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ÓÚË� X ��´A²1, DÚw� CT J±é��¬¢y¯�!p©E!$Jþn�¤�,Ú^×£�Ú\
�±éÐ/)ûù�JK. �©æ^êi�[Ú¢���{��XÚ/ïÄ
Úå!1�ç�pÝÚ 180◦ ÝKê
é¤��þ!�Ý�K�. �[(JL², 3ÚåØ�u 2 �cJe, 180◦ ÝKêO�, Ø�~�, CT ¤��ÝC
ú; 1�ç�pÝO�, �Ý\¯;ÚåO�, �Ý\¯, �Ø�3#N��S; À�Ü·�ëê�¦^=²£'��
ê, Ø���. Ó�, `zëê¿3þ°1¢yÚ^w� CT, l¢�þ�y
�[(J. ïÄL², ÏL`z�ë
ê, ÓÚË�Ú^w� CT �±¢y¯�p�þn�¤�, �±��¢SA^Jø
�â.

'�c: ÓÚË� X ��,Ú^ CT, �éØ�, ÝKê

PACS: 42.30.−d, 07.85.Tt, 29.20.−c, 87.59−e

1 Ú ó

ÄuÓÚË� X ���prÝ!p�Ý!
pO�5!Ü©�Z�`:, ÓÚË� X ��w
� CT æ^� �ÝÅ�, �Ñ
DÚ X ��áÂ
¤��Øv, |^Ü©�Z X ��ÏL�¬�)
�� Cz, ò©EÇJp���½æ��þ?,
�±é)Ô|�!p©fàÜÔ!�)Ôz��
�p©E CT ïÄ, ¤���Æ+�ïÄ�k?Ã
ã [1−6]. �´ÓÚË� X ��´A²1, þ°Ó
ÚË�1 (SSRF) ¤��Õ X ��1�°Ý�
�� 50 mm×5 mm, ç���º���uY²º
�. éu�Ý�Ñ1�ç�ºÝ��¬, X ��1
åØU�gCX���¬, Ï~��{´é��
¬Å� CT ×£�©�¢yn�¤�, �Ýú, ¤
�°Ý�. òÚ^×£ [7,8] Ú\�ÓÚË� X �
�w� CT ¥, �k�/)ûù�¯K, ¢y��
¬�¯�!n�!p©E¤�, �ÌJpÓÚË
�w� CT é�ÄÔ�d��¬�NSÜ(�n
�Ã�¤�ïÄ�Uå. ÓÚË� X ��Ú^w

� CT(SRS-µCT) äk©EÇp!ëY¯�NÈ×
£�¬�A:, �wÍ áêâæ8�m!~�Ë
�JþÚ$Ä�K, ��;�Ï&ÿì½�¬�£
Ä�E¤�©�ØëY.

8c=kî³ÓÚË�C� (ESRF) �L�'
ïÄ, ^ K >~KÚ^ CT ¢y
ÄÔ|��(�
ÚõUïÄ, (ÜF1 CT ÚxÊî µCT ¢y

���â�þ���n�©Ù�½þïÄ [9−11].
�©l SRS-µCT ïÄ�¢SÑu, êi�[n
� Shepp-Logan ÞÜ�.�Ú^ CT L§9ï,
ïÄØÓÚå!1�ç�pÝ!180◦ ÝKê�Ï
�é¤�°ÝÚ¤��Ý�K�. 3dÄ:þ, ï
á SRS-µCT XÚ, ¿?1¢��y.

2 �n��{

SRS-µCT Äu��¤�Å�, æ^Ú^×£�
ª, ¢yé)Ô^|�!àÜÔ�$ Z ��¬�p
©En�¤�.
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Xã 1 ¤«, ÓÚË� X ��Ú^ CT æ^Ú
^×£�¬��ª, X ���±ØÄ, �¬Ó��
!�^=Úþ,�EÜ$Ä, l¢y X ��é�
¬�Ú^×£. �dÓ�, >ÖÍÜ�� (CCD) &
ÿì3�¬�¡ëYæ8ÝKêâ, ^æ8���
ÝKêâï�¡¿��n�(�. ���¬��
¬��)ü�Ü©, ^=�Ú,ü�. ^=�!�
�±$Ä, Ó�,ü�!�þ,½eü$Ä, ¢y
�¬�Ú^$Ä.

ã 1 ÓÚË� X ��Ú^w� CT «¿ã

Xã 1 ¤«, ßL�¬� X ��²L�ãå
l�DÑ����&ÿì, ¤�1´�DÚ�áÂ
�Ý CT aq. 1n�ÓÚË� X ��äk�Ð
��m�Z5, ²L�¬SÜ�3ò�ÇCzFÝ
�Ü �¬�)ò�, ²L�ãålDÂ�ò�1
Ú�Ï1¬�)Z�, l3�AÜ /¤Û�Z
�Or, �)�«�Ý���A. ùÒ´¤¢�Ä
uDÂ�� �Ý¤�, q¡�Ó¶Ó+¤�, §
äk1´{ü!ÃI�	1Æ���A:, kX
2��í2A^d�. òù�¤�Å��DÚ�Ú
^ CT (Ü, /¤�� �ÝÚ^ CT ¤�é)Ô
^|�!àÜÔ�$ Z �¬¤�kX��A^
cµ.

éuÓ¶ X ��� �Ý¤�, �¬�Ñ�1
�Ì u0 ´�¬áÂÚ� &EnÜ�^�(J,
=

u0 = ui × T

= ui × exp[−µ(x, y)/2 + jφ(x, y)], (1)

Ù¥ ui ´\�1��Ì, ²11\���b�� 1.
µ(x, y) Ú φ(x, y) ©O´ X ��ßL�¬��)�
áÂÚ� Cz. ÓÚË� X ���±@�´O²
11, �CqA^²11 Fresnel û�£ã. �&ÿ

ì��¬�ål� d �, �¡�1r©Ù�±�¤

I(x, y, d) = |u0 ∗ h|2, (2)

Ù¥ ∗ L«òÈ, h � Fresnel û�Ïf, � h =
exp(jkd)

jλd
exp

[ jk
2d

(x2 + y2)
]
, λ �\�1Å�, k �

Åê. fáÂ^�e, ��rÝ�±Cq�

I(x, y, d) = I0[1 − λd

2π
∇2φ(x, y)]. (3)

�â (3) ª, ��rÝ� ∇2φ(x, y) ¥�5'X. ù
Ò´¤¢�>�Or�A, 3k� âC�Ü �
)1rOr, /¤Ó+�. Ó�, ù�rÝ©Ù� X
1Å�9�¬�&ÿì�ålk'. ¢�¥��â
�¬�á�¤©Úa,�[!(��ºÝ, ÀJÜ
·�1fUþÚ�A�¤�ål [4,5].

¢�¥ÝKæ8�, �½1�ç�pÝÒ´
æ8ÝKã��pÝ. ¢�¥�¬þ,�Ý (V1)!
=Ä�Ý (V2) dÚåÚ1�ç�pÝû½, �±
L«�

V1

V2
=

p × ow

360◦
, (4)

Ù¥ p �Úå, ow �1�ç�pÝ.Úå p ��´
�¬^=�±þ,½eüålÓ1�ç�pÝ�
'� [12],

p =
s

ow
, (5)

Ù¥ s L«^=�±�¬þ,½eü�ål.

ã 2 ÓÚË� X ��Ú^ CT ï6§

|^æ8�Ú^ CT ÝKêâ, �ï CT �
¡9n�(�. SRS-µCT ï�Ì�g�´òÚ
^ CT ÝKêâ=z�ÊÏ CT �uã, 2^ÈÅ
�ÝK?1ï [12,13]. äN¢y�{kü«: 1)
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òÝKêâp�ü, ��z��¡�uã, ��
2?1ÈÅ�ÝK [14], ,�ò�ÝK�����
¡ã�?1�A�Ý�^=; 2) ���uã�, k
éØÓ��¡�uã?1�A�Ð©À�=�, 2
¢�ÈÅ�ÝK. ü«�{l��þ´���, «

O´3¢yÐ©À�=��k�gSØÓ, �{�
´éÈÅ�ÝK���¡?1^=, �{�´
|^�uã�±Ï5, 3ÈÅ�ÝK�cò�uã
*¿²£. ±e��[ïÄ¥, ·�æ^1�«
�{.

ã 3 �[�ÓÚË� X ��Ú^ CT �¡ÚÊÏ CT �¡�é' (a)Ú^ CT ØÓ��ï�¡; (b) éA�ÊÏ CT ï�
¡; (c) Ú (d) ©O� (a) Ú (b) ¥�µS�rÝ©ÙÓ+ã

ã 2 � SRS-µCT ïL§µã. 1�Ú, òÚ
^ÝKêâü¤�¡�uã, Ù¥ θ ´ÝKæ8
�À�, P̃ (θ, z+n) �LÀ�� θ, p� �� z+n

�æ8�ÝKêâ, P̃n(θ, z + n) � P̃ (θ, z + n) �
1 n 1ÝKêâ, P (θ, z) �À� θ �1 z �¡�
ü�uã. 1�Ú, �uãÀ�=�. duØÓ
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�¡ÝKêâ�Ð©À�ØÓ, �
�yï�
�ã�Ø�3^=, éØÓ��¡�uã?1�
A�À�=�, ò1 z �¡��uã P (θ, z) =�

� P
(
θ +

360◦ × z

ow × p
, z

)
. ��, ò����uãÈÅ

�ÝKï, ��Ú^ CT �¡.

3 êi�[

�[ïÄ¥æ^ 128 × 128 × 128 ���n

� Shepp-Logan ÞÜ�. [15], ?§�óæ^ IDL,
O�¥¤^�O�ÅÌª 2.66 GHz. ã 3 � SRS-
µCT ï�¡ÚÊÏ CT ï�¡�é', Ù¥
ã 3(a) �Ñ
Ú^ CT ØÓ��ï�¡, ã 3(b)
�Ñ
éA�ÊÏ CT ï�¡, Ú^ CT ^=�
±æ8 360 �ÝK,Úå 2.0; ÊÏ CT ^= 180◦ æ
8 250 �ÝK. ã 3(c) Ú (d) ©O�ã 3(a) Ú (b) ¥
�µS�¡éA�rÝCzÓ+ã. nÜï�¡
ã��þÚrÝCzÓ+ã�½5'�, �±@�
Ú^ CT �¡ï�J�±��ÊÏ CT ïY².

ã 4 ØÓÚå�Ú^ CT ï�¡, 1�ç�pÝ� 30 ��, z±æ8 360 ÝK (a) éA�Úå©O� 1.0, 1.3, 1.5, 1.8, 2.0,
2.2, 2.4, 2.6, 3.0, 4.0, 5.0, 6.0; (b) � (a) ¥ï�éØ��Úå�'X

3.1 KKK���¤¤¤������þþþ���ÏÏÏ���

Ú^ CT ¢��8I´éA½��¬3�±�
�É�ã��þ�æ8�ÝKê¦þ�. ù���
¡�±\¯¤��Ý, Ó���~�Jþ, é)Ô
^|��Ë�¯a�¬5`äk�¿Â. ±eò

��XÚ/ïÄØÓÚå p, 1�ç�pÝ ow(ü
 ���), 180◦ ÝKê R �Ï�éïã��þ
�K�. ¤��þ^8�zþ�� (NMSM) £ã,
Ø���, ¤��þ�Ð, NMSM ½Â�

NMSM = 100 ×
(∑

|f(x) − g(x)|2∑
|f(x)|2

)−1/2

, (6)
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Ù¥ f(x) L«Ú^ CT ï���¡rÝ©Ù,
g(x) �ÊÏ CT ï���¡rÝ©Ù [16]. g(x)
� 180◦ æ8 250 �ÝK�ÊÏ CT ï, nØ
þ 250 �ÝK®U°(ï 128×128 ��¡, ±§
��Ú^ CT ï°Ý'��ÄOAT´Ü·�.

ã 4 �Ú^ CT ï�¡9Ù�Ø��Ú
åCz��, 1�ç�pÝ� 30 ���, z±æ
8 360 �ÝK. ã 4(a) ¥���¡g�m!g
þeéA�Úå�g� 1.0, 1.3, 1.5, 1.8, 2.0, 2.2,
2.4, 2.6, 3.0, 4.0, 5.0, 6.0, ã 4(b) �éA��¡�
éØ��ÚåCz��. lã 4(a) �±½5/w
Ñ, �Úå�u 2.0 �, �ã��þ�Úå�O�
ÅìC�;Úå�u 2.0 ��ã�®m©�ý;Ú
å� 4.0 �, ®��wØÑ�k(�. lã 4(b) �
Ñ��Ø��½þ(J�±wÑ,Úå�u½�
u 2.0 �, �Ø�vk²wCz, �±3����
�Y². �Úå�u 2.0 �, Ø�:ìO�,Úå�
u 3.0 �Ø�O�C�, ��±3���p�Y².
Ïd, ÝKæ8L§¥,Úå7L�±�u�u 2.0,
±�yz��¡k 180◦ �ÝKêâ, ÷vÈÅ�
ÝKï�{��¦. �,, XJæ^Ù¦�S�
�{, �±¢yÝKêâØv���p°Ýï,
Úå��±·��u 2.0, �ï$�þ��.

ã 5 ï�éØ�� 180◦ ÝKê�Cz'X (©O�Ñ

Úå p = 1, 1.5 9 2.0 ��/)

ã 5 �Ñ
ØÓÚå (p 6 2) e�éØ�
� 180◦ ÝKê�Cz'X, �[¥1�ç�pÝ
� 30 ���. lã 5 �±wÑ, �Ø�� 180◦ Ý
KêüN~�. ÝKê�u 90 �, �éØ��ÝK
ê�O�eü�Ý�¯. ÝKê�u 90 �, �Ø
��ÝKê�Czªu²�.Úå p �u 2 �,Úå
Czé�Ø��K��é��. Ïd, �±@�,
3�°Ý�¦Ø�p�|Ü, �±òp°Ý�

�nØÝKê~�, 3�y�Ðã��þ�Ó��
Ì\¯¤��Ý. d�,Úå��±���� 2, ±
¢y�¯�¤��Ý�°Ýã+Ø�.

ã 6 �Ñ
Ú^ CT ï�éØ��^=²£
'2:� (float(RNS)) (p 6 2) �'X, Ù¥ float (F )
L«�ê F �2:êÜ©; RNS = 2R/(ow∗p), �
�¬^=�±æ8�ÝKêÚp�²£ål (ü 
���) �'�, ½Â�^=²£'. lã 6 �±w
Ñ, � float (RNS) � 0, =� RNS ��ê�, ï�
�éØ���. Ï� RNS ��ê�, �C�CqÒ
´T�ê��,Ú^ CT ÝKêâp�ü��¡
�uã´�A�¹eÊÏ CT ��uã, �éØ�
��. float(RNS) �u 0.2 �, �Ø�� float(RNS)
�üNO\, ��u)��. ÝKê~�, Ø�²w
O�, ü±ÝKê�� 180 �, �Ø�3�� 0—
1 ���SÑU��3 0.5 ±S. ¢�¥¦�U/
ò^=²£' RNS �C�ê, = float(RNS) ��
3 0—0.1 ��S, �±�y�p��°Ý.

ã 6 ï�éØ��^=²£'2:ê� (p 6 2) �Cz
'X (©O�Ñ
z±æ8�ÝKê� 40, 60 Ú 180 ��/)

3.2 KKK���¤¤¤������ÝÝÝ���ÏÏÏ���

¤��Ý�æ8�oÝKê!Í1�m�k
', Í1�méA½��¬Ú&ÿì´�½�, ù
pÚ^ CT ¤��Ý��^æ8�oÝKê£ã.
oÝKê��´×£���¬o�I�æ8�Ý
Kã�ê, oÝKê��, ×£�¬¤I��m�
á, ¤��Ý�¯, éA�Ë�Jþ�Ò��. Úå
Ú1�ç�pÝ´K�¤��Ý�ü��Ì��
Ï�.

ã 7 �Ú^ CT I�æ8�oÝKê�Úå
91�ç�pÝ�Cz�, üã 180◦ ÝKê
þ� 180. ã 7(a) ¥1�ç�pÝ� 30 ���,
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ã 7(b) ¥�Úå�½� 2.0. dã 7 �±wÑ, o
ÝKê�ÚåÚ ow ��O�üN~�. duÚ
å�O�É���, O� ow �~�ÝKê´�k
��å». éuÓÚË� X ��, R���Ü��
1fUþ�O�~�. Ïd, ÀJ¦�U��1
fUþ�±¼����1�ç�pÝ, l~�Ú
^ CT �oÝKê, \¯¤��Ý.

ã 7 �¬Ú^ CT æ8�oÝKê�Úå (a) Ú1�ç�
pÝ (b) �'X

4 ¢�(J

¢�3þ°ÓÚË�1� X ��¤�9)
Ô�ÆA^1å� (BL13W) mÐ. T1å�æ^Û
{ì (Wiggler) 1, ÏLV¬üÚìòx1=z�
üÚ1, 1fUþ�N��� 8—72 keV, ·Üé)
Ô�Æ�¬!á��¬!�)Ôz�ÚÜ7�¬
�?1p©E¤�ïÄ [17,18]. ¢�¥À�Æf�
��¬, Æáõ�kÅÔ, I�� �ÝâU��
ß¤�. ÆfSÜk´L�[�!�+(�, ·Ü
u�ä¤�©EÇÚ¤��þ. d	, Æf�[�

�¬, I�ïÄÆ!9Æm�SÜ�Nw�(��,
SRS-µCT ´�Ü·�óä. ã 8 �¢�C�ì¡,
8�²£�Ú^=�|¤���¬�, �¬�u^
=��þ, X �� CCD &ÿì3�¬��½ål
?æ8ÝK�. ¢�¥æ^p©E X �� CCD, �
�º�� 3.7 µm, ,ü�°Ý� 0.1 µm, =�°Ý
� 0.0001◦.

ã 8 ¢�C�ì¡, Ù¥8�²£�Ú^=�|¤���
¬�

��y X ��é�¬äk�Ð�Bß5, �â
¢�²�, À�1fUþ 21 keV[19,20]. �ânØ�
O, 1fUþ 21 keV 9 CCD ��º� 3.7 µm �,
��¤��Z�Ô�ålA� 11.59 cm[21]. ¢�
¥·�À��¬�&ÿì�ål� 12 cm. �âÆ
f�¢Sº�, À� 180◦ ÝKê� 600, 1�ç�
pÝ� 3.86 mm, Í1�m� 1 s. �â�[(JÀ
�¢�ëê, Ù¥�¬þ,�Ý� 6 µm/step, =Ä
�ÝÚ�� 0.3◦/step, éA�Úå� 1.8657, ×£
���¬��æ8 2400 �ÝK. �âêi�[�
(J, ¢�¥À½�Úå�C 2.0, AT�±���
p�¤��Ç, =3�y�Ðã��þ�Ó�, �
±¢y�¯�¤��Ý. ���¬Ú^×£�m
� 4 h, éuÓ��¬, ÊÏ CT K��© 3 g×
£, zg×£�cI²£�¬9
¶�E,ó�,
Ñ��u 4 h. ��¬��, �éÊÏ CT ×£!�
��mÒ�õ, �ÝJp��.
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ã 9 Æf��Ú^ CT ïn�(�9eZ�¡� (a) ï�n�(�, �Ý� 10.54 mm; (b), (c), (d) ©OéA (a) ¥ 1, 2, 3
?n��¡, X �� CCD ��º� 3.7 µm; (e), (f), (g) ©OéAã (b), (c), (d) �µS«����ã
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ã 9 �Æf�¬� SRS-µCT �n��9e
Z�¡ã. ã 9(a) �ï�n�(�, ��(�
��Ý� 10.54 mm, �1�ç�pÝ� 2.73 �.
ã 9(b), (c), (d) ©OéAã 9(a) ¥ 1, 2, 3 ?n��
¡. ã 9(e), (f), (g) ©OéAã 9(b), (c), (d) �µS
«���ã. z��¡I� 600 �ÝKêâ, l�
¡¥�±wÑÆfSÜ[!. ¢�(JL², ëê
`z��ÓÚË� X ��Ú^w� CT Ué��
¬¢y¯�!p©E!n�¤�.

5 ( Ø

�©òÚ^×£Ú\�ÓÚË� CT ¥, ÏL

nØ�[, ��XÚ/ïÄ
Úå!1�ç�p
Ý!180◦ ÝKêé¤��þÚ�Ý�K�. �â¢
S�¬���, À� 180◦ ÝKê�nØÝKê�
��, Q��y¤��þ��Jp�Ý; ¦þÀ�
���1�ç�pÝÚÚå (Ø�u 2), �±Jp
�Ý, �Ø��3#N��S; À�Ü·�ëê�,
¦^=²£'��ê, Ø���. ùéu SRS-µCT
¢�L§¥À�Ü·�¢�ëêk����¿
Â. Ó�, `z¢�ëê¿ÏL¢��y SRS-µCT
Ué��¬¯�!p©E!n�¤�. du SRS-
µCT éu$áÂ��¬k2�A^, �©�(Øä
kÊH���¿Â. 3?�Ú�ïÄ¥, �òd�
{�Ù¦¢��{(Ü, òU¼��õ�¢SA^.
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Abstract

It is difficult to obtain low-dose three-dimensional images of a long sample with high spatial resolution in a single scan using

conventional X-ray micro-CT technique because the synchrotron X-ray beam is prolate. Spiral scanning is induced into synchrotron

X-ray micro-CT (SR µ-CT) to resolve this problem. We investigate the effects of some factors on imaging quality and scanning speed

by simulation and experiment, such as pitch, vertical beam width and projections per 180◦. When the pitch is not greater than 2, it is

found that the relative error and the CT scanning speed decrease while the projections per 180◦ increases. The scanning speed increases

with vertical beam width. Furthermore, as pitch becomes greater, the scanning speed becomes faster. The relative error is minimized

by choosing the appropriate parameters to make the ratio between rotation and vertical transfer be an integer. The simulated results

are confirmed by the synchrotron-based spiral micro-CT (SRS µ-CT) experiments performed at the Shanghai Synchrotron Radiation

Facility and parameters are optimized. The results presented herein provide a theoretical and experimental basis for future applications

of SRS µ-CT.
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