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Fig. 1 (Color online) Schematic explanation of the wavefront for-
mation of PXR induced by the electric field of a relativistic
electron.
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Fig. 2 (Color online) The spatial distribution of PXR from Si
(111) planes irradiated with a 100-MeV electron at the
Bragg angle of 7.5°.
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Fig. 3 (Color online) The beamlines (PXR, FEL) of the LEBRA

facility.

Table 1 Specifications of the LEBR-PXR source.

Electron energy 100 MeV
Accelerating frequency 2856 MHz
Macropulse beam current 100-130 mA
Macropulse duration 4-5 us
Repetition rate 2-5 pps
Average beam current 1-3.3 uA

Beam radius on the target ~0.2 mm (rms)
PXR energy range
Si(111) target:
Si(220) target:

X-ray window

4.0-20.5 keV

6.5-33.6 keV
125-um-thick PET

100 mm in dia.
~107/s@17.5 keV

Irradiation field
Total X-ray photon rate at X-ray window
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(Phase—Contrast Imaging, PCI) <0432 X i % IV il
W& (X-ray Absorption Fine Structure, XAFS) %€ 73
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Fig. 4 (Color online) Schematic top view of the setup for DEI us-
ing the LEBRA-PXR source.
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Fig. 5 (Color online) The rocking curves observed at the 3rd
analyzer—crystal of the DEI setup.
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Fig. 6 (Color online) (a) The samples for the DEI experiment us-
ing 25.5-keV PXR. (b) The absorption—contrast image. (c)
The phase—gradient image. (d) The SAXS—contrast image.
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Fig. 7 (Color online) Schematic top view of the setup for simul-

taneous KES imaging.
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Fig. 8 (Color online) The photograph of the experimental setup

for simultaneous—KES CT.
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Fig. 9 (Color online) (a) The sample for simultaneous-KES CT at
16.1keV. (b) A typical projection image of the simultane-
ous—KES CT measurement.

1250 2500

u

Fig. 10 (Color online) (a) The 3D volume rendering for tomo-
graphic images reconstructed from the KES—CT data: (left)
low—energy image, (right) high-energy image. (b) The sub-
traction image corresponding to the Sr elemental distribu-
tion.
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Fig. 1 (Color online) (a) The sample composed of five epoxy

pellets containing Sr element of 5%, 1%, 0.5%, 0.1%, and
0% in weight ratios from the top. (b) The image value of
the subtraction tomographic image as a function of Sr con-
centration in the sample.

V7L, 2O Ty L7275 75 Fig. 1(b) T
BB BEHNCIL Sr mEOBRE A - TW52, 0.1-1%D
HPHCI3ES GO EMEIITCHREE IS L TR
FioTkV, THREESMOTERESIITIGHTE 54

DRBEIND, BIESY THIELOHANT S —HAKEND
i, BERSTETHERP R — -7zl b b, B
T 73 E TR ORI /2 > o fcd &%
2ZbNb,

5. HYIC

PXREVOHEHHFE L L THHATA7-0DICIEET
U—AWE Bk —7 y FEEAT LN EDRD AT
O, BEEV V7O LD I BEBINEER TIIEL V., FORE
RCRETVZT v 7AW XBIRTH S E Wz 578,
XFROEEREICOWTIEY =7 v 7 OFHEBERICH
SNTLEOHEPD S, LPLEBD, IESPTHICE
T THUE, WERREIZH#E2 5 DD, DELI % KES O X
D75, INETIEHBIOK &7 SR 5 LA+ C Il iR
EINTWcA A=V 7 Eiph REWE O I g ik T
IO ENTES, i, AKEKES-CTIC X5 3 KL
FEAA—VUTIESREFETLITbNA TV WL — V7%
FETH D, T/, VT v 707V AR Z FIH T 1L
RE MR HEIA~ O & BRI RECh 5, Y afh~
< A 7 OREB ORI 5 RBIE OB $ A 5K OFRRE
D12z b, BORWERT — 2 &8 570101
TG o K/ A A CRERBHMAEAT L7 TXMH
BREDOREZ WO BIWLE L 7250, KFME Rk O
INRBIE R & I TR KR PR e KE T2 5 &
i, BRSO 2R 5 LV O HE T K REHED
HHLDEEZ D,

92 H&tHE March 2020 Vol.33 No.2



FEw X

BYV=7v7ZRAVINT AN v 7 XBREREZDRH

EEz

H Ak LEBRA @ PXR #FII B E2M 7 oV 5 o THe
AETZEN ATZE 0 R v R B B IR O R FE R IS B 9 A 19
(2000—-20074F %) 12 & - THISE « &l N/, Eio,
PXRiC & % [l KES B OBFEIE, SCRHE BB B 2
72(B) GRAEEFS : 25286087) IC L » Thds N DTH
%o PXRMEOMR L IHOEELY, AARAKFETH
FIRTHE R D AR v 7 —R OB ERNLE TN L > TSN
7oL DTH 5B, BT, 20194E5 A23HIC 2 S N 1EE
B4 (KEK A8HE, BARAKRFTHT) ORHET
W Y, B R PXRABEAER TS &3k o
72 ThHDe T IIHEBEAED CHFEICES EHMTH L &
BT, HEATREOEEHET 5,

ZE

1) P.Oliva, M. Carpinelli, B. Golosio, P. Delogu, M. Endrizzi, J.
Park, I. Pogorelsky, V. Yakimenko, O. Williams and J.
Rosenzweig: Appl. Phys. Lett. 97, 134104 (2010).

2) HAKFEEFHFAPFIEKZ : http: // www.lebra.nihon-
u.ac.jp/

3) Y.Hayakawa, I. Sato, K. Hayakawa, T. Tanaka, H. Nakaza-
wa, K. Yokoyama, K. Kanno, T. Sakai, K. Ishiwata, A.
Enomoto, S. Fukuda, S. Ohsawa, K. Tsuchiya and M. Kato:
Nucl. Instrum. and Meth. A 483, 29 (2002).

4) V. G. Baryshevsky, I. D. Feranchuk and A. P. Ulyanenkov:
Parametric X-Ray Radiation in Crystals: Theory, Experi-
ment and Application (Springer Tracts in Modern Physics
book series 213) edited by G. Héhler (Springer, Berlin,
Heidelberg, 2005).

5) TS  BARIGEZEF2E [hnE] 6, 166 (2009).

6) Y. Hayakawa, Y. Takahashi, T. Kuwada, T. Sakae, T.
Tanaka, K. Nakao, K. Nogami, M. Inagaki, K. Hayakawa
and I. Sato: J. Instrum. 8, C08001 (2013).

7) A.V. Shchagin, X. K. Maruyama: Parametric X Rays in Ac-
celerator-Based Atomic Physics Techniques and Applica-
tions edited by S. M. Shafroth and J. C. Austin (AIP Press,
New York, 1997), ch. 9.

8) H. Nitta: Phys. Lett. A 158, 270 (1991).

9) A. V. Shchagin, V. I. Pristupa and N. A. Khizhnyak: Phys.
Lett. A 148, 485 (1990).

10) Y. Hayakawa, K. Hayakawa, M. Inagaki, T. Kuwada, K.
Nakao, K. Nogami, T. Sakae, T. Sakai, I. Sato, Y. Takahashi
and T. Tanaka: Nucl. Instrum. and Meth. B 266, 3758
(2008).

11) Y. Hayakawa, I. Sato, K. Hayakawa, T. Tanaka, A. Mori, T.
Kuwada, T. Sakai, K. Nogami, K. Nakao and T. Sakae:

Nucl. Instrum. and Meth. B 252, 102 (2006).

12) Y. Hayakawa, I. Sato, K. Hayakawa and T. Tanaka: Nucl.
Instrum. and Meth. B 227, 32 (2005).

13) KKIEE, BRERES, JSHEA, BEAET, MERZ,
SH o BE, AW RN ER 55, 76 (2015).

14) H. Okada, T. Kaneda, K. Sekiya, Y. Kawashima, M. Sue-
mitsu, Y. Hayakawa and T. Sakae: J. Hard Tissue Biology
24, 299 (2015).

15) Y. Hayakawa, I. Sato, K. Hayakawa, T. Tanaka, T. Kuwa-
da, T. Sakai, K. Nogami, K. Nakao, M. Inagaki and A. Mori:
AIP Conf. Proc. 879: SYNCHROTRON RADIATION IN-
STRUMENTATION: SRI2006, 123 (2007).

16) M. Inagaki, Y. Hayakawa, K. Nogami, T. Tanaka, K.
Hayakawa, T. Sakai, K. Nakao and I. Sato: Jpn. J. Appl.
Phys. 47, 8081 (2008).

17) R. Fitzgerald: Phys. Today 53, 23 (2000).

18) D. M. Connor and Z. Zhong: Curr. Radiol. Rep. 2, 55 (2014).

19) Y. Takahashi, Y. Hayakawa, T. Kuwada, T. Tanaka, T. Sa-
kae, K. Nakao, K. Nogami, M. Imagaki, K. Hayakawa and I.
Sato: X-Ray Spectrom. 41, 210 (2012).

20) EREHZET, BIIRE, ZEKEE, EILEEM, AR
B, FUI O, (EBE B AkBE T 48, 566 (2010).

21) T. Sakae, Y. Takahashi, Y. Hayakawa, T. Tanaka, K.
Hayakawa, T. Kuwada, K. Nakao, K. Nogami, M. Inagaki, I.
Sato, M. Fukumoto, M. Makimura and H. Yamamoto: J.
Hard Tissue Biology 19, 131 (2010).

22) Y. Hayakawa, K. Hayakawa, M. Inagaki, T. Kaneda, K.
Nakao, K. Nogami, T. Sakae, T. Sakai, I. Sato, Y. Takahashi
and T. Tanaka: J. Phys.: Conf. Ser. 517, 012017 (2014).

23) A. Sarnelli, A. Taibi, P. Baldelli, M. Gambaccini and A.
Bravin: Phys. Med. Biol. 52, 3015 (2007).

24) S. Kulpe, M. Dierolf, B. Giinther, M. Busse, K. Achterhold,
B. Gleich, J. Herzen, E. Rummeny, F. Pfeiffer and D.
Pfeiffer: Sci. Rep. 9, 13332 (2019).

25) Y. Hayakawa, K. Hayakawa, M. Inagaki, T. Kaneda, K.
Nakao, K. Nogami, T. Sakae, T. Sakai, I. Sato, Y. Takahashi
and T. Tanaka: Nucl. Instrum. and Meth. B 355, 251 (2015).

26) R. Bellazzini, A. Brez, G. Spandre, M. Minuti, M. Pinchera,
P. Delogu, P. L. de Ruvo and A. Vincenzi: J. Instrum. 10,
C01032 (2015).

27) Y. Zhu, N. Samadi, M. Martinson, B. Bassey, Z. Wei, G. Be-
lev and D. Chapman: Phys. Med. Biol. 59, 2485 (2014).

28) W. Thomlinson, H. Elleaume, L. Porra and P. Suortti: Physi-
ca Medica 49, 58 (2018).

29) Y. Hayakawa, K. Hayakawa, T. Kaneda, K. Nogami, T. Sa-
kae, T. Sakai, I. Sato, Y. Takahashi and T. Tanaka: Nucl. In-
strum. and Meth. B 402, 228 (2017).

30) Y. Hayakawa, K. Hayakawa, K. Nogami, T. Sakai, I. Sato,
Y. Sumitomo, Y. Takahashi and T. Tanaka: Phys. Rev. Ac-
cel. Beams 22, 024701 (2019).

&K March 2020 Vol.33 No.2 93



Bi%se

HAKRFEFRZWMERHR HF

E-mail: yahayak@Iebra.nihon-u.ac.jp
BP9 : RIS, BESHRYES

[B&EE]

19984F 3 A HUHR K 5 BR B SeBH o B 2
ZHIE T, At (BE%E), 199844 H H
AKFIRET IBRATEF, FE TR
FrefthaERn, MUERR 28T, 201444
A X 0 Bk,

=1 {:ES g

BAXRFE TSR THHERm LEMRE
E-mail: yumikot@lebra.nihon-u.ac.jp
BRI XBAA—DYT

(R ]

19854 4 J-19984F 3 AR &t HZ 8,
20014 3 A& WH7E K BE K2 B bl
ERHE T, i+ (%), HAKRFHT
FA PRI T, WA SERT LR O
0= = e IV SR 1 B 3 T 3 2
B, RS2 £ T, 20174810
A &0 H,

Diffraction—enhanced imaging and elemental im-
aging based on K—-edge subtraction as applica-
tions of a parametric X-ray source driven by an
electron linac

Yasushi HAYAKAWA Laboratory for Electron Beam Research and Application (LEBRA), Nihon
University, Narashinodai 7-24-1, Funabashi 274-8501, Japan

Yumiko TAKAHASHI| Laboratory for Electron Beam Research and Application (LEBRA), Nihon
University, Narashinodai 7-24-1, Funabashi 274-8501, Japan

Abstract An X-ray source based on parametric X-ray radiation (PXR) at Nihon University has a capability
providing an energy—selective monochromatic X-ray beam to users studies. The energy dispersion
in the PXR-beam profile allows diffraction—enhanced imaging (DEI) employing perfect mono-
crystal as an analyzer, even though the PXR beam has a relatively wide radiation—cone. In addition
to phase—contrast imaging, the DEI setup can be utilized to form dual-energy crossing beams with
slightly different energies across the K-edge of a specific element, which is applicable to K-edge
subtraction (KES) imaging. Using the dual-energy crossing beams, we can simultaneously ob-
serve 2—color images for KES, and a 3—dimensional distribution of the element is obtained by com-
puted tomography (CT).
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