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pU>f²Lq�, �q¥Øfu)Ë�-E,
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L§�)�1f�Ü©�q¥Øfu)1>�A, x

ÊîÑ�Ú>fé�A,Uþ3q¥�Ñ¦�È3

q¥, �Ü©�Ñq, ©Ù3�m���. �©�ïÄ
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3 üq�c�u�Ç

3.1 t= r ��c�u�Ç

�q�þÝ t�u\�>f3q¥�²þ�§r,

^MCNP4§SO�
\�>fUþ�2—50MeV�,

qá��W, Cu, Au, Ta�u�ÇêâXã1¤«.

ã 1 t = r �, Cu, Au, Ta, Wo«q�c�u�

Ç�\�>fUþCz'X�

dã1, t = r �, c�u�Ç�>fUþE O\

O\. eE < 20MeV, éuØÓá��q, c�u�Ç

��Ø�. �éuUþ���>f, $Zq(Cuq)�

c�u�Ç��Ñ�upZq.

3.2 c�u�Ç�qþ'X

ã2´>fUþ©O�2, 6, 9MeV, qá�©O

�Cu, W�, �[O����c�u�Ç(^�g�

��c�u�Ç8�z)�qþ'X�. dã2, c

�u�Ç�qþkO��~�, �3��“�ZþÝ”

z0 ¦�qþ t = z0 �, c�u�Ç��.

ã 2 E = 2, 6, 9MeV�, Cu, Wü«q�c�u

�Ç�qþ'X8�z�

éCu, Wü«á��q©OO�ØÓUþE �

�z0 9 t = z0 ����JþÇDmax, ¿O�z0 �Ó�

^�e�Ë��ÝX0 , >f²þ�§r �'X, XL1

¤«.

L 1 ØÓ\�>fUþe, Cu, Wü«q�z0 9Dmax �

Wq

E/MeV 2 3 6 9 15 30 50

z0/mm 0.215 0.35 0.800 0.874 0.887 0.92 0.93

z0/r 0.26 0.29 0.37 0.30 0.21 0.15 0.12

z0/X0

(X0 = 3.5mm)
0.23 0.25 0.25 0.26 0.27

Dmax/Dt=r 1.33 1.22 1.18 1.20 1.30 1.57 1.94

Cuq

E/MeV 2 3 6 9 15 30 50

z0/mm 0.5 1 1.6 2.1 2.5 2.9 3.0

z0/r 0.33 0.43 0.36 0.33 0.24 0.19 0.14

z0/X0

(X0 = 14.5mm)
0.11 0.14 0.17 0.20 0.21

Dmax/Dt=r 1.20 1.12 1.11 1.10 1.27 1.41 1.67

dL1�wÑ, z0 �Uþ�O\O\, �²þ�

§r �'��UþO\kO��~�, $UÜ©(�u

15MeV)�, �±Cq�@�²þ�§þÝ1/3?´�

ZþÝ; pUÜ©, z0 CzØ�, éupZq, z0 ��

�±^Ë��Ý5L«. >fUþ�u5MeV�, z �

C0.3�X0.

ØÓá��q, z0 �r �'�3Ó�Uþ���

Ø�, �dã2, �Ó��Uþ, t > z �, $Zq�u�

Çeü�Ý'pZq�. XJ�ÔqqþÑ�u²þ

�§, c�u�Çêâ���§����Ø�.

éCuq�Wq�Dmax '�, pZq�Dmax '$

Zq�. Ïd, 3ÀJq�, XJ������c�u

�Ç, ATÀJqþ��ZþÝ�pZq.

4 u�Ç�©Ù

dc¡�nØ©Û��, u�Ç�©Ù��>f

Uþ, qá�þÝk'X. Uþ��, �©Ùc�5�

Ð. ù�(J���[O���y.

4.1 u�Ç�©Ù�>fUþ'X

éCuq, E = 2, 6, 9, 15, 30MeV��¹, ©OO

��©Ù. �[O�(JL², �©Ùc�5�\�

>fUþO\CÐ. 3Uþ�$�(X2MeV), �Ñ

�y�é²w,�XUþ�O�, �Ñ�y�K�Å

ìC�, X��c�5Åì²w. éu9MeV>f, ®

Ä�þwØÑ�Ñ�, éu30MeV�>f, �Ý�u

90◦ �O����u�Ç®�Cu", �nØ©Û�

(Jaq.
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¢S�>få  Ø´üU�, ´�3UÌ©

Ù. eb�Uþ©Ù�C±²þUþ�¥%�pd©

Ù, K^UÌ�.�OüU�.?1�[�(JL²

Uþ©Ù�5
�	� (θ2
p)

1/2, ¦�©Ùc�5C�.

4.2 u�Ç�©Ù�qá�, þÝ�'X

Ó�±CuqÚWq�~, �[O����(J

L²3Ó�Uþ�>f\�, qþÑ�²þ�§þÝ

��ÿ, Cuq��©Ùc�5²w`uWq. ÙÌ�

�Ï´Ôq�õgÑ�éu�Ç�K�'Wq��,

Xã3(a)¤«.

Ïd, �Oq�, l¼��Ð�u�Ç�©Ù�

Ý�Ä, ATÀJ$Zá�.

ã 3 �©Ù�>fUþÚqþ�'X

(a) t = r, E = 6, 9MeV�Cuq�Wq�u�Ç8

�z�©Ù'�; (b) 9MeV, Wq, ØÓqþ�u�

Ç8�z�©Ù�.

qþ�Czéu�Ç�©Ù�K��(4)ªnØ

©Û�Ó. ã3(b)´Wq,\�>fUþ�9MeV�,

�ØÓqþ�u�Ç8�z
1)

�©Ù�. dã¥w

Ñ, qþ��, u�Ç�©Ùc�5�Ð. éuþq

(t > r), qþCzé�©Ù�K�'�q�.

4.3 ¢�ÿþ(J

�u�Æó§ÔnX\�ì¢�¿ÿþ
ØÓU

þ>f\��CuqÚW&AuEÜq, �)�u�Ç

�©Ù�¹, ¢�ÿþ�(JXã4¤«, t = r �, Ó

�«qá�, >fUþ�p, �©Ùc�5�Ð. ÓU

þ�>f\�, Cuq��©ÙG¹'Wq�Ð, ù�

(Ø�nØ©Û9�[O�(J�¬Ü.

�´3¢Sÿþ¥, du�Uk�¶-¿S��

Ú�íéuX���Ñ�, Ïd¢��°Ý'�$,

�Ø�J±½þ�O. ¢Sÿ���©Ù'�[O�

���c�5�.

ã 4 ¢�ÿ��Cuq, W&Auq8�z�©Ù

�

(a) E = 9MeV, t = r, éuCuqÚW & AuEÜq

ÿþ�8�z�©Ùé'; (b) W & Au q, t = r, Ø

ÓE �8�z�©Ùé'.

5 å6ëêéc�u�Ç9�©Ù�

K�

å6ëê�)>fUþ©Ù, �m©Ù, å�»,

u�Ý�, Uþéu�Ç�K���, 3c¡4.1!¥

®?Ø, �!Ì�?Øå�», u�Ý�éu�Ç�

K�.

5.1 �þ!�.e�c�JþÇÚJþÇ�©Ù

c¡��[O�¥, æ^�>få�.�å»

1.5mm, >fþ!©Ù, Ñ��"�þ!�., �¢S

�>få  k�½�mÚÑ�©Ù, ~^u��ã

5L«. ¢SïÄ�þ!5éc�u�ÇÚu�Ç�

©Ù�K��, �±òu��ã{z��ý�, u�

Ý�å�»Ñ��m'XCq�: u�Ý=å�» • �

�Ñ�. >fålå�¥%�»r �©Ù�±w¤0

�å�»�m�pd©Ù. Ñ���±{z�0∼ ��

Ñ��m�pd©Ù. ïÄL², �þ!5c�u�

Ç9u�Ç��©Ù¬E¤�½K�. é�©Ù°Ý

�K�^þ��� (θ2
b)

1/2 5ïþ.

�E = 15MeV, t = r �Cuq, �\�>fåu�

Ýεr = 50mm·mrad, å�»1mm, Ñ�50mrad. æ^

�þ!�.B���©Ù��æ^þ!©Ù�.

A��JþÇ�©Ù^c�JþÇ8�z�Xã5

¤«.

1)�©¥u�Ç�©Ù�8�z, þ��éuc�u�Ç�8�z
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ã 5 æ^å6¢S�.���©Ù��æ^þ

!©Ù�.��8�z�©Ù�é'

�[O�(JL², æ^å6¢S�.B�(J

c�u�Ç'æ^þ!�.A��14%, �©Ùc�

5��æ^þ!�.��. ©O¦u�Çeü�c�

u�Ç�1/e���Ýθ2:

θ2
A ≈ 0.0252rad2, θ2

B = 0.0300rad2 .

éu�.B, >fåÑ�Úå��©Ùθ2
b = θ2

B−θ2
A =

0.0047rad2.

θ2
b �qþ�CzCz. �E = 15MeV, Cuq,

éu t = 0.1r, z, r, 2r, ©O^þ¡��{¦�θ2
b ©O

�: 0.0026, 0.0017, 0.0047, 0.0049rad2, d(J, t = z0

�, >f���Ñ�éuJþÇ�©Ù�K���.

5.2 å6ëþéu�Ç�K�

ØÓå6�.�θ2 ØÓ. ±el�½å», �½

Ñ�, �½u�Ý3��¡?Øå6ëþéu�Ç�

K�.

5.2.1 �½Ñ�, å»Cz

� E = 15MeV, t = r � Cu q, � ½ Ñ �

=50mrad, å�»d0.5—10mm�mCz�, e�±

q��»�u5��å�», ¦��c�u�Ç< 2%.

Ïd, éuå�»3mmþ?��¹ó, XJ>få

Ñ�ØC, å�»�Czéc�u�Ç�K�´'�

��. éu�Ç�©Ù�O����Ó��(J. Ø

Óå�»�m��©ÙÄ��Ó.

5.2.2 �½å», Ñ�Cz

�E = 15MeV, t = r�Wq. �½å»�1.5mm,

c�u�ÇÚu�Ç�©Ù�Ñ�CzXL2¤«.

�XÑ�O�, c�u�Çeü, u�Ç�©Ù

c�5�ÅìC�.

L 2 E = 15MeV, t = r �Wqc�u�Ç9�

©Ù��©ÙCz

Ñ�/mrad c�u�Ç/[mSv/(min·µA)] θ2/rad2

0 139.06 0.0247

20 130.00 0.0314

50 113.48 0.0337

100 86.78 0.0746

200 62.01 0.1412

5.2.3 �½u�Ý, å»�Ñ�Cz

nØ©ÛL²: �½u�Ýε�, c�u�Ç��

»�O\kO��~�, ���c�u�ÇéA��

���»Rbm, Rbm �u�ÇO\O\, �εCq÷

v'X
( ε

m ·rad

)

= 1.4

(

Rbm

m

)[3]

. (2)

ÀJ>fUþE = 20MeV, qþ t = r, Wq, é

u�Ýε0 = 0.005cm·radÚε0 = 0.01cm·radü«�¹

O�u�Ç�å�»�'X. ��(JXã6¤«.

ã 6 E = 20MeV, qþ t = r, Wq, �½u�Ý

�c�u�Ç�å»Cz�

dã¥�wÑ, �nØ©Û�Î, ¿�å6�»

��, å6�u�Ç��, ´�3�����»

Rbm, 3d�»?u�Ç�����.

éε0 = 0.005cm·rad, ε0 = 0.01cm·rad, ¦�:

Rbm, ε0=0.005cm·rad = 0.6cm= nØ�

Rbm, ε0=0.01cm·rad = 0.9cm= nØ�

éuu�Ý ε = 0.02, 0.04, 0.08, 0.1cm·rad, þ

¡ � (ØE , ¤ á. Rbm � � > f U þ � ' X:

ε = 0.005cm·rad�, éE = 20MeVÚE = 15MeVü«

�¹©OO����»�

Rbm, 20MeV = Rbm, 15MeV = 0.6cm .

Uþ�p�, ���»��UþÃ'. �´Uþ

��, å�»�u���»�, u�Çeü��¯.
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�½u�Ý, u�Ç�©Ù�å�»�'X:

Ó�u�Ýe, u�Ç�©Ù�å�»�'X. ±

E = 20MeV, ε = 0.005cm·rad�~. å�»�ØÓ�

�, u�Ç�©ÙCzXL3.

L 3 E = 20MeV, t = r, Wq, ε = 0.005cm·rad,

u�Ç�©Ù�å�»Cz

å�»/mm θ2/rad2

0.05 0.0620

0.2 0.0247

0.6=Rbm, ε0=0.005cm·rad 0.0236

1 0.0237

2 0.0242

å�»�u���»�, å�»��, �©Ùc

�5�Ð; �å�»�u���»�, �»O�, �

©Ùc�5ÅìC�.

å�»�u���»�, ´c�u�Çê���,

�´�©Ùc�5�Ð��ÿ, ¤±�
¼��Ð�

ì��Ç, AT�å�»�u���».

����»�,u�Ç�u�Ý�'X:

e�å�»�u���», �©Ù�u�Çê�

k', u�Ý��, �©Ù�c�5�Ð. XL4¤«.

L 4 E = 20MeV, qþ t = r, Wq, R = Rbm �,

u�Ç�©Ù�u�ÝCz

u�Ý/(cm·rad) R = Rbm/mm θ2/rad2

0.005 0.6

0.01 0.9 0.0235

0.02 1.2 0.0242

0.04 1.7

0.05 2.4 0.0252

0.1 2.6

3¢SA^Xó�CT¥, �
�yã�©EÇ,

å�»����'���»��õ. 3ù«�¹e,

u�ÝØC, å�»��, c�u�Çê���, �©

Ùc�.�Ð. ¤±3ã�©EÇ#N��¹e, å

�»��¨Ñ��
.

�©Ì�O�
2—50MeV>få�q�)�X

��3c�1m?�u�Ç9u�Ç�©Ù, ¿ïÄ


qëê9å6ëêéu�Ç�K�.

6 (Ø�?Ø

qá�©pZqÚ$Zq, ïÄL², $Zq��

©Ùc�5'pZqÐ, �3pUÜ©(E > 20MeV),

t = r�, $Zq�c�u�ÇÑpupZq. qþCz

éc�u�ÇÚu�Ç�©ÙÑkK�, �3���

ZþÝz0, ¦� t = z0 �, c�u�Ç��(�� t = r

��1.2—1.8�), �u�Ç�©Ùc�5�Ð. z ��

\�>fUþÚqá��'(�L1).

å6ëêÌ��)>fUþ, >få�»ÚÑ�.

>fUþ��, Ñ���, Kc�u�Ç��, �©Ù

c�5��Ð(L2), �'óå»éu�Ç�K��

�, �©�ïÄ¥, å�»�mmþ?, O�(JL²

c�u�ÇÚu�Ç��©Ù�±Cq@��å�»

Ã'.

å6ëêéu�Ç�©Ù�K���qþk',

qþ�z0 �, >fÑ�E¤��©Ù°Ý��.

e�±>fåu�ÝØC, Kå�»����»

Rbm �, c�u�Ç����u�Ç�©Ù�c�5

�Ð. Rbm �du�Ýû½(ª2), �UþÃ'. �´,

Uþ��, å�»�uRbm �, u�Ç���»O\

eü��¯.
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Analysis of Angular Distribution and Photon Yield from

Bremsstrahlung Targets *

GUO Bing-Qi1) LI Quan-Feng DU Tai-Bin CHENG Cheng

(Department of Engineering Physics, Tsinghua University, Beijing 100084, China)

Abstract Effects of electron beam parameters, including energy, radius and emittance, as well as target parameters,

on bremsstrahlung exposure are discussed in this paper. With the energy of incident electrons varying from 2MeV to

50MeV, the forward yields at a distance of one meter from different targets, such as tungsten, copper, tantalum and

aurum, are calculated by both analytical formula and MCNP4 Monte Carlo code. In addition, the relationship of X-ray

dose to target and electron parameters is analyzed. The results agree well with published experimental and theoretical

data, and may be a good reference for the design of this kind of X-ray source.

Key words Monte Carlo, bremsstrahlung, emmittance, beam parameters
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