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1 Ú ó

����¤�2�^u¥f
, γ, óÀ X ��

���ã��ä¥ [1−3]. ¥f, γ ���äk4
r�Bß�A, ����¤�´|^�����D
ÂA5, ���å?1ÝK¤�, ¤±��ì�Ø
�U/¤��n��à�:. �
��äkrBß
�^���, ����ì�7L¦^þ��(�N,

Ï
E¤����¤��(¯ÝÚ�m©EA5
'�E,.

����¤���3�B!P~ß�ÚÑ�
n«�A. 3�õêA^�¹e, ��¤���
å��, ��Ä�BÚß�Ü©�k�p�°(
Ý [4,5]. ��¤��{ü�nØ�.´��Ä��
l���»¥�BÜ©, �E,�nØ�.I��
Äß��A, ù�¡c<?1
éõãå. Anger ò
���BÚß�üÜ©Ú�����»L�ª¥,

nØþò¤k�BL�����w¤´l���
��»¥BL, ���»	vk��BL. ��¤
�A^¥, ���»�±�½þ/µ�XÚ(¯Ý
Ú�m©E5U. �é���I�N�¤�
�.
��, Metzler � [4,5] �Ñ
ß�(¯Ý)Ûª, ¿

©Û
da��¤�:*Ñ¼ê�þ���»A
5. �õ�ó�´uÐnØ�[O��{, �â(
J©ÛA½(����¤�5U [6]. �,�[(J
�±[�
)A½(�ëêe����m©E�
5U, �´ØU(½´Ä��Z(�. 8c3nØ
�.¥, épU��¤��~^�¥m´��!ü
à´�I��E..��(�, �"��\�nØ
ïÄ. 3�O����¤�XÚ�Ð©�ã, �U
�â�½þêÆ'X9²�?1.

Ïd, ïá���éÚ��nØ, ¦^nÜë
ê½L�ª��xØÓ/ª�þ����¤��
�m©E!(¯Ý±9À|�5Uäk­��n
Ø¿Â.�d, �©?1
nØ}Á, ïá
���
���¤�¬�Ïê, �±½þ/nÜ'�©Û�
«/ª�����¤�5U.

�©Äkïá����¤��., )ÛÑ��
���(�N��^�Ý, ©Û����¤���
:*Ñ¼ê�A5, 2âdO���¤�(¯Ý!
���»±9:*Ñ¼êþ���» [4,5]. �
µ
d��¤��nÜ5U, �âo�m©E�Vg,

|^��¤�:*Ñ¼êþ���»�À|ëê
½Â����¤��¬�Ïê, ¿�d©Û
ØÓ
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(��þ����¤�5U.

2 þ��¤��.

pU��¤��, ��¦^���(��¥m
´�Ý� t, �»� D ���ã, üà����I
�� α, �»� D ��I� [1,3], Xã 1 ¤«. ��
±@�´
�.��(� [4,5] ¥m2m����
ã, I��»� d = D − t tan(α/2). ��O�ì�
AÛÀ|�� φ, K tan(φ/2) = D/t; 
�.��
�AÛÀ|�� α, ùp6�5½ α 6 φ.

ã 1 ��þ��¤�«¿ã

é²w, þ��(�äké¡5, �éuþ�
�1¶^=é¡, �éuÌ¡c�é¡. Xã 2, ï
á��¤����IX (x, y, z)[4,5], z = 0 �I¡
�þ��Ì¡­Ü. duþ��(�äk^=é¡
5, ��¤�5UäkÓ�5�. �
{z, b�:

 u x- ¶þ, ål���ål� h, ¤��� θ,

¤±, :
�I� (h tan θ, 0,−h).

ã 2 ������^3��Ì¡þ�ÝK

��� z = 0 ¡��:� (ρ cos β, ρ sinβ, 0),

Ù¥ ρ ��:��I�:�ål, =4�I�»,

β �� �. du´ÝK¤�, ��¤���m©
E (:*Ñ¼ê) �¤��Ç�', ½Â:*Ñ¼ê
3��Ì¡þ�ÝK������:*Ñ¼ê. ù
��I�©Û��3I�N¥��^�Ý�4�
I�» ρ �'X=���:*Ñ¼ê. d����
§�

x − h tan θ

ρ cos β − h tan θ
=

y

ρ sinβ
=

z + h

h
. (1)

���� z ¶�Y�� ϕ, K

tanϕ =

√
(h tan θ − ρ cos β)2 + (ρ sinβ)2

h
. (2)

���þ��(�N�^�ål L�

L = ∆z/ tanϕ, (3)

Ù¥, ∆z�l
���Ì¡R�ål.

��¤���(¯Ý¡È Ae ½Â�

Ae =
∫ ∞

ρ=0

2πρ exp(−µL(ρ))dρ, (4)

Ù¥, µ���á�é����5P~Xê. ��
�» de deª��:

Ae =
π

4
d2
e . (5)

Äk?Ø¤��À|��¤��·^��, =
��À|���, tan θ 6 tan(α) ¿ 1; ¿���©
E�p, k��Ñ�»���uÔå, = ρ/h ¿ 1.

ù3pU�� (½¥f) ¤�¥´¤á�. Ø�3
���ã�ÿþ¥÷vù��¦, ~X.5�åà
C¥fì�!pUð1ì� X ����ã�ÿþ.


�3�Ü©�¡ÈpU��
��¤�ÿþ¥
�÷vù�^�. ¤±, 3�À|��¤�^�e,

L = ∆z Cq¤á. e¡�?n¥, A^ù�Cq.

3 ¥%::*Ñ¼ê9k��»

éudü����I��¤�
�.��(
�, I��§�

x2 + y2 =
(

z tan
α

2
± d

2

)2

, (6)

� ρ > d/2 �, ��BLþ��(�N��Ý�

L =
2ρ − d

tan(α/2)
, (7)

�\ (4) ª?1È©, ��
�.��¤�ß��
�¡È�

AeK =
π

4
[
d2 + 2dµ−1 tan(α/2)

+2µ−2 tan2(α/2)
]
, (8)

ª¥, AeK ���¡È. ?�Ú�±����À|
¥%:¤¢����»L�ª

d2
e = d2 + 2dµ−1 tan(α/2)

+2µ−2 tan2(α/2), (9)

ª ¥, de �k � � » � � ». ? � Ú C q,

� dµ À tan(α/2) �, �� Anger k��»��
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»êÆL�ª

d2
eA = d2 + 2µ−1d tan(α/2). (10)

Anger k��»úª�2�^u�½þ©Û
��©E�(¯Ý5U. �´é²w, éuAÛ�
» d = 0 ��Ã�
�.��, Anger k��»L
�ªØ·^. (9) ªL², 
�.��¤��, �À
|����á�(½, k��������».

þ���¹e, �Ñ
Dh

h − t/2
> ρ >

Dh

h + t/2
��K«K�, ��u
�.��lþÝ t ?m©
È©, K¥%:���» deH�

d2
eH = [d + t tan(α/2)]2 + 2 exp(−µt)[

dµ−1 tan(α/2)

+(1 + µt)µ−2 tan2(α/2)
]
, (11)

éu����, � ρ >
Dh

h − t/2
�, L = t, �)þ!

�., k��»�AÛ�»��.

4 ¥%::*Ñ¼ê�þ���»

lþ¡©Û�±wÑ, ¥%:���»��,

�´�m©E��. ¦^:*Ñ¼êþ���»�
±k��«¤�XÚ��m©E [5].

XJ��¤�:*Ñ¼ê�»²��È©þ
�

Γ 2
ρ =

∫ ∞

ρ=0

2πρ3 exp(−µL(ρ))dρ, (12)

Kþ���» σρ deª(½:

σ2
ρ =

4Γ 2
ρ

πd2
e

. (13)

6���Ä [D − t tan(α/2)] > 0 �¹. d�,

þ��¥%::*Ñ¼ê��»È©þ�

Γ 2
ρ =

π

32
D4 +

π

8
exp(−µt)

× [3µ−1d2t tan2(α/2) + 6µ−2dt tan3(α/2)

+ 6µ−3d tan3(α/2) + µ−1t3 tan4(α/2)

+ 6µ−3t tan4(α/2) + 3µ−2d2 tan2(α/2)

+ 3µ−2t2 tan4(α/2) + µ−1d3 tan(α/2)

+ 3µ−1dt2 tan3(α/2) + 6µ−4 tan4(α/2)],

(14)

t = 0, d = 0 ´Ã�
�.���/, d�:*Ñ¼

ê�þ���» σρB�

σ2
ρB =

3
2
µ−2 tan2(α/2), (15)

ù´
�.��¤��m©EUå�þ�. Ó��
±wÑ, éu
�.��, µ−1 tan(α/2) ´��­
�ëê, Ùû½
ß��A���.

� [D − t tan(α/2)] < 0 �, ���Ôn(��
Ã�
�.��¥mN\
��þÝ� t′ �²�,

·�¡ù«��(���E..��. d�, ��
ãþÝ t =

D

tan(α/2)
+ t′, ���»�

d2
eH = D2 + 2 exp(−µt)

×
{
[(1 + µ(t − t′)]µ−2 tan2(α/2)

}
. (16)

�
êÆþ�Ú�, ½ÂK��AÛ�» d =

−t′ tan(α/2), K (16) ª� (11) ª��. Ón, :*
Ñ¼ê�»²��È©þêÆL�ª/ª���.

ù«�¹e, ëê D � d ´gdCþ, 
ëê t Ø
´. æ^gdCþ, (16) ªC�

d2
eH = D2 + 2 exp

(
−µ

D − d

tan(α/2)

)
×

(
Dµ−1 tan(α/2) + µ−2 tan2(α/2)

)
(d < 0). (17)

5 ��¤�¬�Ïê

��¤�5U��Ì��9�m©E!(
¯Ý!À|. ��¤�XÚ¥, �m©EÉ¤�
���ÇK�, ���Ç��, XÚ�m©E�
�C��©E. À|�Ôå¤�', =I���
�À|�» R = 2h tan(α/2), �����À|
�» R = 2h tan(φ/2). (¯Ý�Ôå�²�¤
�', =

S =
Ae(θ) cos3 θ

4πh2
. (18)

du�m©E���, k�ß�¡ÈN��ÌÝØ
�, ��¤��(¯ÝÌ��6uÔåN!.

�
Bu'�ØÓ���Å�5U, ½Â��
��¤�¬�Ïê�: ��¤�À|¡È�À|
¥%::*Ñ¼êþ���»¤½Â�¡È�',

2¦±�N¤�(¯Ý�ÔåXê 1/(µh)2. ¤±,

¬�Ïê¦þ¤�ÔåXê (µh)2, �±n)��
�¤��m©Eo��. 3����¤�¥, �m
©E  ´�`k�Ä�¯K, ¤±½Â¬�Ï
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ê�õ/l�m©E�Ý�Ä, Ó���Ä
(
¯ÝÏê. ¤�ì�½XÚ�¬�ÏêÄ�þÑ
l�m©EUå9(¯Ý (½&D') ü��¡n
Ü�Ä [7,8].

éu^=é¡�þ��(�, ¬�Ïê��½
Â�

F =
[k tan(α/2)]2

µ2σ2
ρ

, (19)

Ù¥, k �k�À|�»Ó�À|�»�'~. �
�¤��(¯Ý÷À|�»eü, ¤±��¤��
k�À|�Ó�À|��Ü©, 3�Äk�À|�,

3¬�Ïê¥¦��Xê k �Ün. éu����,

¬�Ïê½Â�

F =
[k tan(φ/2)]2(

µD

2
√

2

)2 =
8k2

(µt)2
, (20)

XJ�¦�.�u 1%, =����þÝ� 5 �P
~�Ý, µt = 5, K¬�ÏêU
� 0.32, �±@�
´��¤�¬�Ïê�e�.

�
¦e¡�?ØëêäNz, b�é γ 

�-60 ?1¤�. é 1.25 MeV � γ ��,¾��þ
P~Xê� 5.577×10−2 cm2/g, ¾Ü7á���
Ý� 18.0 g/cm3, KP~Xê� 0.10 mm−1. é²
w, ��á�P~Xê��, ��¤�5U�Ð,

¤±�±Ø^äN?ØP~Xê�Czé¤�5
U�K�. ���O��¤�XÚ�, k�À|´
²(�.

Äk?Ø k = 1, =�À|�¹. éu
�.�
�, � d = 0 �, F ����, d� F = 2/3 = 0.67,

���~ê. ¤±, �±±d�IO'�Ù¦��
¤��¬�Ïê.

ã 3 ¤«�¬�Ïê����ÝÚINAÛ
�»Cz����p�, À|� α = 10◦. � d < 0

�, �À|d��(�¥���ãû½. �±wÑ,

�þ��INAÛ�»� d = 0, µt ≈ 2 �, ¬�
Ïê��, � 1.05, ��¤��J�Ð. nÜ (19)

ª9�'��L�ª, N´y², � d = 0 �, ¬
�Ïê F � µ−1 tan(α/2)Ã'. ?�Ú©ÛL²,

éuØÓ�À|�Ú��á��5P~Xê, Ñ
´ d = 0, µt ≈ 2 �¬�Ïê��.

� µt ≈ 2 �, 
Ø´� µt ≈ 0 �, ¬�Ïê
��, L²
�.��¥m�����ã, k|u

��Bßþ����érÝ�þ��¥%8¥, �
�¤���m©E�
Jp
, Xã 4 ¤«. ØÓ
�´, ���» (�») ���ã�»�O\��O
\, L²:*Ñ¼ê�þ���»'���»�U
�N�m©EUå.

ã 3 ¬�Ïê�IN�»Ú���ÝCz����p�

ã 4 :*Ñ¼êþ���»����»�'�

du��(¯Ý�À|�»eü, ��À|�
>��Uü� 0 (d = 0 �), ¤±¢S�|^�k
�À|�U'�À|��. ½Â(¯Ý�À|�
»��éCz�+�Ïf fP, XJò�é(¯Ý
eü� 0.2, =+�Ïf fP = 0.2 ��k�À|�
4�, ±BuÀ|(¯ÝØþ!���. du��
��(¯Ý�À|�»�5eü, d� k = 0.8, K
¬�Ïê F = 0.2, �±±d����¤�¬�Ï
ê�e�. d�, éuÃ�
�.��, nØ�±O
�Ñ fP = 0.2 �, k = 0.8, K¬�Ïê� 0.42. é
Aã 3, �Ä�k�À|�?�, ��¤��¬�
Ïê���p�Xã 5 ¤«. d�, ¬�Ïê�`,

d = 0.4 mm, µt ≈ 1.6, ��ã�» D = 1.82 mm,

éA�¬�Ïê� 0.78.
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�Äk�À|�, �Z��ëêu)Cz, �
duØÓ��¤�ëêe, k�À|�éu�À|
�'~Ø��. ã 6�üö�¹eü��Zëê 
�?�+�Ïf­�, ��k�À|¬�Ïê�Z
 �?�k�À| (� 0.945) '�À|¬�Ïê�
Z �?�k�À| (� 0.84) �.

ã 5 k�À|e�¬�Ïê�p�

ã 6 ØÓÀ|�¦e¬�Ïê�Z ���+�Ïf

²w/, k�À|�½Â�ØÓ, �Zëê 
�ØÓ. ½Â�k�À|��, =+�Ïf���,

éA��ZI�AÛ�»��, 
��ã�Ý��.

|^¬�Ïê�±����¤���mo
©E. ��¬�Ïê�� 1, K¬�Ïê½Â(½
�o©ECq� (µh)2. þãëêe, XJÔå
� 1000 mm, Ko©E� 100×100. ��þ��¤
��m©E¥%:��, ��l¥%:, �m©
E�Ð, Ù'~�±^+�ÏfCq, =Cq�'
u

√
1/fP. ¬�Ïê½Âo©EÑ�u¢S�o

©E, ��Ä�k�À|, Ek�p�Cq5.

6 ( Ø

du½Â���¤�¬�ÏênÜ�Ä
�
�À|!�m©EÇ±9(¯Ý�Ï�, ¤±U

�«����¤��nÜ5U. ¥%:���»!
:*Ñ¼êþ���»��'5Uëê�Ñ
²
ß�êÆL�ª, ´uO��©Û. Äu¬�Ïê
nØ�., �±©Û��.!
�.!E..Ú�
E..� 4 «;.�����¤�5U,�·�3
�O��!'�ØÓëê��(��Jø
��
nØë�ÄO.

¬�Ïê½Â¥¦^�´¥%::*Ñ¼ê
(J, ¤±¬�Ïê½ÂØ�u�À|��. XJ
3¢SA^¥I��ÄÙ¦Ï�, ~X��¤��
��Ç���, �±3yk�½Â¥N\�õ�ë
ê?1nÜ`z.
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Analysis of figure of merit for thick pinhole imaging∗
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Abstract

A figure of merit (FOM) for thick pinhole imaging and its formula are developed. The FOM can describe the total spatial

resolution and sensitivity of thick pinhole imaging. Based on the penetration model, the root-mean-square of point spread function and

the effective diameter at the center are derived. FOMs at the total and effective field of view are calculated. Based on the figures, the

characteristics of thick pinhole imaging are discussed.

Keywords: pinhole imaging, figure of merit, spatial resolution, sensitivity
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