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=²lfïÄC� (HIRFL)f�¬5lf£�ªà��Äªå6�xXÚ, é

Tå6�xXÚ�|¤Ü�9Ù�N�5U?1
¢��y. Bragg¸Ð°C�B/LÈì9Uþ

N!C��§£ ìÿÁ(Jw«T���5U�I���O�¦. ��yT�Äªå6�xXÚ�

�N5U, ?1
å6¤/¢�, �[é¬5q«�n�·/ì�. (JL²: |^Tå6�xXÚ�

¢�é¬5�n�·/��£�. HIRFLf�¬5£�C�å6�xXÚ5U��y�e�ÚmÐ¬

5lfå£��KÁ�C½
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'�c lfå£J å6�xXÚ ·/ì� å6¤/�[

1 Úó

lfå±Ù�=�ÝJþ©Ù (Bragg peak)Ú

p�é)ÔÆ�A (RBE)�A:, ���¡�21V

�n����^��. lfå£J�ÏÙ£�OÃ

'�p, ·/ì�Jþ©Ù�Ð¤��8ISþ�
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. ¬5£�C���Äªå6�

xXÚ±9n�·/ì�Eâ´Ù¥äk�L5�ï

Äó�.

8cA^u¬5lfå£��KÁ��å6�

x�ªkü«: �«´F�HIMAC£JC�¤æ^
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�å6�x
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y. 3HIRFLf�¬5£�C��OSC��Äª

�å6�xXÚÌ��)å6×£XÚ!UþN!�

N�±9·/ì�Eâ.

2.1 å6×£XÚ

�
(�ÚÑ�å6Ëì�Ï~î�ºÝ�f�

þ?�¬5þ, HIRFLæ^
å6à�ÑÑ�Ü�4

^céå6î�×£��{/¤��ì��. £Jå

6Äk�N!�î��»�é���å�, ¿��¦

å6rÝ½, å�î�¡Så6rÝ¥pd½Cp

d.©Ù. å6ÑÑ�ÏLü|�pR� (xÚy ��)

��4^c3î�þéå6×£¼����ì��,

¦å63î�þþ!/CX��¬5q«. þ!ì�

�dç¸1»×£�ª¢y
[7]

, =x��þ��4^

c±ªÇ�p�ç¸Å^|rÝCzÚ�å6�¯�

±Ï £, Ó�y ��þ��4^c±ªÇ�$�ç

¸Å^|rÝCzÚ�å6�ú�±Ï £, �ª/

¤��þ!ì��. ã1´¢yå6î�ç¸1»×

£��nã. HIRFLf�¬5£�ªàå6×£XÚ

Ï~æ^�×£ªÇ�x: 75Hz, y: 45Hz. CÏ�5

UÿÁêâL²dTå6×£XÚ/¤�ì���þ

!5�93%!½5�91.6%, �kcé5Uuÿ�

��þ!573.48%!½580.87%k
é�§Ý�

Jp
[8]

.

ã 1 HIRFLf�¬5£�ªàç¸1»×£�nã

2.2 UþN!�N�

UþN!´�N!å6Uþ¦ÙBragg¸ á3

ýÏ�¬5ì�ä�þ; UþN�´�Ð°üUå6

Bragg¸�°Ý, l¦Ð°�Bragg¸ (SOBP)�°

Ý��ì�¬5½¬5ä��þÝ�·A. Ïd, £

Jå6UþN!�N�´3å6��þé¬5?1·

/ì�7L�Eâ.

dulHIRFLÚÑ�´Uþ�½�%lfå, Ï

Tå63|�¥��§ÚBragg¸ �Ý�´�½

�. �
UCå6�Uþ, l¼�3|�¥ØÓ�

�§9Bragg¸ �Ý, ·��HIRFLf�¬5£�

ªà�O\ó
=�ª�§£ ì (range shifter). =

�ª�§£ ìd�X�ØÓþÝ�|���5á

�kÅÀæüU¡ (�»50mm)!kÅÀæ=�±9

Ú?>Å|¤, üU¡þÝm��g�2mmY��þ

Ý, ��udÚ?>Å�Ä^=�=�þ, =�zc

?�Ú, K,�þÝüU¡�¥%?uå6�¶�þ.

du�O�üU¡þÝ�O�¦%lfå�§3Y¥

±2mm�O�m�Cz, ÏTUþN!ì�——=

�ª�§£ ìò¢y£Jå6�Bragg¸±2mm

Y��m�÷�Ý�� £�õU.

duüUlfå�Bragg¸ékb, �âUþ

�ØÓ, Ù�p°(FWHM)30.5—5mm�mCz, Ø

U�äk�½þÝ�¢N5½¬5�ä��·A. Ï

dI�éüUå6�Uþ?1N�, ±�½�ªÐ°

å6pJþBragg¸«�°Ý, lCXäk�½þ

Ý�¬5½¬5�ä� (Ï~ä�þÝ�2—5mm).

?1å6UþN��ì�¡��§N�ì, §ÏLN

�å6�Uþ¦�ØÓUþå6Bragg�U\, l

¢yBragg¸�UIÐ°. ~æ^��§N�ì�

B/LÈì (ridge filter). éuBragg¸Ð°���Ý

Jþó, 3,�0B�ÝZi ?�áÂJþD ´d�

Ý?n�üUå6�ÝJþdj U�S\�(J
[5]

,

L«�:

D(Zi) =

n∑

j=1

Wjdj(Zi), (1)

Ù¥�ÏfWj �SOBP�/Gk'
[9]

.

�âþã�n, �3f�¬5£�ªà|^�Ä

ª�å6�xXÚ¢yé¬5�n�·/ì�£�,

�O\ó
�\.B/LÈì (mini ridge filter)±¼

�å6pJþ«¥pd©Ù�SOBP, ÙFWHM��

2.0mm, ±·A¬5ä��þÝ.

2.3 lfå·/ì��{

3�Äª�å6�xXÚe, 8clfå£�

k��·/ì�Ún�·/ì�ü«�{
[10—14]. 3

��·/ì�Eâ¥, |^^cXÚòÄ�å6î�

*Ðl¼���ì�|, î�þÏL�âz��ö

¬5q«�O��½O�ì½õ�O�ì��ì�

|, ¼���ö¬5q«3å6��þ�ÝK/G�

��ì��, p�þÏLB/LÈìÐ°lfå�

Bragg¸, ¦SOBP°Ý�¬5q«3å6��þ�

þÝ��, ì��pJþ«��÷/Gd�u�öN

L��ö|�Ö�ì5N�, ù��;�pJþ«é

¬5q«��;�ì(�ì�. ��·/ì��{

��nXã2¤«. 3n�·/ì�Eâ¥, Ié¬

5q«÷å6��©¤ØÓ�ä�, |^�\.B/
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LÈìòå6Bragg¸Ð°¤�¬5ä��·A�°

Ý, Åä�/?1ì�£�. é,�ä�?1£��,

|^õ�O�ì��ì�|¼��T¬5ä�3å

6��ÝK/G���ì��, TO�ì��¡þÝ

�2mm, �Óa.õ�O�ì¥���. õ�50é�

¡�E��/U��[�/�[¬5zä���¡

/G, �y¬5ä�ì�£���·/�¦. �u

lfåûÐ���5, �¡à¡�O��áà¡EU

�y������K. ���¡�m±ø]àSÜ,

äk�Ð��¦��J. c�N\O�ì�¦^¦¦

�Jþü$���S��$Y². Ó�ÏL�§£ 

ìN!å6Uþ, ¦�Ð°�Bragg¸á3Tä��

þ. ã3�n�·/ì��{��nã.

ã 2 ��·/ì��{�ªã

ã 3 n�·/ì��{�ªã

��·/ì�æ^�´Uì¬5÷ì�����

�ÝK/G;�����½O�ì, ì��O�é°

(, �´?ulfå0B�Ýþ�Ü©�~|��

Ø�;�/É��¬5q«��Jþ�ì�. ù´�

�·/ì��Û�5¤3. ���·/�'�, n�

·/ì��{3é�§Ýþ)û
�õ�~|�É�

�	ì��6à. ¬5q«�y©¤äk�½þÝ�

ä�, ì�¬5ä��©ª�±ì��î�¡/G�

¬5ä��¡Ó+��. ä�þÝ��, ·/°Ý�

p, ì���q«±��~|�Ò��. n�·/ì

��`³3uµpJþ«��n�©Ù�¬5q«n

�(���, ·/ÝÐ.

3 ¢��{9(J

3.1 �§£ ì�y¢�

|^HIRFLJø�Uþ80.55MeV/u 12C6+ lf

å±9IO>l¿ (�IPTW/Markus23343,0.055cc

²1�>l¿)!JþO (�IPTW/UNIDOS)Ú�

�Y�é�§£ ì�5U?1
¢ÿ. �¢�¦

^�´11�17�7¡üU¡, ÿþå6²LéAü

U¡��Bragg�, nÜ?n��g��§���

Bragg�'�, ���éJþ�, Xã4¤«. (

Jw«, ±²L11¡üU¡��Bragg¸ �ÄO,

12¡�17¡üU¡¦Ù�A�Bragg¸�þi 

£�Ý�g�2.0, 3.9, 5.9, 7.9, 9.8Ú11.8mm(Y��

þÝ). dd��, 12, 4, 5Ú7¡üU¡¦Bragg¸�

é £2.0mm; 13, 6¡üU¡¦Bragg¸�é £

1.9mm. �§ £ì���O�¦, 5U�IÄ�U


�y. ©ÛØ��Ïk: Bragg�æ^��Y�

?1ÿþ, Ù©EÇ=�0.1mm, ��
éBragg¸ 

�°(ÿþ, Ù�5�Ø���0.1mmþ?; \óÃ

ã°Ý¯KE¤üU¡¢SþÝ��OþÝ�3�

É; å6Uþ�ÅÄ±9å6�xXÚ�XÚØ�.

ã 4 ÏL�§£ ì�ÿ�� 12C6+ å�éJþ

�Bragg¸ £

3.2 �\.B/LÈì�5U�y

å6ÏLB/LÈìØÓ¿¡/G�¸Ú���

±¼�ØÓÐ°§Ý�Bragg¸. ·��HIRFLf�

¬5£�ªà�O\ó
4±B/LÈì, éÙ¥¦

SOBPäkFWHM 2mm�pd.©ÙpJþ«��

\.B/LÈì?1
5U�y.

¢ � ¥ l f å �HIRFL J ø � Ð © U þ

80.55MeV/u� 12C6+, �\.B/LÈì�uå£

�C��¥%1m�å6�þ, 3£�C��¥%?

|^IO>l¿!JþOÚ��Y�ÿþ%lfåÏ

L�\.B/LÈì���ÝJþ©Ù. ã5Ð«


¢�ÿþ¼���ÝJþ©Ù�nØO���pd

.©ÙSOBP��ÝJþ©Ù��'�. �±wÑ,

²L�\.B/LÈì�¢�ÿþ¤�SOBPäk

pd.©Ù�A:, Ð°¸�FWHM�1.94mm, ù

��â�\.B/LÈìëênØO����SOBP
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äkFWHM 2.0mm�pd.©ÙÎÜ�'�Ð. ÿ

þ�O��ÝJþ©Ù3¯«ÎÜ�éÐ, 3pJþ

«kÑ�� �. ÄÙ�Ï, Ì��&ÿì>l¿�

A!©EÇ±9ÿþæ��:�©Ùk'.

�y¢�L²�\.B/LÈìEâëêÎÜ�

O�¦, 5U�IU
���y.

ã 5 ¢�ÿ�SOBPpJþ«pd©Ù�nØO

��'� (12C6+)

3.3 n�·/ì�å6¤/�[¢�

$^n�·/ì��{Ëì|���á�CR39

(Y��Xê1.061), ¼�Jþ¥�., �[£Jå6

ä�ì�, Xã6¤«. ¢�¥HIRFLJø� 12C6+

lfÐ©Uþ�80.55MeV/u, ²L70µmØCg�l

I!20µm Mylar�Úo�2530mm�í����£

�¥%C��¥%?�Uþ²O��75.82MeV/u.

\�å6Uþ�%lfåBragg¸ �m�'XÀ^

F�NIRS�lfå£�OyXÚJø�§S?1

O�
[15]

. O���Tå6Bragg¸ �?u15.4mm

(Y��þÝ), Ïd¦^�§£ ì�^����

�§ £#N��14mm. ·�À^�§£ ì¥

11�17¡üU¡��Bragg¸£ �üU¡, ¦

^23¡�NØ»,&ÿìCR39��¬5¬��á

�. CR39z¡þÝ�0.66mm, �âÙY��Xê, �

±��Bragg¸3CR39¡�¥� �. ²LO�, ¦

^11¡üU¡ (0mm)�, Bragg¸ �?u15.4mm,

á3122¡CR39þ. �g¦^�§£ ì11�17

¡üU¡¤�Bragg¸3Y¥�é £�2mm, ¢S

ì�CR39¡��, Bragg¸ò�gá3122, 20, 17,

14, 11, 8Ú5¡. �ïÄÀ�122¡CR39�¬53

å6���ei�ä��¡, ÏLõ�O�ìD��

»�10mm���¢�ì�, UìJþ¥/ì���,

3¦^�§£ ìòå6Bragg¸ þi£Ä¿ì�

Ù¦CR39¡��, �gÀJ\�õ�O�ì�»©

O�20, 30, 40, 30, 20Ú10mm. Ëì�é7¡CR39

?1¡�, ¼�Ù%lfËì»,
[16, 17]

. ¡��{�

©z [8]. n�JþáN�.w«(JXã6¤«.

ã 6 å6¤/ì��J«¿ã(�)Ún�Jþá

N�.¢S�J(m)

¡��ò7¡CR39U^Sm�1cm�½Ð, V¿

¤�, ²Lx¾�1�àåì�, ¥yÑz�CR39

þ�%lfpJþBragg¸�ÈUþ�»,, ù
é

'Ý²w��/»,Ó���N
éAu���õ�

O�ì��¡/G, L²g1�O�E�Ä�õ�O

�ìU�Ð/5�¬5q«ì��, ~�±��~|

��Éì§Ý. å6�xXÚ�Ð/�¤
n�·/

ì���[, `²Äu�Äª�xXÚ�lfån

�·/ì�Eâ3HIRFL�f�¬5lf£�ª

à�±��¢�.

4 ?Ø�(Ø

å6�xXÚ´lfå£J¥��M�C

�, §�?Ö´òå6�/, ?/¤I��ì��,

¦�öq«¬5É�þ!�v
�Jþì�, Ó�¦

�U~��~|��Ëì�ú. Ï, å6�xXÚ

´lfå£JC�¥�~��|¤Ü©. 3�Ä

ª�å6�xXÚe¢ylfåé¬5���Ún

�·/ì�, �=ò3HIRFLf�¬5lf£�ª

à?1¬5�ö�K£�Á�Jø
Eâ�æ.

3lfå£J�¥��Ú\RBEù�)Ô�

AÏ�, ùÒ´�¡�¡�)ÔÆ�A�lfå£

�
[3]. lfåÔnáÂJþ©Ù�RBEÍÜò/¤

)Ôk�Jþ©Ù, å6�xXÚÚ�d)Ôk�J

þ`z���Ë�|é¬5q«¢�ì�, =���

¡�)ÔÆ�A�¬5lfå£�. 3ÄuHIRFL

mÐlfå£JÄ:ïÄ�L§¥, ÏLïá¥U

lfå6�[O��{¼�ØÓ0B�Ý�Jþ²

þDU��Ý©Ù, ?í�ÑÕZÄÔ[��RBE

©Ù
[3]

. �e5�ó�Ò´ÏL¢�¼�´L°(

�)Ô|�3å6ØÓ0B�Ýþ�RBE©Ùêâ,

¿òÙÚ\£�OyXÚ, ?1¬5q«)Ôk�J

þþ!�Ë�|`z, l¢�¡�)ÔÆ�A�

lfå·/£�. �,, �¢yù�8I��GÑ��
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�ãå.

¥I�Æ�C�ÔnïÄ¤Ñuyk\�ì5U

��Ä, 3HIRFLf�¬5£�ªàmu
�Äª�

å6�xXÚ±9lfå£�n�·/ì��{,

¤�.þU{!�!F��14�kUå?1¬5

lfå£��I[
[18]

. ÏLå6¤/�[¢�, y

¢
T�Äª��xXÚ�¢ylfån�·/ì

�£�, Ä���¬5�K£���¦; B/LÈì

9�§£ ì²¢��y���O�I. ù
ó��

y
HIRFLf�¬5£�C�å6�xXÚ�5U,

��e5�lfå£�¬5�KÁ��mÐC½
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Capability Verification of the Beam Delivery System in the

Superficially-Placed Tumor Therapy Terminal at HIRFL *

DAI Zhong-Ying1;2) LI Qiang1;1) XIAO Guo-Qing1 JIN Xiao-Dong1 YAN Zheng1,2

1 (Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China)

2 (Graduate University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract The passive beam delivery system in the superficially-placed tumor therapy terminal at Heavy Ion Research

Facility in Lanzhou (HIRFL), which includes two orthogonal dipole magnets as scanning system, a motor-driven energy

degrader as range-shifter, series of ridge filters as range modulator and a multileaf collimator, is introduced in detail.

The capacities of its important components and the whole system have been verified experimentally. The tests of the

ridge filter for extending Bragg peak and the range shifter for energy adjustment show both work well. To examine

the passive beam delivery system, a beam shaping experiment were carried out, simulating a three-dimensional (3D)

conformal irradiation to a tumor. The encouraging experimental result confirms that 3D layer-stacking conformal

irradiation can be performed by means of the passive system. The validation of the beam delivery system establishes a

substantial basis for upcoming clinical trial for superficially-placed tumors with heavy ions in the therapy terminal at

HIRFL.

Key words heavy-ion cancer therapy, beam delivery system, conformal irradiation, beam shaping simulation
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