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Fig. 1. Schematic diagram of incoherent X-ray imaging.
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Fig. 2. The Fourier spectrum of carrier fringe patterns in

general case.
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Fig. 3. Spectrum aliasing between different harmonic peaks

in practice.
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Fig. 4. The impact of spectrum aliasing on phase retrieval. (a), (b) and (c) denote the cases, in which the ratios of the carrier fringe

period to size of detector pixel are 3, 4 and 5, respectively.
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Fig. 5. The phase retrieval when no spectrum aliasing.
ThEsME & ik

BT FRAT 98, G A — GO 1 1R &
e LAk = A D R FE SN L, jﬂT
Pl DR B, T B AR D TG R — PO
AR — BE AT L Ao /NI I T 1 114 5 JEE AT A
TR — WA AR AHIZ T A 2 R U, T
TR BT SRR, m s R B 2, i
SRS A RIS LU XoF i, FATToR 4 i

2.2

A 22 PR 50 e L I 72 380 R i B3R 2 A X — 3 114 52
Wi, 277 1 n] LATE RS A B A S TR, KRR

T DR B4 B 35 0 R AR PR A AR 4 5]
BAPIR IR R, Bk ey JoRE
—EF SR L, SRS AEOLEE P LA, Refe—
WA R B R Lo H6 T H T DT m R 3ot
WA IR BEES, SRJ5 RAE S iR AR 1R
Iyo. BEJRIEHAR MO GES 58, RS —IREA Y
RGP Loy . ERREETTIMZ AN L 22 ML,
B s R 28, I n] DLREARIR 22 bz il 05 1%

LIS SURES I
TE 5 — WA YR R Lo b, 228000 A vl

5
Lo (x) = a(z) +b(z)cos 2nfor + ¢ (x)].  (10)
H T3 R A DA R Too FIER— R WIIA
MG Do 22 1 2SI 9, DRt S e 22 T 4 A
fiZHn:
Iy (z) = a(z) + b (x) cos 2nfor + ¢ () + 7]
a(z) —b(z)cos2nfor + ¢ (x)].  (11)
0) 22 (11) 2 RIAT I BRI SZA5
EEP VS TIIESAIE
I, = 2b(x) cos 2nfox + ¢ ()] . (12)
X (12) A B AR, SR SRIBOE —H, F
AR R - s BT 75 3 TE — A RS
b (z) exp [ip (x)] exp (i2mfox) . (13)
XoF 7 0 T A B R T 1 Loy B A 1 iR HAE
AR TCYIAR B TE— A RS
be (z) exp (i2n fox) . (14)
?F%uaf%uu@meﬁEﬁWWR
S DA B B ARRHE S, B

b(x) explid (z)] exp(i2nfox)
b, () exp(iznfor)

14 (1
THIEZ, 4

¢2(x) =angle (15)

3 SIS Ee A

FiEEGEEM THEN G
MR
T T A A S A A A 7 o AR L A
ok MmO 52 I ROCR . S0 EoR R E 1y
RN, X SR TRB G AR A HE A 80 cm, YEHE R
TN 28 (4 B B R 45.78 e, IS G A ZE 458 000 28 - T
IR RSO S TR G R RS UE r = 3.

3.1

104101-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 10 (2021)

104101

X IR MR Ry 40 KV, HLIL R 160 pA, e
AT B SRR — R RO LARRAIRIE 7S | B3R
BG4 s, FE O EHAZ 5 mm 1A HLIE I
(PMMA), HE M AR I 28 53 cm. PilE RS
AR FEL I S 4 3 R B el L A g R B 1 R
() PMMA FHAH G AN 6 Fzs. BEIET 1048 w5 3
i, HARifE 2 o S5 F 2R — Mt [ B () — 50 2 —.
P 6(a) 2 1P W PG M08 L A s e 52 11 R A 1R
ARG P B MBS . TR 6(b) T2 2 g (&)
QAR B AR R O AR, AR A U A B
BRLEE. WA 6 BB R AT LIE S, P
AR BL AR 4k T 20 AR AT (18] 6(a)) LE B
G P A4 8 B A g 0 R 52 i AR AR (181 6(D))
FEAM Dh e 7 A BH A it

F6 (a) 75 IR 11540 LA 46 125 BT R 2 4 B9 PMIMLA. A
TG (b) H0R PR B AR Sk BT A2 ) B9 PMMA ARHS
Fig. 6. (a) The phase-contrast image of PMMA retrieved by
Fourier transform with two images; (b) the phase-contrast
image of PMMA retrieved by Fourier transform with one

image.
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Fig. 7. (a) Curves from averaging the area of white rect-
angle in figure 6 by row; (b) curves from averaging the area

of black rectangle in Figure 6 by row.
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Table 1.  Quantitative comparison between two
kinds of Fourier transform algorithms.
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Fig. 8. Fourier spectrum (a), phase-contrast image (c) and dark-field image (e) of a chicken wing when r = 3. Fourier spectrum (b),

phase-contrast image (d) and dark-field image (f) of a chicken wing when r = 5.

104101-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 10 (2021)

104101

B X P % ) AR EEL b A2 R SR AR AR 6
5 B 25 5 BN R, ASSCor# TR
FEAERAILEE, PR T O R SR TR B
PG 0 8 L A4k S AR 6 A B AR, BT
WHAZ GRS —PIE IR &, 15— S
WS AT SR B A FGOmE i, e B R
FHAZ G 3 T 2k 2 SO [RAR I T 3
I, FRATTAH PR R AR AL 25 0 7o i) GRS 7 L A
P RN, B A AN T AR B A, R,
T 3 R A SR SR AR KA ] B, 7T DAk
— UM IR S IO 5 . AN SCHE R Y I i PR
i L AR B AR R TE AR A T X BT R RS
SRR, (BXTF Talbot-Lau T#4X, % I
[RIRE AT AR S A T D s 4l

S 0k

[1] David C, Nohammer E, Solak H H, Ziegler E 2002 Appl.
Phys. Lett. 81 3287

[2] Momose A, Kawamoto S, Koyama I, Hamaishi Y, Takai K,
Suzuki Y 2003 Jpn. J. Appl. Phys. 42 1L.866

[3] Pfeiffer F, Weitkamp T, Bunk O, David C 2006 Nat. Phys. 2
258

[4] Pfeiffer F, Bech M, Bunk O, Kraft P, Eikenberry E F,
Bronnimann C, Grunzweig C, David C 2008 Nat. Mater. 7
134

[5] Bech M, Tapfer A, Pauwels B, Bruyndonckx P, Sasov A,
Pfeiffer F 2013 Sci. Rep. 3 3209

[6] Anton G, Michel T, Pelzer G, Radicke M, Rieger J, Weber T

(14]

(15]

(16]

(17]
(18]

(19]

(20]

(21]

(22]

104101-6

2013 Z. Med. Phys. 23 228

Yang J, Guo J C, Lei Y H, Yi M H, Chen L 2017 Chin. Phys.
B 26 028701

Weitkamp T, Diaz A, David C, Pfeiffer F, Stampanoni M,
Cloetens P, Ziegler E 2005 Opt. Ezpress 13 6296

Takeda M, Ina H, Kobayashi S 1982 J. Opt. Soc. Am. 72 156
Wen H, Bennett E E, Hegedus M M, Carroll S C 2008 /IEEE
Trans. Med. Imaging 27 997

Wen H, Bennett E E, Hegedus M M, Rapacchi S 2009
Radiology 251 910

Lim H, Park Y, Cho H, Je U, Hong D, Park C, Woo T, Lee
M, Kim J, Chung N, Kim J, Kim J 2015 Opt. Commun. 348
85

Lim H W, Lee H W, Cho H S, Je U K, Park C K, Kim K S,
Kim G A, Park SY, Lee DY, Park Y O, Woo T H, Lee S H,
Chung W H, Kim J W, Kim J G 2017 Nucl. Instrum.
Methods Phys. Res., Sect. A 850 89

Lim H, Lee H, Cho H, Seo C, Je U, Park C, Kim K, Kim G,
Park S, Lee D, Kang S, Lee M 2017 J. Korean Phys. Soc. T1
722

Seifert M, Gallersdorfer M, Ludwig V, Schuster M, Horn F,
Pelzer G, Rieger J, Michel T, Anton G 2018 J. Imaging 4 62
Seifert M, Ludwig V, Gallersdorfer M, Hauke C, Hellbach K,
Horn F, Pelzer G, Radicke M, Rieger J, Sutter S M, Michel
T, Anton G 2018 Phys. Med. Biol. 63 185010

LiJ, SuXY, Guo L R 1990 Opt. Eng. 29 1439

Chen W J, Su X Y, Cao Y P, Xiang L. Q 2004 Chin. J. Las.
31 740 (in Chinese) [FR3CHE, I8, & 457, mISL#F 2004
FE#OE 31 740]

Zhu P, Zhang K, Wang Z, Liu Y, Liu X, Wu Z, McDonald S
A, Marone F, Stampanoni M 2010 Proc. Natl. Acad. Sci. U.
S. A. 107 13576

Wang Z, Gao K, Ge X, Wu Z, Chen H, Wang S, Zhu P,
Yuan Q, Huang W, Zhang K, Wu Z 2013 J. Phys. D: Appl.
Phys. 46 494003

Yang D, Lei Y H, Liu X, Guo J C, Niu H B 2013 Acta Phys.
Sin. 62 06872 (in Chinese) [¥t47, BHIE, X%, 4, 43K
28 2013 PJHAAAR 62 06872]

Momose A, Yashiro W, Takeda Y, Suzuki Y, Hattori T 2006
Jpn. J. Appl. Phys. 45 5254


http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1063/1.1516611
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1143/JJAP.42.L866
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nphys265
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/nmat2096
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1038/srep03209
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1016/j.zemedi.2013.01.001
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1088/1674-1056/26/2/028701
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/OPEX.13.006296
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1364/JOSA.72.000156
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1109/TMI.2007.912393
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1148/radiol.2521081903
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.optcom.2015.03.028
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.1016/j.nima.2017.01.022
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3938/jkps.71.722
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.3390/jimaging4050062
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1088/1361-6560/aadafe
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.1117/12.55746
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.3321/j.issn:0258-7025.2004.06.023
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1073/pnas.1003198107
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.1088/0022-3727/46/49/494003
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.7498/aps.62.068702.
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://doi.org/10.1143/JJAP.45.5254
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 70, No. 10 (2021) 104101
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Abstract

Over the last two decades, the grating-based phase-contrast imaging has aroused the interest of a number
of researchers. It could provide an access to three complementary signals simultaneously: the conventional
absorption contrast, the differential phase contrast related to refraction of incident wave, and the dark-field
contrast that relates to ultra small angle scattering in a sample. The grating-based phase-contrast signals have
higher contrast sensitivity for some types of soft samples than the absorption signals. Dark-field signals have
better diagnostic effects in the detection of lung tumors, pneumothorax and the identification of
microcalcifications in breast. There are two main phase retrieval methods in grating-based X-ray phase-contrast
imaging, i.e. phase stepping method and Fourier transform method. The phase signals retrieved by phase
stepping is high precise and has low noise. But the sample suffers high dose due to at least three exposures. The
phase signals retrieved by Fourier transform is low-dose due to the fact that only one image with sample is
needed, but it is easily affected by artifacts when the size of the filtering window is too large. However, when
the size of the filtering window is too small, the high-frequency information of the phase-contrast image will be
lost, and the image will become blurred. A trade-off between definitions of the image and artifacts should be
made. Since the phase-contrast signal and the dark-field signal of the sample are modulated by carrier fringes,
the frequency spectrum of the detected image consists of many different harmonics. The artifacts in the
retrieved signals originate from the spectrum aliasing between primary peak around zero spatial frequency and
first-order harmonic peaks. Therefore, the subtraction between two images with phase difference can remove the
primary peak, and the artifacts in the phase-contrast signals and dark-field signals will be suppressed. In order
to further suppress the artifacts, we increase the frequency of carrier fringes, which results in a larger distance
between first-order harmonic peaks in frequency domain. We finally attain artifact-free phase-contrast images
and dark-field images while maintaining high definition of the images. The method proposed here is not only
applicable to incoherent imaging system, but also to Talbot-Lau interferometer, and it would be useful in fast

and low-dose X-ray phase-contrast and dark-field imaging.
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