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�©æ^�£áÂ��5 (PAD) � ¡E�{5¢y·Ü�Ý�¬SÜØÓ�Ý|©�½þ¤�, æ^êi
�[Ú¢�ïÄ�yT�{��15. �[(JL², éun«ØÓá�Ù�Ø�þ�u 1%, �Ø���á�ò
�Ç�O�~�. |^þ°1 X ��¤��ÕmÐ
¢�ïÄ, (JL²^üå PAD � ¡E�{�¼��
¬�½þ&E. ��[(J�', ¢�¥��°Ý�é�$, �G�K�U´K�°Ý�Ì��Ï. �[Ú¢�ï
ÄL§¥, þ�æ^
�|üåÝKêâ. �±@�, �£áÂ��5�{�^u·Ü�Ý�¬�½þ&E©Ûï
Ä. duJþ�é�$, A�·Üu^|�Ú��Ó��3�)Ô�Æ�¬�½þ�� CT ïÄ.

'�c: �£áÂ��5, � ¡E, X ��Ó¶�� CT

PACS: 87.59.−e, 42.30.Rx, 42.30.Wb, 42.30.Yc

1 Ú ó

�Xäkp�Z5!pO�5!prÝ�1
n�ÓÚË�1�×�uÐÚ2�¦^, DÚ
� X ��¤�Eâ�u)XF#�É�Cz, X �
�� �Ý¤��FÃÿÐÙA^+�, ¤�ïÄ
�¬SÜ&E�#Eâ [1,2]. ÏL �¡E�{�
�±¼��¬SÜØÓá�|©��Ý½þ&E.

Ï~�¡E�{´ÄufáÂCqÚõåÝKê
â5¼��¬�½þ&E, ·Ü�Ý�¬� X �
��p�^��áÂK�´Ø��Ñ�, ®k� 
�¡E�{Ø2��·^ [3,4]. Ïé�«UÓ��
ÄáÂÚ�£!Ê·5�r�� ¡E�{´�
©7��. ,	, Ñué�¬S�5��Ä (cÙ´
)Ô|��¬�), I�ÏL��ËìJþÚÉì
�m5���Ý/�o�¬, 3�{ïÄ��þ�
5�õ/dõåÝK�{=�üåÝK�{. Ïd,

æ^üå�£áÂ��5� ¡E�{¦� X �

�·Ü�Ý½þw�¤��2�¦^¤��U.

Ï~ X ��¤�¥Q�¹áÂrÝ©Ù, ��
¹�£N�Úå�rÝ©Ù, üö��d�¬�Ý
K>f�Ý5û½, ùÒ´ X ���Ô��p�^
��£áÂ��5. |^·Ü�ÝÅnl®¼��
��ã¥)NÑ�£&E��ÔN�� ã�
L§¡�� ¡E. ÏL� ¡E�±���£�
½þ&E, =ÔN�� ã, ��u§�½þÝK
>f�Ý©Ùã. Ïd, � ãU
�N�ÿÔN
�½þ(�&E [5−7].

éCq�m�Z�ÓÚË�1, ��¤��
ÔnL§�±w¤´gdû�DÂ!uÑl�!
Ó¶�E�L§. 3êâ¼�Ú?n�¡, Ï~I
���êvØÓåle�êâ5¼����� 
ã [8−10], ,�Ò´éù
���� ã?1ÈÅ
�ÝK (FBP) n��, �ª���¬ò�Ç�n
�©Ù½ö?¿�������þ��¡. 8c
~^�{k [11−13]: 1) 1rDÑ�§ (transport of
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intensity equation, TIE), §3Ô�ålé��4�
��S´k��. 2) �ÝD4¼ê (contrast transfer

function, CTF), §é� úCzÚfáÂÔNék
�. 3) ·ÜD4¼ê, k�nÜcü«�{, *Ð

Ù�^��. 4) Å�Cq�{. 5) Groso-Bronnikov

�{. X ��Ó¶�� CT(IL-XPCI/CT) Eâ�/
�ÆïÄÚE,(�XÚ��¤ïÄJø��
� 2D ½ö 3D ½þ&E, äk�pïÄd�ÚA^
cµ. X)Ô�Æ!p©fkÅá�!7áá�!
��7á+�!¬N(��¡� [14−20].

8c®²$1�1n�ÓÚË�C� (þ°1
), Ùg,u�Ý� 3.9 nm/rad, �m�Z5k

�ÌJp, éuÐ�1�ZA5���'� IL-

XPCI/CT �{�©k|. �©|^þ°1k?¤
��ó�A^ BL13W 1å�Õ�üÚ1mÐ IL-

XPCI/CT ïÄ, (Ü�£áÂ��5�� ¡E�
{, ¢y
üå IL-XPCI/CT ÝKã��� ¡E,

¢�y²�{�k�5Ú`�5.

2 � n

2.1 ������¯̄̄KKK —– ¤¤¤���LLL§§§

æ^Ó¶ X ��¤��n, X ��\�²¡Å
�Ô²¡þ��¬u)�p�^, Qk1>áÂÚ
xÊî��ZÑ�E¤�áÂ�^, qk�ZÑ�
�)��£�^. Ïd, Ô²¡���1|äk�
£áÂ��5, �âIþû�nØ¥�r�û�ú
ª, �±��ålÔ²¡ Zi ?��²¡þ�1|
©Ù, l�â�£áÂ��5úªO�ÑÙ� 
©Ùã, ÙÄ��n [8] Xã 1 ¤«.

ã 1 Ó¶ X ����w�¤�«¿ã

é�¬�Ôn£ã�±^��ò�Ç5£ã:

n = 1 − δ + iβ(Ù¥ δ ´� Ïf, β ´áÂÏf),

êÆ£ã�±^ßLÇ¼ê5£ã [16,19],

T (r) = A2
0(r) exp[jφ(r)]

= exp[−B(r) + jφ(r)], (1)

Ù¥

B(r) =
2π

λ

∫
β(r)dr, (2)

φ(r) = −2π

λ

∫
[1 − δ(r)]dr. (3)

�±wÑ, exp[−B(r)] ��¦rÝPf, exp[jφ(r)]

��¦� ò´, üöþd�¬ÝK��>f�Ý
¤û½, �â�£áÂ��5 [13], �¬��£Úá
Â&E�±?�ÚL«¤

A2
0(r) = exp[−σKN · ρe,p(r)], (4)

φ(r) = −λ · r e · ρe,p(r), (5)

Ù¥, ρe,p(r) �ÝK��>f�Ý, φ(r) ��¬�
��� ©Ù, A2

0(r) ��¬����áÂrÝ©
Ù, >f�» re = 3 × 10−15 m, σKN �gd>fx
ÊîÑ��¡, Ùúª�

σKN =2π · r2
e

{
1 + η

η2

[2(1 + η)
1 + 2η

− 1
η

ln(1 + 2η)
]

+
1
2η

ln(1 + 2η) − (1 + 3η)
(1 + 2η)2

}
, (6)

Ù¥, η =
Ephoton

m ec2
; m ec

2 = 511 keV; Ephoton �1

fUþ; Å� λ =
hc

Ephoton
.

(Ü (4), (5) üª�±��� ÚáÂ�m�
'Xª

φ(r) =
λ · r e

σKN
· ln[A2

0(r)] = γ · ln[A2
0(r)]. (7)

- γ =
λ · re

σKN
, Ù � L « IL-XPCI � � ¤ � �

(¯Ý.

Ñ�1Å|��
ÔN�áÂ&EÚ�£
&E, �Xgd�mIþû��DÂ, 1Å|ò
u)Cz. b�1ål�¬�ål´ d1, �¬
ål&ÿì�ål� d2, K1´AÛ��Ïf
� dr = (d1 + d2)/d1. &ÿì¤�É�1|Q
�¹áÂ&Eq�¹�£&E, ÙrÝ©Ù�±
£ã� [17]

I(rD) = |T (r) ∗ P (r)|2, (8)

Ù¥, ∗ �LòÈ, P (r) �L�r�DÂÏf. �

êÆO���B, ù�L§Ï~�=��ª�¥$
�, �éþª�Fá�C���

F{I(rD)} =
∫

T (r − λd2f/2)T ∗(r + λd2f/2)
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× exp(−i2πrf)dr, (9)

Ù¥, F{·} �L��Fp�C�, f �Lª��I.

2.2 ___���¯̄̄KKK —– ���   ¡¡¡EEE

¤�L§´�
¦�Uý¢��NÔNSÜ
�(�&E, ù´��_�L§, =ÏLrÝ�)
NÑ�¬���� &E½>f�Ý��m©Ù
&E. ¢S¢�¥·�Ã{��°(���¬��
²¡þ�1r©Ù, ¿òÙ�\ (7) ª��¦ÑÔ
N���� ©Ù. ´ÏL���½Ô�åle
�rÝ� I(rD), 2�âgd�mIþû�nØ�
íÑ A2

0(r) 1|©Ù, �ªÏL (7) ª¡EÑ�¬
�� ©Ù, ±¦���Ý/2y�¬�ý¢(�
&E.

d u � r � D Â Ï f � F p � C �
� F{P (r)} = exp(−jπλd2f

2/dr), Ù� �±£
ã� α = πλd2f

2/dr. b��¬�� Cz·Ý, l
�r�Ä�¿ÅC¶û�nØ [8] Ñu�±��

F{I(rD)} =
Iin

d2
r

{
cos(α)(F{A2

0}

− i · λd2f

dr
· F{φ∇A2

0})

+ 2 sin(α)(F{A2
0φ}

+ i · λd2f

4dr
· F{∇A2

0})
}

, (10)

Ù¥, Iin L«\�1ÅrÝ, ∇ L«Ç��î$
�Î. �â� áÂ��5 (4), (5), (6), (7) ª, �
ò (10) ª?1{z, - |φ(r + λd2f/2dr) − φ(r −
λd2f/2dr)| ¿ 1, ��

σKN

λ · re
∼ 10−3 p��, ��

F{φ∇A2
0} = (−4π2f2)

(λ · re

σKN
)F{A2

0}, (11)

F{A2
0φ} = λr eF

{ ∂A2
0

∂σKN

}
≈ λ · re

σKN
F{A2

0 − 1}.

(12)

(Ü (11), (12) ª�±ò (10) ª?�Ú{z�

F

{
d2
r I(rD)
Iin

}
≈ [cos(α) + (2γ + α) sin(α)] · F{A2

0}.

(13)

�â1ÆD4¼ê��n, 3ª���S�±��
rÝDÂ�_D4¼ê

H(α) =
1

cos(α) + (2γ + α) sin(α)

=
1

δ · cos(α1)
. (14)

- δ =
√

1 + (2γ + α)2, α1 = α+tan−1[1/(2γ+α)],

�ò (13) ªU�¤

F{A2
0} = H(α) · F

{
M2I(rD)

Iin

}
. (15)

ÏLFp�_C�=����¬3 SDD(Ô�
ål) � 0 ��rÝ©Ù, (Ü (7) ª=����¬
�� ©Ù.

2.3 ___DDD444¼¼¼êêê???������ØØØ���µµµ���

du� α1 = (k − 1/2)π, k = 1, 2, 3, · · · �,

cos(α1) kL":, _D4¼ê�3ÛÉ:, �I�
é_D4¼ê?1?�. É� Groso JÑ?��
� Bronnikov �{¥$ªD(?��éu, 3ù

ÛÉ:?ò_D4¼ê�©1þ\þ��áÂ?
�Ïf5�Ø�
 [23], �±ò_D4¼êU��

H(α) =
1
δ
· cos(α1)
cos2(α1) + kPAD

. (16)

�Ä� áÂ�5Ú�r�DÂ� Ïf
¥���, ÏLO��[Ïf kPAD ���Ú��
zS�, �Ñ?�Ïf�L�ª�

kPAD = 2 · π · λ · γ2 · d2. (17)

du���©�¡�� Ïf©Ù�¹, �
±k�/éêi��¡?1é'©Û. ¤±, é
u�[êâ�Ø�©Ûæ^�é8�zþ��Ø
� (normalized mean square error, NMSE) 5£ãµ

NMSE =
(

Σ|f(x) − g(x)|2

Σ|f(x)|2

)1/2

× 100%, (18)

Ù¥, f(x) ´nØ�, g(x) ´��.

éu¢�êâ5`, duÃ{��n���
¡, �´�±ÏLÚ¢��¬�� Ïf�nØ�
?1'���²þ�éØ� (average relative errors,

ARE)

ARE =
1
M

Σ
|mi − ki|

mi
× 100%, (19)

Ù¥, mi ´nØ�, ki ´¢ÿ²þ�.

3 êi�[

3.1 ���...���ïïï

DÚ X ��¤�Eâ´|^Ô��áÂA5,

§�(¯5É��¬SÜáÂXê��Cz��
�, Ã{«O��(�Cz¤Úå�áÂCz. ,
, X ��²L�¬áÂ�Ó�, �²{X� �
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UC. ïÄL²fáÂ�¬��£Cz´áÂCz
�Z�±þ, ¤±éu·Ü�Ý�¬5`, ��¤
�'åDÚáÂ¤�äk��`³, Ù¥� ¡E
¤�ïÄ·Ü�Ý�¬½þ©Û�'�. L 1 ¥�
Ñ
3êi�[Ú Phantom ¥¦^�á��� 
ÏfÚáÂÏf3 30 keV Uþe (λ = 0.4144 Å)

�IO� (http://henke.lbl.gov/optical constants/, ù

êâÏLNÔdË�|I[¢�¿Jø� X �
��Ô��p�^Ñ�êâ¥��). �âL 1 ¥
�Eò�ÇêâÚ 3D Sheep-Logan �.êâ�[

·Ü�Ý�¬�êi�¡, Xã 2 ¤«µ�	�
Ô�´ Al, SÜü�ý�Ô�´ PMMA, SÜn�

�/Ô�´ PP, ã 2(a) æ^�£Ïf δ �nØ��
[Ñ�¥%�¡�Ý©Ù, ã 2(b) æ^áÂÏf β

�nØ��[�¥%�¡�Ý©Ù, �±wÑÄu
�£ÏfÚáÂÏf�ØÓ, ¥%�¡�ÝCz�
©wÍ, �·Ü�Ý�¬���¤�½þïÄJø

éÐ�nØÄ:.

L 1 êi�[Ú Phantom ¥¦^�á��Eò�ÇXê
3 30 keV e�IO�

δ β

Al 6.0078 × 10−7 7.6069 × 10−10

PMMA 2.9611 × 10−7 1.0213 × 10−10

PP 2.3679 × 10−7 7.0093 × 10−10

ã 2 �â 3D Sheep-Logan �.ÚL 1 �á��Eò�Çêâ�[
·Ü�Ý�¬�êi�¡, �±wÑÄu�£ÏfÚá
ÂÏf�ØÓ, ¥%�¡�ÝCz�©wÍ (a) æ^�£Ïf δ �nØ��[Ñ�¥%�¡�Ý©Ù; (b) æ^áÂÏf β �n
Ø��[�¥%�¡�Ý©Ù; (c) ´�[�¡¥x�¤?��£ÏfÚáÂÏf�é'(J

3.2 ___DDD444¼¼¼êêê���???������[[[

é IL-XPCT � PAD � ¡E�{¥�_D4
¼ê?1
?�c����êi�[Xã 3 ¤«,

ã 3(a) ��u��$ÏÈÅì, éÔ1Å�pªk
r�³��^, é$ªD(%³�Ø
, ¦�¤�
(J�)�
. ã 3(b) k�Uõ
p$ª(�, ¦
�Ô1Å�� ��k��.
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ã 3 áÂ�£��5� ¡E�{�_D4¼ê���©Ù/ª (a) �?�c (14) ª���©Ù/ª; (b) ?��� (17) ª
���©Ù/ª

ã 4 é�[�¡?1�r�û�DÂÚáÂ�£��5� ¡E�{��¡�é' (a) ��[�¡²L�r�û�D
Â (SDD = 15 cm) ������¡; (b) 3 (a) �Ä:þ²LáÂ�£��5� ¡E�{����¡; (c) �[�¡Ú
��¡¤éAx� �?��� Ïfî�¡é'ã, PR Value ´²L� ¡E��(J, Non-PR ´�r�DÂ����
�(J
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3.3 êêêiii���[[[(((JJJ999©©©ÛÛÛ

?1Äu IL-XPCT � PAD � ¡E�{êi
�[©Û, Ù�[^�Xe: 1fUþæ^ 30 keV,

SDD � 0.3 m, &ÿì©EÇ� 3.7 µm. z���
Ý�ÝKãÑ´�â (1), (2), (3) ª, òü|êâ�
¡ã 2(a) Ú (b) Ü¤���¬�Ñ�1Å�E�Ì
ßLÇ¼ê, 2�â (8) ª5£ãÔ1Å3gd�
mDÂ��r�û�L§, �
;�òÈ$�êi
�[3ª�¥?1, æ^�r�DÂÏf�Fp�
Cz/ª?1$�, ���±��ål�¬�½å
l?�1r©Ù, = SDD ?�ÝKêâ.

�[L§¥, æ^
ü«êâ?n�ª: 1) é
Ù��?1ÈÅ�ÝK (FBP) ��¡�ã 4(a);

2) éÙæ^ IL-XPCI � PAD � ¡E�{?1
$��2?1 FBP ��¡�ã 4(b). ã 4(c) �
ã 4(a) Ú (b) 3x� �?�� Ïf©Ù�¿¡
ã��¬ã 1(a) 3x�?�� Ïf�é'�J.

ã 4(a) �±wÑ�²L� ¡E�·Ü�¬��
 rÝ©Ù, Ù�ÝCz'�f, �Ý�; ã 4(b) ´
²L PAD �{���� rÝ©Ù, Ù�ÝCz
��C·Ü�¬����ÝCz, � �ÝÐ. �

âØ�µ� (18) ª���Ù5�þ��Ø�, äN
êâ�L 2, �±wÑØ���á�ò�Ç�O�
~�, éu�[�n«á��Ø�þ�u 1%.

Ò��{��ó, ù��Ø�AT�±÷v
�p°Ý½þ¤��I¦.

L 2 �[êi�¡¥�|©�� ÏfIO�!��95�
þ��Ø��é'(J

IO� �� NMSE/%

Al 6.0078 × 10−7 5.9753 × 10−7 0.54

PMMA 2.9611 × 10−7 2.9379 × 10−7 0.78

PP 2.3679 × 10−7 2.3488 × 10−7 0.81

4 ¢�(J9©Û

�¢�´3þ°1 BL13W1X ��¤�9
)Ô�ÆA^1å�Õ�¤, ¢����u�n�
��²�þ, ±~��Äé¢��K�, �¬²�
ål1� 34 m, �k8�$Ä²�!°(½ 
�;!ØÓ©EÇ�?� CCD ��'M���,

¿æ^¤�^� Image-pro plus (version 6.0.0.260)

98�ó����^�. BL13W1 ¢��Õ� IL-

XPCI/CT ¤�¢�C�«¿ãXã 5 ¤«.

ã 5 þ°1 BL13W1 ¢�²�«¿ã

ÿÁ�¬���d¾��K�ü«·Ü�
á, Ù�»�� 4.7 mm, SÜ�á©O´�ü��
/ PMMA(�»�� 2 mm)!Ù{n�Ø5K/G
� PP(º�3 1—2 mm �m), �ÿÁ�¬|©��
 9áÂÏf�nØ��L 1.

�g¢�^�Xe: 1fUþ� 30 keV, Ô�
ål SDD = 0.3 m, CCD k���º�� 3.7 µm,

Í 1 � m � 1.8 s, Ý K ê � 900, ¢ � ( J X
ã 6¤«.

ã 6(a) ´d CCD 3 SDD = 0.3 m ?æ8��

�¬ÝKã, �²� ¡E��ÏL FBPÈÅ�Ý
K�{�Ñ��¡, �±wÑ�¬Ó+�,�Ù,

�kér�>�Or�A, �Ü©�Ý«OØ²
w, Ã{£OSÜÔ��Ý©ÙCz; ã 6(b) ´²
L PAD �{�Ñ��¡, �±wÑÿÁ�¬�
¡��Ý(�k
²wUõ, U
�NÑ�¬ØÓ
|©��ÝCz, �¬ã��>�Or�A���

�Ø; ã 6(c) ´ã 6(a) Ú (b) x�?¤éA��
 Ïf��, Non-PR �´�²L� ¡E��
��(J, �±wÑ�¬�Ô�>.?���
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��r�, >.Or²w, �¬¥ØÓÔ��Ý¤
éA����O�f, Ã{k�«O�¬¥Ô�
�Ý�ý¢©Ù; PR Value ´²L� ¡E��(
J, �¬�Ô�>.?�������k�³�,

�¬¥ØÓÔ��Ý¤éA�����k�U
õ, Ä��A
·Ü�¬¥�Ô��Ý�ý¢©Ù.

,	, du¢��!�3�«Ø�Ï�, E¤
êâ�¥�3�/�K, é¢�(J�3�½�
Z6. �âØ�µ� (19) ª�±��ÿÁ�¬��
é²þØ�, äNêâ�L 3. ÏL¢�(J9Ø�
µ� (L 3) Ú�[(J9Ø�µ� (L 2) �é'©

Û, �±@�¢�¥�²þ�éØ�AÌ�5u
ÝKêâ�æ8L§9¢�^���Ú\�D(
/¤��G�K, � ¡E�{�{��Ú\�
Ø�=Óé��'~.

L 3 ÿÁ�¬�¡¥�|©�� ÏfIO�!��9²þ
�éØ��é'(J

IO� �� NMSE/%

Al 6.0078 × 10−7 6.4476 × 10−7 7.32

PMMA 2.9611 × 10−7 3.1023 × 10−7 4.77

PP 2.3679 × 10−7 2.5185 × 10−7 6.36

ã 6 éÿÁ�¬?1 IL-XPCT ��¡�é' (a) Ã� ¡E���¡; (b) ²LáÂ�£��5� ¡E�{���
�¡; (c) éAx� �?��� Ïfî�¡é'ã, PR Value ´²L� ¡E��(J, Non-PR �²L� ¡E���
�(J (du¢�êâ¥�G�K��3, Ú\
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Abstract

Weak absorption is the main condition of conventional phase retrieval of in-line X-ray phase-contrast CT. The absorption of

most samples, however, cannot be neglected in practice, it is needed to find new algorithms of attaining quantitative information. The

phase retrieval algorithm of phase-attenuation duality (PAD) is used to realize the quantitative imaging of different density parts in a

mixed contrast sample, and the digital simulation and experimental investigation are carried out in order to prove its feasibility in this

paper. The simulated results show that the reconstructive errors of three materials are less than 1%, and the values decrease with the

increase of refractive index. The experiment was carried out in the X-ray imaging and biological application beam-line of Shanghai

Synchrotron Facility, and the results show that the PAD method can attain the sample quantitative information and the reconstructive

accuracy is relatively low compared with that of simulation. Through the analysis of experimental data, ring artifact is mostly the

primary cause. One single projection data set is used only in simulation and experiment. So the PAD approach can be applied to the

quantitative information research of mixed contrast objects. In addition, because of the relatively low radiation dose, it should be suited

to investigate the quantitative phase-contrast CT of biomedical sample with soft tissue and bone together.
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