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þ�¤. HIMACÓÚ\�ìJø430MeV/u
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[13, 14]
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��9�p�XÝ. du3�) 9Cå6�æ^
�
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þLET�11.85keV/µm.

2.2 ¢�C��&ÿì

¢ � C � X ã 1 ¤ «, 3 HIMAC g ? å 6

� þ � ) � 9C å 6 ² 20mm � » O � ì(Ô á �,

100mm×100mm×150mm)O�, 2²�?�LÈì

N!å6�0B�Ý�?\&ÿC�. �¢�?1

Uþ�Èÿþ�&ÿì´��(¯NÈ�¥/�

) Ô | � � � � ' O ê ì(FWT LET-1/2, { I),

( ¯ N È � » � 1.27cm, & ÿ ì 9 á � � Shonka

.A-150 )Ô|�����(ρ = 1.12g/cm3), 9þ

1.27mm. &ÿìS¿kíØ�7.5×103Pa�|���

íN(55.0%C3H8+39.6%CO2+5.4%N2, ρ = 1.062g/l),

éAu�»�1µm�¥/)Ô|�. &ÒÂ8>4�

7µm�gj, ó�>Ø�+500V.

ã 1 ¢�C�«¿ã

�?�LÈì´d10�ØÓþÝ�üU¡|¤

�, üU¡þdPMMAá��¤, þÝ�g�: 0.25,

0.5, 1, 2, 4, 8, 16, 32, 64Ú128mm. z�üU¡Ñ�

Õá/dØ �í��dþe��?\½lmå6

�, dù
üU¡�|Ü/¤���255.75mm�ü

UþÝ, l�[\�å63)Ô|�¥�ØÓ0B

�Ý. PMMAá��Y��þÝXê²¢�ÿþ�

1.16, ¤±�©¥L«å6�0B�Ý�Ñ´�3Y

¥��Ý, =òd�?�LÈì/¤�PMMAüU

þÝ���Y�þÝ.
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ØÓ>ØÌÝ�&Ò, ,�3êâ¼�XÚ���

A&ÒéA��ê. u�êâw«, �¢�æ^�

TEPC9¼�XÚäk�~Ð��5�A. TEPC

ÿ þ � � � U þ � È & Ò ² c � � � ì(ORTEC

142PC)��?\Ì��ì(ORTEC 671), ²&Ò�

�ê=�(ORTEC AD413A)�ÏLCAMACêâ¼

�XÚ(TOYO-CC7700)�O�Å¤æ8.
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TEPC&ÿXÚ¤���ÿþÌ. Ï~�¹e, ��

m'´'4�, d��u��αâfØU?\&

ÿì(¯NÈ. �kò��&ÿìXÚþe6�, �

�m'â¬då�^�m, αâf÷TEPC&

ÿ(¯NÈ�»��?\TEPC. g 244Cm��Ñ

αâf�²þUþ�5.80MeV, 31µm)Ô|�´»

þ�Uþ���81.72keV. ù�, 3TEPCI½Ìþ

¸ éA�ÿþXÚ��ÈUþ=�81.72keV. du

ÿþXÚûÐ��5OÃ, u´TEPCÿþXÚ�Ñ

��ÈUþ&Ò���Ý, �Uy deª��µ

y =
ε

l̄
, (1)

Ù ¥ ε � TEPC ( ¯ N È ¥ � � È U þ, l̄ � ¥ /

TEPC(¯NÈ�²þu�, =:

l̄ =
2

3
d, (2)

ùpd�TEPC(¯NÈ��», éAu�¢�¥�

^�, d�1µm.

²êâ?nÒ���ØÓ0B�Ýþ 9Cå6�

�UÌ, ÙJþ²þ�U ȳdose deª��
[16]

µ

ȳdose =

∑

i

y2
i n(yi)

∑

i

yin(yi)
, (3)

Ù¥n(yi)´�U�yi �TTEPC&ÿXÚÿþÌ�

Oê.

2.4 �UÌ�3áÂJþ¥¤Ó°�LETÌ�=

�9Jþ²þLET�¼�

�âRossiuÐ��{
[17]

, dÿþ����UÌ

ÏLeª�±=z�LETÌ, ���LETÌ�3á

ÂJþD ¥¤Ó°��LETÌ, =:

D(L) =
1

2πr2
[yn(y)(1−S)]y= 3

2
L , (4)

S =
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n(y)

dn(y)

dy
, (5)

ùpL�LET, r �TEPC¥/(¯NÈ��». �

O�S �, �UÌn(y)I�?1êâ1w?n, �©

æ^
Origin7.0 ^�(OriginLabúi, {I)Jø�

Savitzky-GolayLÈìêâ1wõUéÿþ����

UÌ?1
êâ1w?n. w,, 3ò�UÌ�LET

Ì=��, k3�^�, =: lf�Uþ��´ëY�,

lf��B�&ÿì(¯NÈ, lf��§���u

&ÿì(¯NÈ�ºÝ. Ï~�¹e, TEPCé�U

Ì�ÿþ´÷vù
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k
þ¡�LETÌ, KØÓ0B�Ýþ�Jþ²

þLET(^Ldose L«)�deªO���, =:

Ldose =

∫
L×D(L)×dL
∫
D(L)×dL

, (6)

ù�, dTEPCÿþÒ��
�)PCâf3S�3

ØÓ0B�Ýþ 9Cå6�Jþ²þLET. Ókc�

PPPCÿþ
[18]

�', TEPCÿþ�)
\�lf9d

9CPCu��¤kâf.

3 (J�?Ø

ã2 �Ñ
 9Cå6uY¥39 �ØÓ0B�Ý

þ��UÌ. ¢���
~�lfUþ�È¯�3

TEPC�ÿþXÚ/¤æÈ�AÇ, 9Cå6�6r

N!��500ions/spill, z��Ì�ÿþ���0.5h,

duHIMACÓÚ\�ìz��å6óÀ�±Ï�

3.3s
[19]

, ù���k2.8×105 �lf\��TEPC¥.

du�uâfÌ�Ñy3 9Clf��È«�, =å

6�Bragg¸«NC, ¤±�¢�ÿþ��0B�Ý

Ì�8¥3Bragg¸«(�¢�¤^ 9Cå6�Bragg

¸ Ñy3�Ý141mm?
[18]

). 3\�?�U¥ü¸

©Ù, ¸ éA��U��9keV/µm, ���Uò�

�20keV/µm�m, éAulf0B¢�¤^TEPC

��»��. du\�? 9Cå63Y¥�LET��

12keV/µm, TEPC�)Ô|����»�1µm, d

�U�½Â�§(1)��, ù�ÿþ����U3Ì¥

���ò�´���. �X0B�Ý�O\�Bragg

¸«�C, ���U�ÅìO�, ù�lfUþü$�

ü ´»þ�U�O\���, ¿��UÌ¥V¸(

�. �0B�ÝO\�Bragg¸�eü÷�C�Ü�,

=�Ý�u148.9mm, �U�� ��¸��, =¥

yéA�U���¸, T¸Ì�´ 9Cå60B|�Ï

m�)��¡é�U��z. du®²k|^Jþ²

þ�Uydose 5ïá£Jlfå�)Ô|��p�^

E¤)ÔÆ�A�.�}Á
[20]

, ¤±�©��âÿþ

����UÌ�ì�§(3)O�
÷ 9Cå60B�Ý

þ�ydose ©Ù, XL1¤�. ù
êâ�·�kc�

���)ÔÆ¢�êâ��, �±��y|^Jþ²

þ�Uïá�lfå)ÔÔn�.ME
k|^�.
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L 1 9Cå6ØÓ0B�Ýþ�Jþ²þ�U

SÒ Y¥��Ý/mm Jþ²þ�Uydose/(keV ·µm−1)

1 1.0 12.32

2 135.9 39.97

3 138.5 47.57

4 141.1 55.94

5 143.1 63.57

6 144.8 73.18

7 146.9 81.59

8 148.9 91.94

9 150.9 93.73

�©òþãÿþ����UÌ=��ØÓ�Ý

þ 9Cå6¥LET3áÂJþ¥¤Ó°��©Ù, X

ã3¤«. du�0B�ÝO\, lfUþü$, p

LET¤©3áÂJþ¥�°�ÅìO\. dLETÌ

^�ª(6)��Jþ²þLET. ã4 �Ñ
�¢�¤

^ 9Cå6Jþ²þLET�0B�ÝO\�©Ù. d

uJþ²þLET®²�y¢´éÐ�éXå6Ôn

A5�)ÔÆ�A�þ
[21, 22]

, �©�AOrNÏL

�UÌ�ÿþ�� 9Cå6ØÓ0B�Ýþ�Jþ²

þLET. �d, ·�òkc¢�|^²1��'Oê

ì(PPPC)
[23]

���Jþ²þLET�êâ
[18]

��¢

��êâ?1
'�, Ó�|^Sihver�.
[24]

O��

�
T 9Cå63Ø�Ä�uâf��¹e��ÝJ

þ²þLET�©Ù, Xã4¤«. �±�Ù/w�, 3

å6\�Ï�9CBragg¸«, TEPCÿþ9PPPC

ÿþ���Jþ²þLET´'�ÎÜ�, �.O�

�¢�êâ�'��C. ù´du3lfå\�Ï�

þ, 9Clfÿ�PC, Ä�þvk�uâf��z,

Ïkc|^PPPCÿþ
[18]

��ò�uâf�)3

S�TEPCÿþ�(J´���. 3 9Cå6�Bragg

¸«9¸«�÷«, =�Ý140mm±�, ´ 9Clf�

�È«�, 3T«�duPPPC>4¡²1�AÛ(

����, =UéÜ©�uâf��O(ÿþ
[18]

, 

TEPC%�Ñ
�uâfu����¯K, �ò¤k

�uâf�Uþ�ÈO(ÿþ, ÏTEPCÿþ�Ñ

�Jþ²þLET3 9Cå6�Bragg¸«9¸«�÷

«�²w�uPPPCÿþ���Jþ²þLET, �X

ã4�Ñ�(J¤«. ù�, �g¢�TEPCÿþ��

�Jþ²þLET�U�L 9Cå6���ÔnÆA5,

Ï|^�©�Ñ�Jþ²þLET©Ù��² 9Cå

63Bragg¸«NCw«Or�)ÔÆ�A
[10]

���

�Òk
�Æ�â.

ã 3 9�ØÓ0B�Ýþ 9Cå6¥ØÓLET3áÂJþ¥¤Ó°��©Ù
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ã 4 ÷9Cå60B�Ý��þ�Jþ²þLET�

©Ù9�kcPPPCÿþ(JÚ�.O��'�

4 (å�

ÏL|^TEPCÿþ
÷ 9Cå60B�Ýþ�

�UÌ, ��
Jþ²þ�UÚJþ²þLET��Ý

©Ù, ù¦�·�k�U|^ 9Cå6���ÔnÆA

55)ºÙE¤)ÔÆ�A����Ï, ¿dd�«

9Cå6A^ulfå£J�`³, �ó����?

1���ïÄC½
ÔnÄ:.
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Measurement of Lineal Energy Spectra at Different Penetration

Depths along a Radioactive 9C-Ion Beam *

LI Qiang1;1) N. Matsufuji2 E. Urakabe2 M. Kanazawa2 S. Sato2

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

2 (National Institute of Radiological Sciences, Chiba 263-8555, Japan)

Abstract It is expected that a radioactive 9C-ion beam as a type of double irradiation source can increase the curative

effect when applying it to heavy-ion cancer therapy, and it has been proved in our previous radiobiological experiment

that the relative biological effectiveness (RBE) at the depths around the Bragg peak of a 9C beam was greater than

that of a therapeutic 12C beam at least by a factor of 2. To characterize the physical basis of a 9C ion beam applying

to radiotherapy, a spherical tissue-equivalent proportional counter (TEPC) was used to measure the lineal energy (y)

spectra at different depths along a radioactive 9C-ion beam in this work. Based on the measured spectra, the distribution

of dose-averaged lineal energy in depth was derived. Moreover, the measured lineal energy spectra were converted into

the distributions of LET in absorbed dose at the different depths. The distribution of dose-averaged LET in depth,

therefore, has been obtained for the 9C beam. The dose-averaged LETs measured with the TEPC and our preceding

parellel-plate proportional counter (PPPC) were compared. It has been found that both the measurements agreed well

with each other at the entrance channel of the 9C beam while the dose-averaged LETs by the TEPC were larger than

those by the PPPC around the Bragg peak, i.e. the stopping region of the incident 9C ions. This coincides with the

expectation that all of the delayed alpha particles and protons, which are emitted isotropically during the decays of the
9C ions, can be included by means of the TEPC measurement. The data sets obtained in this work provide a substantial

physical basis for revealing the advantages of 9C beams in cancer therapy.

Key words double irradiation source, tissue-equivalent proportional counter, lineal energy spectrum, dose-averaged

lineal energy, dose-averaged LET, penetration depth
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