccuTOFTM GC-Alpha”
0DVDDNL8EXNDWD06%XVLQHVV8QLW-(2//WG

The JMS-T2000GC AccuTOF™ GC-Alpha is the 6th generation JEOL GC-TOFMS and has an improved ion optics
system to achieve ultra-high resolution. The AccuTOF™ GC-Alpha is an orthogonal-acceleration time-of-ﬂight mass
spectrometer(oaTOFMS) with dual stage reﬂectron. It employs an ideal ion optical system realizing both high ion
transmission(=sensitivity) and ultra-high resolution. The dedicated qualitative software msFineAnalysis makes full
use of the high-quality data obtained by the JMS-T2000GC AccuTOF™ GC-Alpha, thus providing a new approach
to qualitative analysis for identiﬁcation of unknown compounds. JEOL can offer real unknown compounds analysis
solution with the powerful combination with JMS-T2000GC AccuTOF™ GC-Alpha and msFineAnalysis.

Introduction
Modern mass spectrometers (MS) are used for a variety of
DSSOLFDWLRQVDQGVFLHQWL¿F¿HOGV$PRQJWKHVH06V\VWHPVWKH
JDVFKURPDWRJUDSKPDVVVSHFWURPHWHU *&06 LVVXLWDEOHIRU
ERWKTXDOLWDWLYHDQGTXDQWLWDWLYHDQDO\VHVRIYRODWLOHFRPSRXQGV
DQGSOD\VDFUXFLDOUROHLQWKHDQDO\VLVRIPDWHULDOVIRUHQVLFV
IRRGVHQYLURQPHQWDOFRQWDPLQDQWVHWF)RUTXDOLWDWLYHDQDO\VLV
*&06DQDO\VLVW\SLFDOO\LQYROYHVFROOHFWLQJHOHFWURQLRQL]DWLRQ
(,  PDVV VSHFWUD DQG WKHQ XVLQJ WKHVH VSHFWUD IRU OLEUDU\
GDWDEDVHVHDUFKHVWRLGHQWLI\HDFKDQDO\WH:KLOHWKLVWHFKQLTXH
LVHIIHFWLYHIRUFRPSRXQGVIRXQGZLWKLQWKHVHOLEUDULHVWKHUHDUH
VWLOOPDQ\FRPSRXQGVWKDWDUHQRWUHJLVWHUHGLQWKHGDWDEDVHV$V
DUHVXOWDGGLWLRQDOWRROVDUHQHFHVVDU\WRSHUIRUPQRQWDUJHWHG
DQDO\VLVRIXQUHJLVWHUHGFRPSRQHQWVWKDWFDQRIWHQDSSHDUGXULQJ
WKHDQDO\VLVRIPDWHULDOVDQGHQYLURQPHQWDOVDPSOHV7RDGGUHVV
WKLVVLWXDWLRQ-(2/KDVFRQWLQXRXVO\HQKDQFHGDQGLPSURYHG
XSRQ RXU *&06 SURGXFWV WR LQFOXGH D YDULHW\ RI DGYDQFHG
FDSDELOLWLHVDVVKRZQLQ Fig. 17KHIHDWXUHVLPSURYHGXSRQ
include:
 $7LPHRI)OLJKW0DVV6SHFWURPHWHU 72)06 WKDWFDQ
DFTXLUHPDVVVSHFWUDZLWKKLJKUHVROXWLRQ +5 DQGKLJK
mass accuracy
 6RIWLRQL]DWLRQWHFKQLTXHVWKDWDUHHVVHQWLDOIRUGHWHUPLQLQJ
WKHPROHFXODUZHLJKWDQGPROHFXODUIRUPXODRIXQNQRZQ
VXEVWDQFHV
 8VHUIULHQGO\VRIWZDUHWKDWDXWRPDWLFDOO\SHUIRUPVDFFXUDWH
PDVVDQDO\VLVIRUWKHPHDVXUHGGDWD
2XU  WK  JHQHUDWLRQ *&72)06 WKH -067*&
³$FFX72) 70 *&$OSKD´ ZDV LQWURGXFHG LQWR WKH PDUNHW
WKLV \HDU ZLWK VLJQLILFDQWO\ HQKDQFHG FDSDELOLWLHV IRU KLJKHU
PDVV UHVROXWLRQ DQG KLJKHU PDVV DFFXUDF\ ,Q WKLV UHSRUW

ZH ZLOO SURYLGH DQ RYHUYLHZ RI WKH $FFX72)70 *&$OSKD
LQVWUXPHQWDWLRQDVZHOODVLWVEDVLFSHUIRUPDQFHFDSDELOLWLHV

Overview of the Instrument
7KHQHZ$FFX72)70*&$OSKDV\VWHPLVVKRZQLQFig. 2 and
UHSUHVHQWVDVLJQL¿FDQWGHVLJQFKDQJHIURPWKHSUHYLRXVPRGHOV
VKRZQLQ)LJ6SHFLILFDOO\WKHRUWKRJRQDODFFHOHUDWLRQ RD 
72)06LRQWUDMHFWRU\ZDVFKDQJHGIURPWKHFRQYHQWLRQDO³9´
OLNHWUDMHFWRU\WRDQHZ³$´OLNHWUDMHFWRU\LQRUGHUWRH[WHQG
WKH LRQ IOLJKW GLVWDQFH IURP  P WR  P DV VKRZQ LQFig. 3
$GGLWLRQDOO\WKHRD72)06ZDVHTXLSSHGZLWKDQLPSURYHGLRQ
DFFHOHUDWLRQV\VWHPWKDWVSDWLDOO\IRFXVHVWKHLRQEHDPDQGDQ
LPSURYHGUHÀHFWURQV\VWHPWKDWWHPSRUDOO\IRFXVHVWKHLRQEHDP
%HFDXVHWKHV\VWHPLVD+572)06WKHLQVWUXPHQWLVDOZD\V
RSHUDWLQJLQKLJKUHVROXWLRQPRGH)XUWKHUPRUHE\RSWLPL]LQJ
WKHVH FRPSRQHQWV DORQJ ZLWK WKH ORQJHU IOLJKW SDWK  WKH
$FFX72)70*&$OSKDUHSUHVHQWVDVLJQLILFDQWLPSURYHPHQWLQ
ERWKPDVVUHVROYLQJSRZHUDQGPDVVDFFXUDF\7KH$FFX72)70
*&$OSKD SURYLGHV  WLPHV KLJKHU UHVROXWLRQ WKDQ RXU  st
JHQHUDWLRQ³$FFX72)70*&´

Basic High-Performance System for
Non-Targeted Analysis
7KHEDVLFSHUIRUPDQFHRIWKH$FFX72)70*&$OSKDDUHDVIROORZV
6HQVLWLYLW\2)1SJ61!
0DVV5HVROYLQJ3RZHU! ):+0P] 
0DVV$FFXUDF\SSP 506(,VWDQGDUGLRQVRXUFH
0DVV5DQJHP] ±
6SHFWUXP5HFRUGLQJ6SHHG8SWRVSHFWUDVHF
,RQL]DWLRQ0HWKRGV(,&,3,),'(,'&,DQG)'

〉〉3-1-2 Musashino, Akishima, Tokyo, 196-8558, Japan | E-mail: mubukata@jeol.co.jp
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Fig. 1 History of JEOL GC-HR-TOFMS

z ZĞƐŽůƵƟŽŶϴ͕ϬϬϬ
z &ĂƐƚĞƌĂĐƋƵŝƐŝƟŽŶƐƉĞĞĚϱϬ,ǌ

z 1st generaƟon GC-TOFMS
z ResoluƟon 5,000

JMS-T100GC
AccuTOFTM GC

JMS-T100GC
AccuTOFTM GCv 4G

2004

2008

JMS-T100GC
AccuTOFTM GCv
z ResoluƟon 6,000
z EI/FI/FD combiŶĂƟon ion sources

Fig. 2 JMS-T2000GC “AccuTOFTM GC-Alpha”
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z ResoluƟon 10,000
z AutomaƟc reservoir
z msFineAnalysis
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2012

JMS-T200GC
AccuTOFTM GCx-plus
2015

2018

JMS-T200GC
AccuTOFTM GCx
z ResoluƟon 10,000
z Higher sensiƟvity (Spec: 3 Ɵmes higher)
z EI/PI combiŶĂƟon ion sources

Fig. 3 Schematics of ion optical system
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High Sensitivity

High Mass-Resolving Power
70

7KH$FFX72)70*&$OSKDKDVDPXFKKLJKHUPDVVUHVROYLQJ
SRZHU WKDQ WKH SUHYLRXV JHQHUDWLRQV RI WKH LQVWUXPHQW 7R
GHPRQVWUDWHWKLVQHZUHVROXWLRQFDSDELOLW\Fig. 5DVKRZVWKH
(,PDVVVSHFWUXPIRU3)7%$LQZKLFKWKHP] SHDNZDV
HQODUJHGWRFOHDUO\GLVSOD\WKH):+0UHVROXWLRQRI!
ZKLFKLVWKHQHZUHVROXWLRQVSHFLILFDWLRQ7RIXUWKHUKLJKOLJKW
KRZWKLVLPSURYHGUHVROYLQJSRZHUFDQHQKDQFHVDPSOHDQDO\VLV
)LJEVKRZVWKHEDVHOLQHVHSDUDWLRQRI&2 + (P]  DQG
12+ (P]    ZKLFK ZDV QRW SRVVLEOH ZLWK WKH SUHYLRXV
JHQHUDWLRQLQVWUXPHQWV7KHVHUHVXOWVFOHDUO\GHPRQVWUDWHWKDW
WKHKLJKPDVVUHVROXWLRQRIWKH$FFX72)70*&$OSKDFDQHDVLO\
VHSDUDWHFORVHO\UHODWHGLRQV VDPHQRPLQDOPDVV DQGWKXVFDQ
EHDSRZHUIXOWRROIRUDZLGHUDQJHRIDQDO\VHVDQGDSSOLFDWLRQV
LQYROYLQJ DQDO\WHV ZLWK WKH VDPH QRPLQDO PDVV EXW GLIIHUHQW
HOHPHQWDOFRPSRVLWLRQV

 7KH QHZ $FFX72)  *&$OSKD KDV PDLQWDLQHG WKH VDPH
VHQVLWLYLW\ VSHFLILFDWLRQV DV WKH SUHYLRXV JHQHUDWLRQ V\VWHP
GHVSLWH WKH ORQJHU IOLJKW SDWK DQG FRPSOHWHO\ UHGHVLJQHG
KDUGZDUH Fig. 4D VKRZV WKH P]   H[WUDFWHG LRQ
FKURPDWRJUDP (,& IRUSJRIRFWDÀXRURQDSKWDOHQH 2)1 
LQZKLFKWKH*&$OSKDZDVDEOHWRHDVLO\DFKLHYHD61!
)LJEVKRZVWKH2)1(,&VIRUWKHLQVWUXPHQWGHWHFWLRQOLPLW
,'/  PHDVXUHPHQWV LQ ZKLFK  IJ RI 2)1 ZDV LQMHFWHG
WLPHV$GGLWLRQDOO\)LJELQFOXGHVDWDEOHRISHDNDUHDV
WKH FDOFXODWHG UHODWLYH VWDQGDUG GHYLDWLRQ 56'  IRU WKHVH
SHDNDUHDVRIDQGWKHFDOFXODWHG,'/RIIJ7KHVH
UHVXOWV FOHDUO\ GHPRQVWUDWH WKDW WKH $FFX72) 70 *&$OSKD
SURYLGHVERWKKLJKVHQVLWLYLW\DQGKLJKVWDELOLW\HYHQIRUWUDFH
FRPSRQHQWVDQDO\VLV

Fig. 4 OFN 1 pg sensitivity and IDL for OFN 100 fg measurement
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Fig. 5 EI mass spectrum of PFTBA and m/z 28 mass separation
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High Mass-Accuracy

$ORQJZLWKKLJKHUPDVVUHVROYLQJSRZHUWKH$FFX72)70*&
$OSKDDOVRKDVKLJKHUPDVVDFFXUDF\ZLWKDQHZVSHFLILFDWLRQRI
OHVVWKDQSSP$Q(,PDVVVSHFWUXPRIPHWK\OVWHDUDWHDORQJZLWK
WKHDFFXUDWHPDVVDQDO\VLVUHVXOWVIRUDOOREVHUYHGLRQVDUHVKRZQ
in Fig. 67KHVHUHVXOWVGHPRQVWUDWHWKDWKLJKPDVVDFFXUDF\LV
PDLQWDLQHGRYHUWKHHQWLUHPDVVUDQJH IURPP] FRUUHVSRQGLQJ
WRWKHORZHVWPDVVIUDJPHQWLRQXSWRP] FRUUHVSRQGLQJWR
WKHPROHFXODULRQ WKXVVLPSOLI\LQJWKHGHWHUPLQDWLRQRIHDFK
FRPSRVLWLRQDOIRUPXOD)XUWKHUPRUHWKHDYHUDJHPDVVHUURUIRU
WKHVHLRQVZDVRQO\P'DSSP
$OVRZRUWKQRWLQJKHUHWKH$FFX72)70*&$OSKDSURGXFHV
KLJKPDVVDFFXUDF\PDVVVSHFWUDLQGHSHQGHQWRIWKHLRQL]DWLRQ
PHWKRGXVHGIRUWKHPHDVXUHPHQWV7KLVLVLPSRUWDQWEHFDXVH
WKHQHZV\VWHPDOVRRIIHUVDOORIWKHVDPHLRQL]DWLRQRSWLRQVWKDW
ZHUHDYDLODEOHZLWKWKHSUHYLRXVPRGHOVHOHFWURQLRQL]DWLRQ
(,  FKHPLFDO LRQL]DWLRQ &,  SKRWR LRQL]DWLRQ 3,  ILHOG
LRQL]DWLRQ ), IRU*&06DQGGHVRUSWLRQHOHFWURQLRQL]DWLRQ
'(,  GHVRUSWLRQ FKHPLFDO LRQL]DWLRQ '&,  DQG ILHOG
GHVRUSWLRQ )' PHWKRGVIRUGLUHFWSUREHVDPSOHLQWURGXFWLRQ
7KHUHIRUHWKHKLJKPDVVDFFXUDF\RIWKH$FFX72)70*&$OSKD
FDQ EH XVHG ZLWK KDUG LRQL]DWLRQ (,  IRU OLEUDU\ VHDUFKHV 
IUDJPHQWLRQIRUPXODGHWHUPLQDWLRQDQGZLWKVRIWLRQL]DWLRQ &,
3,), IRUPROHFXODUIRUPXODGHWHUPLQDWLRQIRUWKHREVHUYHG
PROHFXODU LRQ  PROHFXODU LRQ DGGXFW 7KLV FRPELQDWLRQ RI
PDVVDFFXUDF\DQGKDUGVRIWLRQL]DWLRQLVDSRZHUIXOWRROIRU
TXDOLWDWLYHDQDO\VLVRIXQNQRZQFRPSRXQGV
Powerful Capabilities for GC-MS Qualitative Analysis

7KH$FFX72)70*&$OSKDVLPXOWDQHRXVO\DFKLHYHVKLJK
VHQVLWLYLW\KLJKPDVVUHVROXWLRQDQGKLJKPDVVDFFXUDF\
7KH$FFX72)70*&$OSKDLVVXLWDEOHIRUQRWRQO\WDUJHW
DQDO\VLVEXWDOVRQRQWDUJHWHGDQDO\VLVRIVDPSOHVHYHQDW
WUDFHOHYHOV
Wide Mass Range

7KH$FFX72)70*&$OSKDPDLQWDLQVWKHZLGHPDVVUDQJH
(P]  RIWKHSUHYLRXVJHQHUDWLRQV\VWHPV:KLOH*&

MS analysis is typically limited to analytes under P] WKLV
LQFUHDVHGPDVVUDQJHXQORFNVWKHDQDO\VW¶VDELOLW\WRGLUHFWO\
DQDO\]H VDPSOHV OLNH SRO\PHUV DQG RUJDQRPHWDOOLFV E\ XVLQJ
GLUHFW SUREH 06 LQ ZKLFK WKH VDPSOH LV GLUHFWO\ LQWURGXFHG
LQWRWKHLRQVRXUFH QRWWKURXJKWKH*& 7KH$FFX72)70*&
$OSKD DFFRPPRGDWHV WZR GLUHFW VDPSOH LQWURGXFWLRQ SUREHV
'LUHFW([SRVXUH3UREHDQG'LUHFW,QVHUWLRQ3UREH IRUGLUHFW
(,PHDVXUHPHQWDQGGLUHFW&,PHDVXUHPHQW$GGLWLRQDOO\WKH
RSWLRQDO)'SUREHDOORZVWKHDQDO\VWWRXVHDVRIWLRQL]DWLRQ
GLUHFW SUREH PHWKRG WKDW LV HDV\ WR XVH IRU WKH DQDO\VLV
RI PDWHULDOV OLNH SRO\PHUV DQG KLJKHU PROHFXODU ZHLJKW
SHWURFKHPLFDOV 0RVW FRPPHUFLDO *&06 LQVWUXPHQWV DUH
GHGLFDWHG RQO\ WR *&06 PHDVXUHPHQW EXW WKH $FFX72)70
*&$OSKDFDQDOVREHXVHGDVDGLUHFW06LQVWUXPHQW
High-Speed Data Acquisition

7KH $FFX72) 70  *&$OSKD PDLQWDLQV WKH KLJKVSHHG
GDWD DFTXLVLWLRQ UDWH XS WR  VSHFWUDVHF  RI WKH SUHYLRXV
JHQHUDWLRQV\VWHPVDVZHOO7KLVFDSDELOLW\LVFULWLFDOIRUGRLQJ
)DVW *& DQG *&[*& PHDVXUHPHQWV ZKLFK ERWK UHTXLUH IDVW
VSHFWUXP UHFRUGLQJ LQWHUYDOV ,Q SDUWLFXODU WKH $FFX72) 70
*&$OSKDDOORZVWKHXVHUWREULQJWRJHWKHU*&[*&VHSDUDWLRQ
KLJKUHVROXWLRQ06KLJKPDVVDFFXUDF\(,DQGVRIWLRQL]DWLRQ
&,3,), WRDQDO\]HVDPSOHVWKDWDUHW\SLFDOO\WRRFRPSOH[
IRUVWDQGDUG*&06VHSDUDWLRQV

Combined EI Method and Soft Ionization
Methods – two combination ion sources –
$V PHQWLRQHG SUHYLRXVO\ OLEUDU\ GDWDEDVH VHDUFKHV DUH
W\SLFDOO\ XVHG IRU *&06 TXDOLWDWLYH DQDO\VLV +RZHYHU
IRU XQNQRZQ FRPSRXQGV WKDW DUH QRW UHJLVWHUHG LQ WKH 06
GDWDEDVHV LW FDQ EH GLIILFXOW WR LGHQWLI\ WKHVH XQNQRZQV
E\ XVLQJ (, GDWD DORQH (, LV D KDUG LRQL]DWLRQ PHWKRG WKDW
W\SLFDOO\ SURGXFHV PDQ\ IUDJPHQW LRQV DV ZHOO DV PROHFXODU
LRQV :LWK WKDW VDLG LW LV QRW XQFRPPRQ IRU (, WR SURGXFH
PLQLPDO RU QR PROHFXODU LRQ VLJQDO LQ WKH PDVV VSHFWUXP
&RQVHTXHQWO\ WKH DQDO\VW FDQ KDYH GLIILFXOW\ GHFLGLQJ LI

Fig. 6 EI mass spectrum of methyl stearate and the mass accuracy
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WKHUH LV D PROHFXODU LRQ SUHVHQW LQ WKH (, VSHFWUXP WKXV
FRPSOLFDWLQJ WKH GDWD DQDO\VLV 7R RYHUFRPH WKLV SUREOHP LW
FDQEHYHU\HIIHFWLYHWRXVHVRIWLRQL]DWLRQPHWKRGVWRFRQ¿UP
WKHPROHFXODULRQPROHFXODUDGGXFWLRQ7KH$FFX72)70*&
$OSKD KDV WZR RSWLRQDOO\ DYDLODEOH FRPELQDWLRQ LRQ VRXUFHV
WKDW FDQ EH XVHG WR VZLWFK EHWZHHQ (, DQG D VRIW LRQL]DWLRQ
PHWKRG Fig. 7 
7KH(,),)'FRPELQDWLRQLRQVRXUFHRIIHUVWKHFRPELQDWLRQ
RI (, KDUG LRQL]DWLRQ  DQG ), VRIW LRQL]DWLRQ  IRU *&06
PHDVXUHPHQWV DQG )' VRIW LRQL]DWLRQ  IRU GLUHFW SUREH 06
PHDVXUHPHQWVRIKHDYLHUPDWHULDOVWKDWGRQRWJRWKURXJKWKH
*&%DVLFDOO\WKLVFRPELQDWLRQLRQVRXUFHDOORZVWKHDQDO\VW
WR GR *&(, *&), DQG )' PHDVXUHPHQWV ZLWKRXW EUHDNLQJ
YDFXXP $OO WKDW LV UHTXLUHG WR VZLWFK EHWZHHQ LRQL]DWLRQ
PRGHVLVWKHH[FKDQJLQJRIWKH(,UHSHOOHUSUREHZLWKWKH),
)' SUREH WKURXJK D YDFXXP LQWHUORFN WKDW JRHV GLUHFWO\ LQWR
WKH LRQ VRXUFH ), LV WKH VRIWHVW LRQL]DWLRQ PHWKRG DYDLODEOH
1RWH  DQG ZLOO HYHQ SURGXFH PROHFXODU LRQV IRU VDWXUDWHG
K\GURFDUERQV
7KH (,3, FRPELQDWLRQ LRQ VRXUFH DOORZV WKH $FFX72) 70
*&$OSKDWREHVZLWFKHGIURP*&(, KDUGLRQL]DWLRQ WR*&
3, VRIW LRQL]DWLRQ  PHDVXUHPHQWV ZLWKRXW EUHDNLQJ YDFXXP
,Q WKLV FDVH WKH LRQ VRXUFH RQO\ UHTXLUHV VZLWFKLQJ EHWZHHQ
212))IRUWKH(,¿ODPHQWDQG212))IRUWKH3,XOWUDYLROHW
OLJKWODPSZKHQVZLWFKLQJEHWZHHQHDFKLRQL]DWLRQPHWKRG3,
LVSDUWLFXODUO\HIIHFWLYHDQGVHQVLWLYHIRUSURGXFLQJPROHFXODU
LRQV IRU VXEVWDQFHV WKDW FDQ DEVRUE XOWUDYLROHW OLJKW H J
DURPDWLFFRPSRXQGV 
7KHVH XQLTXH FRPELQDWLRQ LRQ VRXUFHV DUH RSWLRQV RQO\
DYDLODEOH ZLWK WKH $FFX72)70 *&$OSKD VHH )LJ   7KH\
DUH H[WUDRUGLQDULO\ SRZHUIXO LQ WKDW WKHVH VRXUFHV DOORZ WKH
XVHUWRVZLWFKEHWZHHQ*&(,DQG*&VRIWLRQL]DWLRQZLWKRXW
EUHDNLQJ YDFXXP ZKLOH DOVR FDSLWDOL]LQJ RQ WKH KLJK PDVV
UHVROXWLRQ DQG KLJK PDVV DFFXUDF\ SURYLGHG E\ WKH 72)06
7KXVWKH$FFX72)70*&$OSKDXVHGZLWKWKHVHFRPELQDWLRQ
LRQ VRXUFHV VLPSOLILHV WKH SURFHVV RI GRLQJ QRQWDUJHWHG

TXDOLWDWLYHDQDO\VLVRIXQNQRZQFRPSRXQGV
1RWH7KLVFDVHLVDSSOLFDEOHIRULRQL]DWLRQPHWKRGVDYDLODEOHZLWKWKH$FFX72)70*&$OSKD

Automatic Qualitative Analysis Software
“msFineAnalysis”
2ULJLQDOO\ UHOHDVHG LQ  DV DQ RSWLRQ IRU WKH SUHYLRXV
JHQHUDWLRQ -067*& 6HULHV WKH ODWHVW YHUVLRQ RI WKH
³PV)LQH$QDO\VLV´ VRIWZDUH LV QRZ LQFOXGHG ZLWK WKH EDVLF
$FFX72)70 *&$OSKD V\VWHP 7KLV VRIWZDUH ZDV GHVLJQHG
to automatically identify compounds in a sample measured
E\ *&06 0RUH VSHFLILFDOO\ PV)LQH$QDO\VLV XVHV D QHZ
ZRUNIORZ WKDW LQWHJUDWHV *&(, KDUG LRQL]DWLRQ  KLJK
UHVROXWLRQ GDWD ZLWK *&VRIW LRQL]DWLRQ ), 3, &,  KLJK
UHVROXWLRQ GDWD WR DXWRPDWLFDOO\ JHQHUDWH D FRORUFRGHG
TXDOLWDWLYH DQDO\VLV UHSRUW IRU D PHDVXUHG VDPSOH Fig. 8
VKRZVWKHLQWHJUDWHGZRUNÀRZXVHGE\WKHVRIWZDUHLQZKLFK
ILYH GLIIHUHQW DQDO\VLV VWHSV DUH DXWRPDWLFDOO\ FRPELQHG WR
SURGXFH IDVW KLJKDFFXUDF\ TXDOLWDWLYH DQDO\VLV UHVXOWV 7KH
PV)LQH$QDO\VLVVRIWZDUHLVDOUHDG\ZLGHO\DFNQRZOHGJHGDVD
SRZHUIXOWRROIRUQRQWDUJHWHGDQDO\VLV
7KHODWHVWYHUVLRQRIPV)LQH$QDO\VLV 9HUVLRQ VWUHDPOLQHV
WKHVRIWZDUHRSHUDWLRQDQGDGGVDQHZIXQFWLRQLQZKLFKWZR
VLPLODUVDPSOHVFDQEHGLUHFWO\FRPSDUHGLQRUGHUWRLGHQWLI\
VDPSOHGLIIHUHQFHV7KLVIHDWXUHFDQEHSDUWLFXODUO\XVHIXOIRU
FRPSDULQJ FRPSOH[ PDWHULDOV WKDW KDYH VXEWOH GLIIHUHQFHV
,GHQWLI\LQJ WKHVH GLIIHUHQFHV FDQ EH FULWLFDOO\ LPSRUWDQW IRU
DGGUHVVLQJ FKDQJHV LQ PDWHULDO V\QWKHVLV RU PDQXIDFWXULQJ
SURFHVVHVLQZKLFKSURGXFWTXDOLW\LVFULWLFDOO\LPSRUWDQW
$V D VWDUWLQJ SRLQW WKH GLIIHUHQFH DQDO\VLV IXQFWLRQ XVHV
PXOWLSOH *&(, GDWD WR GHWHUPLQH WKH FRPSRQHQWV REVHUYHG
ZLWKLQWKHWZRVDPSOHV KHUHUHIHUUHGWRDV$DQG% 7KHQD
WWHVWVWDWLVWLFDODQDO\VLVLVGRQHWRH[WUDFWWKHFRPSRQHQWVWKDW
DUHGLIIHUHQW$IWHUZDUGVDIXOOLQWHJUDWHGDQDO\VLV )LJ LV
SHUIRUPHGXVLQJWKH*&(,GDWDDQG*&6,GDWD,IDFKDUDFWHULVWLF
FRPSRQHQWLQ$RU%LVQRWUHJLVWHUHGLQWKHOLEUDU\GDWDEDVHWKH

Fig. 7 Two combination ion sources

(,),)'FRPELQDWLRQLRQVRXUFH
z (,DQG),DUHVZLWFKDEOHZLWKRXW
EUHDNLQJDYDFXXP
z 5HSODFHPHQWRIWKH(,UHSHOOHU SUREH
DQGWKH),HPLWWHUSUREHLVQHHGHG
z )' GLUHFW06 PHDVXUHPHQW LVDOVR

(,3,FRPELQDWLRQLRQVRXUFH
z (,DQG3,DUHVZLWFKDEOHZLWKRXWEUHDNLQJ
DYDFXXP
z 5HSODFHPHQWRIWKHKDUGZDUHLVQRW
UHTXLUHG
z 3,LRQL]DWLRQHQHUJ\LVDERXWH9

SRVVLEOH
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IRUWKHXQNQRZQFRPSRQHQWFig. 9VKRZVWKHGLIIHUHQFHDQDO\VLV
ZLQGRZZKLFKLQFOXGHVDYROFDQRSORWFODVVL¿FDWLRQVHFWLRQ $
RQO\%RQO\$!%$%DQG$ % LQWHQVLW\UDWLR /RJ %$ S
YDOXHHWF)RUHDFKFODVVWKHFRPSRQHQWVDQGDQDO\VLVUHVXOWVDUH
FRORUFRGHGWRGLVWLQJXLVKWKHPIURPHDFKRWKHULQRUGHUWRHQDEOH
DTXLFNYLVXDOXQGHUVWDQGLQJRIWKHGLIIHUHQWFRPSRQHQWV
$VDQH[DPSOHRIGLIIHUHQFHDQDO\VLVXVLQJPV)LQH$QDO\VLV
9HUVLRQ  WKH HYROYHG JDV DQDO\VLV UHVXOWV RI WZR HSR[\
W\SHV RI DGKHVLYHV DUH VKRZQ LQ Fig. 10 $ KHDGVSDFH *&
06PHWKRGZDVXVHGIRUWKLVDQDO\VLV7KHGLIIHUHQFHDQDO\VLV
SDUDPHWHUV ZHUH DV IROORZV $FTXLVLWLRQ QXPEHUV ZHUH  IRU
HDFK *&(, PHDVXUHPHQWV WKH VLJQLILFDQFH OHYHO ZDV 
DQG WKH WKUHVKROG IRU LQWHQVLW\ GLIIHUHQFH ZDV VHW WR  7KH
XSSHUVHFWLRQRI)LJVKRZVWKH7,&FKURPDWRJUDPV VROLG
OLQHV  DV ZHOO DV WKH GHWHFWHG SHDNV IURP FKURPDWRJUDSKLF
GHFRQYROXWLRQ(DFKSHDNLVFRORUFRGHGZLWKEOXHLQGLFDWLQJ
D FKDUDFWHULVWLF FRPSRQHQW IRU DGKHVLYH $ UHG LQGLFDWLQJ D
FKDUDFWHULVWLFFRPSRQHQWIRUDGKHVLYH%DQG\HOORZLQGLFDWLQJ
DFRPSRQHQWWKDWLVREVHUYHGLQERWK$DQG% QRGLIIHUHQFH 
7KHEOXHDQGUHGFRORUVFKHPHLVDOVRDSSOLHGWRWKHLQWHJUDWHG
DQDO\VLVUHSRUWLQWKHORZHUVHFWLRQRIWKHZLQGRZEXWZKLWHLV
XVHGLQWKLVFDVHWRLGHQWLI\WKHFRPSRQHQWVREVHUYHGLQERWK$
DQG% QRGLIIHUHQFH 7KHGLIIHUHQFHDQDO\VLVUHVXOWVIRUWKLV
H[DPSOHVKRZHG
7ROXHQHZDVREVHUYHGLQERWKDGKHVLYHV
$GKHVLYH$KDGDKLJKLQWHQVLW\SHDNIRUEXWDQROWKDWZDV
QRWREVHUYHGIURPDGKHVLYH%

$ GKHVLYH % KDG VHYHUDO DURPDWLF FRPSRXQGV VXFK DV
HWK\OEHQ]HQHDQG[\OHQH
$GKHVLYH%KDGF\FOLFVLOR[DQHV
)RU FRQYHQWLRQDO *&06 GLIIHUHQFH DQDO\VLV LI WKH
H[WUDFWHG FKDUDFWHULVWLF FRPSRQHQW LV QRW UHJLVWHUHG LQ WKH
OLEUDU\ GDWDEDVH WKHQ LW FDQ EH GLIILFXOW WR LGHQWLI\ WKLV
XQNQRZQFRPSRQHQW+RZHYHUXVLQJPV)LQH$QD\VLV9HUVLRQ
PDNHVLWSRVVLEOHWRDXWRPDWLFDOO\LGHQWLI\WKHVHFRPSRQHQWV
XVLQJ WKH LQWHJUDWHG DQDO\VLV ZRUNIORZ WKDW LV VXEVHTXHQWO\
SHUIRUPHG DIWHU WKH GLIIHUHQFH DQDO\VLV 7KLV LQQRYDWLYH
VDPSOHFRPSDULVRQVROXWLRQVFDQEHEURDGO\DSSOLHGWRQRW
RQO\WKHPDWHULDOV¿HOGEXWDOVRWRDYDULHW\RIRWKHUUHVHDUFK
DQGDSSOLFDWLRQ¿HOGV

Conclusions
7KH QHZ -067*& ³$FFX72) 70  *&$OSKD´ LV D
QHZKLJKUHVROXWLRQ*&72)06WKDWUHSUHVHQWVDVLJQLILFDQW
LPSURYHPHQW RYHU WKH SUHYLRXV JHQHUDWLRQ LQVWUXPHQWV 7KH
KDUGZDUH ZDV FRPSOHWHO\ UHGHVLJQHG IRU LPSURYHG UHVROYLQJ
SRZHU PDVV DFFXUDF\ VHQVLWLYLW\ DQG VWDELOLW\ $ORQJ ZLWK
WKH LPSURYHG KDUGZDUH RI WKH $FFX72) 70 *&$OSKD WKH
DXWRPDWLFTXDOLWDWLYHDQDO\VLVVRIWZDUH³PV)LQH$QD\VLV´ZDV
DOVRXSJUDGHGWRLQFRUSRUDWHGLIIHUHQFHDQDO\VLVEHWZHHQWZR
VDPSOHV ZKLOH DOVR FRQWLQXLQJ WR FDSLWDOL]H RQ WKH LQWHJUDWHG
DQDO\VLV ZRUNIORZ WKDW WKLV VRIWZDUH LV NQRZQ IRU 7KH
FRPELQDWLRQRI$FFX72)70*&$OSKDDQGPV)LQH$QDO\VLVLVD
WUXO\SRZHUIXOVROXWLRQIRU*&06TXDOLWDWLYHDQDO\VLV

Fig. 8 msFineAnalysis: Integrated analysis workflow
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Fig. 9 msFineAnalysis Ver.3: 2-samples comparison GUI
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Fig. 10 Evolved-gas difference analysis of material components using HS-GC-TOFMS
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Introduction of JEOL Products
Field Emission Cryo-Electron Microscope

JEM-3300

CRYO ARM 300 II
TM

The next stage of CRYO ARMTM 300
- High-throughput, High-resolution and High-stability -
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Applications
GroEL
GroEL structure at 1.98 Å resolution achieved by only 504 micrographs, a dramatic improvement from 3.1 Å resolution
from 1,883 micrographs in a previous study. (as of Oct. 26, 2020 at EMDB)

Data courtesy of Dr. Junso Fujita at Osaka University
3.0

2.5

1.9 Å

Hemoglobin
Cryo-electron micrograph (left), 3D density map (upper right) and fitted atomic model (lower right) of human hemoglobin
obtained by high speed data collection, 850 movies per hour.

20 nm

Specimen courtesy of Dr. Miki Kinoshita at Osaka University
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