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Tablel Parameters of some synchrotron radiation hard X-ray phase contrast imaging beamlines in the world®

e A g SO g g 7 REEGTREL,
(H pmxV um) (H pmxV um)

CLS-BMIT-ID S-MW 441x16.6 26.6 55 8x0.3
AS-IMBL S-MwW 361x19 19 136 2.6x0.14
SSRF-13W1 MW 408%23 17.7 32 12.75x0.78
PF-14C S-SwW 1160x72 16 35 33x2.0
SPring-8BL20B2 BM 114x14 8.1 215 0.5x0.07
CLS-BMIT-BM BM 173x30.8 5.6 23 7.5x1.3
APS 2BM-B BM 230x50 4.6 50 4.6x1
ESRF-1D19 U 120x30 4.0 145 0.83x0.2
SLS-TOMCAT S-BM 53x16 3.3 20 2.56x0.8
BSRF-4W1A SW 524x195% 2.7 42 12.5%4.6
ELETTRA-SYRMEP BM 135x80 17 23 5.9x3.5

a) SMW: 'S 2L, MW: SR, BM: B, SW: SRS, SBM: ST, SSw: BS 0l U %
. F GRS HOR IR T http://www.lightsources.org/, Y& IFEXTFREE K 89 @ PR BCR i U8 R T AR i 25 1A A5 1 b) £rp o BiRRSE b 7
HHA R T iy sigmafB, YR P 2F = 52 & sigmaffi 19 2.354%; ©) Hidi AR 4 S 56 24 K25 4k 19 AR S R DA S AW LAY R4 2 5 A 3
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Figurel Sketch of X-ray in-line phase contrast imaging setup at BSRF 4W1A beamline
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Figure2 (Color online) Geometrical sketch of sample, white beam dlit and source size in horizontal direction. (a) White beam dlit is open, the X-ray
intensity of a certain detector pixel is contributed by 1.23 mm source; (b) white beam dlit is closed to 0.21 mm, and the X-ray intensity of a certain

detector pixel is contributed by 0.35 mm source
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Figure3 Some experiment results of in-line phase contrast imaging to
polyamide fiber under different source symmetry conditions. (a), (c) are
obtained from white beam dlit completely opening and low source sym-
metry, (b), (d) correspond to 210 pmx210 um white beam dlit size and
high source symmetry. The distance of object to detector (DOD) related
to (a) and (b) is 16 mm, DOD related to (c) and (d) is 300 mm. Oval air
bubbles in fiber can be seen from (d), some irregular structures on top of
(b) and (d) stem from beamline setup
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Figure4 Intensity curves depicted along a pixel line crossing the fiber edge at different DODs under two kinds of source symmetry. The pixel lines
are marked by white lines on Figure 3(a) and (b). () and (b) respectively shows curvesin horizontal and vertical direction under white beam dlit com-
pletely opening and low source symmetry conditions. (c) and (d) shows curves in horizontal and vertical direction under 210 umx210 um white beam
slit size and high source symmetry conditions. DOD, indicated by different colors, is respective 4, 10, 16, 36, 100, 200 and 300 mm. The curves showed

in detailed image in (&) is moderately smoothed
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Figure 5 (Color online) Variation of fiber edge contrast as a function of DOD under two kinds of source symmetry conditions. (a) Results under
white beam dlit completely opening and low source symmetry conditions; (b) results under 210 umx210 pm white beam slit size and high source sym-

metry conditions
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function of DOD under different source symmetry conditions

TECIR A 5 pR B Y K F-T7 1), 23 18] o B R
Wy A5 8 0 PR B AR 2 A SR DG PR ) A
) R X Rk SEROEIR BT T, AT 1) 19 25 ) 43 B
R TR EGE, JRAR] TSR E T AR K

FWHM [ ) 15 i 2 £ P 18 4 it P ] ol A e
JEAG R AR B B 58 5 O IR AT B R R KR B Y 3
VR ARG IR A% kT B it 120 55 4 J i A I
U B R AR TR T W R VS TR R R A R
TEASCHI MGG, FEEH TR, &
R R TE S EOR [ OGIR Y s ek R, HRER 5 DRI
R BUE G F . B, %o e o R B 6 VR (O [ 56 /N
OGO T ), AT RAFRAS A 0 Bk 14 25 8] 3 B R RAR L
FHEE.

AR IEIRI S R T 1) A KSR G IR IS/ i
7 1) B AR AT B AN o3 B R, (EUR il T SE Bk w4544
SR S 2%, ARALRS BE RN 2 (8] 3 B E AR T4, B8
P18 R A BT 2 7 T e, R LA SR BOG IR N KR Uy
1] IR i A4 AR 52 o B2 R 23 B K SF- . BB G IR B BE
A B R, T A AR e Bl 501 e B2 R 225 18] 23 B 3R 11 0
PRI i, WA MR 42 i AR Y o

2.4 XTI ABRIR S R

AT T2 A AR AT Y PR BE AT 5 23 18] 7 B
SUATSRAT I, P ] USRS B 1R — B AR BF 5
MEE AAR. AT AITER R, 1A SCIR ) K R s
(4~300 mm)JE[E N, SERSERTTIFRMET, KFI51H
AIAR L #S BEE 100 mmBff T ik 2 TR, ZJ5REE
PHREE RSN, RSB i TR, HAL S F T B

2550

A2 e T2 U I 3 0 S T AN DR KL R A T
A ORI P s, fEARSER A YRR N, KE sy
S ZR AT R BT IR B B R R WA R AT
W KA B 5 IR B . XETZRBE R . RS M A
RAF | BEES 7> B M RBUZ S Z TN R AN, X8
AT F— L TAER T . [, Tz m g
Wit Ay 5 0 8 I T T A, ] 7 s ) 3 8 SRR
RFASE o JB2 33K T A DRI 3 i) S A~ 157 o i St A A 1 4%
PHBA fr it — WS RR T

3 PreHIE

VR S R PR KNP A 1 23 ] 43
BEAR, FEAIAT B AR, o S e 3 AR AR )
FEMI RN, 3B NG TR 5 P R AL, AT LK 4R
1R LR B A A Aol BE K, 35 B w3 >R FH R BE X 4k
T Je& [R) b A Ao AR o A S, B AR AT B AN S
HEREETE.

BEAE, R X EE ) /N RUSE X S 2 R AS A [l A+
A BE A R EZ 1Y) 2 () oy Bk T — 2k, i B
T HE AR UL AR A K T — 8 XEFE
XERRPE I3 R, R AR T T TR) At A 57 Ao J3E A5 1)
B, OX — B R KT B A R AR R 4
J5 1]

HAET, FrA [R5 5 5 O6 U5 A4 f o 4R S 7K F
J7 1) RS} 328 K 3 57 1) R AR FR DB, B
A8 38 35 78 6 R 2k LR R /N K SF 1) B4 G BRI 3k A5
PR RE A e 6. bl SR AT 9 2R EORSE 100
MR 2% (5 ARG F10 pmE (5 = RO6TE), K



-l B BRI 11 RUSE B /N T X A RO A R A A X POl B2, RIURERFREECIR, R 7P $2 7125 0]
PR, i ELG IR A AL S B IR, 55 EOER AT R %%J?ﬁ‘é)’ﬁﬂ?lﬂ{zﬁ&*m?%%ﬁ, 2l S A L A
SR KA G R R R N T AR G BE R ST AR, IEH%E%B‘J%% M 12 0 9 AR A J3E AR B

ST . IEAE R T A — O TR R N RDE AR B — PR TR R 2 W] oy BERE 1, A
FHGIER, WAPS-IIHIHEPS, ¥ [/ 4 48 5 G IR Y ,D\EPE"JYﬁfZIS A SEEE L AR KT B AR A A B RS
PLIAAE [R) AR 57 4o B A A B L E A 3R F5. DINEA SN

it xtMassachusetts General Hospital #1Harvard Medical School t GupitaZk 3% & b # Bl 5 k S By 3T 0F /R #03% th 2 4% M

RPN

10

11

12

13

itit, PEEFEIR TG ET R mE R PO N EE o A 7w L ABSRF AW1K i R~ T e it ik A
B, Ao [F 4R 4T 2 EAWLIA R sk A R AL Byt Bh, 7k — 3F B

Snigirev A, Snigireva |, Kohn V, et al. On the possibilities of X-ray phase contrast microimaging by coherent high-energy synchrotron
radiation. Rev Sci Instrum, 1995, 66: 5486-5492

Chapman D, Thomlinson W, Johnston R E, et al. Diffraction enhanced X-ray imaging. Phys Med Biol, 1997, 42: 2015-2025

David C, Néhammer B, Solak H H, et al. Differential X-ray phase contrast imaging using a shearing interferometer. Appl Phys Lett,
2002, 81: 3287-3289

Wilkins SW, Gureyev T E, Gao D, et a. Phase-contrast imaging using polychromatic hard X-rays. Nature, 1996, 384: 335-338
Cloetens P, Ludwig W, Baruchel J, et al. Holotomography: Quantitative phase tomography with micrometer resolution using hard syn-
chrotron radiation X rays. Appl Phys Lett, 1999, 75: 2912-2914

Pagot E, Fiedler S, Cloetens P, et al. Quantitative comparison between two phase contrast techniques: Diffraction enhanced imaging and
phase propagation imaging. Phys Med Biol, 2005, 50: 709-724

Gureyev T E, Mayo S, Wilkins SW, et a. Quantitative In-line phase-contrast imaging with multienergy X rays. Phys Rev Lett, 2001, 86:
5827-5830

Baruchel J, Cloetens P, Hartwig J, et al. Phase imaging using highly coherent X-rays: Radiography, tomography, diffraction topography.
J Synchrotron Rad, 2000, 7: 196-201

Nugent K A, Gureyev T E, Cookson D F, et al. Quantitative phase imaging using hard X rays. Phys Rev Lett, 1996, 77: 2961-2964
Pogany A, Gao G, Wilkins S W. Contrast and resolution in imaging with a microfocus X-ray source. Rev Sci Instrum, 1997, 68:
2774-2782

JiaQJ, ChenY, Li G, et al. Optimization of the in-line X-ray phase-contrast imaging setup considering edge-contrast enhancement and
spatial resolution. Chin Phys C, 2012, 36: 267-274

Jiang JH, Zhao JY, Tian Y L, et a. The X-ray topography station at the Beijing synchrotron radiation facility. Nucl Instr Meth Phys Res
A, 1993, 336: 354-360

Born M, Worf E. Principles of Optics (in Chinese). 7th ed. Beijing: Publishing House of Electronics Industry, 2009. 249 [Born M, Worf
E. J62REA. 5B dbat: Bl iRk, 2009. 249]

2551



a4 % B & 2017HESHA £62% 22

Summary for * XK B GTR I R125 456 X 54 Rl AR A A4

Synchrotron radiation X-ray in-line phase-contrast imaging
with highly symmetric source

LI Gang" ", ZHANG Jie", Y1 QiRu*, WANG YanPing', CHEN Yu', JA Quandie* &
JANG XiaoMing™?"

! Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China;

2Beijing Advanced Sciences and Innovation Center of Chinese Academy of Sciences, Beijing 101407, China

* Corresponding authors, E-mail: lig@ihep.ac.cn; jiangxm@ihep.ac.cn
T Equally contributed to this work

In available synchrotron radiation facilities all over the world, the size of electron beam bunch has distinct difference
between the horizontal direction and the vertical direction at the cross section vertical to electron moving direction. It will
cause low symmetry of source size in horizontal and vertical directions, and result in big difference in the spacial
resolution and phase contrast between these two directions in synchrotron radiation X-ray in-line phase contrast imaging.
The superior resolution and phase contrast of one direction will couple with the inferior ones of the other direction in
actual object imaging, this interaction will degrade both spacia resolution and phase contrast of the whole image and
lead to poor image quality. In this paper, a four-knife white beam dlit is used in Beijing synchrotron radiation facility
(BSRF) 4W1A beamline to adjust source size in horizontal and vertical directions and restrict the point spread function
(PSF) of source, the source size is limited from 1.23 mm (horizontal)x0.46 mm (vertical) to 0.35 mmx0.35 mm. By this
way, a highly symmetric effective X-ray source is obtained. The symmetry of source size isimproved from 2.7 to about 1.
Although the total X-ray flux loses 99.95%, the X-ray flux density is only reduced to 22%. It because total flux is taken
account of the expanded spot size due to divergence, while flux density is mainly related to effective source size, which is
limited not severely as expanded spot size by white beam dlit. The flux density reduction by this method is not a critical
defect in high resolution X-ray phase contrast imaging and can be improved by other ways. The polyamide fiber net is
imaged using X-ray in-line phase contrast imaging at 4W1A, BSRF. Diameter of fiber is about 50 microns, X-ray energy
is 13 keV, the effective pixel sizeis 0.325 micron, the experiment images are obtained at object-to-detector distances of 4,
10, 16, 36, 100, 200 and 300 mm with source-to-object distance of about 43 m. The results show that when source size in
horizontal direction is limited from 1.23 to 0.35 mm (symmetry of source size is about 1 at this condition), the maximal
phase contrast of image is advanced from 0.057 to 0.35. It means the density sensitivity is promoted about 5 times than in
ordinary source size conditions. The spacial resolutions in different source size symmetry conditions are also primary
analyzed based on Rayleigh criterion. The result shows that spacial resolution can be improved notably in horizontal
direction by limiting horizontal source size to a nearly symmetric source size condition. Our work demonstrates that the
spacial resolution and phase contrast can be promoted at the same level by source size symmetry improved, which
markedly improved the imaging quality in synchrotron radiation X-ray in-line phase-contrast imaging. It will have great
benefit to high-resolution X-ray in-line phase contrast imaging. The reasons of these improvements are analyzed and
developments in future are al so discussed.

X-ray in-line phase-contrast imaging, source symmetry, contrast, spacial resolution, synchrotron radiation, point
spread function
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