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みǅ 

� かǤɨǕァJʶCWむƿɨǕァKń˼ɈìˍGʹて3]�ʍ-JむƿɨǕァǄɞ*Şɞ3]B%
\�xm��¥pȘǤきK�Ùʇĕ)Zǫ[Ǿ4<Ƥ%�1�`ưǔŨˍGɊŷ4、Ɯ6\1DC
Ǯゼ`˗[@N6Y&GȘǤ6\がきC$[�ȴ<G˪˸6\Ǆɞ*ɿÙ4B%\�むƿɨǕァC
KȯΎǾも\ɨィœƴきGY[ɨィ̶͂`Ϳʅ4�ƠˎFǕァœä`ɞœ6\1D*ǼみC$\�
ŭƨǕァœäCK�:Jœƴɒ˙Dœƴʇ˙J��¥x*ア%1D)Z¼̗ˍG Pencil Beam 

Algorithm (PBA)*ƹ_]B%\�4)4�̲łǡ̊ǡʶCK:Jœƴɒ˙*ʘ+-グÕ6\1D*
ǂˌ3]B%\�¼が�œƴɒ˙Gば]< Full Monte Carlo (FMC)きKこʘFœƴǓĎ`み4�˶ȧ
ˍGェȒCƹΈ3]\ǕァœäOJˎΈKƕ˴C$\�:1Cœƴɒ˙`ƀȣ38˩ǓGœƴʇ˙
`ƀȣ38\がき*ĭVZ]B%\�1Jて̩`Ǣŭ6\ǬʨD4B�Simplified Monte Carlo (SMC)

き*í２3]<�SMC きK�Ű0JΙƿ`˄ɛ6\�¥�k¡£きJ˯ʼ`ǒ@<V�̲ łǡ̊ǡ
ʶC PBA きY[WɏõFœƴ*Ú˿C$[�FMC きD̞PBœƴ*ƊʇGC+\�さŢįJてˍ
K�Əる*aŢįz¥}1˝̭ÂCí２ʶJxm��¥pȘǤきJǕァœäG SMC き`ˎΈ4�
ȽʑJY&F̲łǡ̊ǡʶCJɨィ̶͂œƴɒ˙`ƀȣ38\1DG$\� 

� SMC きJœƴɒ˙J̫Ø`�̲ łǡ�b¥��ʶCJɨィ̶͂` FMC き`Έ%<ȦƌD̞÷6
\1DCƇ%�SMC きD FMC きJœƴ��¡J¸%`ͭZ)G4<�4)4�:JY&FƤ)%
¸%*$\GWď_Z7�̲łǡ�b¥��ʶJɨィ̶͂KǢΈˍFŸƛ̘±˳Cア-¼ʮ4�˩
ǓG FMC きD̞PBの 900 ̉ƊʇGœƴÚ˿C$?<� 

� ã0K�xm��¥pȘǤきJǕァœäJɨィ̶͂œƴG SMC き`ˎΈ4BɨィœƴJɒ˙`
ƀȣ38\1D`ˊ¬4�:Jí２`Ƈ?<�ェȒĈĹC SMC き`ΒΈ6\1DJば¯ɌJŠȟ
J<V�SMC きD PBA きDJǕァœäřÜJ̞÷`Ƈ?<�ʑ˳̲łǡJʘ+FʒȡCKんǦJ
ɨィ̶͂Gʘ+Fƛ´*ŤZ]�PBA き`1JY&FʒȡGˎΈ6\1DJとʚ˔*ͭZ)GF?
<�ã0K�S<1JY&FʒȡG SMC き`ƹ'LY[ǢƦˍCƠˎFǕァœä*Ú˿C$\1
D`Ǘ4<�œƴǓĎGď4BK�ǢƦG GPU (Graphic Processing Unit)`Έ%<œƴ`Ƈ?B 10

͂­˳CJǕァœä*Ƈ&1D*Ú˿C$\DǢÏ4<�1&4Bã0K�SMC き`xm��¥
pȘǤGˎΈ6\1DGY[�̿ƯFェȒʒȡGʒ4BǺもƹΈ3]B+< PBA きJǕァœäř
ÜJとʚ˔`ͭZ)G6\DDWG�:]`çŘ6\ǢΈˍFǬʨ`ˊǗ6\1D*C+<� 

� SMC きJƄF\ɒ˙ƀȣ`てˍG�ɂɱũƿôDJʦɌƳΐGY\˵ǔむƿJɑɍ�£zx`
SMC きJc¡s y�GǢɻ4�:J̫Ø`Ƈ?<�1JřÜ�ʂがɨィ̶͂Gɇ`ƪɍC+�Y
[ŭǢˍFɨィ̶͂Ŏɍ*Ú˿DF?<�ũƿô６ÐGK�1JʌGƵɱũƿôDJʦɌƳΐ, ̡
ʦɌƳΐGY[˵ǔΙƿ*ɑɍ3]\�£zxW$\<V�1]ZJ��¡` SMC きGǢɻ6\
1DKáʚD4Bƶ?<�ƔŶ�1]ZJ６ÐG@%BWɷĬG��¡Õ`Ƈ%�ȷGœƴɒ˙J
Ɗ% SMC きJí２`Á+ʉ%BƇ?B%-� 
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1.1 *aǕァきDむƿɨǕァG@%B[1][2] 

� Ɉìうŝěď(World Health Organization: WHO)GY]LǇくũÀJʙ9¯**aC$[�˶さC
WǇくũÀJʶC*aGY[Ǉく6\ȽJɆK˼0ɿÙ4B%\�ˡœGY]L�˶さCK*aG
Y[Ǉく6\ȽJɆK�1980˼GKの 16すȽ(161,764Ƚ)C$?<*�1990˼GKの 22すȽ(217,413

Ƚ)�:4B 2015 ˼JͿʅCKの 37 すȽ(370,900 Ƚ)D 1980 ˼Jの 2.2 ̉GɿÙ4B%\�˶さȽ
*ジą6\*aJǭオW͋Õ4B([�­ɬK˶さȽJʗ̪ˍF*aC$?<·*aKǨăȣȕŌ
ƀ*$\WJJ�ǇくǦɆKÑL%C$\�ʒ4B�ʩɌCK�̆ *a�ʘʽ*a�ɬるɩ*a*�
ȌɌCK˷*a�ʘʽ*a�̆*aJジąǦɆ*ɿ'B%\(Fig. 1-1)�ジąり*ȣȕŌƀG$\*
aJ&>�̆*a�ɬるɩ*a�˷*aK�かǤɨǕァ*Ƈ_]\̰˙*Ɗ%ǠąC$[�1]Z
JǠąJジąǦɆJɿÙG３?B�かǤɨǕァ`ǯ/\ąǦWɿÙ4B%\� 

 

 
Fig. 1-1� ̺¯͉*aǠąɆDǇくɆ(Əる*aŢįz¥}1J�1��1wY[) 

 

� *aǕァきJưさʸD4B�îÛˍɜȎ(Ǭǿ)�Õúァき�かǤɨǕァ*$\�ƤぎJ͋´Kʑ
˳CȧG２ɑ4B%\*�˅ȧKǙȺJè̼ΣC:]`ɏȧGで4B%\�ƤぎJ͋´*ォɘ4B
*aƤぎ*ɿȫ4ʉ/\D�X*B*a*２ș6\�ǮゼJîÛˍɜȎKĿȉァきD4Bば]B(
[�ɜȎGY[*aƤぎJɆ`ȁǓGŕū38\1D*C+�*a*ůĿ4B%]LõǢFżÜ`
˭Z]\1D*ʍ%�4)4̭͋DĸGǲ±JɏȧɲȬ*ǫ[Ȏ)]\<V�ǕァŶJɑÿJȢï
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`３&1D*$\D%?<とʚ˔*$\�S<�Õúァき3ƃ*aƧァきX�¡�¥ァき4KɯȺ
ァきC$[�ȻƇ*aXɯȺGƂ*\}e�JǮゼ3¨Ɍ ¥�ǮFEJŚÊɌJ*a4CKͼΈ
Ɍ*Ɗ%ȦƌW$\*�ųŎ*aGʒ4BKƗǕGǌ\q1xKĞC�ʍ-JȦƌKĂçXʍȑJ
Íち*˭Z]\JTC$\�:4B�ƃ*aƧK�żÜ*２ŭ6\ィDͼï６Ð`Ǿ6ィ*ńɝ4
B([�żÜ`˭\<VGKͼï６Ð`̠/Z]F%1D*ʍ%�1]K�ąǦGD?BKɑÿJ
ǡ (Quality of Life: QOL)JˆÔ`²せ6\1DGF\JCʘ+FáʚDF?B%\� 

� かǤɨǕァK�ǬǿD˩5ĿȉァきC$\*�・ĕJŎʕDě˿*ÓʊC+\D%&ƠʘJ˯ʼ
`ͼ4B%\�ǬǿCKǮゼJɜȎDĸG*a*$\・ĕWŗʋ4B4S&ŗ˔K̠/Z]F%*�
かǤɨǕァCKǮゼJT`ȗǞ$\%K*aJȻƇ`Ȯ%ǆV�ɏȧɲȬJƅ：`うǒ6\1D*
Ǿも\�S<�ŎʕJÓʊG３?Bʍ-Jě˿*Óʊ3]\<V�1]*ǕァŶJ QOL JうǒG
ʘ+-ƈš6\řÜ`ɑU�˯GˁĚɑʊ*げV\ąǦCKǕァŶJ QOL J¶ǒKǼみFみɱC
$[�ǕァきJɪ〜ǋ`ɪNȣCKǹ͂GŠˤ3]F/]LFZF%˔C$\�S<�ÕúァきD
̞÷6\DżÜW̻ƪΈWĖさˍGKかǤɨJȘǤ̘±Gůˈ3]�ȘǤ̘±*:]QEʘ+-F
%ȦƌKͼïǎȡ*Ŕ˙C$\1D*ʍ%�:J<V�ʌJǕァきD̞P�ąǦOJ̸ʢ*ȑF%
1D*ʍ-̡ȰǶC$[�ʌJǕァき*ǄƇǾもF%�ƊギǦXƌͅșJ$\ąǦCWɪ〜3]&
\ǕァきC$\�*aǕァG(%BかǤɨǕァJÜ<6ねþKʘ+-�WHO J World Cancer Report

GKɈìJ*aąǦJ 50%*かǤɨǕァ`×Z)JŎCΒΈ4B%\DȊ)]B%\� 

� かǤɨJƮƤぎżÜKǮゼ­îJɏ
ȧɲȬGWŭ]˭\*�́ よˍGɨィ͂
̶`Ɋŷ4BǮゼGǾも\=/ɨィ`
Ƿʶ38\1DC�ɏȧɲȬJ̻ƪΈ`
Ŕū4�:Jě˿`うɯ6\1D*Ú˿
DF\�1JɨィǷʶɌ*むƿɨJʘ+
F� ��C$\�むƿɨDƊh�¡n
1X ɨJɂʶȵ̺ɨィ̶͂` Fig. 1-2 G
Ǘ6�かǤɨǕァC˅ȧΈ%Z]B%\
Ɗh�¡n1X ɨKɧ̺CJ�¡�c
��Ŷ�ȵ̺GȻUG@]BǂɆďɆˍ
Gūȑ6\h�¡n1̳ぶ`Ģ16�1
Jȵ̺ɨィ̶͂KͭõF̢ˋ`ǒ<7�
X ɨCɊŷC+\WJK˖ƿJh�¡n1Jɪ〜GY\�1�ȻƇがƀJūɃˁ(�1oɨィJ
1 "GF\ȵ3)�X ɨJĺ˙�(YM�1�ȻƇがƀDɀ˃っ˳CJʂがJňĎ̶͂=/C$\�
:]Gʒ4BむƿɨCK�ǪǴǡ`ƅɍ6\ũƿʶJ˖ƿD˖ǖĝˍFɸŵƪΈ4�むƿJʇ˙
*ūȑ6\GǺ?BɸŵƪΈ6\ǓĎ*ˁ-F[˖ƿGぶ'\Σɘ*ɿÙ6\<V�ʇ˙G６̞カ
4<h�¡n1̳ぶ`Ƈ&�:4B�:J˸Ǥh�¡n1GÐ5<ȵ3G���p�1o(Bragg 

�

Fig. 1-2 むƿɨDƊh�¡n1X ɨJ 

ɂʶȵ̺ɨィ̶͂J̞÷ 
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peak)DŲL]\É%�1o`ǒ>�:J6.ŶがCKɨィ*ĬŕGˆÔ6\�1J˯ʼˍFȵ̺ɨ
ィ̶͂K���pk1�(Bragg curve)DŲL]�1J˯ʼˍFɨィ̶͂GY[�Ɗh�¡n1X ɨ
D̞PB�ǮゼɬがXŶが̺Jɨィ`ˆū4@@�ǮゼGɨィ`ǷʶǾも\� 

� むƿɨK�1954 ˼G͈ƏJ£1¢¥x��1o¢1ƏるŢįȉ(Lawrence Berkeley National 

Laboratory: LBL)CJȈJェȒÐΈ*Ƈ_]�1957 ˼SCG 30 だJąǦGǕァ*Ƈ_]<�S<˶
さCW 1979 ˼GかǤɨ¹úɺƌŢįȉ(か¹Ţ)* 70 MeV むƿɨCJ̪ƨɌǠąJǕァ`íƽ­
も�1984 ˼SCG 29 だJǕァ`Ƈ?<�「́ʘúK�Ɗh�¡n1ÙʇĕŢįěƅ(KEK)J̷ʬ
˳G�1x}1v¥o£�£¥J¹úΒΈǄɞ`Şɞ4�1983 ˼)Zǹ͂F̢ˋ`ǒ@ 250MeV む
ƿɨ`ƹ?Bȵ̺・ĕ*a`ʶȲD4<*aąǦJǕァ`ƽV 2000 ˼SCG 700 カ`Ǖァ4�む
ƿɨ*Č・*a�̡ ȐƤぎ̆*a�Ȯˬ*aFEJȵ̺・ĕJȻƇ*aGͼżC$\1D`Ǘ4<�
1]ZJǓʗG�か¹Ţ*�ɈìȈJxm��¥pȘǤきJȘǤɻʭ`í２4[3]�「́ʘúCKŲ
īɌµ˨`３&˳・*aGʒ4BWŲĝJ¯ɸG=/�1�`ȘǤ6\Ųī˩ĚȘǤき`ɈìG
ɢņ/Bí２4�˨-・ĕGʒ4BW̧みƠȐůJ̘±`ȘǤ6\1D`Ú˿G4<�1JY&G
˶さJむƿɨǕァĤǿK�ɈìJむƿǕァ͂にCɢȻˍFねþ`Ü4<� 

� 1990 ˼ʗȈ˦SCK�むƿɨǕァK�Ùʇĕ`ͼ6\́よJĖɰŢį`Ƈ?B%<Ţįȉ˳Gƪ
Z]<ǄɞCůˈˍFȽɆGˎΈ3]B+<*�1990 ˼GK�͈Ə�g¡�ƏるÙʇĕŢįȉ
(Fermi National Accelerator Laboratory: FNAL)*¹ァɥΈGí２4<ȐōCǩǱʄōJ 250 MeV むƿ
v¥o£�£¥`͈ƏJ£� ¥~ʘú��dk¡z¥}1(Loma Linda University Medical Center: 

LLUMC)*˪˸4B�ɈìȈJ̭ÂɞʭōむƿɨǕァǄɞ*Þ˧4<�11CK�XK[ɈìȈJ
è˓ȘǤɻʭ*í２3]ƹ_]<�1]`ěG�˶さCW 1998 ˼GKƏる*aŢįz¥}1˝̭
Â(National Cancer Center Hospital East: NCCHE)�2001 ˼GK「́ʘúむƿɨ¹úΒΈŢįz¥}1
FEJむƿɨǕァɥΈǄɞCǕァ*íƽ3]<�:4B�2015 ˼ 12 śSCGʣɱɨ`Έ%<Ǖァ
`đV\DɈìJ 56 Ǆɞ (˶さC 13 Ǆɞ)CǢǄ3]�3ZGʍ-JǄɞ*Şɞʶ$\%Kœäʶ
C$\�˯G 2000 ˼`â,<Ɠ)ZJǄɞɆJɿÙ*ŦʺC$\� 

 

1.2 ȘǤにŎɍき[4][5] 

� Ùʇĕ)ZǾΣ3]<むƿɨKɆ mm )Z 1 cm ˋ˙JƤ3C�QRh�¡n1*σ?<�1�
C$\�¼がC�ǮゼK΅0Fʘ+3XŎȪ`ǒ>�ʊƨ6\ȦȉW΅0C$\�:J<V�1J
Ƥ%�1�`òʘ4�ǮゼŎȪGƌʮ4<ɨィ̶͂`Ŏɍ6\1D*̧みC$\�˩ǓG�Ǯゼǲ
±JɏȧɲȬĪMかǤɨĆǯɌJƊ%Ǽみ・ĕ(Organ At Risk: OAR)OJɨィ̳ぶ`Ǿも\ů[Ȑ
3-6\̧み*$[�1J�1�ɎŎâˋ`ȘǤにŎɍDŮ&�˯G�̀Ą�ǍȸŒ�ǍŹテ�ə
Ʌ�ʽ�Ȳ・FEJ OAR OJɨィ̳ぶ`̠/\�$\%KâİJǕァŒŧ)ZŤɘWZ]B%\
々΂ɨィ­ÔGめ'\1D*ŃみC$\[6]� 

� ŭƨ�むƿɨǕァCΈ%Z]B%\ȘǤにŎɍきGKʘ+-͂/B˵@Jがき*$\�¼@K�
Ùʇĕ)Zǫ[Ǿ3]<ƤʄȪJ�1�(�¥v¡�1�)`ƳΐʑXǖȦGY\͊ƀ`Έ%Bʂが
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がƀGòʘ4�˩ ǓGǮゼJƠʘž`̀&Y
&G¼ˈ̽Jòʘ���p�1o (Spread 

Out of Bragg Peak: SOBP)`Ŏɍ4�:1)Z
ǮゼJŎGƌʮ6\Y&G�1�Jɜ[Ǿ
4ɎŎ`6\�£1��1�きC$\[7][8]�
�£1��1�きJ¼@C$\ WobblerきJ
ð˽ȿ` Fig. 1-3(A)GǗ6�1JがきK�¼
ʒJ Wobbler ˖ǖɗD¼@J Wobbler Ƴΐʑ
GY[�1�`ʂがGȃɕˍGòʘ4��1
�ȻƇがƀGK �w�d¡}GY?B�
1o¯ʭJ´F\̿ɆJ���pk1�`
ˎɜGƘ9ƌ_8B SOBP `Ŏɍ38\�¢
¥wv�}KむƿɨJƠʘˢʝȵ˙`̤ʾ
Ɏ4��1�xKʂが¯ʭ2DG´F\ȘǤ
にJȵ̺エø`ʾɎ6\�:4BƠŶGr 
�1}`ƹΈ4΀͂F�1�`k��4�̧みF̺͂=/`˅â38BȘǤ`Ƈ&�1JY&G�
£1��1�きKɕˍW4-KȃɕˍGȘǤにŎɍ`Ƈ&<V¼΅FȘǤに`ȧG«ˈ4BŎɍ
C+�ŲīFEGY\ǮゼJ˨+GWʒÐǾも\７ΈɌ*$[�S<ȘǤʶJɨィĊよXɨィœʅ
WċいF<V�ʍ-JǕァǄɞC̩ȃˍGƹΈ3]B+<�¼がC�1JがきCK�1�JòʘG
Ƴΐʑ`Έ%\<V��1�JΒΈżり*の 30%DȐ3-�ǮゼJƠʘžGƌ_8B SOBP `ƪɍ
6\<V�ǮゼJǬɬG$\ɏȧɲȬOW¼̺Ɗɨィ»*8[Ǿ6D%&̠/Z]F%とʚ˔*$
\� 

� 1JY&Fとʚ˔`çŘ6\がきD4Bxm��¥pȘǤき*í２3]<[3][9]�1JがきJð˽
ȿ` Fig. 1-3(B)GǗ6�1JがきK�Ùʇĕ)Zǫ[Ǿ3]\�¥v¡�1�`˃ɝǮゼGȘǤ6
\WJC$\����p�1o¯ʭ(­Ô�x���¯ʭDŲN)`ưǔŨˍG͋Õ38�ñȘǤ¯
ʭ`ˎɜF�1�ĺ˙CȘǤ6\1DGY[�ʂが¯ʭしG SOBP ̽`Ú͋C+�ǮゼJŎGÎ?
<¼΅F˟ɨィっ`ƪ\1D*Ǿも\�ʂががƀKxm��¥p˖ǖɗJǖȦ`ǓĎˍG͋Õ38
\1DC˨ˍG�1�JȻƇがƀ`͋'��1�ȻƇがƀG@%BK¢¥wv�}XÙʇĕGY?
B�1�h�¡n1`͋Õ38\1DCx���Jȵ˙`͋Õ38\�1JがきCK�£1��1
�きD̞PB��1��e¥ȣGȘǤに`òʘ6\<VJƳΐʑ`Έ%F%<V��1�JΒΈż
り*QR 100%C$\�S<��1��e¥ȣG̈ʭ6\́ǡ*ȑF%<V�むƿ*:]`˅â6
\ƦJʶɌƿJ２ɑィ*ȑF-�ąǦJˆ¢�¡ʶɌƿ̟１ɨィ`ˆūC+�ɯɘ͂ɨィJˆūD
DWG˯G̚２ɌȢïJ２ɑ*Ȳ̈3]\Ȑǐ*aGǕァGʒ4BŁVBͼげDƆ'Z]B%\�
¼がC�«ɯGȘǤ`Ƈ&<VGKȘǤʶG¯ʭしJɨィ`Ċよ6\̧み*$[Ɗ˙FɊŷĤǿX
ĉǍő*みĭ3]\<V�1]SCěĕí２DÅΈ˿ΣJ$\¼̺JǄɞC4)ェȒΒΈ3]B%

�
Fig. 1-3 Wobbler きDxm��¥pȘǤきJð˽
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F)?<�4)4�ƠńGF?BĤǿˍFƕ˴3*ƍ̾3]ƽV��£1��1�きGʒ6\ũよ
ˍFɨィ̶͂Jば¯Ɍ)Z�͈ Ə`ʶȲGȴ<Gxm��¥pȘǤき`˪˸6\Ǆɞ*ɿÙ4B%
\�1]SCxm��¥pȘǤきK�ŲīGY[µ˨4F%˦タ̺FEJ̺¯GˎΈ*ůˈ3]B
%<*�µ˨ɌJ・ĕGʒ4BWˎΈ6\<V�Ųī˩ĚȘǤきGƊʇxm��¥pDƊʇŉ[͎
4ȘǤ`ƌ_8BΈ%\1DGY[ȘǤ��`çȗ6\Ĥǿí２*ȻƇ4B%\[10][11]�2-ƠńG
K�ʣɱej¥ɨ`Έ%<xm��¥pȘǤき`Έ%<̆*aJǕァ*かǤɨ¹úɺƌŢįȉCí
ƽ3]<� 

 

1.3 Ǖァœäき 

� むƿɨCǕァ`Ƈ&ɬG�ǮゼOJǕァżÜ*ƠWƊ-�ǮゼǲあJɏȧɲȬJ̻ƪΈ*ƠȐG
F\Y&FȘǤき`Ť@/\1D*げS]\�:JǢŭJ<VGK�ǮゼJĿȉɊŷ`Ƈ'\=/
JƊɨィ`ぶ'�˩ ǓG:]­îJɏȧɲȬGKF\P-ɨィ`˜ぶ4F%Y&G6\ȘǤき`Ť
Ǿ6̧み*$\�:J<V�ąǦJ CT ä，`ŨG4B�OAR `̠/@@ǮゼŎȪGƌʮ4<ł¼
Fɨィ̶͂`Ŏɍ38\<VJƠˎFȘǤȩŜ: ȘǤがƀ�ȘǤどɆ�ȘǤ�1�Jh�¡n1�
ȘǤɨィFEJ���1}JŘˈ`ɬW?BƇ_F/]LFZF%�1Jâˋ`ǕァœäDŮ&�
ǕァJÚ̝K�ąǦʑ˳Cむƿɨ*ƪ\ɨィ̶͂Jˎɜ3CŘˈA/Z]�カ'LǮゼOJɨィ*
̺͂ˍG̲ʆ6]LƟ２JēťɌ`３%�S<Ǯゼǲ±JɏȧɲȬX OAR OJɨィ*âȥC$]
LȢï*２ɑ6\Ļ]*$\�4)4ŭȪCK�ʑ˳G(/\ưǔŨɨィ̶͂`ʅˈ)Z˃ɝ˭\
1DK̲Ú˿C$\�:J<V�ǕァœäCK�ȘǤ���1}`v��¢1v�¥œƴGY[Ř
ˈ4�:JřÜJ̫Ø`4B%\�:4B�ǕァœäǦK�:Jteo¡`×˙Wŉ[͎4�ˎɜ
Fɨィ̶͂`Řˈ6\� 

� xm��¥pȘǤきJǕァœäCK�ƹΈ6\¼さ¼さJ�¥v¡�1�*ʑ˳CŎɍ6\ɨィ
̶͂(­Ô��1�k1�¡DŲN)`œƴ4�:]`ŨGてˍD6\ɨィ̶͂`Ŏɍ38\<V�
ñ�1�k1�¡J�1�ĺ˙(­Ô��1�fhe�DŲN)`ƠˎÕœƴGY[ĭVB%\�1
1C�ɨィ̶͂Jœƴɒ˙*Ɗ%1DK�ǢƦJʑ˳CŎɍ3]\ɨィ̶͂DœƴDJƛ*Ȑ3%
1D`²せ6\�:J<V�ƠˎÕœƴCΈ%\�1�k1�¡Jœƴɒ˙*ˆ/]L�ǮゼĢ
みFɨィ*ȘǤ3]7l¥*ƶʊ6\ xo*ɑ5�$\%K OAR Gâȥɨィ*ȘǤ3]かǤɨ
ȢïJ xo*ɿʘ6\�S<�xm��¥pȘǤきJǕァœäCK�ɆɣさJこʘF�1�k1
�¡`œƴ6\̧み*$[�<D'Ɗɒ˙Fɨィ̶͂JͿʅ*Ƈ'BWŭǢˍFǓĎ˳Cœƴ6\
1D*ǾもF/]L�ェȒGˎΈ6\1DKǾもF%�:4B�œƴǓĎ*ʇ-�カ'LąǦ˞<
[JǕァœäǓĎ* 10͂­˳CƇ'\JC$]L�ǕァœäǦKY[ʍ-JȘǤȩŜJŠˤC+�
Ɗ̯ǡJǕァ`Ƈ&1D*Ǿも\� 

� :J<V�ɨィ̶͂œƴJƊɒ˙ÕK�*aJƶʊXかǤɨȢïJ xo`ǎɬGƬʫ4è̠6
\²せCǹ͂Gʘ+F²ħ*$[�˩ǓGœƴǓĎ*ƊʇC$\1DK�Y[ǡJƊ%Ǖァœä`
ɪ〜C+\Ú˿Ɍ`ɑU� 
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1.4 ɨィœƴき 

� œƴɒ˙Dœƴʇ˙`ずʆ6\ɨィœƴきD4B�΅0Fがき*í２3]B+<�ŭƨJむƿɨ
JǕァœäCK�ǪG�¥v¡�1�き(Pencil beam algorithm: PBA)[12]D%&ɨィœƴき*ƹ_]
B%\�PBA きKʂがG Gauss ̶͂��1�ȻƇがƀGKʘȘǤにJʶȲǝGÎ?<ɂʶCJȵ̺
ɨィ̶͂JǢʅʪ`Έ%\1DCɨィ̶͂œƴ`Ƈ&�1JがきK�ʂがGł¼F̊ǡʶCKア%
ńǏ��¡C$[�œƴʇ˙*ʇ%˯ʼ*$\�4)4F*Z�ȽʑJY&F̲łǡ̊ǡʶCK:
Jœƴɒ˙*ʘ+-グÕ6\Ȧƌ*$\1D*ǂˌ3]B%\[13]�1]K�PBA き*むƿɨD́ǡ
DJɸŵƪΈ`:J˸Ǥ�1�JʶȲǝȣJ́ǡGY?BŘˈ4�ʁ ȲǝîJ́ǡJÆĽ*ƆΛ3
]F%<VC$\�Fig. 1-4(A)CK�¼さJ�1�k1�¡`ƅɍ6\むƿ｢KƑ(ëȭイ»)Dɂ(̍
ȭイ»)Jんが`˅â4B%\*�1J�1�JʶȲǝKɂ`˅â4B%\<V�PBA きCKむƿ
Dɂ*Ģ16ɸŵƪΈ=/*œƴ3]\�1JY&FとʚJçŘJ<V�¼さJ�1�k1�¡`
Ę@)Jt��1�k1�¡G͂þ4œƴ6\§ǭJ PBA きWí２3]<[13][14]� 

� ̲łǡ̊ǡʶCƊɒ˙Jɨィ̶͂œƴ`Ƈ&<V�GEANT4 FEJ Full Monte Carlo(FMC)r1�
*ΒΈ3]\1D*$\[15]�FMC きK�Ǣŧ�1}GĖA%<́よ��¡GY[�Ű0JΙƿJģ
ɛ`́よâˋGǺ?B˄ɛ6\<V�ƠWȯΎC+\ɨィœƴřÜ*˭Z]\WJD4BĚʔ3]
\�¼カD4B�Fig. 1-4(A)J PBA きJ�1�k1�¡Jɨィ̶͂D̞P\D�(B)J FMC きCK�
�1�k1�¡`ƅɍ6\むƿ｢J¼̺KƑ`˅â4<żÜ`řÜG６Ç4B%\�1JY&FƊ
ɒ˙Jɨィ̶͂œƴ*Ú˿C$\ FMC き`ェȒΒΈ6\1D`てˍGŢį*ȻVZ]B%\*[16]�
œƴJũよȣ�:JœƴǓĎKŭȪCKこʘFǓĎ`み4�ʘğつFœƴo�x}1`ƹΈ4BW
ąǦ˞<[の 6 ǓĎJœƴǓĎ`̧みD6\<V�˶ȧJǕァœäOJˎΈKƕ˴C$[�ŭƨJ
D1^Ű0JąǦJǕァœäGKƹΈ3]B%F%�:1C�FMC きD̞PBY[ƊʇGœƴ6
\1D`てǂ4�むƿɨǕァΈJƊʇ�¥�k¡£き*í２3]<[17]-[19]�:JʶC�ƊʇGɨィ͂
̶œƴ*Ƈ'\ǬきJ¼@D4B�ċ³�¥�k¡£(Simplified Monte Carlo: SMC)き*$\[19][20]�
SMC きK�FMC きD˩΅G¼@¼@JむƿJģɛ`õりˍGœƴ6\1DC PBA きY[WƊɒ˙
Gɨィ̶͂œƴ`Ƈ&1D*Ú˿C$\�Fig. 1-4(C)* SMC きCœƴ`Ƈ?<�1�k1�¡C$
\*�PBA きCKɏõGœƴ*ǾもF)?<ʂがG̲łǡF́ǡGʒ4B�FMC きJřÜD˩΅
Gœƴ`Ƈ&1D*Ú˿C$\�:4BむƿJʍǼo1£¥ƳΐG@%BK PBA きD˩΅J́よ
��¡`Έ%�S<ɂʶCʅˈ4<ȵ̺ɨィ̶͂`Έ%\1DC�œƴǓĎG@%BK FMC きD
̞P\Dの 900 ̉ƊʇC$\�1JY&G SMC きKœƴɒ˙DœƴǓĎJ��¥xGば]<œƴ
きC$\DŮ'\�ɨィœƴきG@%BJȠƤKʙ�ȜCȀP\� 
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Fig. 1-4 ɨィœƴきGY\�1�k1�¡J¸% 

 

1.5 ŢįJてˍ 

� ɣまţ̌ǀG$\Əる*aŢįz¥}1˝̭Â(NCCHE)GK�˵@JむƿɨǕァǟ*$[��£
1��1�き`Έ%<Ǖァ* 1998 ˼Jíƽ­も�ŭƨWƇ_]B%\�1J�£1��1�きJ
ǕァœäGK PBA き*Έ%Z]B%\�むƿɨǕァ*ƠWˎΈ3]B%\ɬるɩ*aFEJʂが
J̲łǡ*Ȑ3%̺¯CKʘ+FとʚGFZF%*�˦ タ̺șカJY&G΅0Fそ˙J́ǡ*Ƙƨ
6\̺¯CK�1.4 ɟCȀP<Y&G PBA きJœƴɒ˙*ˆÔ6\1D*ş˽3]\�:JY&F
̅Ő)Z�PBA きD̞PBƊɒ˙ɨィ̶͂œƴ*Ƈ'\ SMC き*�£1��1�きJǕァœäɻ
ʭGǢɻ3]<[21][22]�:4B�Ƚʑ`つĥ4<�b¥��`Έ%< SMC きJœƴɒ˙ŠȟGY[�
ʅˈřÜ`Ɗɒ˙GƟŭC+\1D*Ǘ3]�ェȒΒΈOJͼΈɌ*Ǘƙ3]<�¼が�NCCHE C
Wxm��¥pȘǤきJȘǤěĕJĤǿí２*ȻƇʶC$[�2015 ˼ 10 śGɬるɩ*aJąǦ¼
だGʒ4Bxm��¥pȘǤきCǕァ*Ƈ_]<�ƔŶK�ǮゼJǲ±Gɨィ̳ぶJɊůJŪ4%
OAR *ʊƨ6\˦タ̺șカCJxm��¥pȘǤきJˎΈ*げS]B%\� 

� さŢįJƠǵて̩K�SMC き`xm��¥pȘǤきJǕァœäɻʭGˎΈC+\Y&G4B�
ǺもJ PBA きJǕァœäD̞PB�̲łǡ̊ǡʶJœƴɒ˙`ƀȣ38\1DC$\�¼がC�
SMC き`xm��¥pȘǤきJǕァœäGˎΈ6\ȣCJáʚK�:JœƴǓĎJ（ǽC$\�
�£1��1�きJǕァœäO SMC き*Ǣɻ3]<˞Ȉ�ǢƦJェȒșカCK PBA き* 2~3 ͂G
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ʒ4B�SMC きCKɆǹ͂))\œƴǓĎJとʚ˔*$?< [23]�ɨィ̶͂œƴK�1]SC
CPU(Central Processing Unit)`Έ%BƇ_]B+<�2004 ˼あ[)Z�£z�t˳̺J́よˍƅ：
GY[o£�oɆJȣȕK˦ʏ>GF[�:JŶrcɆ`ɿX61DC˼0͇クÕ*ȻaC+B%
\*�ŭƨCW CPU JrcɆKɆŰ2ǹɆŰC$\�:]Gʒ4B�GPU(Graphic Processing Unit)

CKɆ̨Ű2ɆɣŰD̡ȧGʍ-Jrc`ɘaC%\�:J<V�CPU D̞PBœƴǓĎJƊʇÕ
*Ěʔ3]�GPU `ΒΈ4Bɨィœƴ`Ƈ&1D*ɈìˍGɘŁˍGƇ_]B%\[24][25]�ŭƨ�
NCCHE CK GPU `Έ%< SMC きJ�£1��1�きJǕァœäK�PBA きD˩ˋ˙JœƴǓĎ
`ʝɍ4B%\�:J<VさŢįCK�GPU `Έ%B SMC きJxm��¥pȘǤきǕァœä`Ƈ
&1DC�œƴǓĎJ（ǽ`てǂ6� 

� さŢįJƠǵて̩`ʝɍ6\<VG­ÔJ˵@`Ƈ%�さゴ̈́CK:]ZJ˳΂`͔Ǝ6\� 

1. SMC きJœƴɒ˙`ͭZ)G6\<V�̲łǡ�b¥��˳CJ SMC き`Έ%Bœƴ4<�
1�k1�¡Jɨィ̶͂`�FMC き`Έ%<ȦƌD̞÷4B̫Ø4<� 

2. ェȒșカCJ SMC きGY\œƴJͼΈɌJ̫ØJ<V�SMC きD PBA きJɨィ̶̞͂÷`Ƈ
?<� 

� S<�ȠƤF́よâˋKʙ�ȜCȀP\*�SMC きCKむƿDũƿô*Ȟ˱6\1DCɑɍ3
]\˵ǔΙƿGY\ʂがɨィ̶͂Jėぶ`ぞǍ4B%\�1J́よâˋK FMC きJT*œƴ`Ƈ
?B%\<V�SMC きJœƴɒ˙`ƄGƀȣ38\<VGK�1J́よâˋ`ǫ[˸]\1D*
̧みC$\�さゴ̈́CK­ÔJ˳΂G@%BW͔Ǝ6\� 

3. ũƿô６ÐGY[ɑɍ3]<˵ǔΙƿGY\ɨィėぶ`đV< SMC きJœƴʑő`í２4<
<V�:J̫Ø`Ƈ?<� 
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ʙ�Ȝ�むƿɨD́ǡJɸŵƪΈ 

� むƿK�́ǡ`ƅɍ6\ũƿ˳J˖ƿDJ˖ǖĝˍɸŵƪΈGY[ǙȺJh�¡n1`Ǟ%�S
<́ǡʶJũƿôJńぐ`˅â4<ƦG�o1£¥ΣGY?Bģˬ*͊ƀ3]�ȻƇがƀ`Ǩă͋
'F*ZȻaCƇ-�S<�むƿKĞGũƿôDȞ˱4ô６Ð`Ģ16�ô６ÐGK�ʦɌƳΐD
̡ʦɌƳΐ*$\�ʦɌƳΐCK�むƿK:JȻƇがƀ`͋'\*:Jh�¡n1KQDaE͋Õ
87̩ˍũƿôJ˳̺ȪʕK͋Õ4F%�̡ʦɌƳΐCK�ũƿô*ガĢ�$\%K̂ƣ3]�˵
ǔΙƿ*かǾ3]\�1]ZむƿɨD́ǡDJɸŵƪΈK�:];]5h�¡n1ʋǞ6�5ʍǼo
1£¥Ƴΐ6�5ũƿô６Ð6DŲL]B%\�1]ZJɸŵƪΈ*EJY&GĢ1[�ɨィ`̳ぶ
4B%-)よç6\1DK�ɨィœƴ`Ƈ&ȣÇȾC$\� 

� さȜCK�1]ZJよゴG@%Bɠͭ6\� 

 

2.1 h�¡n1ʋǞ[26] 

� むƿK�ǪǴǡũƿ˳J˖ƿDȞ˱4Bũƿ`˖らS<KガĢ4�1JY&FȞ˱`ŉ[͎4
BĀZ)Gūʇ6\�1JâˋK˖らʋǞDŲL]\�ƠǵˍGKむƿɨKɯBJh�¡n1`Ǟ
%ǆS\�1JǆS\SCGȻa=ķらJ͆łʪ`̢ˋDŮ%�́ǡG˸Ǥ6\ƦJh�¡n1G
Y?BŘˈ6\ィC$\�:4B�むƿJʇ˙*ūȑ6\GǺ?BɸŵƪΈ6\ǓĎ*ˁ-F[˖
ƿGぶ'\Σɘ*ɿÙ6\<V�̢ˋJǵ）C���p�1o`ƪ\�むƿK�ɑʑ˳C1JY&
F˖らʋǞ`Ģ14ɑʑɲȬGh�¡n1`̳ぶ6\�1Jh�¡n1*ÕúˍGÿɌF�wk¡
`ɑTǾ4ƤぎôJ DNA Ɲ`ɜʧ6\みÀGF\� 

� 1J́ǡʶCJh�¡n1ʋǞJよゴˍFœƴきK�1930 ˼Ȉ˦G Bethe D Bloch GY?B˪Ǿ
3]<�むƿ*˅â6\́ǡJʠ¯そ˙ˁ3ρ ∙ %&	 g cm2  (ʠ¯そ˙ˁ3DK�ˁ3&	 cm Gǡィ
そ˙(	 g cm3 `)/<ʠ¯)˞<[GʋǞ6\h�¡n1J͆łʪ%)	 MeV Kǡィɳǆ˿D4Bˈ
ħ3]�­ÔJ Bethe-Bloch JǛCぶ'Z]\�ǡィɳǆ˿`Έ%\1DC�́ǡJɸG°ZF%
ũƿJƅ：(͆łej¥Õ��¥v�¡)J¸%GY\żÜ`̪っÕ6\1D*Ú˿C$\� 

− +,
-∙+.

= 0123456

76
ln 89

: ;
− <=     (Eq. 2-1) 

>? = @AB
;
B
CD= ≈ 0.150 ;

B
	 cm2 g    (Eq. 2-2) 

I3 = =345676

JK76
	 MeV     (Eq. 2-3) 

11CLDM= ≈ 0.511	MeVK˖ƿJɕǆh�¡n1�< = N MKむƿJʇ˙NDȷňʶJźʇMJ̞�
O P Kũƿ̛ƋPJ́ǡJ͆łej¥Õ��¥v�¡ MeV �AB = 6.02214086×10=V	 molKJ Kc�
l�£ˈɆ�CD = "= 4@WXLDM= = 2.8179403267×10KJ\	 m Kűː˖ƿ５ŏ�]ḰǡJũƿィ
g mol C$\�S<�I3KǙͽ˖ƿDJ¼èJȞ˱Cむƿ*˖ƿGぶ'\Ơʘh�¡n1C$\� 

� ˸Ǥh�¡n1)initialJむƿɨJ͆ł̢ˋ^ )initial K�́ ǡG˸Ǥ4<むƿ*Ǚͽ˖ƿDJȞ˱G



�  ��

Y[ǡィɳǆ˿JǛGǺ?Bh�¡n1`Ǟ%ĀZ)Gūʇ3]\D%&ケʉūʇńǏ(continuous 

slowing down approximation)`Έ%B�Eq. 2-1 `ɘ͂6\1DCĭVZ]\� 

^ )initial = ^ )final + − +,
-∙+.

KJ,final
,initial

%)	 g cm2    (Eq. 2-4) 

11C)finalK Bethe-Bloch JǛ*ɍ[る@ƠȐh�¡n1`̪6()final = 0C$]L�Eq. 2-1 *２Ƴ
6\)�1JY&G6\よͽK�Bethe-Bloch JǛGKむƿJh�¡n1Gď4BˎΈůì*$[�
むƿJh�¡n1*ũƿʶJ˖ƿJʇ˙D˩ˋ˙GF\Dɍ[る<F-F\)ZC$\�)finalK�
˅ȧ 100 keV~9MeV Dǫ\�)finalJh�¡n1`ǒ@むƿɨJ̢ˋ^ )final K�1Jh�¡n1̘
±Cɍ[る@͉Jよゴ)Zœƴ6\)Ǣʅʪ)ZĭVZ]\*�:JʪKȐ3-3ɂʶC
^ 100	keV = 1	cL, ^ 1	MeV = 23		cL	4˅ȧぞǍ4BWƛ4ǃ'F%ィC$\� 

 

2.2 ʍǼo1£¥Ƴΐ[26] 

� むƿ*́ǡG˸Ǥ4ũƿ˳̺G˸?<D+ũƿôJ˖àDJo1£¥ɖΣGY[�˸ǤむƿJ
ģˬ*½]\�1]Ko1£¥ƳΐDŲL]�:J̤͂ƳΐʧっɘK˅ȧ�u�i1�ƳΐCń
ǏC+�1JƳΐõりKƳΐöJ�ȤG６̞カ6\<V�Ȑö˙JƳΐ*ǃ̈ˍC$\�¼˙J
o1£¥Ƴΐ*˸Ǥむƿ｢Jö˙̶͂Oぶ'\ÆĽKʍ-JȦƌぞǍ6\1D*Ǿも\QEȐ3
%*�žT`ǒ?<́ǡʶ`˅â6\ƦGK�ʍɆè(≫ 10g è/cm)JȐö˙Ƴΐ`ǯ/\<V�
:JォɘGY[¯ʭDö˙J7]`ǒ@�1JƳΐâˋ`ʍǼo1£¥Ƴΐ(multiple Coulomb 

scattering)DŮ%�:JœƴよゴKMoliere[27][28]GY?Bõる3]B%\�1JよゴGY\D�ʍǼ
o1£¥ƳΐJö˙̶͂K�Ȑö˙ƳΐGʒ4BK Gauss ̶͂CY-ńǏ3]�:]Gッ)Fʘ
ö˙Ƴΐ(ĞGむƿ*ũƿôJŁńぐ`˅â4<ƦGĺ%o1£¥ΣGY[ʘ+F͊ƀ`ǯ/\)J
ɇ*Ù_?<WJC$\�4)4�1JよゴKɒ˙*Ɗ%*�œƴ*̿ƯFȣGʘö˙ƳΐJʧ
っɘKȐ3-ɯむƿJ 98%K Gauss ̶͂GđS]\<V�ɨィœƴG(%BKʍ-JȦƌ Gauss

̶͂ńǏ*ƹΈ3]\�1JńǏ̶͂`ぶ'\ǛD4B�Highland Jċ³Ǜ[28-30]*Y-Έ%Z]
\�6F_>�$\ž3hJ́ǡ`˅â4<ǓJむƿJƳΐJǤÆöJƗ˵Ȥ͆łʪ iX= K�­
ÔJǛC̪3]\� 

iX= = J0.J	
75j

k
lm

1 + J
n
logJX

k
lm

�    � (Eq. 2-5) 

11CǤÆöiX	 rad DK��1�˸Ǥがƀ`hがƀ�:]Dɀ˃Fっ˳J˵ǔŨ˃Źƞ̩`&-rƞ
̩D4<ƦG�&-hっ$\%Kr-hっGƳΐがƀ�o�¡`ǤÆ4<:];]J�o�¡*hǝDF
6ö˙C$\�ƳΐJõりKƳΐJŁöGK°ʊ6\*が¯öGK°ʊ4F%JC�&-hっ˳(Y
Mr-hっ˳JE>ZJǤÆöW Eq.2-5 C̪3]\˩5 rms ʪ`ͼ6\�S<�Eq. 2-5 ʶJsKむƿ
JÅ˨ィ MeV c �< = N MK Eq. 2-1 D˩΅GむƿJʇ˙NDȷňʶJźʇMJ̞�tXḰǡJか
Ǥˁ g cm2 CńǏˍG­ÔJǛCぶ'Z]\� 
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J
lm
= 4u vw

B
P P + 1 CD= ln 183PK

y
z    (Eq. 2-6) 

11Cα = "= 4@WXℏM = 1 137.036K̤Ƥƅ：ˈɆ�AB, CD, P, ]K:];]c�l�£ˈɆ�űː
˖ƿ５ŏ�́ǡJũƿ̛Ƌ�ũƿィC$\�かǤˁtXJY[ɏõFœƴK�̈́š[31]˳J̪)ZƇ
&1D*C+�Õƌ́XƘƌ́JȦƌ�ƅɍŨɱJǼィɲɍ̞XñŨɱJかǤˁ)Zœƴ6\1
D*Ú˿C$\�カD4Bt0,	water = 36.0823	 g cm2 , t0,	air = 36.664	 g cm2 C$\� 

� F(�Eq. 2-5 J Highland Jċ³ǛJœƴɒ˙K�΅0F́ǡ(YM΅0F˸ǤΙƿJh�¡n
1Gʒ4BˎΈ6\D~5%ˋ˙C$[�Y[ɒ˙JƊ%œƴ*̧みFȦƌ�MoliereJǛ`Έ%F
/]LFZF%� 

 

2.3 ũƿô６Ð[26] 

� むƿD́ǡDJɸŵƪΈK˖ǖĝˍɸŵƪΈ*ǃ̈ˍC$\*�むƿ*ũƿôDȞ˱4Bũƿô
６Ð`Ģ161D*ĞG$\�1JǓ�ũƿôJ˳̺h�¡n1`͋Õ38F%６Ð`ʦɌƳΐ
(elastic nuclear reaction)�͋Õ38\６Ð`̡ʦɌƳΐ(inelastic nuclear reaction)DŮ&� 

� ũƿôDJʦɌƳΐK�¼ǔむƿ*˖ǖĝˍFΣ*˧-イ»`Ë'�ôΣ*˧-イ»Gˢʝ4<
Ȧƌ�ĺ%ɸŵƪΈGY[ɑ5\WJC$\�1JǓ�˸Ǥ4<¼ǔむƿKÅ˨h�¡n1`QR
うʊ4�˵ǔむƿDF?BȻƇがƀJT`͋Õ38\�ɂDJʦɌƳΐK�˸Ǥ6\¼ǔむƿD̩
ˍɂɱũƿô3むƿ4DJ６ÐD�¼ǔむƿDƵɱũƿôJʦɌƳΐ*$\�ŶǦJȦƌ` Eq. 2-

7 GǗ6� 

s + O8
16 → s + O8

16     (Eq. 2-7) 

11CsKむƿ� O8
16 KĖˉȪʕJƵɱũƿô`̪6� 

� ũƿôDJ̡ʦɌƳΐCK�Ȟ˱JřÜ�̩ˍDF\ũƿô*ガĢ$\%K̂ƣ3]�ũƿô)
ZむƿXʶɌƿFEJ˵ǔΙƿ*ʜ+Ǿ3]\�ũƿôDJ̡ʦɌƳΐD4B�­ÔJ˵@J�£
zx*Ɔ'Z]\� 

1). ¼ǔむƿ*ũƿôJ˳̺h�¡n1ȃ¯ĎJɫµ`Á+Ģ14�ũƿô˳̺*ガĢȪʕG͋_
\６Ð*Ģ1\�1J�£zxK̞÷ˍˆ%h�¡n1CKǼみC$\*�Ɗh�¡n1CK
:JėぶKūȑ6\�1J�£zxJカ` Eq. 2-8 GǗ6� 

s + O8
16 → s + O∗

Ñ
Jg    � � (Eq. 2-8) 

11C� O∗
Ñ
Jg KガĢȪʕG$\Ƶɱũƿô`̪6� O∗

Ñ
Jg K¦おé6\� 

2). ¼ǔむƿ*ũƿôDô６Ð`Ģ14�˵ǔΙƿ`２ɑ38\�1J�£zxJカ` Eq. 2-9, Eq. 

2-10, Eq. 2-11 GǗ6� 

� s + O8
16 → s + s + N7

15             (Eq. 2-9) 

s + O8
16 → s + Ö + O8

15             (Eq. 2-10) 

s + O8
16 → u + N713     (Eq. 2-11) 

11C�ÖKʶɌƿ�uK αΙƿ� N7
15 KʳɱJ«ˈ˩¯ʑ� O8

15 KƵɱJ̲«ˈ˩¯ʑ� N7
13 Kʳ
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ɱJ̲«ˈ˩¯ʑ`̪6� 

さゴ̈́ʶCJ˵ǔΙƿJˈħD4B�ũƿô６ÐŶGɑɍ3]<ΙƿKɯB˵ǔΙƿD6\�:J
<V�Eq. 2-7 )Z Eq. 2-10 ʶJÃあJ¼ƉてJsK¼ǔむƿC$\*�˵ǔΙƿD4Bˈħ6\� 

� むƿJh�¡n1*ʘ+/]L�ũƿôDJ̡ʦɌƳΐ*©˛ˍGʘ+-F\�˵ǔむƿX αΙ
ƿKǹ͂Fh�¡n1`ǒ?B６Ð˔JɬがGかǾ3]\1D*ʍ%<V�ɬがG$\́ǡ`˖ら
4ɨィ`ぶ'\�:]Gʒ4�αΙƿY[Wʘ+F˖à`ǒ?<ô̂͌ḰǡʶCJ̢ˋ*Ȑ3%
<V�６Ð˔ńぐJ́ǡ`˖ら6\DƆ'Z]\�1JY&Gũƿô６ÐK���pk1�JŎȪ
GÆĽ4����pk1�K�¼ǔむƿJ˖らʋǞ=/CKF-�ũƿô６ÐGY[ɑɍ3]<˵
ǔΙƿGY\ɨィ̳ぶWđa=řÜC$\�ɢƇŢįD4B�¼ǔむƿX˵ǔΙƿ`ƆƬ4B%\
WJ*$\�̈́š[32]CK�˵ǔΙƿGY\ɨィ̳ぶK����p�1oJɬが̺`Ɇ%�¡�c
��6\Dゴ5B%\�11C�FMC きCœƴ4<ɂʶCJ́よâˋ͉Jȵ̺ɨィ̶͂` Fig. 2-1

GǗ6�̈́š[32]Gʒ4�Fig. 2-1 CK���p�1o¯ʭCJ¼ǔむƿJɨィ̶͂OJėぶKɯʑ
Jの 80%C$[�˵ǔΙƿ*の 20%GĪNɨィ`ぶ'B%\�:J<V�̈́š[32]D Fig. 2-1 J¸
%K�ɬȀ4<ʦɌƳΐD̡ʦɌƳΐJ 1). `˵ǔΙƿD4BđV\)�S<ũƿôDJ̡ʦɌƳ
ΐGY[ɑɍ3]<WJJT`˵ǔΙƿD6\)D%&¸%GY\WJ=DƆ'Z]\� 

 

 
Fig. 2-1 FMC きCœƴ`Ƈ?<ɂʶCJ́よâˋ͉Jȵ̺ɨィ̶͂ 

 

� ũƿôDJô６ÐJɯʧっɘÜáà5âKˆh�¡n1`Ȏ+�˸ ǤΙƿJh�¡n1GQDaE°ʊ
4F%1D*ʫZ]B%\�˸Ǥ6\ΙƿJɆ`OXD6\D�́ǡʶ`h=/˅âŶJΙƿɆOKǔ
ǛCĠȀ3]\� 

O = OXexp −Ö ∙ Üáà5â ∙ h    (Eq. 2-12) 

Ö = -vw
Bå

     (Eq. 2-13) 

11CÖK̩ˍΙƿJɆそ˙ cm-3 �(K̩ˍ́ǡJǡィそ˙�]êK̩ˍΙƿJǡィɆC$\�Eq. 2-

12 JÃあJ exponential ƉK�˸ǤΙƿ*、Ƈķら z J¯ʭCô６Ð`Ģ13F%ΙƿJþƌ*Ũ
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J×þGF\)̪4<WJC$[�:J、Ƈķら z J͆łʪ*ô６ÐJ６ÐˁλC$\�Y?B�Ι
ƿɆ*ŨJ˸ǤΙƿJ1 " (の 37%)GF\ˁ3λ	 cm K�Eq. 2-13 Y[­ÔJǛC̪3]\� 

λ = J
íìîïñ∙á

= Bå
íìîïñ∙-∙vw

   (Eq. 2-14) 

¼ǔむƿ*ũƿôDȞ˱4˵ǔΙƿ`２ɑ38\̡ʦɌƳΐJɯʧっɘÜáà5âJðƴʪK�˸ ǤΙƿ
JǡィɆ]ó`Έ%B�­ÔJńǏǛCĠȀ3]\[33]� 

Üáà5â = 78 ]ó
z + ]ê

z − 1.25
=
×10K=ò	 cm2   (Eq. 2-15) 

˸ǤΙƿ`むƿ(]ó = 1)�̩ˍΙƿ`ɂ͂ƿʶJƵɱũƿô(]ê = 16)D4<Ǔ�Üáà5â = 4.02×

10K=\	cm2�λ = 66.1	cmDF\�11C�λJʪG@%BK�ɂʶCJ¼ǔむƿJΙƿɆJūɃJʅ
ˈ)Zλ3Dôö = 83.6	cmD%&ʪ*ĭVZ]B%\�1Jʪ`Έ%B�ɂʶƶ̢ˋ^ = ^ÑX (���p
k1�J�1oʪ` 100%D4<Ǔ�:JŶがJ 80%Gや><ǓJ¯ʭ)D4Bˈħ6\D�^ =

20	cmJȦƌ�Eq. 2-12 )Zexp −20 83.6 ≈ 0.79DF\�1]K�˸ǤΙƿ*̢ˋじ）SC̡ʦɌ
Ƴΐ`Ģ137ɑʊ6\õり`̪4�:J<V�˸Ǥ6\¼ǔむƿJの 21%KʋǞ3]\DŤɘW
Z]\� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



�  	�

ʙ�Ȝ�ɨィœƴJがき 

� さȜCKŢįGΈ%<ɨィœƴJがきG@%BȀP\�S<�ɨィœƴCƹΈ6\ɂ˟Øž��
¡X�1�は。がˋǛ`Έ%<�1�J¯ɸňĎJœƴきG@%BWɠͭ6\� 

 

3.1 ɂ˟Øž��¡[12][34] 

3.1.1 ɂ˟Øž��¡Jðみ 

� ȽʑK�C, H, O, N, Ca FEJŨɱ)Zƅɍ3]B%\̲
łǡ̊ǡC$\*�ʍ-Jɂ͂`đT͆łˍGKɂGオǏ
4<́ǡCƅɍ3]B%\DńǏ6\1D*Ǿも\�:1
CǕァœäCK�Ƚʑ`´F\そ˙Jɂ)Zƅɍ3]\́
ǡDTF4�ɂʶCʅˈ4<ȵ̺ɨィ̶͂`Έ%B�ʑ˳C
Jɨィ̶͂`Ϳʅ6\がき*ƹΈ3]B%\�1JǬき`
ɂ˟Øž��¡DŲN� 

� ɂ˟Øž��¡CK�ɂ­îJ́ǡʶCJh�¡n1ʋ
Ǟ`�˩ィJʋǞ*ɂʶCĢ1\DÖˈ4<ȦƌJɂJž
3Gćƴ6\�ɂ˟Øž��¡Jð˽` Fig. 3-1 GǗ6�h
�¡n1)õJむƿɨ*Ę×úˍˁ3ú3J́ǡ`˅âŶGh
�¡n1ʋǞ )ù − )õ `Ģ14<D6\�1Jh�¡n1ʋǞィD˩ィJʋǞ`Ģ16ɂJĘ×ú
ˍˁ3úûKǔǛJY&GȊ-1D*Ǿも\� 

úû = ú3
-9
-ü

†9
†ü

    (Eq. 3-1) 

11C�(3, (ûḰǡDɂJǡィそ˙ g cm3 �°3, °ûḰǡDɂJǡィɳǆ˿C$\�:4B�ú3
DúûJ̞úû ú3`:J́ǡJɂ˟Øž̞(Water Equivalent Length Ratio: WELR)DŮ%�ǔǛJY&G
̪6�ɂ˟Øž̞Kɳǆ˿̞Gƌʮ6\� 

WELR = -9
-ü

†9
†ü

    (Eq. 3-2) 

ɂ˟Øž̞`1JY&G̪ŭC+\JK�ǡィɳǆ˿̞*�ˆh�¡n1イ»`Ȏ+�́ǡJTG
°ʊ4h�¡n1OJ°ʊɌ*Ȑ3%DǎǢGĖA%B%\�ȷμ�c¡��f�ƌŅ�co ¡
Gʒ4B�h�¡n1`ÑǝG�ɂ˟Øž̞`ǻǝG�£��4<WJ` Fig. 3-2 GǗ6�ȷμJ
Ȧƌ�10 MeV ­ÔJˆh�¡n1イ»CK 150 MeV ńあJイ»D̞PB�10%ˋ˙JˆÔ*ŤZ
]\�4)4�10 MeV JむƿɨKɂʶ̢ˋ* 1.2 mm C$[�ˆh�¡n1イ»CJɂ˟Øž̞J
Ÿƛ*むƿɨJ̢ˋʋǞGぶ'\ÆĽKȐ3%�:J<V�Ɗそ˙J́ǡQEh�¡n1OJ°ʊ
Ɍ*ʘ+-�ŪそGK˸Ǥh�¡n1JďɆCK$\*�Ƃ%h�¡n1J̘±CK¼ˈʪD4B
ª?BWとʚF%�1J1D)Z�ɂ˟Øž̞Kh�¡n1G°ZF%́ǡųͼJˈɆD4Bª&� 

Fig. 3-1 ɂ˟Øž��¡Jð˽ 
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Fig. 3-2 h�¡n1Gʒ6\ɂ˟Øž̞J͋Õ 

 

3.1.2 ǕァœäG(/\ CT ä，JΒΈ 

� ェȒCΈ%Z]B%\ǕァœäJɨィœƴG(%BK�˸ Σ�1}D4BąǦʑ˳Jɂ˟Øž̞
J̶͂` X ɨ CT ä，)ZƴǾ4ĭV\̧み*$\[35]�X ɨ CT ä，KʍɆJ pixel )Zƅɍ3]
B([�ñ pixel GK CT ʪ*þ[˞BZ]B%\�CT ʪDK�́ǡJ͆łˍF X ɨīǱ｣Ɇ`６
Ç6\ʪC$[�QŔǡJ˖ƿそ˙G̞カ4�Hounsfield Unit [HU]D%&ʠ¯C̪3]\�¼が�
むƿɨJ̢ˋK�˖ƿそ˙(AB P ]G̞カ6\=/CF-͆łej¥Õ��¥v�¡O P GW°ʊ
6\((: ǡィそ˙, AB: c�l�£ˈɆ, P: ũƿ̛Ƌ, ]: ǡィɆ)�Y?B�CT ʪD̢ˋJď｣K
ʠȅF̞カď｣CKF-�́ǡJŨɱɲɍGW°ʊ6\�:J<V�ǔGǗ6Y&Gʅˈ�1}G
ĖA%Bƪɍ4<͋ć�1�¡`Έ%Bñ pixel J CT ʪ`˩5h�¡n1ʋǞ`ぶ'\ɂ˟Øž
G͋ć6\�Fig. 3-3 GƏる*aŢįz¥}1˝̭Â(NCCHE)CƹΈ4B%\ CT ʪ-ɂ˟Øž̞͋
ć�1�¡`Ǘ6�NCCHE CK�Kanematsu Z*ˊ¬4<がき[36]`Έ%B�1J͋ć�1�¡`
ƪɍ4B%\�6F_>�ɂ�b¥��˳Gǡィそ˙XŨɱɲɍ*ęʫJ ¥Ƶɂɱ˵k f�ɂ
ぼÊ�h}�1¡�ňĝ�ɂJƻ@J́ǡ`Ìˠō΂ĕGず<4�CT ä，`ƭ，4ñ CT ʪ`ĭ
V�͉ ŰGむƿɨ`ƹΈ4Bñ́ǡ`ず<4<΂ĕ`˅â6\むƿɨJ̢ˋʋǞ`ĭV\1DGY
[ƻ@J́ǡJɂ˟Øž̞`ĭV\�:4B�:]Z`ɨŎ͒Ď6\1DC�CT ʪ-ɂ˟Øž̞͋
ć�1�¡`ǫ˭6\�1JY&G X ɨ CT ä，)Zʑ˳ɲȬJɂ˟Øž̞O͋ć4<ä，`˭\
ǬʨKʘ͋ͼżC$\*�˩5́ǡCWƭ，C˭Z]\ CT ʪ:JWJ*ƭ，ʒȡJʘ+3Xǲ±
Jň˫�ƑFEJʊƨGY[͋Õ6\<VG�CT ʪ)Zɂ˟Øž̞OJ͋ćGK�±3%ˋ˙JŸƛ
*$\1D*ʫZ]B%\�S<�NCCHE CK CT ä，J pixel teyWCTK˦タ̺CK0.585	mm�
ʑĄ̺CK0.938	mmCƭ，3]B%\�ɨィœƴG(%BK�1J CT ũä，J2×2 = 4 pixel `
͆łÕ4<Ȩ͔`Έ%�ƌよˍFňĎç，˙`う>F*ZœƴǓĎJ（ǽ`ȿ?B%\� 
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Fig. 3-3 NCCHE J CT ʪ-ɂ˟Øž̞͋ć�1�¡ 

 

3.2 �1�は。がˋǛ`Έ%<�1�J¯ɸňĎJœƴき 

� むƿɨKȻƇがƀǴǡ*$\D�むƿJ˖らʋ
ǞXʍǼo1£¥ƳΐGY?B�むƿ｢J¯ʭDö
˙̶͂*̿ƯG͋Õ6\��1�は。がˋǛK�1
JY&Gは。3]\むƿ｢J¯ʭXö˙Jò*[`
ĠȀ6\WJC$\��1�JȻƇがƀ` z ǝGD
[�:]D˃Ź6\っ˳Gŵ%G˃Ź6\Y&G x, 

y ǝ`D\(˅ȧ�x ǝ`ɂ͆がƀ�y ǝ`ɀ˃がƀG
D\)��1�˸ǤがƀJ¯ʭ z CJむƿɨJɂ͆が
ƀJ¯ɸňĎ̶͂K�ÑǝG�1�ʶȲǝ)ZJɂ
͆がƀJ¯ʭJ7]&�ǻǝG x-z っ˳G(/\ z ǝ
)ZJö˙J7]i.`Ű0JむƿGʒ4B�£��
4<むƿ｢J̰˙̶͂C$\3ɀ˃がƀC$\ y が
ƀGW˩΅G¯ɸňĎ`ˈħ6\4�1J̶͂K¼̗
ˍGŌ+J$\˵ǔŨ Gauss ̶͂CńǏC+�˟ʪっKʐÌC̪3]\�1JʐÌ`�1�ʐÌD
ŲM�Fig. 3-4 G:JðŎ`Ǘ6�1JʐÌ`̪ŭ6\�Ƈ�クJʒțƇク` Beam Matrix(ÜƇク)D
Ů%�®D̪6�1]`Έ%B�Ű0JΙƿJ¯ɸňĎ�o�¡`©D6\D�むƿ｢ɯʑJ¯ɸň
Ď̶͂`ʗ̪6\¯ɸňĎʐÌK­ÔJ˵ǔŎǛC̪ŭC+\� 

©™ ®KJ© = 1    (Eq. 3-3) 

11C�®DΙƿJ¯ɸňĎ�o�¡©KǔJY&Gˈħ6\� 

® =
ÜJJ ÜJ=
ÜJ= Ü==     (Eq. 3-4) 

© =
&
i.      (Eq. 3-5) 

�
Fig. 3-4 ¯ɸňĎG(/\�1�ʐÌ 
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11CÜJJK¯ʭ̶͂J͂Ƴ�Ü==Kö˙̶͂J͂Ƴ�ÜJ=K¯ʭDö˙Jĸ͂Ƴ`̪6� 

� ǔG�むƿɨ*�1�ȻƇがƀG$\ķら´=/Ȼa=¯ʭG(/\¯ɸňĎ�o�¡©?`Ɔ'
\�¯ɸňĎ�o�¡©?K¨ (Transfer Matrix)`Έ%BǔJY&G̪61D*C+\� 

©? = ¨©     (Eq. 3-6) 

1]`©G@%Bç+�Eq. 3-3 Gʗ˸4BÔJǗ6âˋCœƴ`Ƈ&� 

¨KJ©™ ®KJ ¨KJ© = 1     

∴ ©™ ¨KJ™ ®KJ¨KJ© = 1     

∴ ©™ ¨® ¨™ KJ© = 1   (Eq. 3-7) 

11C�Eq. 3-7 ` Eq. 3-3 D˩΅JŎDƆ'\D�Transfer Matrix ¨`˅âŶJ Beam Matrix ®?K
­ÔJǛC̪ŭ6\1D*C+\� 

®? = ¨® ¨™     (Eq. 3-8) 

ǖȦJF%� ��ňĎJȦƌ� 

¨ = 1 ´
0 1     (Eq. 3-9) 

C$[�Eq. 3-8 Y[σƇクKǔJY&GȊ+ć'\1D*C+\�11C®�®?`ǔJY&Gˈħ
6\� 

® =
ÜJJ,X ÜJ=,X
ÜJ=,X Ü==,X     (Eq. 3-10) 

®? =
ÜJJ ÜJ=
ÜJ= Ü==     (Eq. 3-11) 

ÜJJ ÜJ=
ÜJ= Ü== =

ÜJJ,X ÜJ=,X
ÜJ=,X Ü==,X +

2ÜJ=,X Ü==,X
Ü==,X 0 ´ + Ü==,X 0

0 0
´=  (Eq. 3-12) 

� ƠŶG�むƿɨ*́ǡʶCʍǼo1£¥Ƴΐ`ǯ/Bž3h=/˅â4<ȦƌJ Beam Matrix `
Ɔ'\�ʍǼo1£¥ƳΐJżÜKむƿJö˙Jò*[=/CKF-�̄ ʭJò*[D4BWŭ]�
́ǡ*ž-F\QE¯ʭJò*[*」ɘ3]ぞǍǾもF%ʘ+3GF\�́ǡJž3h=/˅â4
< Beam Matrix みɱKǔǛC̪3]\[37]� 

Ü== h = Ü==,X +
+ Øm6

+ö
k
X %∞    (Eq. 3-13) 

ÜJ= h = ÜJ=,X + Ü==,Xh + h − ∞ + Øm6

+ö
k
X %∞  (Eq. 3-14) 

ÜJJ h = ÜJJ,X + 2ÜJ=,Xh + Ü==,Xh= + h − ∞ = + Øm6

+ö
k
X %∞ (Eq. 3-15) 

11C�ÜJJ,X, ÜJ=,X, Ü==,XḰǡG˸Ǥ6\ƦJ Beam Matrix みɱC$\�Eq. 3-13 )Z Eq. 3-15 J
ÃあJɘ͂Ɖ*ʍǼo1£¥ƳΐJżÜ`̪ŭ4<WJC�2.2 ɟCǗ4< Highland Jċ³Ǜ`ɘ
͂6\1DCĭV\1D*Ǿも\�4)4�Highland Jċ³ǛK$\ˋ˙Jž3J$\́ǡʶCJ
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œƴCɍ[る>�̤ȐFž3%∞CKɍ[る<F%とʚ˔*$\�1JとʚGʒ4B Gottschalk ZK
Eq. 3-16 JY&G͒ɏƉ`ɘ͂îGǾ6D%&がき`ぶ'B%\[28]�11CむƿɨJ¯ʭ̶͂`
Gauss ̶͂D4B�:J̩ȃ͊ƛ`Ü h D6\D�Ü h = ÜJJ h C$\1D)Z�Eq. 3-15 KǔǛ
JY&GȊ+ć'\1D*Ǿも\� 

Ü h = = ÜJJ,X + 2ÜJ=,Xh + Ü==,Xh= +
J0.J6

lm
1 + J

n
logJX

k
lm

=
h − ∞ = +ö

75j 6
k
X  (Eq. 3-16) 

 

3.3 ͼżɨŬ��¡[12] 

� xm��¥pȘǤきK�Ùʇĕ)Zǫ[Ǿ4<Ƥ%�1�`�ʂがƀGKxm��¥p˖ǖɗJ
ǖȦJĺ3`͋'B�S<ȵ̺がƀGK¢¥wv�}Jž3XÙʇĕJh�¡n1`ʾɎ6\1D
C�:J�1�*ƪ\x���JưǔŨ¯ʭ`、Ɯ4�Ǯゼɯʑ`ł¼GȘǤ6\がきC$\� 

� �1��e¥GK�ȘǤに`Ŏɍ6\<VGΈ%\７ΈěĕD�ȘǤȩŜGÐ5BŰ0Gɓƪ6
\ȘǤĕŇ(�£1��1�きG(/\�1�xXr �1})*$\�NCCHE Jxm��¥pȘ
ǤきCK�７ΈěĕJ¼@D4B¢¥wv�}`Έ%\�¢¥wv�}JƩǡKco ¡(WELR =

1.16)C�:Jž3KƠʘž 127 mm SC 1 mm 2DGɪ〜C+\�3.2 ɟCȀP<Y&G�́ǡ*ž
-F\QEʍǼo1£¥ƳΐJżÜK」ɘ3]�1�teyKɿʘ6\JC�¢¥wv�}`˅â
4<むƿɨK:Jž3GÐ5Bce|z¥}1CJ�1�tey*ʘ+-F\�S<�1J¢¥w
v�}Jž3K�ȘǤȩŜ*ŘS\D¼@GŘS\�xm��¥pȘǤきCK��1��e¥ȣG�
¢¥wv�}JʌGȷňɹ�ňĝ��1���}1FEJ́ǡ*ʊƨ6\�ąǦȣろG$\1]Z
J�1��e¥ȣJ́ǡG(/\ʍǼo1£¥ƳΐJżÜK�beam matrix `ɆúˍGɶƪ6\1
DC�:J̊ǡGY?Bòʘ3]\�1�`ÖɴˍF$\ɨŬ)ZȘǤ3]\WJD4BĠȀ6\
1D*C+\�1]KͼżɨŬ��¡DŲL]�:Jð˽ȿ` Fig. 3-5 GǗ6�ce|z¥}1C
JσƇクGʒ4B�ce|z¥}1Y[WȣろG´eff (< 0)=/� ��6\1DC�beam matrix み
ɱÜJ=` 0 D6\1D*C+�1]*ͼżɨŬJˈħ`ぶ'\�1]K�̄ ɸňĎȣCͼżɨŬ¯ʭ
CJ�1�ʐÌ*˃るʐÌD6\1DGʒÐ6\�ce|z¥}1D1JɨŬJĎJķら`ͼżɨ
Ŭķら´eff�1JɨŬJ¯ʭJò*[J͂ƳÜJJ,eff�ö˙Jò*[J͂ƳÜ==,effJư@`ͼżɨŬ��
�1}DŮ&� 

� ͼżɨŬ���1}K Eq. 3-8 `Έ%\1DC˪ǾC+�ͼżɨŬCJ Beam Matrix ®effKǔJY
&GȊ+ć'Z]\� 

®eff = ¨® ¨™     (Eq. 3-17) 

¨ = 1 ´eff
0 1     (Eq. 3-18) 

Eq. 3-17 G Eq. 3-18 `ʗ˸6\D� 

ÜJJ,eff 0
0 Ü==,eff

= 1 ´eff
0 1

ÜJJ ÜJ=
ÜJ= Ü==

1 0
´eff 1   (Eq. 3-19) 
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DȊ-1D*Ǿも\�1]ZJœƴ`6\D�ͼżɨŬ���1}K­ÔJY&GˈħC+\� 

−´eff =
íy6
í66

    (Eq. 3-20) 

Ü==,eff = Ü==    (Eq. 3-21) 

ÜJJ,eff = ÜJJ −
íy66

í66
    (Eq. 3-22) 

 

 
Fig. 3-5 ͼżɨŬ��¡Jð˽ȿ 

 

3.4 Pencil Beam Algorithm[12] 

� Pencil Beam Algorithm (PBA)KŭƨJむƿɨǕァœäCƠWƹΈ3]B%\ɨィœƴきC$\�
ɨィœƴCK�è˓l¥� 1Gųˈ4<ưǔŨƞ̩ő`Ɔ'\�1Jƞ̩őK��1�ʶȲǝ`
hがƀ�è˓l¥� 1Jè˓ǝがƀ`rがƀDF\Y&Gˈħ4�&-	r-	hƞ̩ő*ƚǬő`ɍ6Y
&G&がƀ`ˈħ4<ƞ̩őC$\�1Jƞ̩őC��1�ȻƇがƀJ$\¯ʭhG(%B&-r͆っ
C &X, rX G̶͂JʶȲ`ǒ@�1�k1�¡`Ɔ'\�1Jっ˳C�̝ &, r, h `ʶȲD6\Ȑʑɘ
äɱ(voxel: volume element Jれ)G̳ぶ6\ɨィ% &, r, h K�ʂが̶͂ďɆ≤>^DɂʶCʅˈ4<ȵ
̺ɨィ̶͂%%`Έ%BǔǛJY&G̪ŭ3]\� 

% &, r, h = %% ^õáõ − ^k ×≤>^ & − &X, r − rX; Ü™¥™,. &X, rX, h , Ü™¥™,µ &X, rX, h  (Eq. 3-23) 

11C�^õáõKɂʶ˸ǤǓJむƿɨJɂʶƶ̢ˋ�^kK˔ &X, rX, h G(/\むƿɨJɂʶƶ̢ˋ�
Ü™¥™,. &X, rX, h , Ü™¥™,µ &X, rX, h K:];]ȵ˙hCJ&, rがƀJ�1�Jʂが¯ʭ̶͂J̩ȃ͊ƛC
$[�Eq. 3-16 JƚあJÜ h `̪4B%\�S<�≤>^GK¼̗ˍG˵ǔŨ Gauss ̶͂*Έ%Z]�
­ÔJǛC̪3]\� 
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≤>^ & − &X, r − rX; Ü™¥™,. h , Ü™¥™,µ h

=
1

2@ ∙ Ü™¥™,. &X, rX, h ∙ Ü™¥™,µ &X, rX, h
exp −

& − &X =

2Ü™¥™,. &X, rX, h = −
r − rX =

2Ü™¥™,µ &X, rX, h =  

(Eq. 3-24) 

� :4B��1�Jʂが¯ʭJò*[Ü™¥™ (Ü™¥™,.DÜ™¥™,µJɺț)K�¢¥wv�}˸ǤɬJ�1�t
eyÜõáõ  (Üõáõ,.DÜõáõ,µJɺț)D¢¥wv�}˳CJʍǼo1£¥ƳΐGY\ò*[Ü∂†DąǦʑ˳
CJʍǼo1£¥ƳΐGY\ò*[Üjô™Y[�ǔǛJY&Gœƴ6\1D*Ǿも\� 

Ü™¥™ = Üõáõ= + Ü∂†= + Üjô™=     (Eq. 3-25) 

11C�Üõáõ= + Ü∂†= KͼżɨŬ��¡GY[œƴ`Ƈ&�S<�ąǦʑ˳CJʍǼo1£¥ƳΐGY
\ò*[JœƴK��1�ʶȲǝȣJ˔ &X, rX, h J voxel Jɂ˟Øž̞WELRkD voxel ž∆h`Έ%
B Highland Jċ³Ǜ`ɘ͂6\1DCĭVZ]\�ąǦʑ̪っ)Zɂ˟Øžȵ˙hWEL¯ʭJÜjô™K
ǔǛJY&Gœƴ`Ƈ?<� 

Üjô™= = J0.J6

lm,water
1 + J

n
logJX

kWEL
lm,water

=
hWEL − ∞ = +ö

75j 6
kWEL
X   (Eq. 3-26) 

hWEL = WELRk ∙k ∆h     (Eq. 3-27) 

11CsKむƿJÅ˨ィ�< = N MKむƿJʇ˙NDȷňʶJźʇMJ̞�tX,waterKɂJかǤˁC$\� 

ȣĠJǛK�ɂ˟Øž̞`Έ%\1DC�ɂD´F\́ǡ`˅â4<ƦJʍǼo1£¥ƳΐJżÜ
`�´F\ǡィそ˙Jɂ˳Cœƴ4<1DGɸ˞6\� 

 

3.5 Simplified Monte Carlo き[19-23] 

� Simplified Monte Carlo (SMC)きK�Ű0J¼ǔむƿG@%B:Jģɛ`õりˍGœƴ4�ñむƿ
*̳ぶ6\ɨィ`ƌƴ6\1DCɯʑJɨィ̶͂`ĭV\がきC$\�¼ǔむƿK�ͼżɨŬC¯
ʭDö˙Jò*[`̩ȃ͊ƛGǒ@ɏğΐɆ`Έ%B２ɑ38�むƿGK &, r, h, i., iµ, C J!@J
Ȩ͔`ǒ<8\�&, r, hKむƿJ¯ʭ�i., iµKむƿJÅ˨がƀ`̪6ǤÆöC$\�S<�PBA き
D˩΅Gɂ˟Øž��¡`Έ%Bœƴ`Ƈ&<V�́ ǡʶJ̢ˋʋǞ`ɂ˟ØF̢ˋʋǞD4Bª
%�CKむƿJǒ@ɂʶCJƶ̢ˋC$\� 

� ąǦʑ˳K�¼あJ voxel tey*∆&, ∆r, ∆hJ˃がʑJ voxel JǷƌD4BƆ'�PBA きD˩΅
G�ƞ̩őKè˓l¥� 1Gųˈ4<&-	r-	hƞ̩ő`Έ%\�œƴGK CT ä，J2×2 = 4 pixels

`͆łÕ4<Ȩ͔`Έ%�∆& = ∆h = 2×WCTD4<�S<�è˓l¥� 1Jè˓ǝがƀrKąǦJ
ʑǝがƀD¼ʮ4�ʑǝがƀGK CT K¼ˈžĎùCƭ，3]B%\�1Jƭ，Ďù`WsliceD4B�
∆r = WsliceD4<�NCCHE JǕァœäCΈ%Z]B%\ CT Jƭ，ĎùWsliceK˦タ̺CK3	mm�
ʑĄ̺CK4	mmC$\� 

� むƿD́ǡDJɸŵƪΈK�˅â4< voxel 2DGœƴ6\�むƿD́ǡJɸŵƪΈD4B�h
�¡n1ʋǞ�ʍǼo1£¥Ƴΐ�ũƿô６ÐJưǭオ*$\�FMC きCK1]ZɯB`œƴ4B
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%\JGʒ4B�SMC きCKh�¡n1ʋǞ�ʍǼo1£¥ƳΐJTJœƴ`Ƈ&1DCœƴJ
ƊʇÕ`Ǣŭ4B%\� 

� h�¡n1ʋǞJœƴKɂ˟Øž��¡`Έ%�¼ǔむƿ* voxel G̳ぶ6\ɨィʪJƴǾK
PBA きD˩΅GɂʶCʅˈ4<ȵ̺ɨィ̶͂`ΒΈ6\�ɨィ̳ぶJœƴGʅˈʪ`Έ%\1D
C�FMC きD̞PBœƴǓĎJ（ǽÕ`Ǣŭ4B%\�FMC きCK�̩ˍũƿôDJ６ÐCɑɍ
3]\˵ǔΙƿ`˄ɛ4�:]Z*W<Z6ɨィ̳ぶ`Ű͉Gœƴ4B%\�S<�˸Ǥh�¡n
1*˩5むƿCẂǡʶJh�¡n1ʋǞGKべZ,*$[�1JżÜG@%BW FMC きCKǫ
[ª?B%\�1JY&F́よŭȡ` FMC きCKΙƿ2DGœƴ`Ƈ&<VœƴǓĎ*こʘGF
?B4S&�SMC きCK�ũƿô６ÐXh�¡n1ʋǞJべZ,`ñ0J¼ǔむƿG@%Bœƴ
4F%*�1]ZJżÜG@%B�ȵ̺ɨィ̶͂JʅˈʪGK͆łˍG６Ç3]B%\<V�voxel

G̳ぶ3]\ɨィʪGď4BKĎɝˍG1]ZJÆĽ`ƆΛ4B%\� 

� むƿ*̿ɆJ voxel `˅â6\ĎGñ voxel CJʍǼo1£¥Ƴΐ*ォɘ6\�ȐöƳΐJȦƌ
K�:JƳΐJǤÆöG@%BÙきʃ*ア%ɒ˙Cɍる6\�ñ voxel `˅â6\1DCぶ'Z]
\ƳΐJö˙K�Highland Jċ³ǛCœƴ4<̩ȃ͊ƛÜö5ô™GǺ&ɏğΐɆ`ɑɍ6\1DCõり
ˍGŘˈ6\�̩ȃ͊ƛÜö5ô™JœƴǛ` Eq. 3-28 GǗ6� 

Üö5ô™ =
J0.J
75j

1 + J
n
logJX

™
lm,water

WELR×∆k
lm,water

   (Eq. 3-28) 

11C�úḰǡJɂ˟Øķら`̪4�ʑ˳˸ǤǓJ¼ǔむƿKɂʶƶ̢ˋCõáõ`ǒ@<V�ú = Cõáõ
D4<�SMC きCK�(n+1)x���てJ¼ǔむƿJȨ͔K�n x���てJȨ͔`Έ%Bœƴ`Ƈ
&�SMC きJœƴð˽` Fig. 3-6 GǗ6� 

 

 

Fig. 3-6 SMC きœƴJð˽ȿ 
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ɨィ̳ぶJœƴK�WELR &á, rá, há `ǒ@ voxel Gʒ4B�voxel �1�˸ǤっDǾǤっJむƿJ
ɂʶƶ̢ˋJƛ WELR &á, rá, há ×∆h )ZƴǾ3]\ɨィʪ*̳ぶ3]\DÖˈ4Bœƴ`Ƈ&�
:4B�(n+1)x���てJ¼ǔむƿJȨ͔K�n x���てJȨ͔`Έ%B­ÔJɮÕǛCœƴ6
\� 

&áπJ = &á + i.,á×∆h     (Eq. 3-29) 

ráπJ = rá + iµ,á×∆h     (Eq. 3-30) 

háπJ = há + ∆h     (Eq. 3-31) 

i.,áπJ = i.,á + NRN 0, Üö5ô™     (Eq. 3-32) 

iµ,áπJ = iµ,á + NRN 0, Üö5ô™     (Eq. 3-33) 

CáπJ = Cá − WELR &á, rá, há ×∆h    (Eq. 3-34) 

11CNRN 0, Üö5ô™ K͆łʪ 0�̩ȃ͊ƛÜö5ô™JɏğΐɆ(Normal Random Number)`̪6� 

� ƠŶG��¥�k¡£きCœƴ6\ɨィ̶͂K２ɑ38\ΙƿɆGY?BˡœˍGLZ@+�ɨ
ィ̶͂Jœƴɒ˙GÆĽ6\�さŢįCK�ǕァœäřÜJȘǤ̩ˍ(Planning Target Volume: PTV)

˳Jɨィ̶͂JˡœŸƛ*ȇがɨィJ 0.57% rms DF\Y&G�２ɑ38\¼ǔむƿɆKñ�1�
k1�¡C 106ŰD4<� 

 

3.6 Full Monte Carlo き 

� むƿɨJ́ǡOJɨィ̳ぶK˖ǖĝˍɸŵƪΈ*ǪC$\*�ũƿô６ÐGY[ɑɍ3]<˵ǔ
ΙƿWS<ɨィ`́ǡGぶ'\�Y[Ɗɒ˙Fɨィ̶͂œƴ`Ƈ&<VGK�ũƿô６ÐGY\˵
ǔΙƿG@%BW˄ɛ6\�¥�k¡£r1�`Έ%\̧み*$\��¥�k¡£r1�GK΅0
Fǭオ*$\*�さŢįCK GEANT4[15]`ƹΈ4<� 

� GEANT4 K�むƿ�ʶɌƿ�˖ƿ�γɨ�πΙƿ�µΙƿFEJɱΙƿ*́ǡʶCĢ16̿ƯFȳ
\̹%X６Ð`ɏõGv��¢1v�¥6\ʘğつ|��fhcC$\�Ɗh�¡n1́よXÄ−
ɨ�ũƿôǢŧFECƂ-ΒΈ3]ɍÜ`ȣ0B+<*�ń˼KかǤɨ¹úǕァJ͂にCJv��
¢1v�¥GWÐΈ3]B%\�GEANT4 K�́ よɸŵƪΈX�1��e¥ȣJěĕXĕŇFE`
ƅɍ6\́ǡJɲɍX�:JĘ×úˍ̈ʭJƷがFE`ǂˈ6\΅0FďɆ*Έ²3]B([�７
ΈɌ*Ɗ%|��fhcC$\�4)4�GEANT4 CK C++`Έ%B1]Z`てˍGƌ_8Bƅʯ
6\̧み*$[��£p��¥pȈȲǦKƕ˴`Ć5\D%?<áʚ*$?<�:JY&F̅Ő)
Z GEANT4 J¹úÐΈJ<VG�PTSim (GEANT4 based Particle Therapy Simulation framework)*í
２3]<[38]�さŢįCK�GEANT4 version 9.6.p03 ȣGƅʯ4<ΙƿɨǕァv��¢1v�¥`Ƈ
&<VJ�¢1�¤1o PTSim `Έ%Bv��¢1v�¥`Ƈ?<� 

� GEANT4 ˳Jh�¡n1ʋǞJœƴK Bethe-Bloch JǛ[26]`Έ%Bœƴ`Ƈ?B%\*�ʍǼo
1£¥ƳΐJœƴK Lewis Jよゴ[39]`ŨG4B%\�Highland Jċ³Ǜ[28-30]XMoliereよゴ[27][28]CK
9@Jœƴx���Cö˙̶͂JT`œƴ6\JGʒ4�Lewis JよゴCKx���しGΙƿJ¯
ʭDȻƇがƀ`õりˍGœƴ6\�:4B�GEANT4 CKh�¡n1ʋǞXʍǼo1£¥ƳΐJY
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&F˖ǖĝˍɸŵƪΈG@%BK:];]9@Jœƴ��¡*ʒÐ4B9x���Gʒ4B:]
ZJœƴ��¡`Έ%Bœƴ`Ƈ&*�ũƿô６ÐG@%BK9x���Gʒ4B̿ɆJ６Ðâˋ
*ʊƨ4�EJũƿô６Ð*Ģ1\)õりˍGœƴ`Ƈ?B%\�GEANT4 G(/\́よâˋJȠ
ƤKœƴがきG@%BK̈́š[40]GȠ4-ƥ?B%\� 
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ʙ�Ȝ�� ɨィ̶͂ƠˎÕJがき 

� ¼̗ˍGƠˎÕDK�ぶ'Z]<ɊのȩŜJWDCてˍďɆJʪ`ƠʘS<KƠȐG6\͋ɆJ
ʪ`ĭV\ƪľJ1D`Ů&�よɴˍFかǤɨǕァDK�ǮゼGJTƊɨィ`ȘǤ4�:JǲあJ
ɏȧɲȬGʒ4BK¼ɜɨィ̳ぶ`Ƈ_F%Y&Fɨィ̶͂`Ŏɍ6\WJC$\�1JY&Fɨ
ィ̶͂GY[ńA/38\<VG�ɨィ̶͂ƠˎÕKʘ͋ǼみFねþ`Ü<6�ɨィ̶͂ƠˎÕK�
ďȲイ»(Region Of Interest: ROI)Gɨィ̫Ø˔`̈ʭ4�:Jɨィ̫Ø˔Gて̩ɨィXǼT`ɞˈ
4B�て̩ɨィDœƴɨィJƛJ˵ȤGǼT`̳/Bサ`ǫ?<æ=`ƠȐÕ6\1DCƇ_]\� 

� さȜCK�ɨィ̶͂ƠˎÕJc¡s y�DƠˎÕœƴCΈ%\���1}JɞˈǂȼG@%B
ȀP\� 

 

4.1. てˍďɆDʲǔńǏき 

� ɨィ̶͂œƴきGY?Bœƴ4<ñ�¥v¡�1�Jƪ\�1�k1�¡3ʠ¯ĺ˙J�¥v¡
ȪJむƿɨ*ƪ\ɨィ̶͂4Έ%B�ǮゼGʒ4BKł¼Fȇがɨィ`ぶ'�˩ǓG:JǲあJɏ
ȧɲȬOJɨィKǾも\ů[ˆū6\ɨィ̶͂`Ǣŭ6\Y&Fñ�¥v¡�1�J�1�fh
e�(�1�ĺ˙)`ĭV\1D*�ɨィ̶͂ƠˎÕJてˍC$\�ɨィ̶͂ƠˎÕK�ɨィ̶͂œ
ƴきGY?BĭV<ɨィʪDて̩ɨィJƛJ˵ȤGɨィ̫Ø˔2DGǼT`ý/Bサ`D?Bĭ
V<æ=`てˍďɆDˈħ4�:JďɆ*ƠȐGF\Y&F�1�fhe�`ĭV\1DCʝɍ3]
\�さŢįCK�1�fhe�œƴJǱʄɌ*Ɗ-�œƴǓĎ*（%D%&˯ʼ`ǒ@ƠȐ˵Ȥき
J¼@Jc¡s y�`ƢΈ6\[41]�1Jc¡s y�K�xexJ Paul Sherrer Institute (PSI)CǢ
Ǆ3]<πʶĎƿGY\*aǕァ(1992 ˼Gʶǆ3]<)ΈGí２3]<c¡s y�GĖA%B%
\�ƠȐÕ6P+てˍďɆæ=`ǔǛJY&GˈV\� 

æ= = øõ ¿õ − ¡õ =v
õ¬J    (Eq. 4-1) 

AKɨィ̫Ø˔JɺɆ�¿õKɨィ̫Ø˔√Jて̩ɨィ�¡õKɨィ̫Ø˔√JœƴɨィC$\�11C�
ȘǤ̩ˍ(PTV)˳Jて̩ɨィ¿õD4BȇがɨィJ 100%`�PTV ­îJɨィ̫Ø˔Jて̩ɨィ¿õK
0%`ɞˈ6\�S<�øõKɨィ̫Ø˔√Gɞˈ4<ǼTC$[�1]K¿õD¡õJƛJ˵Ȥ*æ=GÆĽ
6\þƌ`ʾɎ6\���1}C$\�1J���1}JŘˈǂȼK 4.3 ɟCȀP\�:4B�ɨ
ィ̫Ø˔√Jœƴɨィ¡õKǔǛJY&Gˈħ6\� 

¡õ = ƒ≈ ∙ %õ,≈∆
≈¬J     (Eq. 4-2) 

11C�«Kx���Ɇ�%õ,≈Kʠ¯ĺ˙`ǒ@»̛てJ�1�k1�¡*ɨィ̫Ø˔√G̳ぶ6\ɨ
ィʪC$\�:4B�ƒ≈K»̛てJ�1�k1�¡J�1�fhe�C$[�ƠˎÕœƴCĭV\P
+ィDF\�Eq. 4-1 Cˈħ4<æ=K«ŰJ͋Ɇƒ≈	 » = 1, 2,⋯ ,« `ǒ@˵ǔďɆC$[�
ƒ≈	 » = 1, 2,⋯ ,« G@%BɊůȩŜ*F%ȦƌGK��1�fhe�ƒ≈	 » = 1, 2,⋯ ,« C̤͊͂4
<WJ* 0 GF\Y&Fƒ≈	 » = 1, 2,⋯ ,« *æ=`ƠȐÕ6\�:J<V�ǔǛJY&FケるがˋǛ
`ç-1DCæ=`ƠȐÕ6\�1�fhe�`ĭV\1D*Ǿも\� 



� �
�

 À6

 ûÃ
= 0				 » = 1~«    (Eq. 4-3) 

� 11C�¼͋ɆďɆŒ & JƠȐʪ`ʲǔńǏ`Έ%Bç-がきD4BY-ʫZ]B%\ Newton

き`ȝæ6\�̝ &Jńぐ˔G(/\ďɆŒ & + ∆& ` Taylor ˑí6\D�∆&J˵ǔǛD4BńǏˍ
GǔǛJY&GȊ+̪8\� 

Œ & + ∆& ≈ Œ & + Œ? & ∙ ∆& + J
=
Œ?? & ∙ ∆& =  (Eq. 4-4) 

Y[ɏõG Taylor ˑí`Ƈ'L∆&Jưǔ­ȣJƉWŭ]\*�∆&*Ȑ3/]L1]ZJƉKĬŕ
GȐ3-F\<VぞǍ6\�Eq. 4-4 *ƠȐGF\ʪK�∆&C̤͂4<WJ` 0 D(-1DCĭV
Z]�1JçK∆& = −Œ? & Œ?? & C$\�:J<V� Ö + 1 èJ６̼ŶJç&áπJK&á`Έ%Bǔ
ǛJY&GœƴC+\� 

&áπJ = &á −
ù2 .
ù22 .

    (Eq. 4-5) 

1]`６̼6\がき` Newton きDŲN�1J６̼KよɴˍGKŒ? & = 0DF\SCŉ[͎6P+
C$\*�œƴěCKǢɆ`ͼůŖCʏ>ɜ?<œƴ`4B%\JC�%-Z６̼4BWŪそGK
0 GFZF%Ú˿Ɍ*$\�4<*?B$\ˋ˙Ȑ3%ʪGF?<D1^Cœƴ`ʏ>ɜ\ȩŜ`
ɞˈ6\̧み*$\�S<�Newton きKȷJƠˎçJńぐʪ)Zœƴ`íƽ6\DǱʄ*ŁVB
ʇ%1D*ʫZ]B%\�1]K�ÖèてJ６̼ŶJńǏʪDȷʪDJŸƛ`œáD6\D� Ö + 1

èてJ６̼ŶJńǏʪDȷʪJŸƛœáπJKQDaE œ�
=JˈɆ̉GF\˵ǔǱʄ`6\� 

� 1Jがき`«ŰJ͋Ɇ`ǒ@てˍďɆæ=GˎΈ6\�˔ ƒJ,⋯ , ƒ∆ Jńぐ˔G(/\てˍďɆ
æ= ƒJ + ∆ƒJ,⋯ , ƒ∆ + ∆ƒ∆ J˵ǔJƉSCJ Taylor ˑíKǔǛJY&GȊ-1D*Ǿも\� 

æ= ƒJ + ∆ƒJ,⋯ , ƒ∆ + ∆ƒ∆ = æ= +  À6

 û–
∙ ∆ƒ≈∆

≈¬J + J
=

 6À6

 û–∙ û—
∙ ∆ƒ≈ ∙ ∆ƒ“∆

≈,“¬J  (Eq. 4-6) 

11C̈́ǑȣJ�1K˔ ƒJ,⋯ , ƒ∆ CJʪ`̪6�1J˵ǔǛ`∆ƒ≈C̤͊͂4<WJ` 0 D(-
D�ǔǛJY&GF\� 

 À6

 û–
+  6À6

 û–∙ û—
∙ ∆ƒ“∆

“¬J = 0  (Eq. 4-7) 

¼̗ˍF«×«J��zƇク” 

” =

 6À6

 ûy
6 ⋯  6À6

 ûy∙ û‘
⋮ ⋱ ⋮

 6À6

 û‘∙ ûy
⋯  6À6

 û‘
6

    (Eq. 4-8) 

JÖèてJ６̼ǓJ˔ ƒJ,á,⋯ , ƒ∆,á G(/\ʪ`”áDȊ+�◊æ= ◊ƒÿ`ÃあGµƉ6\1DC«Ű
JケるがˋǛD4B Eq. 4-9 JY&GȊ+˃61D*Ǿも\� 

”á∆Ÿá = −∇æá=    (Eq. 4-9) 

11C∆ŸáKÖèてD Ö + 1 èてJ６̼ǓJ�1�fhe�Jƛ͂�o�¡�∇æá=KÖèてJ６̼Ǔ
Jæ=JŽ̈�o�¡C$[�ǔǛJY&Gˈħ3]\� 
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∆Ÿá =
∆ƒJ,á
⋮

∆ƒ∆,á
    (Eq. 4-10) 

∇æá= =

 À6

 ûy,ì

⋮
 À6

 û‘,ì

    (Eq. 4-11) 

:4B�1J��zƇク*ɏʃCĨƇク`ǒBL�ƛ͂�o�¡∆ŸáK��zƇクJĨƇク”á
KJ

DŽ̈�o�¡∇æá=`Έ%\1DC� 

∆Ÿá = −”á
KJ∇æá=    (Eq. 4-12) 

D̪61D*C+�∆Ÿá`ĭV\1DC� Ö + 1 èてJ６̼ǓJ�1�fhe�J�o�¡ŸáπJ 

KY[ア%ńǏʪ`ǔǛJY&G˭\1D*Ǿも\� 

ŸáπJ = Ÿá −”á
KJ∇æá=   (Eq. 4-13) 

11C�ŸáπJK Ö + 1 èてJ６̼ŶJ«ŰJ�1�fhe�J�o�¡C$\�4<*?B��
�zƇク*ɏʃC$]L�ƠˎÕとʚK��zƇクJĨƇク`œƴ6\1DGčŨ3]\�4)4�
1JがきK�1�fhe�Gʒ4BɊのȩŜF4JƠˎÕC$\<V�çD4B̸ʪJ�1�fh
e�(́よˍGǢŭC+F%ç)*Ǿ\Ú˿Ɍ`̄ȎC+F%� 

� Newton きKǱʄ*ʘ͋ʇ%D%&˯ʼ`ǒ@ば]<がきC$\�4)4���zƇクJœƴ*
ďɆGY?BK΂³CKF%�S<KœƴKǾもBWɏʃCF-:JĨƇク*ʊƨ4F%FE�Ǣ
ΈǬʨD4Bとʚ˔`ͼ4B%\�ȃ Newton きK���zƇクJʗ_[GȽƁˍGƅɍ3]<ń
ǏƇク€`Έ%\1DC�1]ZJ˴˔`ƍ̾4<がきC$\�さŢįCΈ%<c¡s y�K�
ɏõFȃ Newton きCKF%*���zƇク*ɏʃFʒöƇクC$\D%&ÖˈJŨCœƴ`Ƈ?
B%\�¼̗ˍGK��zƇクKʒöƇクCKF%<V�:JĨƇクWʒöƇクCKF-̡ʒöɍ
͂`ǒ@� 

� W4��zƇク*ɏʃFʒöƇクC$?<FZL�ÖèてJ６̼ǓJ˔ ƒJ,á,⋯ , ƒ∆,á G(/\ʪ
`”áK� 

   (Eq. 4-14) 

C$[�:JĨƇク”á
KJKǔǛJY&G̪8\� 

Hn =

∂2χ 2

∂w1,n
2 0 ! 0

0 ! "
" ! 0

0 ! 0 ∂2χ 2

∂wM ,n
2

"

#

$
$
$
$
$
$
$
$

%

&

'
'
'
'
'
'
'
'
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 (Eq. 4-15) 

:J<V�ÖèてD Ö + 1 èてJ６̼ǓJ�1�fhe�Jƛ͂�o�¡∆ŸáK Eq. 4-12 Y[ǔǛ
JY&Gœƴ6\1D*Ǿも\� 

∆Ÿá =

−
 À6

 ûy,ì
 6À6

 ûy,ì
6

⋮

−
 �6

 û‘,ì
 6À6

 û‘,ì
6

   (Eq. 4-16) 

1]` Eq. 4-13 GˎΈ6\D� Ö + 1 èてJ６̼ǓJ»̛てJ�1�k1�¡J�1�fhe�
ƒ≈,áπJKǔǛDF\� 

ƒ≈,áπJ = ƒ≈,á −
‹›6
‹ü–,ì

‹6›6

‹ü–,ì6

   (Eq. 4-17) 

11C�Eq. 4-1�Eq. 4-2 Y[� 

 À6

 û–,ì
= −2 øõ ¿õ − ¡õ,á %õ,≈v

õ¬J   (Eq. 4-18) 

 6À6

 û–,ì
6 = 2 øõ%õ,≈=v

õ¬J    (Eq. 4-19) 

C$\�Y?B�Eq. 4-17 KǔǛJY&GȊ-1D*Ǿも\� 

ƒ≈,áπJ = ƒ≈,á +
fifl �flK‡fl,ì +fl,Ã·

fl‚y

fifl+fl,Ã
6·

fl‚y
  (Eq. 4-20) 

4)4� ¿õ − ¡õ,á JƉGY[�1JSSCK̸J�1�fhe�*ŭ]\Ú˿Ɍ*$\�:1C�
ǔǛJY&F damping function ¡„õ,≈,á`ˈħ6\� 

¡„õ,≈,á =
ûÃ,ì∙+fl,Ã
‡fl,ì

    (Eq. 4-21) 

1J damping function K�ÖèてJ６̼ǓJɨィ̫Ø˔√Jɨィ¡õ,áGʒ6\ñ�1�k1�¡J�1
�fhe�JŸƛ`ǳɏ6\ねþ`Ü<6�Y?B�Eq. 4-20 G damping function `Ù'� Ö + 1

Hn
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èてJ６̼ŶJ»̛てJ�1�fhe�ƒ≈,áπJKǔǛCœƴ6\1D*Ǿも\� 

� ƒ≈,áπJ = ƒ≈,á +
fifl óflK‡fl,ì +fl,Ã∙‡‰fl,Ã,ì·

fl‚y

fifl+fl,Ã
6·

fl‚y
     

� = ƒ≈,á +
fifl óflK‡fl,ì +fl,Ã∙

üÃ,ì∙Âfl,Ã
Êfl,ì

·
fl‚y

fifl+fl,Ã
6·

fl‚y
   �  

� = ƒ≈,á + ƒ≈,á ∙
fifl

Áfl
Êfl,ì

KJ +fl,Ã
6·

fl‚y

fifl+fl,Ã
6�

fl‚y
   �  

� = ƒ≈,á + ƒ≈,á ∙
fifl

Áfl
Êfl,ì

+fl,Ã
6·

fl‚y

fifl+fl,Ã
6·

fl‚y
− ƒ≈,á   �  

� = ƒ≈,á ∙
fifl

Áfl
Êfl,ì

+fl,Ã
6·

fl‚y

fifl+fl,Ã
6·

fl‚y
   � (Eq. 4-22) 

ȣĠJǛC$]L�͒ ɏ�bo}1KȧGɏʪ`D[��1�fhe�JȈĚʪƒ≈,X*ɏC$]L�
Ö + 1 èてJ６̼ŶJçW̸ʪGF\Ȳ̈*F%� 

� さŢįCK�ƠˎÕœƴJʏ>ɜ[ȩŜ`æ=J͋Õ`ĖȃGɞˈ4<�ÖèてD Ö + 1 èてJæ=

JƛJɡʒʪ*œƴJǵΜȩŜ`ぶ'\Àƿε`Ôè?<ƦG�œƴ`ʏ>ɜ\�œƴJǵΜȩŜ
`ぶ'\ÀƿεKǔǛJY&Gˈħ4<� 

ε = Aê×øõ,ê× Èê×¿õ,ê
= + AÍB∂×øõ,ÍB∂× ÈÍB∂×¿õ,ê

= + Aj×øõ,j× Èj×¿õ,ê
=
 (Eq. 4-23) 

11C�AêK PTV Jɨィ̫Ø˔Ɇ�AÍB∂K OAR Jɨィ̫Ø˔Ɇ�AjK OAR `Ȏ- PTV ǲあJ
ɏȧɲȬ(peripheral region)Jɨィ̫Ø˔Ɇ`̪6�S<�øõ,ê, øõ,ÍB∂, øõ,jKñイ»Gɞˈ4<ɨィ̫
Ø˔JǼT�¿õ,êK PTV ˳Jて̩ɨィ�Èê, ÈÍB∂, ÈjKȘǤ̩ˍ˳Jて̩ɨィGʒ4BǢŭÚ˿FŸ
ƛ¢�¡`̪6�Eq. 4-23 K¼˔˞<[Ěʔ3]\て̩ɨィ¿õDJŸƛȩŜøõ× È×¿õ =*ɨィ̫Ø
˔ɆA=/$\1D`̪4<ǛC$[�æ=J͋ÕGY[œƴ`ʏ>ɜ\ȩŜGʒ4BKˎɜ=DƆ
'<�S<�ÈJʪK×カ)Jv��¢1v�¥C���1}JʾɎ`Ƈ%�œƴǓĎDœƴřÜ
J��¥xJア)?<Èê = 0.0001, ÈÍB∂ = Èj = 0.002`ƢΈ4<� 

� S<�ǢェȒCJƹΈ`Ɔ'\Ʀ��1�fhe�JɊのȩŜK̸̡ʪD%&=/CKǹ͂CK
F%�1]K�ȘǤɻʭJɌ˿C˭Z]\ƠWȐ3%�1�fhe�D�1�fhe�J dynamic 

range *ŘS?B%\<VC$\�NCCHE Jxm��¥pȘǤɻʭCK�1�fhe�J dynamic 

range Kの 100 ̉ˋ˙C$\�1JY&FɊのȩŜ`Ǣŭ6\がきJ¼@D4B�てˍďɆæ=G�
1�fhe�J dynamic range Gď6\Ɖ`đV�:JƉK1JɊのȩŜ)Zî]<ȦƌGてˍď
Ɇæ=*ĬŕGɿÙ6\ǂɆďɆFECĠȀ6]Lア%DƆ'Z]\�さŢįCK�dynamic range J
ɊのȩŜ`đV<ƠˎÕœƴKƇ?B%F%<V�:Jǫ[ɲTKƔŶJáʚC$\� 
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4.2. x���̈ʭ 

� �1�ȻƇがƀGʒ4B�むƿɨJ distal fall-off (�1oɨィ` 100%D4<Ʀ�:JŶがJɨィ
* 80%)Z 20%GÔ*\̽)D˩ˋ˙JĎù`ň/Bx���`̈ʭ4�ñ�1�k1�¡J�1
�fhe�`ƠˎÕ6\1DC�ŨJ���pk1�J distal fall-off `Ɵŭ6\ SOBP `ƪɍ6\
1D*Ǿも\�さŢįCƹΈ4B%\�1�J distal fall-off Kの 4.5 mm C$\�Fig. 4-1(A)G�1
�ȻƇがƀG 5 mm ĎùCx���`̈ʭ4BƠˎÕ4<ƦJɨィ̶͂`Ǘ6�ɔȭJǢɨ*Ơˎ
ÕřÜJɨィ̶͂�ñ̂ɨ*x���Jƪ\�1�k1�¡C$\�5 mm ĎùC̈ʭ6\1DC�
¼̛ŶがJx���*ƪ\�1�J distal fall-off `うʊ6\ SOBP `ƪɍ6\1D*Ǿも\�Ǖァ
œäCKʑ˳ȵ˙`ɂ˟ØžD4Bœä`Ƈ&<V�さŢįCK�1�ȻƇがƀJx���̈ʭĎ
ùKɂ˟ØžC 5 mm D4<� 

� �1�ȻƇがƀG˃Ź6\がƀ(ʂがƀ)GK�¼さJ�1�k1�¡*ƪ\ʂがɨィ̶͂`Gauss

̶͂D4B:Jò*[`σD6\D�x���̈ʭĎù`1.5σ­ÔG4BƠˎÕœƴ`6\1DC
ʂががƀG͆ʡFɨィ̶͂`Ŏɍ6\1D*Ǿも\�1.5σ­ÔJEJʪ`ɪ〜6\)K$\ˋ˙J
˹²Ɍ*$[�Ȑ3%ʪG6\QEx���Ɇ*ɿ'\<Vɨィ̶͂ʾɎJǙͽ˙*ɿÙ6\�x
���Ďù`Ȑ3-6\Dx���Ɇ*ɿÙ4�ȘǤにJʂが penumbra *ɿÙ6\ŌƀGF\�
:4Bx���ɆJɿÙK�œƴǓĎD�1�ȘǤǓĎJɿʘ`Ȕ-�さŢįCΈ%B%\�1�
KʂががƀJò*[*$\ˋ˙ʘ+%<V�x���̈ʭĎù`Ȑ3-D\1DCɨィ̶͂ʾɎJ
Ǚͽ˙`ɿX61D`ばɢ4�ʂががƀJx���ĎùK1.2σD4<�Fig. 4-1(B)GʂががƀGx
���`̈ʭ4�:]Z`ƠˎÕ4<ɨィ̶͂`Ǘ6�ñ̂ɨC̬)]<�1�k1�¡Jʂが͂
̶Jò*[Kσ=10 mm C$\<V�x���̈ʭĎùK 12 mm D4<� 

 

 
Fig. 4-1 ɨィ̶͂ƠˎÕJȇよGY[ƪɍ3]\ɨィ̶͂�ɔȭJǢɨKƠˎÕȇよGY[ƪɍ3

]<ɨィ̶͂�̂ɨKñx���*ƪ\�1�k1�¡`̪6� 

 

� S<�PTV ˳Cł¼Fɨィ̶͂`Ŏɍ38\<VGK�PTV ˳̺=/CKF-îʂGWx���
`̈ʭ4�îJx���)Z PTV ˳̺OJɨィJè[ƒT`ΒΈ6\̧み*$\�Fig. 4-2 G˦タ
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̺șカCJx���̈ʭカ`Ǘ6�ɚȭJぬ¾KȘǤがƀ�ɔɨK PTV�ɚ˔*x���J̈ʭ¯
ʭ`̪4B%\� 

 

 

 

4.3. ɨィ̫Ø˔J̈ʭ 

� むƿɨǕァJてˍK�PTV GȇがɨィJ 100%Jł¼Fɨィ`ȘǤ4�˩ǓG:JǲあJɏȧɲ
ȬOJɨィ̳ぶ`Ǿも\ů[ˆū6\ɨィ̶͂`Ŏɍ4�ǮゼJT`ȗǞ38ɏȧɲȬJŎʕ�ě
˿`Óʊ6\1DC$\�1]`Ǣŭ6\<VGK PTV ˳̺=/CKF-�ȘǤにĹì̳ńJ dose 

fall-off `Ú˿Fů[Ȑ3-6\Y&G̫Ø˔`̈ʭ4F/]LFZF%�PTV ˳̺GJT̫Ø˔
`̈ʭ6\D�PTV ˳CKł¼Fɨィ̶͂*ŎɍÚ˿C$\*�:JǲあɲȬGʒ4BKɨィ̳ぶ
JɊů*F%<V�ȘǤにĹì̳ńJ dose fall-off *âʘGF?B4S&�:J<V�PTV ǲ±J
ɏȧɲȬGʒ4BWȘǤにĹì̳ńJ dose fall-off Jėぶ`Ǿも\=/めɊˍGɊŷ6\<VGɨ
ィ̫Ø˔`̈ʭ6\P+C$\�˩ǓGǮゼǲ±G OAR *ʊƨ6\Ȧƌ�ǕァœäJƠˆȩŜD
4B�OAR Jɨィ̳ぶK々΂ɨィ­ÔGめ'F/]LFZF%�:J<V�OAR ˳GWɨィ̫Ø
˔`̈ʭ4Bɨィ̶͂ƠˎÕ`Ƈ&̧み*$\� 

� ɨィ̫Ø˔JǼTøõK�ǢŭÚ˿Fて̩ɨィ¿õDœƴɨィ¡õJͿɴ3]\ƛG°ʊ4B�イ»2
DGʪ`͋'F/]LFZF%�PTV ˳̺Jɨィł¼ɌK¼̗G PTV ˳Jて̩ɨィ 100%J±5%­
˳Gめ'\1D*みĭ3]\<V�て̩ɨィDœƴɨィJƛ´̶͂J rms ʪK:J５ʪ 5%J1 3

ˋ˙GF\1D*Ϳɴ3]\�4)4 PTV ǲ±JɏȧɲȬCK�(1)ȘǤがƀ)ZŤ< PTV ɬが̺
3�1�˸ǤがƀGʒ4B PTV JǬɬʂ�proximal ʂ4JɏȧɲȬGK̲Ú̠ˍGɨィ*̳ぶ3]
\�(2) dose fall-off *ͼůJʘ+3`ǒ@<V�ȘǤにĹì̳ńJ lateral3�1�ȻƇがƀGɀ˃F
がƀ4ĪM distal ʂ3�1�ȻƇがƀGʒ4B PTV JŶ^ʂ4J５Æイ»GKɨィ*̳ぶ3]\�
FE PTV î̺Jイ»CK�ǢŭÚ˿Fɨィ̶͂GÐ5<œƴɨィʪDて̩ɨィʪ(さŢįCK¿õ =

Fig. 4-2 ˦タ̺șカG(/\x���̈ʭカ�
ɚȭJぬ¾KȘǤがƀ�ɔɨK PTV� 

ɚ˔*x���¯ʭ`̪6� 

�
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0%)DJŸƛ*ɑ5\�1]K PTV ­îJɨィ̫Ø˔CK�ǢŭÚ˿FœƴɨィDて̩ɨィDJƛ
´*͆ł6\Dʘ+-F\ŌƀG$\1D`²せ4�PTV ˳̺D̞PBɸʒˍGȐ3Fʪ`ǼTD
4Bɞˈ4F/]L�てˍďɆæ=Gʘ+-ėぶ4�PTV ˳Jɨィł¼ɌGʘ+FÆĽ`ぶ'\1D
GF\�PTV ˳Jɨィł¼Ɍ`ʢう4�ǲ±JɏȧɲȬOJɨィ̳ぶ`ˆū38\ɨィ̶͂`ƪɍ
6\<VGK�PTV îJɨィ̫Ø˔CJて̩ɨィDœƴɨィJƛ´̶͂J rms ʪ`$\ˋ˙Ϳʅ4
B(-̧み*$\� 

� ɨィ̫Ø˔`̈ʭ6\イ»K PTV�OAR�OAR `Ȏ- PTV ǲあJɏȧɲȬJưイ»*$[�イ
»2DGて̩ɨィDœƴɨィJƛ´ ¿õ − ¡õ J̶͂J rms ʪ*ʒÐ4B%\�:]`ǢŭÚ˿Fƛ
´ÜõD6\D�Eq. 4-1 Cˈħ4<てˍďɆæ=KǔǛJY&GȊ+ć'Z]\� 

æ= = øõ ¿õ − ¡õ =v
õ¬J = óflK‡fl

ífl

=v
õ¬J    (Eq. 4-24) 

11Cøõ = 1 Üõ=C$[�1JˈħJȣCK�ñイ»J ¿õ − ¡õ Üõ =J͆łʪKQR˩ʪΔ=DF\�
:J<V�PTV JてˍďɆæê=�OAR JてˍďɆæÍB∂= �OAR `Ȏ- PTV ǲあJɏȧɲȬJてˍď
Ɇæj=KǔǛJY&GȊ-1D*Ǿも\� 

æê= =
óflK‡fl
ífl,å

=
vå
õ¬J ≈ Aê ∙ Δ=    (Eq. 4-25) 

æÍB∂= = óflK‡fl
ífl,ÌwÓ

=
vÌwÓ
õ¬J ≈ AÍB∂ ∙ Δ=   (Eq. 4-26) 

æj= =
óflK‡fl
ífl,Ô

=vÔ
õ¬J ≈ Aj ∙ Δ=    (Eq. 4-27) 

11C�Aê, AÍB∂, AjK:];] PTV�OAR�:JʌJɏȧɲȬJɨィ̫Ø˔ɆC$\�1JY&
Gˈħ6\D�ñイ»JてˍďɆJʘ+3J̞K�ñイ»Jɨィ̫Ø˔ɆJ̞DF\�1JSSC
Kɨィ̫Ø˔Ɇ*ʍ%イ»QEɯʑJてˍďɆæ=Gėぶ6\þƌ*ʘ+-F[�:Jイ»JƠˎÕ
*ばɢ4BřÜGŭ]\�:J<V�ñイ»JてˍďɆ`:Jイ»Jɨィ̫Ø˔ɆCþ\1DCʪ
*QRΔ=DF\<V�てˍďɆæ=KǔǛJY&Gˈħ6\1D*ƌよˍC$\DƆ'Z]\� 

æ= = A ∙ Àå
6

vå
∙ ℎê +

ÀÌwÓ
6

vÌwÓ
∙ ℎÍB∂ +

ÀÔ6

vÔ
∙ ℎj           

= A ∙ Òå
vå
∙ óflK‡fl

ífl,å

=
vå
õ¬J + ÒÌwÓ

vÌwÓ
∙ óflK‡fl

ífl,ÌwÓ

=
vÌwÓ
õ¬J + ÒÔ

vÔ
∙ óflK‡fl

ífl,Ô

=vÔ
õ¬J     

= ℎê ∙ øõ,ê ∙ ¿õ − ¡õ =vå
õ¬J + ℎÍB∂ ∙ øõ,ÍB∂ ∙ ¿õ − ¡õ =vÌwÓ

õ¬J + ℎj ∙ øõ,j ∙ ¿õ − ¡õ =vÔ
õ¬J   

(Eq. 4-28) 

11CA = Aê + AÍB∂ + AjC$\�ℎê, ℎÍB∂, ℎjKñイ»JɸʒˍFǼみ˙���1}C$\*�1
]`Έ%\²せKŶQEɠͭ6\�:J<V�ɨィ̫Ø˔JǼTøõK­ÔJY&Gˈħ6\� 

øõ,ê =
v
vå
∙ J
ífl,å
6     (Eq. 4-29) 
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øõ,ÍB∂ =
v

�ÌwÓ
∙ J
ífl,ÌwÓ
6     (Eq. 4-30) 

øõ,j =
v
vÔ
∙ J
ífl,Ô
6     (Eq. 4-31) 

1JY&Gɨィ̫Ø˔JǼTøõ`ˈǛÕ6\Dñイ»JてˍďɆKæê= ≈ æÍB∂= ≈ æj=DF\DƆ'Z
]�ñイ»JÜõ`EJY&GŘˈ6\)D%&とʚGĜʵ6\� 

� PTV ˳̺JɯBJɨィ̫Ø˔CKて̩ɨィKȇがɨィJ 100%C$\<V�Üõ,êKĶ΂3]\ɨィ
Ÿƛ*て̩ɨィJ×%)D%&とʚCƆ']Lア%�さŢįCK PTV ˳JɨィĶ΂Ÿƛ` 100% ± 

5%DˈV�:J<V rms ʪK:J1 3ˋ˙DʫZ]B%\<V�rms ʪK 1.7%D4<�6F_>�
PTV JてˍďɆæê=KǔǛJY&G̪ŭǾも\� 

æê= =
v
vå
∙ óflK‡fl

ífl,å

=
vå
õ¬J         

= v
vå
∙ �flK‡fl

Úå∙ófl

=vå
õ¬J       

= v
vå∙J.ò6

∙ 100 − ¡õ =vå
õ¬J    (Eq. 4-32) 

11CλêK PTV ˳Jて̩ɨィJEJˋ˙Jþƌ`Üõ,êD6\P+)`Řˈ6\���1}C$[�
λê = 0.017D4<�:J<V�øõ,ê = A Aê ∙ 1.7= C$\� 

� ǔG OAR D OAR ­îJɏȧɲȬGď4BKƆ'が*ĸ˅C$\<V�ʗ̪4B OAR イ»Cɠ
ͭ`Ƈ&�Üõ,ÍB∂K PTV ˳̺Jて̩ɨィ 100%Gʒ4BEJˋ˙Jɨィ̳ぶ`Ķ΂6\)D%&ǂ
̩Cぶ'�Üõ,ÍB∂ = λÍB∂ ∙ 100D6\�λÍB∂K PTV )ZEJˋ˙ら]<¯ʭG OAR *ʊƨ4B%\
)D%&1D)ZƆ'�:J rms ʪ`ɞˈ6\�:J<V�OAR JてˍďɆæÍB∂= KǔǛJY&G
̪ŭǾも\� 

æÍB∂= = v
vÌwÓ

∙ óflK‡fl
ífl,ÌwÓ

=
vÌwÓ
õ¬J          

= v
vÌwÓ

∙ XK‡fl
ÚÌwÓ∙JXX

=vÌwÓ
õ¬J    (Eq. 4-33) 

11C�OAR Jて̩ɨィK 0%C$\�S<λÍB∂K˩¼J OAR ˳Jɨィ̫Ø˔CW PTV )ZJķ
らK´F\<V̫Ø˔°ʊJ���1}C$\DƆ'Z]\*�さŢįCK˩¼J OAR ˳CK
λÍB∂KųˈʪD4�ŇʑˍFʪKʙ!ȜCǗ6� 

� ­ȣJY&FŘˈǂȼCñイ»Jɨィ̫Ø˔JǼT`Řˈ4<�さŢįCK PTV ˳̺JǼT`
1 DˈV�PTV ­îJイ»Jɨィ̫Ø˔JǼTKğóÕ4<ʪD4<� 

øõ,ê = 1     (Eq. 4-34) 

øõ,ÍB∂ =
·

·ÌwÓ
y

ÛÌwÓ∙ymm

6

·
·å

∙ y
y.Ù6

   (Eq. 4-35) 
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øõ,j =
·
·Ô

y
ÛÔ∙ymm

6

·
·å

∙ y
y.Ù6

    (Eq. 4-36) 

1JY&FŘˈǂȼGY[�ñイ»JてˍďɆKæê= ≈ æÍB∂= ≈ æj=DF\� 

� ばɢ4BƠˎÕ`Ƈ&イ»`ɞˈ6\<V�ñイ»JɸʒˍFǼみ˙���1}`ℎê, ℎÍB∂, ℎj`
Έ%B�てˍďɆæ=KǔǛJY&Gˈħ6\P+C$\� 

æ= = ℎê ∙ æê= + ℎÍB∂ ∙ æÍB∂= + ℎj ∙ æj=   (Eq. 4-37) 

¼̗ˍG PTV ˳Jɨィ̶͂`ばɢ4BƠˎÕ`Ƈ&<V�ℎê = 1 D4B�ℎÍB∂, ℎjK 1 ­ÔJʪ`
ぶ'�ʘ+3Jď｣D4Bℎê > ℎÍB∂ > ℎjDF\Y&G6\�4)4�ℎÍB∂, ℎjJͭõFŘVが`¼
̗ゴCŮ&1DK˴4-�PTV DɏȧɲȬJ¯ʭď｣X々΂ɨィ`ɺƌ4BƆ'\̧み*$\�さ
ŢįCƹΈ4B%\ƠˎÕc¡s y�KœƴǓĎ*ƊʇC$\<V�ƠˎÕřÜJɨィ̶͂`õ
˺4F*Z�OAR JǼみ˙`ƆΛ4�とʚ2DGℎÍB∂, ℎjJʾɎ`Ƈ?<�ɢQEˈǛÕ4<ɨィ
̫Ø˔JǼTG1JɸʒˍFǼみ˙���1}`Ȥ5<WJ`�ɨィ̫Ø˔JǼTøõDƟ˙ˈħ4�
ɨィ̶͂ƠˎÕœƴ`Ƈ?B%\�ȴ<Gˈħ4<ɨィ̫Ø˔JǼTøõ`ÔĠGǗ6� 

øõ,ê = 1     (Eq. 4-38) 

øõ,ÍB∂ =
·

·ÌwÓ
y

ÛÌwÓ∙ymm

6

·
·å

∙ y
y.Ù6

∙ ℎÍB∂   (Eq. 4-39) 

øõ,j =
·
·Ô

y
ÛÔ∙ymm

6

·
·å

∙ y
y.Ù6

∙ ℎj    (Eq. 4-40) 
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ʙ Ȝ�SMC きJɨィ̶͂Jɒ˙Šȟ 

� SMC きJɨィ̶͂œƴJɒ˙ŠȟJ<V�FMC きCœƴ4<�1�k1�¡DJřÜ̞÷`Ƈ
?<�S7ʠȅFɂ�b¥��˳CJŠȟ`Ƈ%�́よ��¡J¸%*œƴřÜG(%BEJY&
F¸%`ɑUJ)`ʾƜ4�:JũÀ`ͭZ)G4<�ǔG�̲ łǡ̊ǡ`Έ%<ŠȟGY[�FMC

きD̞PB SMC きJœƴɒ˙*EJˋ˙C$\)ŤɘW?<� 

 

5.1 œƴȩŜ 

� FMC きJœƴřÜD̞÷6\1DC�SMC きJɒ˙Šȟ`Ƈ?<�FMC きGY\œƴGK�
GEANT4[15]J¹úΒΈJ<VGí２3]<むƿɨǕァv��¢1v�¥`Ƈ&<VJ�¢1�¤
1o PTSim[38]`Έ%<� 

 

5.1.1 ɂ�b¥��CJɨィ̶͂Jɒ˙Šȟ 

� FMCきD SMCきJ́よ��¡J¸%GY[ɨィ̶͂G
EJY&FÆĽ*ŭ]\)õ)V\<V�łǡFɂCず<
3]<ɂ�b¥��˳C 206 MeV J¼さJむƿɨ*ƪ\
�1�k1�¡Jɨィ̶͂`̞÷4<�Fig. 5-1 GǗ6Y
&G�ƞ̩őD4B��1�ȻƇがƀ`hD4�:J˃Źっ
`&-	r͆っD6\ƚǬő`D?<�300	×	300	×	400	mm3

Jɂ�b¥��Gʒ4B��1�ʶȲǝ &X, rX = 0, 0 D
6\�1�k1�¡Jv��¢1v�¥`Ƈ?<� 

SMC きJ˸Ǥ�1����1}JƪɍJ<V�S7 FMC

きJœƴ`Ƈ?<�FMC きJœƴK�ɂ�b¥��ȣろ
0.5	mmJ¯ʭ (h = −0.5	mm)C�ö˙Jò*[`ǒ<8
7�¯ʭJò*[ ÜJJ = 5.511	mm`̩ȃ͊ƛG4<ɏğ
ΐɆGY[¼ǔむƿ`２ɑ38�ũƿô６ÐJœƴWđV
Bv��¢1v�¥`Ƈ?<�FMC きJœƴřÜ)Z SMC きJ˸Ǥ�1����1}`˪Ǿ4�
FMC きCœƴ`Ƈ?<&-	r͆っCɘ͂4<ȵ̺ɨィ̶͂`�SMC きJɨィ̳ぶœƴCΈ%\˸Σ
�1}D4BΈ%<�んɨィœƴきCKɂ�b¥��`1	×	1	×	1	mm3J voxel G͂þ4�106 ŰJ
¼ǔむƿ`２ɑ38<� 

 

5.1.2 ̲łǡ�b¥��CJɨィ̶͂Jɒ˙Šȟ 

� Y[ǢƦˍFq1xCJ SMC きJœƴɒ˙ŠȟJ<V�Fig. 5-1 GǗ4<ɂ�b¥��˳GƑɲ
ȬD̆ɲȬGɸ˞6\́ǡCƅɍ3]<10	×	20	×	50	mm3J˃がʑ�£�o`̈ʭ4<̲łǡ�
b¥��˳Gむƿɨ*Ŏɍ6\ SMC きD FMC きGY\ɨィ̶͂J̞÷`Ƈ?<�Fig. 5-2 G�:

�
Fig. 5-1 ƞ̩őDɂ�b¥��ŎȪ 
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J̲łǡ�b¥��JƅɍDƑɲȬD̆ɲȬJ˃がʑ�£�oJ̈ʭ`Ǘ6�Fig. 5-2(A)*r =

0	mm¯ʭCJ&-	h͆っ�(B)*& = 0	mm¯ʭCJr-	h͆っJƅ：`Ǘ4B%\��£�oJ́ǡD4
B�PTSim ˳Ćǡɲɍ*ˈħ3]B%\Ƒ (( = 1.575	g∙cm-3)D̆ (( = 0.217	g∙cm-3)Gɸ˞6\
́ǡ`Έ%<�FMC きJv��¢1v�¥CḰǡɲɍDǡィそ˙J�1}`Έ%\*�SMC き
CKɂ˟Øž��¡`Έ%Bœƴ`Ƈ&�FMC き`Έ%B�ɂ�b¥��˳G 50 mm J�£�o
`ɵ˸4<ȦƌDɵ˸4F%ȦƌCJɂʶƶ̢ˋ^\X (���pk1�J�1oʪ` 100%D4<
Ǔ�:JŶがJ 50%Gや><ǓJ¯ʭ)Jƛ)Z�Ƒ�̆ Jɂ˟Øž̞ WELR Jˈħ`Ƈ?<�WELR

K:];]Ƒ* 1.47�̆* 0.22 Dˈħ4<�ɂ�b¥��CJv��¢1v�¥D˩΅G��1�
JʶȲǝ` &X, rX = 0, 0 D6\�1�k1�¡Jv��¢1v�¥` SMC きD FMC きCƇ?
<�さv��¢1v�¥CW�SMC きJɨィ̳ぶœƴCK FMC きCœƴ4<ɂʶȵ̺ɨィ̶͂`
Έ%�ñɨィœƴきC 106ŰJ¼ǔむƿ`２ɑ38<�œƴCΈ%< voxel teyK1	×	1	×	1	mm3

D4<� 

 

 
Fig. 5-2 ƞ̩őD̲łǡ�b¥��ŎȪ 

 

5.2 ɂ�b¥��CJɨィ̶͂Jɒ˙ŠȟJřÜDƆƬ 

� Fig. 5-3 G�1�ȻƇがƀhG˃Ź6\っ˳Cɘ͂4<ɘ͂ɨィ̶͂D SMC き)Z FMC きJɘ
͂ɨィʪ`Á%<ɸʒɨィƛJ̶͂`Ǘ6�ɚ˔* SMC き�ɔ˔* FMC き`̪4�FMC きJ�
1o¯ʭh = 259.5	mmCJɘ͂ɨィ` 100%GğóÕ4B%\�Fig. 5-3(B)GǗ6Y&G�SMC き
D FMC きJřÜKɯʑD4Bア-¼ʮ4B%\*��1oŶがCK±1.0%ˋ˙Jɘ͂ɨィʪJシ
ら*õ˺Ǿも\�1Jイ»K distal fall-off G$<\ȦȉC$[�FMC きJœƴřÜGY]L:J
distal fall-off Jʘ+3Kの 4 mm C$\�Y?B�1Jイ»CKɘ͂ɨィJŽ̈* 15%/mm JĬŽ
̈`ǒ>�SMC きCɨィ̳ぶœƴ`Ƈ&ƦJ͒ĎŸƛGY[�̞÷ˍʘ+Fɘ͂ɨィƛ*ŤZ]
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<DƆ'Z]\� 

 

 
Fig. 5-3 (A)ɂ�b¥��ʶCJȵ̺ɘ͂ɨィ̶͂D(B)SMC きD FMC きCJɸʒɘ͂ɨィƛ 

 

� Fig. 5-4 G͒ĎŸƛ*ɑ5\みÀ`ɠͭ6\
ð˽ȿ`Ǘ6�:JみÀ`Ȇ`˄?Bɠͭ6
\�ɔ˔J a1 )Z a4 K FMC きJœƴřÜC
$\ȵ̺ɘ͂ɨィ̶͂C$\�:4B a1 *�
1oɘ͂ɨィ`�a22a4K distal fall-off イ»D
6\�1JœƴřÜK 259.5 mm, 260.5 mm, …

D%?<¯ʭGʪ`ǒ@�1J a1)Z a4J�
1}`ɨŎ͒Ď4�Ɛ˔CǗ6 SMC きJɘ͂
ɨィ̳ぶœƴCΈ%\ȵ̺ɘ͂ɨィ̶͂J˸
Σ�1} b02b4 `ƪɍ6\�1J˸Σ�1}
K 259 mm, 260 mm, …JY&F¯ʭGʪ`ǒ@�SMC きJœƴCK�FMC きJt¥�¡¯ʭCJ
ñ voxel G̳ぶ3]\ɘ͂ɨィK b02b4J�1}`ɨŎ͒Ď6\1DCĭV�:JʪKɚ˔CǗ6
c12c4JY&GF\�1Jɚ˔CǗ4<WJ* FMC きJt¥�¡¯ʭCJ SMC きJœƴřÜC$
[�Fig. 5-3(B)K�1JY&GĭV< SMC きřÜ ci)Z FMC きřÜ ai`Á%<ʪ(i KȦȉ`̪6
e¥��ox)`�£��4<WJC$\�SMC き)Z FMC きJɘ͂ɨィʪ`Á%<ɸʒɘ͂ɨ
ィƛK����p�1o¯ʭCK71%ˋ˙C$[�distal fall-off イ»C 0.7% rms C$?<�1JY
&F SMC きC̳ぶ6\ɘ͂ɨィʪ`œƴ6\ƦJ͒ĎŸƛ*�ĬŽ̈C$\ distal fall-off イ»C
K±1.0%ˋ˙JɸʒɨィƛJɑa=DƆ'Z]\� 

� Fig. 5-5 Gɂ�b¥��˳J(A)SMC き, (B)FMC きJ˟ɨィ̶͂D(C):JɸʒɨィƛJ˟ʪ̶͂
`Ǘ6�11CK̪ǗっDɀ˃FがƀGɨィ`ɘ͂4<WJ`̪Ǘ4B%\*�11CK:]`ʠ
GɨィDŲN1DG6\�Fig. 5-5(C)Y[ SMC きD FMC きJ́よ��¡J¸%[28-30], [40]GY\ɨィ
̶͂J¸%*õ˺C+\�¸%*Ǿ\みÀJ¼@G�SMC きCKʂがɨィ̶͂JɇGėぶ6\́

 

Fig. 5-4 ͒ĎŸƛ*ɑ5\みÀ 
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よâˋ`ǫ[˸]B%F%1D*$\�Fig. 5-6 Gh = 250.5	mmD���p�1o¯ʭh =

259.5	mmJ&がƀJʂがɨィ̶͂`Ǘ6�むƿɨJʂがɨィ̶͂KʶȲńぐC Gauss ̶͂GǏ<Ŏ
Ȫ`4B%\*�ʁ Ȳ)Zら]<ɇイ»CK�Moliereよゴ[27][28]GY\ʘö˙Ƴΐɍ͂Xũƿô６Ð
GY[２ɑ6\˵ǔΙƿ*ėぶ6\�1]ZJżÜG@%B�FMC きCKɏõGǫ[˸]B%\
*�SMC きCKʍǼo1£¥ƳΐGY\ö˙̶͂K Gauss ̶͂D4Bœƴ`Ƈ%�ũƿô６ÐG
Y[２ɑ6\˵ǔΙƿJœƴG@%BKǫ[ª?B%F%�ɂȵJɧ%¯ʭCK1JƛKɨィ̶͂
Gʒ4Bʘ+-ż%B1F%*�ȵ̺GȻUGǺ?BũƿôDJʦɌƳΐGY\ʂがJɇイ»Gė
ぶ6\ʘ+Fö˙`ǒ?<Ιƿ*̢ˋじ）̳ńCォɘ4B�Fig. 5-6 GǗ6˅[��1ońぐCK
:Jƛ*ŦʺGɨィʪDF?Bŭ]\� 

 

 

Fig. 5-5 (A)SMC き, (B)FMC きCœƴ4<ɂ�b¥��ʶCJ˟ɨィ̶͂D 

(C)SMC きD FMC きJɸʒɨィƛJ˟ʪ̶͂ 
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Fig. 5-6 (A)h = 250.5	mm, (B)�1o¯ʭh = 259.5	mmJʂがɨィ̶͂ 

 

� œƴřÜJ¸%JみÀD4B�ʍǼo1£¥Ƴΐ
JœƴG´F\��¡`Έ%B%\1D*Ĵ0Z]
\�Fig. 5-7 GʍǼo1£¥ƳΐJ��¡J¸%`Ǘ
6�むƿḰǡ`ƅɍ6\ũƿôJńぐ`˅â4<
Ʀ�o1£¥ΣGY?Bģˬ*͊ƀ3]ȻƇがƀ`
Ǩă͋'F*Zȵ̺OȻaC%-�:J<V�$\
x���žh(8geometrical length)D̞PB�ǢƦG
むƿ*ツ\ģɛKˁ-F\�1JǢƦGむƿ*ツ?
<ģɛJˁ3` path length DŲN�206 MeV Jむƿ
ɨCK�path length`ƆΛ4<Ȧƌ̢ˋ*͆łC 0.15 

mm ˋ˙ˁ-F\�SMC きCKʍǼo1£¥ƳΐJö˙̶͂K Gauss ̶͂D4Bœƴ`Ƈ%�:J
̩ȃ͊ƛÜö5ô™,	SMCK geometrical length `Έ%B Fig. 5-7(B)ʶJǛCœƴ4B%\[28-30]�ʒ4B�FMC

きCK�:Jö˙̶͂K Gauss ̶͂CńǏ3]\ȐöƳΐJ̶͂Gʘö˙Ƴΐɍ͂GY\ɇ`Ù'
<̶͂D4Bª?B%\�:4B:J Gauss ̶͂ɍ͂J̩ȃ͊ƛÜö5ô™,	FMCJœƴGK path length `
Έ%�:JœƴǛJ͒ɏƉWÜö5ô™,	SMCD´F\�Fig. 5-8 G˵@JɨィœƴきCɂ�b¥��˸ǤǓ
J�1�ȩŜ`˩΅G4<ȦƌJ�ɂ�b¥��˳CJʍǼo1£¥ƳΐGY\ʂがɨィ̶͂Jò
*[`ȵ3h2DG�£��4<WJ`Ǘ6�1JřÜK�FMCきCKũƿô６ÐGY\œƴ`OFF

D4�ñȵ˙Cʂがɨィ̶͂` Gauss ̶͂�d��4<ƦJò*[σ`�£��4<WJC$\�
ɧ̺CKんǦJʂがOJò*[KQDaE͋_ZF%*�SMC きD̞PB FMC きCK¼ǔむƿJ
ǒ@ö˙Jʘ+3*Ȑ3%<V�ķら`ȻUGǺ?B�ʂがOJò*[G¸%*ŤZ]B-\�Fig. 

5-8(B)Y[��1o¯ʭh = 259.5	mmCK�SMC きD̞PBの 7%ˋ˙ FMC きCKâȐGŤɘW
?B%\�S<�Fig. 5-8(A)Y[ FMC きJʂがɨィ̶͂Jò*[K�1o¯ʭǬɬ)ZQDaE͋
Õ4B%F%�1]K�ʍǼo1£¥Ƴΐ`ǯ/<WJJ&>ʂがOJò*[*Ȑ3%WJ* path 

�
Fig. 5-7 ʍǼo1£¥ƳΐJ��¡J¸% 
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length *（%<VGɪ〜ˍGƶ[�:JY&FWJ*���p�1o̳ńSCˢʝ6\1D*Ǿも
\¼ǔむƿC$\DƆ'Z]\�SMC きCK1]ZJ́よŭȡG@%BƆΛ4B%F%�:Jř
Ü�SMC きCKʂがɨィ̶͂Jò*[`âʘ̫Ø4B4S%�Fig. 5-5(C)GǗ6˅[�˯G���
p�1oɬがCJɨィ`âȐGŤɘW?B%\� 

� 1JY&F́よ��¡J¸%*$\*�Fig. 5-5(C)J70	×	270	mm2Jイ»CJɸʒɨィƛJ rms

ʪK 1.0%C$[�SMC きD FMC きKY-¼ʮ4B%\DŮ'\� 

 

 

Fig. 5-8 (A)ɂ�b¥��˳CJʍǼo1£¥ƳΐGY\ʂがɨィ̶͂Jò*[, 

(B)SMC きCœƴ4<ʂがɨィ̶͂Jò*[Gʒ6\ FMC きCœƴ4<WJJ̞ 

 

5.3 ̲łǡ�b¥��CJɨィ̶͂Jɒ˙ŠȟJřÜDƆƬ 

� ɂ�b¥��˳GƑD̆ɲȬGɸ˞6\́ǡCƅɍ3]<�£�o`̈ʭ4<̲łǡ�b¥�
�ʶCJ SMC きD FMC きCœƴ4<ɨィ̶͂`̞÷4<�11C�さŢįCΈ%< FMC r1�
C$\ GEANT4 CK�:JœƴřÜKƅɍ3]\́ǡGぶ'Z]\ɨィʪ*ǾΣ3]\JGʒ4
B�SMC きCKɂ˟Øž��¡`Έ%\1DCɂ̊ǡGʭ+ć'<ȦƌJɨィʪ*ǾΣ3]\�
1]Kɂ�b¥��˳CJřÜJ̞÷KǾΣʪ`:JSS̞÷6\1D*Ǿも\*�ƑX̆�£�
o˳Jɨィ̶͂K´F\1D`̪4B%\�1JɨィJ¸%ḰǡDɂJǡィɳǆ˿̞͂=/ŭ]
\<V�FMC きJœƴřÜWɂ˟Øž̞Jˈħ`Έ%B́ǡGぶ'Z]\ɨィ`ɂ̊ǡGʭ+ć
'<ȦƌJɨィD4B͋ć6\1D*Ú˿C$\�:J<V�さɟJɨィ̶͂K�ɯBɂ̊ǡGʭ
+ć'<ɨィC̪Ǘ6\� 

� Fig. 5-9 G�SMC きD FMC きC̲łǡ�b¥��ʶCJ�1�ȻƇがƀhG˃Ź6\っ˳Cɨィ
`ɘ͂4<̶͂D:Jɸʒɘ͂ɨィƛ`Ǘ6�ɚ˔* SMC き�ɔ˔* FMC き`̪4�FMC きJ
ƠWɬがJ�1o¯ʭh = 236.5	mmJɘ͂ɨィ` 100%D4BğóÕ`Ƈ?B%\�1JƠWɬが
J�1oKƑ�£�o`˅â4<むƿ*ƪ\WJC$[�ƠWŶがJ�1o(h = 298.5	mm)K̆�
£�o`˅â4<むƿ*ƪ\WJC$\�:4B�1]Z˵@J�£�o`˅â87ɂJ̺͂=/
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`˅â6\むƿ*ʶĎJ�1o(h = 259.5	mm)`ƪ\�1J�1oK 5.2 ɟJɂ�b¥��˳Jv
��¢1v�¥řÜJ�1o¯ʭD˩΅JȦȉC$\�Fig. 5-9(B)Y[�SMC きCKɘ͂ɨィ*â
ȥGŤɘWZ]B%\ßȉ*%-@)$\*�ɯʑˍGK SMC きD FMC きJɘ͂ɨィJ̶͂K
ア-¼ʮ4B%\�11)ZKɨィƛ*ŤZ]<ßȉG@%B:JよͽJƆƬ`Ƈ?B%-�ƠW
ɧ%�1o¯ʭh = 236.5	mmJǬɬCの+0.6%ˋ˙Jɘ͂ɨィƛ*õ˺C+�1]KんǦJœƴ�
�¡J¸%C$\DƆ'Z]\�¼ǔむƿ*ũƿôDȞ˱4˵ǔΙƿ`２ɑ38\̡ʦɌƳΐJɯ
ʧっɘÜáà5âK�Eq. 2-15 JY&G̩ˍ́ǡ`ƅɍ6\ũƿôJǡィɆ]êJưȤƗJ˵ȤG̞カ6\�
11C�FMC きCKƑ˳CJũƿô６Ð`œƴ4B%\JGʒ4�SMC きCKƑD˩5ɂ˟Øž
`ǒ@ɂ˳CJ６ÐD4Bœƴ4B%\�˩ 5ɂ˟ØžCW̩ˍDF\́ǡ*ɂD´F\ȦƌGK
ũƿô６Ð6\õり*´F[�:]GĢÀ4<¼ǔむƿJūȑþƌ*´F\�:J<V�FMC きC
KƑ`˅â4<1DGY\¼ǔむƿJūȑ`ɏ4-œƴ4B([��1oǬɬD%&̞÷ˍɨィ*
ĬŕGɿÙ6\イ»C:Jœƴ��¡Jƛ*ŦʺGŭ]<DƆ'Z]\� 

� S<�ɂ�b¥��CJřÜCWĴ0<*�ñ���p�1oŶがJ distal fall-off イ»K�SMC

きœƴ˳C̳ぶ3]\ɨィʪJœƴ`Ƈ&ƦJ͒ĎŸƛGY[�±3%D%&̞÷ˍʘ+Fɨィƛ*
õ˺Ǿも\�4)4�̲łǡ�b¥��JȦƌ�1J distal fall-off イ»CKˈħ4<ɂ˟Øž̞J
ŸƛGY\ɨィƛWƆ'&\�1]K distal fall-off イ»CK 15%/mm D%&ɨィ̶͂JĬŽ̈`ǒ
>�:]K 0.2 mm J¯ʭJŸƛ* 3%Jɨィƛ`ɑU1D`²せ4B%\�さŢįCKƑJɂ˟Ø
ž̞D4B 1.47 D%&ʪ`Έ%B([�̲łǡ�b¥��ʶCKž3 50 mm JƑ�£�o`̈ʭ
4B%\<V�:Jɂ˟ØžK 73.5 mm DF\�ʒ4B�カ'Lɂ˟Øž̞`ȐɆʙư¯SCƆ'
1.474 D6\D�:Jɂ˟ØžK 73.7 mm D�さŢįCœƴ4B%\WJD 0.2 mm Jɂ˟ØžJƛ
`ɑU�1Jɂ˟Øž̞J¸%K 0.3%C$[�1JY&FȐ3Fɂ˟ØžJŸƛC3'W�distal 

fall-off イ»CK±3%ˋ˙Jɨィƛ`ɑU1DKǹ͂Ɔ'Z]\� 

 

 
Fig. 5-9 (A)̲łǡ�b¥��ʶCJȵ̺ɘ͂ɨィ̶͂D(B)SMC きD FMC きCJɸʒɘ͂ɨィƛ 
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� Fig. 5-10 G̲łǡ�b¥��ʶJ(A)SMC き, (B)FMC きJ˟ɨィ̶͂D(C):JɸʒɨィƛJ˟
ʪ̶͂`Ǘ6�<=4�11CK̪ǗっDɀ˃FがƀGɨィ`ɘ͂4<WJ`̪Ǘ4B%\*�1
1CK:]`ʠGɨィDŲN1DG6\�Fig. 5-10 ` Fig. 5-5 Jɂ�b¥��JWJD̞÷4BT
\D�h = 150	mmJイ»SCKɨィ̶͂JŤ<て*˩5GF\K7C$\*�:JŤ<て*´F
\�:JŤ<て*´F\よͽD4B�ɨィ̶͂JğóÕCΈ%<Ơʘɨィʪ*´F\1D*Ĵ0Z
]�̲łǡ�b¥��JřÜCΈ%<ƠʘɨィʪKɂ�b¥��JǓD̞PB�þˋ˙Ȑ3%��
þˋȐ3%ɨィʪCɨィ̶͂`ğóÕ4B%\<V�Fig. 5-10(C)JY&GɸʒɨィJƛ`̪Ǘ6\
D�ɨィœƴき*ぶ'\řÜJƛ`Y[ȠƤGõ˺6\1D*Ǿも\�Fig. 5-10(C)G(%BW�ɂ
�b¥��JřÜD˩΅G�SMC きCKʂがɨィ̶͂JɇGėぶ6\ũƿô６Ð`ǫ[˸]B%
F%<V�ʂがɨィ̶͂Jɇイ»C SMC き*âȐGɨィ`ŤɘW?B%\1D*õ˺Ǿも\�S
<�Ƒ�£�o`˅âŶJƠWɧ%�1oJǬɬJイ»C�˅â6\́ǡCさも¼ǔむƿJūȑþ
ƌ*´F\<V�SMC き*ɨィ`âȥG̫Ø4B%\1D*õ˺Ǿも\�:4B�ñ���p�1
oJ distal fall-off イ»CK:Jɨィƛ*ʘ+-ŭ]B%\�1JY&Gɨィƛ*ŭ]\ßȉKɂ�
b¥��JȦƌDQDaE˩΅C$[�ğóÕGΈ%\Ơʘɨィʪ*´F\1D`ƆΛ6]L�
SMC きCœƴ`Ƈ?<ɨィ̶͂K�FMC きCĭV<WJDɯʑD4BY-¼ʮ4B%\� 

� S<�1J̲łǡ�b¥��ʶJɨィ̶͂œƴG))?<œƴǓĎ`̞÷6\D�FMC きCK
34,344 ̮Gʒ4B�SMC きCK 37 ̮C$[の 928 ̉ƊʇGœƴ6\1D*Ú˿C$\� 

� さŢįGY[�SMC きK FMC きD̞÷4BWǹ͂Fœƴɒ˙*$[�˩ǓGの 900 ̉JƊʇÕ
`Ǣŭ4B%\1D*͂)?<�:J<V�SMC き`xm��¥pきJǕァœäGˎΈ6\1D
C�ǕァœäJǡJƀȣ*ŤƒS]\�1]ZJřÜG@%BKǔȜGǗ6� 
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Fig. 5-10 (A)SMC き, (B)FMC きCœƴ4<̲łǡ�b¥��ʶCJ˟ɨィ̶͂D 

(C)SMC きD FMC きJɸʒɨィƛJ˟ʪ̶͂ 

 

 

 

 

 

 

 

 

 

 

 

 



� ���

ʙ!Ȝ�ェȒșカCJǕァœäřÜJ̞÷ 

� ɬȜC�̲łǡ�b¥��ʶJ SMC きJ�1�k1�¡Jɨィ̶͂K�FMC きCœƴ4<WJ
`ア-Ɵŭ6\1D*͂)?<�:J<V�SMC き`xm��¥pȘǤきJǕァœäGˎΈ6\
1DC�ǕァœäJɒ˙Jƀȣ*ŤƒS]\� 

� さȜCK�ǢƦG�£1��1�き`Έ%BむƿɨǕァ*Ƈ_]<ąǦJェȒșカ`Έ%B�:
]Gxm��¥pȘǤき`ˎΈ4<ȦƌG(/\�ǺもSCJ PBA き`Έ%<ǕァœäDã0*
ȴ<Gˊ¬6\ SMC き`Έ%<ǕァœäJɨィ̶͂J̞÷`Ƈ%�SMC きGY\ɨィœƴJ̫Ø
`Ƈ%�:JͼΈɌ`Ǘ6� 

 

6.1 v��¢1v�¥˳΂ 

� âİG NCCHE C�£1��1�き`ƹΈ4BむƿɨǕァ*Ƈ_]<ưカJąǦ�1}`Έ%B
xm��¥pȘǤきJǕァœäv��¢1v�¥`Ƈ?<�ǕァœäJȠƤ` Table. 6-1 GǗ6�
șカ9, �*˦タ̺șカ�șカ�*̆�ĝĊǃșカC$[�ã0K�1]ZJưșカ*%7]W̿
ƯF̲łǡƅ：`ǒ@<V�PBA きD SMC きGY\ɨィœƴきJƛ´*ŦʺGŭ]X6%DƆ'�
ɪ〜4<�むƿɨǕァCK�˅ȧ˵2ưどCȘǤ`Ƈ%�ǮゼDɏȧɲȬJɨィƛ*ǹ͂ʘ+-F
\Y&Fœä`るB\�:J<V�さŢįCK˵どȘǤ`ƢΈ4�v��¢1v�¥`Ƈ?<ȘǤ
がƀKǢƦG�£1��1�きCǕァ*Ƈ_]<がƀ`ƢΈ4<�NCCHE CKxm��¥pȘǤ
きJȘǤGΈ%\�1�Jh�¡n1D4B 206 MeV, 192 MeV, 176 MeV Jưǭオ*Έ²3]B(
[�ƔŶʌJh�¡n1G@%BWʾɎ`Ƈ&ͿˈC$\�4)4�さŢįCɪ〜4<șカCK�
1JưǭオJh�¡n1Y[WȐ3%h�¡n1*̧みC$?<<V��£1��1�きΈGΈ²
3]B%\ 150 MeV Jɂʶȵ̺ɨィ̶͂JǢʅ�1}`ƹΈ4BǕァœäJœƴ`Ƈ?<�¼@
JむƿɨJ�1�k1�¡Jʂがɨィ̶͂K Gauss ̶͂C$[�:J̩ȃ͊ƛ`σD6\�NCCHE

J�1��e¥CKh�¡n1JʾɎG¢¥wv�}`Έ%B%\<V�¢¥wv�}GY\Ƴΐ
GY[�:J�1�teyKσ* 6~15 mm D̞÷ˍʘ+%�:]Gƌ_8B��1�ȻƇがƀJ˃
Źっ˳Gʒ6\�1�x���J̈ʭĎù` 12 mm D4<�¼が��1�x���J�1�ȻƇ
がƀJ̈ʭĎùK�ƹΈ6\ȵ̺ɨィ̶͂JǢʅ�1}J distal fall-off D˩ˋ˙C$\ɂ˟ØžC
5 mm D4<�ǕァœäGΈ%\ CT �1}J voxel teyK�˦タ̺șカCK1.17×1.17×3	mm3�
̆�ĝĊǃșカCK1.88×1.88×4	mm3C$\�ɨィœƴGΈ%<œƴp ��K�1J voxel te
yD˩5ĎùD4<�S<�4.3 ɟCĠȀ4<ɨィ̶͂JƠˎÕœƴG(%B�OAR Jɨィ̫Ø˔
Gɞˈ6\ǼTøõ,ÍB∂`œƴ6\<VJλÍB∂XℎÍB∂K�・ĕ2DGƠˎÕ4<ɨィ̶͂řÜ`õ˺
4F*ZƠǵŘˈ4<�șカ9, �J˦タ̺șカJ OAR Gʒ4BK�ĒĮ(λÍB∂ = 0.03, ℎÍB∂ =

0.0001)�ǍŹテ(λÍB∂ = 0.07, ℎÍB∂ = 0.0004)�̀ Ą(λÍB∂ = 0.07, ℎÍB∂ = 0.0009)D4<�S<�șカ
�J̆�ĝĊǃșカJ OAR Gʒ4BK�̆ ((λÍB∂ = 0.03, ℎÍB∂ = 0.0001)�Ȳ・(λÍB∂ = 0.07, ℎÍB∂ =

0.0004)�əɅ(λÍB∂ = 0.07, ℎÍB∂ = 0.0009)D4<� 
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Table. 6-1 ǕァœäȨ͔ 

 șカ9 șカ� șカ� 

Ǯゼだ ̦¿˦ ȣü˫ ̆ 

CT x�ex͡Ɇ 87 141 80 

ȘǤどɆDȘǤがƀ 2 (0°	, 10°) 2 (0°	, 20°) 2 (0°	, 330°) 

x���Ɇ 757 1,533 626 

PTV J voxel Ɇ 28,600 88,549 8,727 

ɯɨィ̫Ø˔Ɇ 20,235 46,664 186,248 

 

� xm��¥pȘǤきJǕァœäCK�ȘǤがƀJŘˈŶG�ñx���*ƪ\�1�k1�¡J
ɨィ̶͂œƴ�ɨィ̶͂JƠˎÕœƴ�ƠǵˍFɨィ̶͂œƴJư@Jƪľ`Ƈ&�さゴ̈́ʶJǕ
ァœäřÜJư@JだțJˈħ` Table. 6-2 GǗ6�ƽVG�ƠˎÕœƴGΈ%\�1�k1�¡
Jɨィ̶͂œƴ` PBA きCƇ%�ƠǵˍFřÜ` PBA きCœƴ4<WJ*ǺもJǕァœäGʒÐ
4�1]`5PBA きGY\Ǖァœä6D%&だțCˈħ6\�ǔG�PBA きCœƴ4<�1�k1
�¡`Έ%BƠˎÕ4<�1�fhe�D�SMC きCœƴ4<�1�k1�¡`Έ%BƠǵˍF
ɨィ̶͂`œƴ4<řÜ 5̀SMC きGY\Ɵœƴ6D6\�1]GY[ǺもJǕァœä*ǢƦGK
EJY&Fɨィ̶͂`ɑTǾ6)`̫Ø6\�ƠŶG�ɨィ̶͂JƠˎÕG SMC きCœƴ4<�
1�k1�¡`ƹΈ4�ƠǵˍFřÜW SMC きCœƴ4<WJ`5SMC きGY\Ǖァœä6D%
&だțCˈħ6\�Y[œƴɒ˙JƊ%Ǖァœä`るB\<VGK�1J5SMC きGY\Ǖァœ
ä6`ƹ&P+C$\�1]Zư@JǕァœäřÜ`̫Ø4�:J̞÷`Ƈ?<�řÜJ̫Øがき
D4B˟ɨィ̶͂D Dose Volume Histogram `Έ%<�Dose Volume Histogram JȠƤG@%BKǔ
ɟCǗ6� 

 

Table. 6-2 ǕァœäřÜJだțJˈħ 

ƠˎÕœƴGΈ%\�1� 

k1�¡Jɨィ̶͂œƴき 
ƠǵˍFɨィ̶͂œƴき řÜJだț 

PBA き PBA き PBA きGY\Ǖァœä 

PBA き SMC き SMC きGY\Ɵœƴ 

SMC き SMC き SMC きGY\Ǖァœä 

 

� SMC きGY\ɨィ̶͂JœƴřÜJɒ˙K�２ɑ38\ΙƿɆGY?BˡœˍGLZ@-�さ
ŢįCK�PTV ˳Jɨィ̶͂JˡœŸƛ*ȇがɨィJ 0.57% rms DF\Y&G�ñ�1�k1�¡
C２ɑ6\¼ǔむƿJɆ` 106ŰD4<�ǕァœäK�3.7 GHz Quad-Core Intel Xeon Processor E5 J
CPU `Έ%BƇ?<��£p��K C Cí２4�r¥�e�D4B�Intel C compiler (Intel Parallel 



� �
�

Studio XE 2015 Composer Edition for C++ OS X)`5ƠˎÕj�v�¥$[6CƹΈ4�OpenMP[42]`
Έ%B͇クœƴ`Ƈ?<�3ZG�ɨィœƴJY[ƊʇÕJ<VG�12 GB Jp£1�¡�� `
ǒ@ Tesla K40 J GPU `Έ%�CPU D GPU `Έ%< SMC きJǕァœäJœƴǓĎJ̞÷`Ƈ?
<� 

 

6.2 Dose Volume Histogram 

� ǕァœäřÜJ̫ØG(%B�ȵ̺ɨィ̶͂Xʂがɨィ̶͂JY&F¼ǔŨɨィ̶͂�˟ɨィ͂
̶JY&F˵ǔŨɨィ̶͂J¯ʭ2DJɨィȨ͔Ķみ̲ÚŗC$\�4)4�PTV X OAR Kư
ǔŨƅ：`ǒ>�:J<V PTV ɯʑGǕァɨィ*EJˋ˙ł¼GȘǤ3]�OAR ˳Jɨィ̶͂*
々΂ɨィ`ʿ'B%F%)`ɯʑD4B̫Ø6\̧み*$\�:JưǔŨˍFɨィ̶͂`ɯʑD4
B̫Ø6\がきD4B�Dose Volume Histogram (DVH)*$\�Fig. 6-1 G DVH Jðみ`Ǘ6�Fig. 

6-1(A)˳GƐɨC̪3]< PTV, ɂȭɨC̪3]< OAR Gʒ4B�ȿGǗ6Y&F˟ɨィ̶͂*̬
)]B%\D6\�1J˵ǔŨɨィ̶͂`Έ%B DVH JœƴがきJɠͭ`Ƈ&�PTV OJて̩ɨ
ィ`ȇがɨィJ 100%DˈV<ƦG�Fig. 6-1(A)`Ť]LͭZ)FY&G�PTV�OAR ĸGȿJΑȭ
イ»340%-60%Jɨィ»G$\4J˳ʂG$[:Jɯイ»G 40%­ȣJɸʒɨィ*̳ぶ3]B%\�
4)4�60%­ȣJɸʒɨィ`̪6ɔȭイ»360%-70%Jɨィ»G$\4J˳ʂJイ»Gʒ4BK�
OAR J4 5Jイ»=/*˸?B%\�DVH DKďȲイ»2DG�$\ɸʒɨィʪ­ȣJɨィʪ*
̳ぶ3]\ʑɘJþƌ`̪Ǘ6\ォɘ�x�p��C$[�Fig. 6-1(A)Jɨィ̶͂J DVH K Fig. 6-

1(B)JǢɨJY&GF\�Fig. 6-1(B)G�PTV D OAR Gʒ6\よɴˍF DVH `:];]̂ɨCǗ
6�1]ZK�PTV ɯʑGł¼G 100%Jɨィ*ȘǤ3]�OAR Gʒ4BK¼ɜɨィ*ȘǤ3]B
%F%ɨィ̶͂GʒÐ6\�4)4�́よˍFɨィ̶͂ŎɍきJůìGY[�1JY&F DVH `
ぶ'\ɨィ̶͂JȘǤK̲Ú˿FȦƌ*QDaEC$[�ǢƦGK PTV ɯʑGKȇがɨィJ
95~105%Jɨィ`ȘǤ4�OAR Gʒ4BK々΂ɨィ`ʿ'F%Y&FǕァœä*ɞœ3]\� 
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Fig. 6-1 DVH Jðみ 

 

� 1JY&G�ďȲイ»2DG DVH `̪Ǘ6\1DC�ưǔŨɨィ̶͂)ZェȒˍGďȲJ$\
イ»Gď6\ɯʑˍFみのȨ͔`˭\1D*Ǿも\�PTV Gʒ6\ DVH )Z�̧みFȇがɨィ*
PTV G̳ぶ3]B%\)�âʘɨィ$\%KâȐɨィJþƌKE&)�FEJ４ʧ*Ú˿C$\�
S<�OAR Gʒ6\ DVH )ZかǤɨȢïJ２ɑõり`œƴ4Ϳɴ3]\̻ƪΈJ¢�¡`Ɂˈ6
\1D*Ǿも\�1JY&G�DVH KǕァœäřÜJア4¨4`Řˈ6\ǬʨD4BェȒC¼̗
ˍGΈ%Z]\�4)4�DVH GKEJ¯ʭGEJˋ˙Jɨィ*ȘǤ3]B%\)D%&Ȩ͔K
đaC%F%<V�ȠƤFɨィ̶͂`õ˺6\<VGK¼ǔŨɨィ̶͂X˟ɨィ̶͂`ƌ_8Bƹ
Έ6\̧み*$\� 

 

6.3 ǕァœäřÜDƆƬ 

6.3.1  PBA きD SMC きJ�1�k1�¡J̞÷ 

� Fig. 6-2 Gșカ9G(/\ PBA きD SMC きJ9@J�1�k1�¡Jɨィ̶͂`Ǘ6�ÒȭJ
ぬ¾KȘǤがƀ`̪4�Òȭ˔Kx���¯ʭC$\�S<�ɔɨK PTV `̪4�OAR D4B̎
%ÒɨK̀Ąイ»�ɂȭɨKǘÔɩ`̪4B%\�PBA きD SMC きCœƴ`Ƈ?<�1�k1�
¡Jɨィ̶͂GK�K?+[D4<¸%*ŤZ]\�PBA きCœƴ4<�1�k1�¡Jɨィ̶͂
K�x���¯ʭ`˅\�1�ʶȲǝGʒ4BƚÃʒțFɨィ̶͂C$\�¼が�SMC きCœƴ4
<ɨィ̶͂K��1�ʶȲǝGʒ4B̲ɎŎFɨィ̶͂JŎȪ`4B%\� 
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Fig. 6-2 șカ9G(/\(A)PBA きD(B)SMC きCœƴ4<�1�k1�¡Jɨィ̶͂� 

ɔɨK PTV イ»�̎%ÒɨK̀Ąイ»�ɂȭɨKǘÔɩイ»`̪6� 

 

SMC きC1JY&Fɨィ̶͂*œƴ3]\よͽG@%B�Fig. 6-3 `Έ%Bɠͭ6\�Fig. 6-3(A)

ʶJɚɨK�1�ʶȲǝ`�ɔ, ウɨK�1�ʶȲǝ)Z 11.7 mm ʂが¯ʭJ off-axes `�:];
]̪6�:4B�Ò̂ɨK�x���`˅[�1�ʶȲǝDɀ˃Fɨ31]`x���̈ʭɨDŲ
N4`̪4B%\�Fig. 6-3(A))Z͂)\Y&G�ʑ̪っȣJ˔)Zx���̈ʭɨOJɀɨJʆ
SCJĘ×úˍFķらK��1�ʶȲǝC$\ɚɨ�ʉ%Bウɨ�ɔɨJȆG（-F?B%\�1
JĘ×úˍķらD:Jɂ˟ØžJď｣`�£��4<WJ*Fig. 6-3(B)C$\�ȿʶJ˔JȭKFig. 

6-3(A)ʶJɨJȭDʒÐ4B%\�ɔɨJ off-axis KĘ×úˍķら*ƠW（%*�CT ä，ȣC̍ȭ
C̪Ǘ3]B%\Ƒ`˅â4B%\<V�:Jɂ˟ØžKʌD̞PB¼̛ʘ+%�ʒ4B�ƠWĘ
×úˍķら*ˁ%�1�ʶȲǝK�CT ä，ȣJƐȭC̪Ǘ3]B%\ň˫(ňĝ)`Y[ʍ-˅â
4B%\<V�:Jɂ˟ØžKƠW（%�11GǗ6Y&G�˦タ̺șカJY&Fʑ˳̲łǡJʘ
+%ßȉCK�˅â6\ȦȉGY[むƿJɂʶ̢ˋXƳΐJ΅ƿKʘ+-͋Õ6\�¼が�x��
�Jȵ3K��1�ʶȲǝJɂ˟Øž`ŨGœƴ4BŘV\�1JȦƌ�ɂ˟Øž*ǲあJ off-axes

G̞PBƠWȐ3%��1�ʶȲǝȣG$\́ǡ)ZむƿɨJˢʝķら`Řˈ4B%\�:J<V�
�1�ʶȲǝî`˅â4<むƿK�off-axes ȣJɂ˥âž*ʶȲǝY[ʘ+%<V�Y[ǬɬCˇ
ǆ6\�:JřÜ�Fig. 6-2(B)JY&Fɨィ̶͂GF\DƆ'Z]\�PBA きCK�1�ʶȲǝȣ
J́ǡDむƿDJɸŵƪΈJT`œƴ4B%\<V�1JY&FżÜ`Ɵŭ6\1DKǾもF%�
NCCHE CƹΈ6\ʘ+FteyJ�1�CK�:J�1�*k�16\イ»˳Gʘ+Fʂが̲ł
ǡ*$\D��1�ʶȲǝȣ=/CKF-�ʶȲǝîJ́ǡDJむƿJɸŵƪΈWɏõGœƴ4F
%DɏõGɨィ̶͂`œƴC+F%�:J<V�Ɗ̯ǡJǕァœäJ<VGK�SMC き`Έ%Bʑ
˳̲łǡGY\ÆĽ`ƆΛ4<�1�k1�¡Jɨィ̶͂`œƴ6\̧み*$\� 
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Fig. 6-3 ʑ̪っDx���̈ʭっJĘ×úˍķらDɂ˟ØžJď｣ 

 

6.3.2 ǕァœäřÜ 

� șカ9K�̦¿˦*aGʒ4B�ąǦJɬがDƚʂG10°=/ö˙`͋'BȘǤ6\˵どȘǤ`
v��¢1v�¥4<WJC$\3CT �1}K�ʆʂ)Z˦˂̺`Ť<ʧっ`̪6<VȿJŤ<
てKƚÃĨGF\1DGʹ²6\4�Ǯゼǲ±GKĒĮXǍŹテ*ńɝ4�:J̅ŶGK̀Ą*$
\�ǕァœäK PTV OJて̩ɨィ`ȇがɨィJ 100%D4B�œƴ4B%\�1JșカGʒ6\�
5PBA きGY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC きGY\Ǖァœä6J˟ɨィ̶͂`
Fig. 6-4 GǗ6�ȿJñクKƚ)Z5PBA きGY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC き
GY\Ǖァœä6JřÜC$\�̍ȭJぬ¾KȘǤがƀ`̪4�(A)~(F)KñどJɨィ̶͂�(G)~(I)

K˵ど`ƌƴ4<ɨィ̶͂`̪6�ȿʶJƐɨK PTV `�̎ %ÒɨKĒĮイ»`�ɂȭɨK̀Ąイ
»`:];]̪6�S<�Fig. 6-5 Gșカ9J PTV D̀Ąイ»J DVH `Ǘ6�ǢɨK PTV J DVH�
̂ɨK̀Ąイ»J DVH C$\�Fig. 6-4(G)*Ǘ6˟ɨィ̶͂D Fig. 6-5 Jɚɨ*Ǘ6 PTV J DVH

*̪65PBA きGY\Ǖァœä6CK�PTV ˳*ł¼FȇがɨィCȘǤ3]B%\JD˩ǓG OAR

C$\̀Ąイ»Gʒ4B¼ɜɨィ̳ぶ`Ƈ_F%よɴGń%ɨィ̶͂`Ŏɍ4B%\1D*͂)
\�4)4�PBA きJœƴɒ˙K̲łǡ̊ǡʶCKʘ+-グÕ4�PBA きCœƴ4<�1�k1�
¡`Έ%Bɨィ̶͂JƠˎÕ`Ƈ&ǺもJǕァœäCK�:JœƴřÜ*ʑ˳CǢŭ3]\Ú˿Ɍ
Kˆ%�:]`̪4<WJ*5SMC きGY\Ɵœƴ6C$[�ǢƦJʑ˳CK Fig. 6-4(H)JY&F
ɨィ̶͂`Ŏɍ4�:]`６Ç4B Fig. 6-5 JウɨJY&F DVH GF\DƆ'Z]\�Fig. 6-4(H)

J˟ɨィ̶͂`Ť\D�PTV Jʘ̺͂G 105%­ȣJɨィ*̳ぶ3]�Fig. 6-5 JウǢɨJ DVH )
Z PTV ɯʑɘJ 50%Gの 153%Jɨィ*̳ぶ3]B%\1D*͂)\�1JY&FǕァœä`ȓ˺
6\1DKǾもF%�:4B�5PBA きGY\Ǖァœä6CK̀Ąイ»G¼ɜJɨィ`ぶ'B%F
)?<*�ǢƦGK Fig. 6-4(H)GǗ6Y&G̀ĄGʒ4BWʍȑɨィ̳ぶ6\1D*õ)VZ]\�
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1]K��1�ʶȲǝî`˅â4<むƿ*�:J˅â4<́ǡGY[むƿJ̢ˋXʂがJò*[G
ʘ+FÆĽ`ǯ/<<VC$\DƆ'Z]\�カ'L��1�ʶȲǝîG$\ň˫`˅â4<むƿ
KY[ȵ̺SCˢʝ4Bɨィ`̳ぶ6\�S<むƿ*�1�ʶȲǝîG$\ƑG˸Ǥ6]LƑ˳C
ˇǆ6\�$\%KƑ˳Cʘ+-Ƴΐ`ǯ/ȻƇがƀ`ʘ+-͋Ƅ4Y[ɧ%¯ʭCˇǆ4ˇǆ¯
ʭǬɬGʘ+Fɨィ`̳ぶ6\1D*Ɔ'Z]\�1JY&F̿ƯFむƿJȳ\̹%` PBA きC
KɏõGƟŭ6\1DKǾもF%�:J<V�̿ƯFʂが̲łǡ`ǒ@̊ǡGʒ4BK PBA き`
Έ%<ǺもJǕァœäCKɏ4%ɨィͿʅ*Ƈ'F%<V�PTV OJâȥFɨィ̳ぶGY[かǤɨ
Ȣï`Ȕ- xo*$\1D*͂)\�S<�OAR C$\̀ĄGʒ4BWɏ4-ɨィͿʅ*Ƈ_
]B%F%<V�ͿĚ8HかǤɨȢïJ xoJɿʘ`Ȕ-Ú˿ɌWƆ'Z]\� 

� ¼がC�ƠˎÕGΈ%\�1�k1�¡Jɨィ̶͂œƴ` SMC きCƇ&5SMC きGY\Ǖァœ
ä6J˟ɨィ̶͂K Fig. 6-4(I)C$\*�Fig. 6-4(G)J5PBA きGY\Ǖァœä6JWJD�PTV ˳
Jɨィ̶͂KQDaE˩˟C$[�Fig. 6-5 JɚDɔJǢɨJ DVH )ZW:J1D*͂)\�6F
_>�SMC き`ƹ?B̲łǡ̊ǡʶJ�1�k1�¡`œƴ4:]GĖA%B�1�fhe�`
ƠˎÕ38\1DC�PTV ˳Jɨィł¼ɌKǹ͂è̼6\1D*Ǿも\�˩ǓG�̀ĄGʒ4BK
ǢƦGEJˋ˙ɨィ*̳ぶ3]\)D%&Ȩ͔`ɬW?BɏõGͿʅ6\1D*Ú˿C$\�1J
Y&G OAR Gʒ6\ɏõFɨィ̶͂*ɬW?BͿʅÚ˿C$]L�ɨィ̶͂JƠˎÕœƴǓG々
΂ɨィ`ʿ'F%Y&G͉JȘǤがƀ`ɪ〜6\FEJʒƫ`るB\1D*Ǿも\� 
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Fig. 6-4 șカ9G(/\˟ɨィ̶͂řÜ�(A), (D), (G)K5PBA きGY\Ǖァœä6�(B), (E), (H)K
5SMC きGY\Ɵœƴ6�(C), (F), (I)K5SMC きGY\Ǖァœä6JřÜ`̪6�̍ȭぬ¾KȘǤ
がƀ`̪4�(A)~(F)KñどJɨィ̶͂�(G)~(I)K˵ど`ƌƴ4<ɨィ̶͂C$\�ƐɨK PTV

`�̎%ÒɨKĒĮイ»`�ɂȭɨK̀Ąイ»`:];]̪6� 
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Fig. 6-5 ư@JœƴきGY?Bœƴ4<șカ9G(/\ PTV D̀Ąイ»J DVH 

 

� șカ�Kȣü˫*aGʒ4B�ąǦJɬがDƚʂG20°=/ö˙`͋'BȘǤ6\˵どȘǤ`v
��¢1v�¥4<WJC$\�șカ�Kșカ9D˩΅G PTV Jǲ±Gʍ-J OAR *ʊƨ4�
PTV JteyKșカ9JWJD̞PBʘ+%�˴ ³˙JƊ%ェȒカC$\�ǢƦG�£1��1�
きCƇ_]<ǕァCKÃʂG30°=/ö˙`͋'<ど`ƌ_8<ưどȘǤ*Έ%Z]<�1Jșカ
`xm��¥pȘǤきCǕァ6\1D`Öˈ4<5PBA きGY\Ǖァœä6,5SMC きGY\Ɵœ
ƴ6,5SMC きGY\Ǖァœä6J˟ɨィ̶͂` Fig. 6-6 GǗ6�ȿʶJñクK�ƚ)Z5PBA き
GY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC きGY\Ǖァœä6JřÜC$\�̍ȭJぬ¾
KȘǤがƀ`̪4�(A)~(F)KñどJɨィ̶͂�(G)~(I)K˵ど`ƌƴ4<ɨィ̶͂`̪6�ȿʶJƐ
ɨK PTV `�̎%ÒɨKĒĮイ»`�ɂȭɨK̀Ąイ»`:];]`̪6�S<�Fig. 6-7 G PTV

J DVH `Ǘ6�șカ9D̞P\D�șカ�CKĒĮ* PTV GY[ńɝ4�˯GÃĒĮJ¼̺K
PTV イ»GđS]B%\�1JY&FェȒカGʒ4BW�Fig. 6-6(G)J5PBA きGY\Ǖァœä6
Jɨィ̶͂`Ť\D�PTV ˳Gł¼Gɨィ`ぶ'�˩ ǓG̀ĄGʒ4Bɯ-ɨィ`̳ぶ4B%F%�
4)4�Fig. 6-6(H)J5SMC きGY\Ɵœƴ6Jɨィ̶͂`Ť\D�PTV ˳*̲ł¼Fɨィ̶͂G
F[�̀Ąイ»GʍȑJɨィ*̳ぶ3]B%\1D*õ˺Ǿも\�Fig. 6-6(I)J5SMC きGY\Ǖ
ァœä6Jɨィ̶͂`Ť\D�Fig. 6-6(H)JWJD̞P�PTV ˳Jɨィ̶͂*êɭ3]B%\1D
*͂)\�Fig. 6-7 J DVH JȨ͔)Z�PTV JɯʑɘGʒ4B 95%Jʑɘ`k�16\ɨィ¡n\,PTV
`œƴ6\1D*Ǿも\�5PBA きGY\Ǖァœä6G(/\¡n\,PTVK 93.8%C$[�1JřÜK
5PTV Gʒ4BKȇがɨィJ 90%­ȣJɨィ*̳ぶ3]\P+C$\6D%&ェȒȣJğȃ`ず
<4B%\Y&GŤ'\�4)4ǢƦGK�Y[ǢƦˍFɨィ̶͂`̪65SMC きGY\Ɵœƴ6
JřÜGY\D¡n\,PTVK 68.9%SCˆÔ4�PTV ɯʑGǹ͂Gɨィ*̳ぶ3]B%F%1D*͂)
\�1JǕァœäJřÜCK�*a*ƶʊ6\Ú˿Ɍ*$\�1JY&F˴³˙JƊ%șカGʒ4
B�5SMC きGY\Ǖァœä6CK¡n\,PTV` 88.5%SCêɭǾも\�řÜCǗ4<ɨィ̶͂K�Ē
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Į¯ʭ* PTV Gń-�ĒĮOJɨィ`ˆū38\<V PTV ˳Jɨィł¼Ɍ`ĦɐG4<ƠˎÕř
ÜC$\DƆ'Z]\�1JY&FșカJȦƌ�さŢįCƹΈ4B%\�1�k1�¡KʂがOJ
ò*[*DBWʘ+%<V�PTV ˳Jɨィł¼ɌD OAR イ»OJɨィJˆūJ�¢1�j�*ɑ
S]\��£1��1�きCǢƦGƇ_]<ǕァD˩΅G330°がƀ)ZȘǤ`Ù'<ưどȘǤG6
\1DC�˵どȘǤD̞PB�PTV ˳Jɨィł¼Ɍ`êɭÚ˿C$\DƆ'Z]\� 

 

 

Fig. 6-6 șカ�G(/\˟ɨィ̶͂řÜ�(A), (D), (G)K5PBA きGY\Ǖァœä6�(B), (E), (H)K
5SMC きGY\Ɵœƴ6�(C), (F), (I)K5SMC きGY\Ǖァœä6JřÜ`̪6�̍ȭぬ¾KȘǤ
がƀ`̪4�(A)~(F)KñどJɨィ̶͂�(G)~(I)K˵ど`ƌƴ4<ɨィ̶͂C$\�ƐɨK PTV

`�̎%ÒɨKĒĮイ»`�ɂȭɨK̀Ąイ»`:];]̪6� 
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Fig. 6-7 ư@JœƴきGY?Bœƴ4<șカ�G(/\ PTV J DVH 

 

� șカ�K̆*aGʒ4B�ąǦJɬがDÃʂG30°=/ö˙`͋'BȘǤ6\˵どȘǤ`v��
¢1v�¥4<WJC$\�1JșカK�ňĝCず<3]B%\̆Jʶ`むƿɨ*˅â4ǮゼGɨ
ィ`̳ぶ38\<V�˦ タ̺șカD˩΅GɨィœƴきGY\¸%*ŦʺGŭ]\DƆ'Z]\�Fig. 

6-8 G5PBA きGY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC きGY\Ǖァœä6J˟ɨィ͂
̶`Ǘ6�ȿʶJñクKƚ)Z5PBA きGY\Ǖァœä6,5SMC きGY\Ɵœƴ6,5SMC きGY
\Ǖァœä6JřÜC$\�̍ȭJぬ¾KȘǤがƀ`̪4�(A)~(F)KñどJɨィ̶͂�(G)~(I)K˵
ど`ƌƴ4<ɨィ̶͂`̪6�ȿʶJƐɨK PTV `�ɹ ȭɨK̆イ»`�̎ %ÒɨKȲ・イ»`�
ɂȭɨKəɅイ»`:];]̪6�S<�Fig. 6-9 G PTV J DVH `Ǘ6�Fig. 6-8(G)*̪65PBA

きGY\Ǖァœä6Jɨィ̶͂D:]GʒÐ6\ Fig. 6-9 Jɚɨ*Ǘ6 PTV J DVH `Ť\D�ɢ
QEJ˦タ̺șカJřÜD˩΅G PTV ˳Cł¼Fɨィ̶͂`Ŏɍ4B%\1D*͂)\�4)4�
ǢƦJʑ˳CK Fig. 6-8(H)JY&Fɨィ̶͂`Ŏɍ6\DƆ'Z]�:JřÜGY\D PTV J¼
̺CKɨィ*̲ʆ4�Ǯゼ*ƶʊ6\Ú˿Ɍ*Ǘƙ3]\�S<�ňĝ`˅â6\1DCY[ȵ̺
SCˢʝ4<むƿJÆĽGY[�ąǦJ̅ʶ̳ńSCɨィ*̳ぶ3]B%\�5SMC きGY\Ǖァ
œä6Jɨィ̶͂CK�Fig. 6-8(I)JY&G PTV ˳Jɨィł¼Ɍ`êɭC+�ąǦJ̅ʶ̳ńSC
ɨィ̶͂*ˢʝ6\΅ƿ`ɏ4-Ϳʅ4B%\� 
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Fig. 6-8 șカ�G(/\˟ɨィ̶͂řÜ�(A), (D), (G)K5PBA きGY\Ǖァœä6�(B), (E), (H)K
5SMC きGY\Ɵœƴ6�(C), (F), (I)K5SMC きGY\Ǖァœä6JřÜ`̪6�̍ȭぬ¾KȘǤ
がƀ`̪4�(A)~(F)KñどJɨィ̶͂�(G)~(I)K˵ど`ƌƴ4<ɨィ̶͂C$\�ƐɨK PTV

`�ʴȭɨK̆イ»`�̎%ÒɨKȲ・イ»`�ɂȭɨKəɅイ»`:];]̪6� 
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Fig. 6-9 ư@JœƴきGY?Bœƴ4<șカ�G(/\ PTV J DVH  

 

� ˦タ̺șカ�̆�ĝĊǃșカJœưșカGʒ4BƇ?<xm��¥pȘǤきJǕァœäJv��
¢1v�¥`˅4B�ǺもJ PBA きJǕァœäJとʚ˔`ͭõG6\1D*Ǿも<�PTV Gʒ4
BK�ȇがɨィ­ȣGâȥGɨィ*̳ぶ3]\1DGY[かǤɨȢï*２ɑ6\ xoX�¼がC
ǮゼGɨィ*ǹ̳͂ぶ3]7�*a*ƶʊ6\Ú˿Ɍ*$\1D*͂)?<�S<�ǮゼJǲ±J
OAR Gʒ4BWɏ4-ɨィͿʅ*Ƈ_]B%F%<V�ͿĚ8HかǤɨȢïJ xoJɿʘ`Ȕ
-Ú˿ɌWƆ'Z]�1JY&FȘǤKェȒȣȓ˺6\1DKǾもF%�¼が�ã0*ˊ¬6\ SMC

き`Έ%<ǕァœäK�PTV ɯʑGˎɜFȇがɨィ`ȘǤ4�OAR OJɨィ̳ぶ`ɬW?Bɏõ
GͿʅ6\řÜ`˭\1D*Ǿも\�1JY&Gxm��¥pȘǤきJǕァœäJɨィœƴきD4
B SMC き`Έ%\1DC�̲łǡ̊ǡʶJƊɒ˙Jɨィœƴ*Ú˿DF[�ȷGƠˎFǕァœä
*Ƈ'\Y&GF\� 

 

6.3.3 SMC きJǕァœäJœƴǓĎ 

� Table. 6-3 G CPU `Έ%<ƦJ SMC きJǕァœäJœƴǓĎ`Ǘ6�̪ʶGK�ダƠˎÕGΈ
%\�1�k1�¡Jɨィ̶͂œƴ�チɨィ̶͂JƠˎÕœƴ�πƠǵˍFɨィ̶͂œƴJñ0J
œƴx���G))\œƴǓĎ�:]ZJƌœǓĎ�ƌœǓĎGʒ6\ダƠˎÕGΈ%\�1�k
1�¡Jɨィ̶͂œƴJþƌ`șカ2DGƥ8B([�œƴǓĎJʠ¯KɯB̮C$\�PTV Jʑ
ɘ*ʘ+%QE�̈ʭ6\x���ɆWɿ'\<V��1�k1�¡JœƴǓĎWɿʘ6\�:J
<V�ƠW PTV *ʘ+%șカ�CK��1�k1�¡JœƴGの 1.5 ǓĎ))?B%\�:4B�
ɨィ̶͂JƠˎÕœƴK�x���ɆDɨィ̫Ø˔ɆJんが*:JœƴǓĎGÆĽ6\*�¼̗ˍ
Gx���ɆD̞PBɨィ̫Ø˔ɆK©˛ˍGʍ%<V�ɨィ̫Ø˔Ɇ*:JżÜJʘ５`ɤV\�
șカ�CK̆イ»G̈ʭ4<ɨィ̫Ø˔*ʍ-�Table. 6-1 JǕァœäȨ͔Y[ 186,248 ˔Jɨィ̫
Ø˔`ŨGƠˎÕœƴ`Ƈ?B%\<V�ƠˎÕœƴJǓĎKșカ�*ƠWˁ%�șカ�Kƚ̆G
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PTV *ɝ4B%\��¡C$\*�˸Σ6\ ROI �1}KƚÃJ̆*¼@J�1}DF?B%\
<V�ɨィ̫Ø˔K�£p��Jƅ：ȣ�ɨィ̳ぶ*F%Ã̆Gʒ4BẄʭ3]\�ɨィ̳ぶ*
F%<VてˍďɆæ=Gʒ4BK:JÆĽ*F%*�œƴǓĎK:J͂=/ɿ'<1D*Ɔ'Z]\� 

�1�k1�¡JœƴǓĎK�˦タ̺șカCKɯʑJœƴǓĎJ 98%`ɤV�S<ƠˎÕœƴJǓ
ĎJˁ%șカ�CWɯʑJ 87%`ɤV\�:J<V�SMC きGY\ǕァœäCK�ƠˎÕGΈ%
\�1�k1�¡Jœƴ*�ǕァœäɯʑJœƴǓĎJʘ５`ɤV\1D*͂)?<� 

 

Table. 6-3  CPU `Έ%<ƦJ SMC きJǕァœäJœƴǓĎ (œƴǓĎJʠ¯K̮) 

 
ダ�1�k1
�¡œƴ�

チƠˎÕœƴ�
πƠǵˍFɨ
ィ̶͂œƴ�

ƌœ 
ƌœGʒ6\
ダJþƌ 

șカ9 2,114 34 8 2,156 0.98 

șカ� 5,493 135 50 5,678 0.97 

șカ� 1,901 274 6 2,181 0.87 

 

� xm��¥pȘǤきJǕァœäJœƴ`Y[ƊʇGƇ&<VGK��1�k1�¡Jɨィ̶͂œ
ƴJƊʇÕ*̧ȾC$\�¼がCŭƨ�ɨィœƴJƊʇÕ`ʝɍ6\<VG�GPU `ΒΈ4Bɨィ
œƴ`Ƈ&1D*ɈìˍGɘŁˍGƇ_]B%\[24][25]�:1Cã0W GPU `Έ%< SMC きJǕ
ァœä`Ƈ?<�Table. 6-4 G GPU `Έ%<ƦJ SMC きJǕァœäJœƴǓĎ`Ǘ6�̪JÃ）
˵@KCPU`Έ%<ǓD̞PBœƴɯʑS<K�1�k1�¡œƴ*×̉ƊʇÕ3]<)`̪6�
:JřÜ�ǕァœäɯʑCK CPU œƴǓD̞PBƠʘ 13 ̉JƊʇÕ`ʝɍ4��1�k1�¡J
œƴGůˈ6\DƠʘ 16 ̉ƊʇGœƴ`Ƈ'\1D*͂)?<�:4B�GPU `Έ%<Ǖァœä
K�ɯșカGʒ4B:];] 10 ͂­˳Cœƴ*Ú˿C$[�˶0JǕァœä`Ƈ&ǓĎCKǹ͂
GƊʇC$\�¼șカ˞<[ 10 ͂­˳Cœƴ*Ú˿C$]L�ǕァœäǦKY[ʍ-JȘǤȩŜ
`Šˤ6\1D*C+�Y[ƠˎFǕァœä`Ƈ&1D*Ú˿GF\C$^&� 

 

Table. 6-4  GPU `Έ%<ƦJ SMC きJǕァœäJœƴǓĎ (œƴǓĎJʠ¯K̮) 

 
ダ�1�k
1�¡œƴ�

チƠˎÕ�
œƴ 

πƠǵˍF
ɨィ̶͂�
œƴ 

ƌœ 
CPU ̞ 

(œƴɯʑ) 

CPU ̞ 

(ダJT) 

șカ9 137 24 5 166 13 ̉ 15 ̉ 

șカ� 479 77 12 568 10 ̉ 11 ̉ 

șカ� 118 166 4 288 8 ̉ 16 ̉ 

 

�
�
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ʙ"Ȝ�ũƿô６Ð`ǫ[˸]<œƴ��¡Jí２ 

� ɬȜC SMC きK̲łǡ̊ǡʶCƊɒ˙Fɨィœƴ*Ú˿C$[�xm��¥pȘǤきJǕァœ
äGˎΈ6\1DC�ǡJƊ%Ǖァœä*Ƈ'\1D`Ǘ4<�さȜCK�SMC きJƄF\œƴɒ
˙ƀȣ`てˍD4B�ũƿô６ÐGY[ɑɍ3]<˵ǔΙƿGY\ɨィėぶ`đV<œƴ��¡`
í２4<<V�:J̫Ø`Ƈ?<�œƴ��¡K˵@Ɔ'�:];]JœƴがきDřÜ`Ǘ6� 

 

7.1 Triple Gaussian GY\ɨィ̶͂œƴき 

� ǺもJ SMC きJœƴCK�¼ǔむƿ*́ǡ˳JũƿôDJʍǼo1£¥ƳΐGY[��1�Ȼ
ƇがƀGʒ4BʂががƀGò*\œƴJT`Ƈ?B+<�1JY&F¼ǔむƿJTJœƴCェȒƹ
ΈGKǹ͂Fœƴɒ˙`ǒ?B%<*�ǢƦJむƿɨJʂがɨィ̶͂K�1J¼ǔむƿJɨィ̶͂
Gũƿô６ÐCɑɍ3]<˵ǔΙƿ)ZJɨィ̳ぶGY\ɇ*Ŏɍ3]\�:JÆĽK�ʙ ȜJ
ɂ�b¥��ʶJ FMC きJœƴřÜ)Zõ˺C+\�1JÆĽ` FMC きJœƴ�1}`ŨG4
BŭȡゴˍGɨィœƴ��¡Gǫ[˸]\1D SMC き`êア4�Y[Ɗɒ˙Jɨィœƴ`Ú˿G
4<� 

 

7.1.1 ɨィ̶͂œƴ��¡ 

� 3.4 ɟCȀP< PBA きJɨィœƴ��¡GY\D��1�ȻƇがƀJ$\¯ʭhG(%B&-r͆っ
C &X, rX G̶͂JʶȲ`ǒ@�1�k1�¡`Ɔ'<Ʀ�1Jっ˳J˔ &, r, h `ʶȲD6\ voxel

G̳ぶ3]\ɨィ% &, r, h K�˵ǔŨ Gauss ̶͂˙=‡DɂʶCʅˈ4<ȵ̺ɨィ̶͂%%`Έ%Bǔ
ǛJY&G̪ŭ6\1D*Ǿも<� 

% &, r, h = %% ^õáõ − ^k 	×	˙=‡ & − &X, r − rX; Ü &X, rX, h   (Eq. 7-1) 

11C�^õáõKɂʶ˸ǤǓJむƿɨJɂʶƶ̢ˋ�^kK˔ &X, rX, h G(/\むƿɨJɂʶƶ̢ˋ�
Ü &X, rX, h Kȵ˙hCJ Gauss ̶͂Jò*[C$\�1J˵ǔŨ Gauss ̶͂K�ʍǼo1£¥ƳΐG
Y[¼ǔむƿ*ò*\żÜ`ǫ[˸]<WJC$\� 

� Y[ɏõGɨィœƴ`Ƈ&<VG�ǺもSCJʍǼo1£¥ƳΐGY\¼ǔむƿ`œƴ4<ɨィ
̶͂ɍ͂JʌG�ũƿô６ÐGY[ɑɍ3]<˵ǔΙƿGY\ɨィ̶͂ɍ͂`˵@Ù'<�ư@J
ɨィ̶͂Jʆ4ƌ_8D6\œƴ��¡`ˊ¬6\�̄ ʭ &, r, h Jɨィʪ%ôââ &, r, h Jœƴ��¡
` Eq. 7-2 GǗ6� 

%ôââ &, r, h = Œj˚õ h ∙ %j˚õ &, r, h + ŒDâô h ∙ %Dâô &, r, h + ŒõáDâô h ∙ %õáDâô &, r, h  (Eq. 7-2) 

11CŒj˚õ h , ŒDâô h , ŒõáDâô h K�:];]¼ǔむƿ, ũƿôDʦɌƳΐ4<˵ǔむƿ, ũƿôDJ
̡ʦɌƳΐGY?Bɑɍ4<˵ǔà˖ΙƿJɨィOJėぶJþƌ (ǼT)C$[�ȵ˙hJ͋ɆC�
˩ȵ˙JɨィėぶJǼTJƌœK9DF\�S<�%j˚õ &, r, h , %Dâô &, r, h , %õáDâô &, r, h K:];]
Jɸʒɨィ̶͂`̪4�Eq. 7-1 JōC̪3]\DÖˈ6\�ñ0Jɸʒɨィ̶͂K�´F\ɨィ͂
̶Jʂがò*[Ü`ǒ@� 
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� 1JY&Fɨィ̶͂`ƅɍ6\�@Jɍ͂Jʂが̶͂` Gauss ̶͂D4B�ư@J Gauss ̶͂J
ǼIƌ_8GY[ɨィ̶͂`̪ŭ6\5Triple Gaussian GY\ɨィ̶͂œƴき6(Triple Gaussian Dose 

calculation: ­Ô TGD DȚれ6\)* FMC きJœƴřÜ`EJˋ˙SCƟŭÚ˿C$\)ʾP<� 

� TGD CΈ%\���1}JŘˈがきG@%Bɠͭ`Ƈ&�GEANT4 CK�¼ǔむƿ�ũƿôD
JʦɌƳΐGY[ɑɍ3]<˵ǔΙƿ�̡ʦɌƳΐGY[ɑɍ3]<˵ǔΙƿJY&G�́よâˋ
͉Jɨィ̶͂`ǾΣ6\1D*Ǿも\�さŢįCK�1JœƴřÜJ�1}`Έ%B�ɯʑJȵ̺
ɘ͂ɨィ̶͂Gʒ6\ñ́よâˋGY\WJJþƌ`�ñɨィƉJǼTŒj˚õ, ŒDâô, ŒõáDâôD4Bˈħ4
<�Fig. 7-1 G FMC きCœƴ4<�1�ȻƇがƀG˃Ź6\っ˳Cɘ͂4<ȵ̺ɨィ̶͂Dñɨィ
ƉJǼTJ̶͂` Fig. 7-1 GǗ6�Fig. 7-1(B)Y[�¼ǔむƿGY\ɨィƉJǼTŒj˚õKȵ̺GȻU
GǺ?BȐ3-F[�:JŶÑL%GF[�ƠǵˍG���p�1o̳ńCɿÙ6\�ƠȈŒj˚õ*
ȵ3DDWGū\JK�ɂȵ*ȵ-F\G@]Bũƿô６ÐGY[¼ǔむƿɆ*ūɃ4�ô６ÐG
Y[ɑɍ3]<˵ǔΙƿGY\ɨィ̳ぶJþƌ*ɿ'\<VC$\�ƵɱũƿôDJũƿô６ÐG
Y[ʦɌƳΐ3]<˵ǔむƿKƵɱũƿôGぶ'\６ˀh�¡n1͂=/h�¡n1*ū\<V
���o�1oJǬɬCˇǆ4�ɂʶƶ̢ˋGWʍȑJ̽*$\JC���o�1oJǬɬGɨィ
J�1o`ƪ\�S<ɂɱũƿôDJũƿô６ÐGY[ʦɌƳΐ3]<˵ǔむƿJɂʶƶ̢ˋKケ
ʉˍG̶͂4�1o`ƪZF%�1JɂɱũƿôDʦɌƳΐ3]<˵ǔむƿ*ɨィJ�1o`ƪZ
F%1DG@%B�7.2.2 ƉC:JřÜ`Ǘ6�ũƿôDJ̡ʦɌƳΐCɑɍ3]\˵ǔà˖ΙƿK
ȵ3がƀG̶͂4Bˇǆ6\<V�XK[ɨィJ�1o`ƪZ7ˢʝ̘±W¼ǔむƿJ���o�
1oJǬɬSCC$\�1&4B¼ǔむƿJ���o�1ońぐGˢʝC+\Ǫ<\ΙƿK¼ǔむ
ƿC$[�:J<V���p�1ońぐCK¼ǔむƿJɨィƉJǼTKɿÙ6\�S<�ɨィƉJ
ǼTŒDâôK�ȵ̺GȻUGǺ?BɿÙ6\ŌƀG$\�1]K�˯GƵɱũƿôDJʦɌƳΐGY
[ɑɍ3]<˵ǔむƿK�６ÐɬJ¼ǔむƿD̞PBQR˩˟JÅ˨h�¡n13ƵɱũƿôJ６
ˀh�¡n1͂=/ū[�:JʪK˸Ǥ¼ǔむƿJÅ˨h�¡n1JɆ%ˋ˙C$\�4`ǒ@<
V�Fig. 7-1(A))ZW͂)\Y&G�ȵ̺CɨィJ�1o`ƪ\<VC$\�S<�ʍǼo1£¥
ƳΐJT`ǯ/\¼ǔむƿD̞PB�ũƿô６ÐGY[ɑɍ3]<˵ǔむƿKʘ+-ȻƇがƀ`͋
'�Y[ʂがGò*\<V�¼ǔむƿD̞P\D�˵ǔむƿKǬɬGˇǆ4�¼ǔむƿJƪ\��
�o�1o¯ʭD̞PBɧ%¯ʭG�1o`ǒ@�ũƿôDJ̡ʦɌƳΐGY\ɨィƉJǼT
ŒõáDâôKȵ̺がƀɯʑGƂ*?<̶͂`ǒ?B%\�1]KǔJY&Gɠͭ3]\�ũƿôDJ̡ʦ
ɌƳΐGY\ɑɍ3]\˵ǔΙƿJ&> 4He ũƿôY[Ǽ%ô̂͌Kɨィ`ĿȉˍG̳ぶ4�:J
ィKむƿJÅ˨h�¡n1G°ʊ4:J 40~60%DŤɘWZ]B%\�1JǼ%ô̂͌*ĿȉˍG
̳ぶ6\ɨィK�ô６ÐJʧっɘ*¼ǔむƿJh�¡n1GQDaE°Z7¼ˈC$\<Vȵ3が
ƀG¼ǔむƿJ�¡h¥x*ūȑ6\żÜDȵ%D1^C６Ð6\QE¼ǔむƿJÅ˨h�¡n
1*˖らʋǞGY[ū?B%\żÜC�ȵ3DDWGɨィKūȑ6\�¼が�4He ũƿô­ÔJǡ
ィ`ǒ@ũƿôKɬがGh�¡n1`ǒ?BかǾ3]�６Ð˔JɬがGh�¡n1`は。6\�1
]GK%-@WJũƿôDJ６Ð���¡*ďぶ4ɑɍ3]\ΙƿJǭオXŰɆK΅0C$[�:
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Jh�¡n1̶͂Wケʉ̶͂6\�4<*?B�1]ZJŔ%ũƿôJ̳ぶ6\ɨィ̶͂K�¡�
c��żÜ*ŤZ]ȵ3がƀGƠȈɿÙ4ʶĎCƠʘGF[3ZGȵ-F\Dūȑ4�¼ǔむƿJ
���p�1oǬɬC{£GF\�1J�@Jɍ͂`ǼIƌ_3]<WJ*ɨィƉJǼTŒõáDâô`
ƅɍ4B%\� 

 

 

Fig. 7-1 (A)FMC きCœƴ4<�1�ȻƇがƀJ˃Źっ˳Cɘ͂4<ȵ̺ɨィ̶͂D 

(B):JřÜ)Zœƴ4<ñɨィƉJǼT 

 

� ǔGñɨィ̶͂ɍ͂Jʂが Gauss ̶͂Jò*[`̪6ÜJĭVがG@%Bɠͭ6\�ʙ ȜJɂ
�b¥��˳CJ SMC きD FMC きJɨィ̶͂J̞÷Y[�SMC きCKʂがɨィ̶͂Jò*[*
ʘ+%1D*͂)?<�:J<V�FMC きJʍǼo1£¥ƳΐGY\ʂがOJΙƿJò*[が`
Ɵŭ6\ƳΐöJœƴǛ`ĭV<�Highland Jċ³Ǜ[28-30]JŎ`ŨG�:J͒ɏƉ`ʾɎ6\1D
C�FMC きCœƴ3]\ʍǼo1£¥ƳΐGY\�1�Jò*[`Ɵŭ4<�Eq. 7-2 ʶJ¼ǔむ
ƿGY\ɨィƉ%j˚õJʂが Gauss ̶͂Jò*[Üj˚õ h K�FMC きCœƴ3]\ʍǼo1£¥ƳΐG
Y\�1�Jò*[`Ɵŭ4<ǔǛJö˙̶͂Jò*[σö5ô™,∆1†	`Έ%Bœƴ`Ƈ&� 

σö5ô™,∆1†	 =
JJ.n	
75j

k
lm

1 − 0.073 logJX
k
lm

   (Eq. 7-3) 

:4B�ũƿôDJʦɌƳΐGY[ɑɍ3]\˵ǔΙƿGY\ɨィƉ%Dâô�̡ʦɌƳΐGY[ɑɍ
3]\˵ǔΙƿGY\ɨィƉ%õáDâôJñ0Jʂが Gauss ̶͂Jò*[ÜDâô h , ÜõáDâô h K�Eq. 7-2 J
ɯʑJɨィ̶͂%ôââD FMC きJɨィ̶͂%ôââ,FMCJŸƛJ˵Ȥサ*ƠȐGF\Y&Gœƴ`Ƈ%�
Řˈ4<�œƴK�ɢQEˈħ4<ñɨィƉJǼTŒj˚õ, ŒDâô, ŒõáDâôD¼ǔむƿGY\ɨィƉ%j˚õJʂ
が Gauss ̶͂Jò*[Üj˚õ`Έ%B�ʙ ȜCǗ4<ɂ�b¥��˳J FMC きJœƴřÜ`Ɵŭ
6\ȵ˙2DJÜDâô, ÜõáDâôJ˵@J���1}`ĭV<�Fig. 7-2 G�Eq. 7-3 JʍǼo1£¥ƳΐG
Y\Ƴΐö˙JœƴǛ)ZĭVZ]\ʂが Gauss ̶͂Jò*[Üj˚õD�FMC きJœƴřÜJ�d�
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�œƴGY[ĭV<ÜDâô, ÜõáDâôJȵ˙
̶͂`Ǘ6�¼ǔむƿJʂがɨィ̶͂
Jò*[Üj˚õD̞PB�ũƿô６ÐG
Y[ɑɍ3]<˵ǔΙƿJʂがɨィ͂
̶Jò*[ÜDâô, ÜõáDâôKʘ+%�1Jř
Ü)Z�ɯʑJʂがɨィ̶͂Jrcɍ
͂K¼ǔむƿGY\ɨィ̶͂*Ǫ<\
ɍ͂C$[�ɇイ»K˵ǔΙƿJɍ͂
*Ŏɍ4B%\1D*õ)VZ]\�
S<�Y[ȵ̺CÜõáDâôJʘ+3*Üj˚õ
`Ôè\*�1]K���p�1oń
ぐCKũƿôDJ̡ʦɌƳΐGY[ɑɍ3]<ʘö˙Ƴΐ3]<˵ǔΙƿ31]*ɇ`Ŏɍ6\4
K path length*́ǡžG̞Pˁ-F\<V¼ǔむƿJ���p�1oǬɬCˇǆ4QDaEˢʝ4
F%<VC$\1D*Ɔ'Z]\�:4B�ʍǼo1£¥ƳΐGY\¼ǔむƿJò*[Üj˚õK^ÑX 

(���pk1�J�1oʪ` 100%D4<Ǔ�:JŶがJ 80%Gや><ǓJ¯ʭ)`ŨGœƴ4B
%\<V����p�1oŶがJ distal fall-off イ»CKɏõFœƴ*Ƈ'F%�:J<Vh > ^ÑXJ
イ»CK�h = ^ÑXJʪ`Έ%BÜj˚õKœƴ4�ÜDâô, ÜõáDâôG@%BWh = ^ÑXJǓJʪD4B%\� 

� SMC きJɨィ̶͂œƴCΙƿJ���m¥p`たȄF-C+\JK¼ǔむƿ=/C$\�ŭƨ
J SMC きCK�ô６ÐJřÜɑ5\˵ǔΙƿ`���m¥p6\<VĢみFȨ͔*ŗ/B%\�
:1C�11CK¼ǔむƿJɨィ̶͂K SMC きCœƴ4�ũƿôDJʦɌƳΐ, ̡ʦɌƳΐGY
\˵ǔΙƿJɨィ̶͂K�FMC きC˭Z]<ɨィ̶͂DたȄ4F%ŎC PBA き`Έ%Bœƴ`Ƈ
&1DD4<�ǔG FMC きJɨィ̶͂řÜDJ̞÷`Ƈ&� 

 

7.1.2 í２4<ɨィ̶͂œƴ��¡D FMC きJɂ�b¥��˳CJřÜ̞÷ 

� Triple Gaussian GY\ɨィ̶͂œƴき(TGD)GY[�FMC きJɨィ̶͂`EJˋ˙Ɵŭ6\1D
*Ǿも\)�ɂ�b¥��˳CJřÜJ̞÷`Ƈ?<�Fig. 7-3 Gɂ�b¥��˳J(A)TGD, (B)FMC

きJ˟ɨィ̶͂D(C):JɸʒɨィƛJ˟ʪ̶͂`Ǘ6�11CK̪ǗっDɀ˃FがƀGɨィ`ɘ
͂4<WJ`̪Ǘ4B%\*�11CK:]`ʠGɨィDŲN1DG6\�Fig. 7-3(B)J FMC きJ
˟ɨィ̶͂Kʙ ȜGƥ8< Fig. 5-5(B)D˩΅JWJC$\�Fig. 5-5(C)JǺもJ SMC きD FMC

きJɸʒɨィƛJ˟ʪ̶͂D̞÷6\D�Fig. 7-3(C)J˟ʪ̶͂JŤ<て)Z�TGD D FMC きJ
ɸʒɨィƛKȐ3%�:4B Fig. 7-3(C)Jȭ*̳%B%\イ»Jʍ-K distal fall-off イ»C$[�
1Jイ»CK TGD œƴJ<VJ���1}JɏõF�d��`Ƈ?B%F%�:J<V�distal fall-

off イ»`Ȏ%<œƴ���1}J�d��`Ƈ?<イ»CK�FMC きJɨィ̶͂` TGD CY-
ƟŭC+\1D*͂)?<�:4B�Fig. 5-5(C)JǺもJ SMC きD FMC きJɸʒɨィƛJ rms ʪ
K 1.0%C$?<*�Fig. 7-3(C)Y[ TGD D FMC きJɸʒɨィƛJ rms ʪK 0.2%Dêɭ3]<� 

�
Fig. 7-2 ñɨィƉJʂが Gauss ̶͂Jò*[ 



� ���

 

Fig. 7-3 (A)Triple Gaussian GY\ɨィ̶͂œƴき(TGD), (B)FMC きCœƴ4<ɂ�b¥��ʶCJ
˟ɨィ̶͂D(C)TGD D FMC きJɸʒɨィƛJ˟ʪ̶͂ 

 

� Fig. 7-4 G�TGD D FMC きJ˟ɨィ̶͂G(/\h = 50.5, 150.5, 259.5	mm¯ʭCJ&がƀJʂが
ɨィ̶͂`Ǘ6�ɨK TGD�˔K FMC きJřÜ`̪6�S<�ɚȭKh = 50.5	mm�ɔȭKh =

150.5	mm�ウȭK���o�1o¯ʭC$\h = 259.5	mmJɨィ̶͂`̪6�Fig. 7-4(A)`Ť\D�
ñȵ˙C TGD K FMC きJɨィ̶͂`ðIY-Ɵŭ4B%\Y&GŤ'\�4)4�Fig. 7-4(B)J
ʒɆ̪Ǘ4<ɨィ̶͂CKɸʒɨィ* 1%­ÔJイ»CɨィJシら*ŤZ]\�1JよͽG@%B�
ƆƬ`Ƈ&�Fig. 7-5 G FMC きCœƴřÜJ́よâˋ͉Jʂがɨィ̶͂`ʒɆ̪Ǘ4<WJ`Ǘ
6�ɚ˔CǗ6¼ǔむƿJɨィ̶͂KʒɆ̪ǗC˵ǔďɆō`4B([�1]KǢƦJɨィ̶͂*
Gauss ̶͂ōC$\1D`̪6�4)4�ũƿôDJʦɌ, ̡ʦɌƳΐGY[ɑɍ3]<˵ǔΙƿ
GY\ɨィ̶͂K:];]˵ǔďɆō`4B(Z7�˯ Gh = 150.5	mmCJウ˔CǗ6̡ʦɌƳΐ
GY\˵ǔΙƿJɨィ̶͂CK͋ŀ˔*ʊƨ6\�1JY&F Gauss ̶͂ō`4B%F%˵ǔΙƿ
Jɨィ̶͂`�Gauss ̶͂ōDÖˈ4B���1}ÜDâô, ÜõáDâôJˈħ`Ƈ?<<V�ɸʒɨィ* 1%

­ÔJイ»C:JŸƛ*ŤZ]<DƆ'Z]\� 
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Fig. 7-4 (A)TGD D FMC きCJñȵ˙Jʂがɨィ̶͂D(B)˩5ɨィ̶͂`ʒɆ̪Ǘ4<WJ� 

ɨK TGD�˔K FMC きJřÜ`̪6�S<�ɚȭKh = 50.5	mm�ɔȭKh = 150.5	mm�ウȭK
���o�1o¯ʭC$\h = 259.5	mmJɨィ̶͂`̪6� 

 

 

Fig. 7-5 FMC きCœƴ4<(A)h = 150.5	mm¯ʭ� 

(B)���p�1o¯ʭ	h = 259.5	mmCJ́よâˋ͉Jʂがɨィ̶͂ 

 

� ñɨィƉJʂがɨィ̶͂` Gauss ̶͂D4B�¼ǔむƿ, ũƿôDJʦɌƳΐ, ̡ʦɌƳΐGY
[ɑɍ3]<˵ǔΙƿDư@Jɨィ̶͂ɍ͂Jʆ4$_8CɯʑJɨィ̶͂`̪ŭ6\�5Triple 

Gaussian GY\ɨィ̶͂œƴき6K FMC きJřÜ`Y-ƟŭǾも\1D*͂)?<�4)4�Ɣ
è¼@Jh�¡n1Gʒ4B���1}J��¡Õ`Ƈ?<*�ʌJh�¡n1`Έ%\ȦƌGK�
S<˩΅Jƪľ`6\̧み*$\�1JY&FƪľK̸ʢGF\<V�ŭǢˍCKF%�S<�1
J��¡CKũƿô６ÐGY[ɑɍ3]<˵ǔΙƿJɨィ̶͂JœƴC PBAき`Έ%B%\<V�
̲łǡ̊ǡʶCJœƴGˎΈ6\1DGとʚ*$\Ú˿ɌW$\�1J˵@JとʚJ¼̺`çŘ6
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\がき`ǔɟCȝæ6\� 

 

7.2 ũƿô６ÐJ SMC きœƴOJˎΈ 

� 7.1 ɟCǗ4<5Triple Gaussian GY\ɨィ̶͂œƴき6Jとʚ˔D4B�ũƿô６ÐGY[ɑɍ
3]<˵ǔΙƿJɨィ̶͂OJÆĽ`h�¡n12DG���1}Õ6\̧み*$[�:JœƴG
PBA き`Έ%B%\<V̲łǡ̊ǡʶCKɒ˙JƊ%œƴ*˴4%1D*Ĵ0Z]\�1JçŘが
ƫD4B�ǺもJ SMC きc¡s y�ʶGũƿô６ÐJœƴ�£zx`ɲTƒU1DC�̲łǡ
̊ǡʶCƊɒ˙Jœƴ`Ƈ'�˩ǓGǺもJ SMC きD̞PBY[ǢƦJɨィ̶͂Gń%řÜ*˭
Z]\1D*ĚʔǾも\� 

� SMC きCK�ɂ˟Øž��¡`Έ%B%\1DGY[ɯBJ́ǡʶJ６Ð`ɂʶCJ６ÐD4
B%\<V�ɂʶCJũƿô６Ð`Ɔ'�:Jœƴ�£zx`c¡s y�˳GɲTƒVLア%�
11C�ɂʶCJũƿô６ÐK�ɂɱũƿô(むƿ)DJʦɌƳΐ�ƵɱũƿôDJʦɌƳΐ�Ƶɱ
ũƿôDJ̡ʦɌƳΐJư@G͂/Z]\�さŢįCK�¼ǔむƿDɂɱũƿôDJʦɌƳΐJœ
ƴ` SMC きJc¡s y�ʶGǢɻ4<<V�:JřÜ`͔Ǝ6\� 

 

7.2.1 ɂɱũƿôDJʦɌƳΐJœƴ��¡ 

� ƽVG¼ǔむƿDɂɱũƿôJʦɌƳΐJ��¡G@%Bɠͭ6\�Fig. 7-6(A)GǢŧǟőCJ
˵ΙƿőJʦɌƳΐJð˽ȿ`Ǘ6�˵@JΙƿJʦɌƳΐCK�Å˨ィsJ	 MeV M `ǒ@ǡィ
LJ	 MeV M= J¼ǔΙƿ 1 *ɕǆ4B%\ǡィL=J̩ˍΙƿ 2 DȞ˱4�Å˨ィsV`ǒ@ǡィLJ

J˵ǔΙƿ 3 DÅ˨ィs0`ǒ@ǡィL=J˵ǔΙƿ 4 G͋Õ6\��¡C$\�:4B�¼ǔΙƿ
J˸ǤがƀDȞ˱ŶGɑɍ3]<˵ǔΙƿJȻƇがƀ*F6ö˙`:];]ΘV, Θ0[rad]D6\�ɂ
ɱũƿôDJʦɌƳΐKƆ'\P+Ιƿ*ɯBむƿC$\<V�LJ = L= = 938.272	 MeV/M2 C$
\�S<�Ȟ˱ɬJ˵ΙƿőJƻŨÅ˨ィJƌœK�s˛ = sX, sJ, s=, sV = )J M + L=M, 0, 0, 	sJ D
̪3]�)JK¼ǔΙƿ 1 *ǒ@ɯh�¡n1C$[�)J = LJM= = + sJM =C$\�ƻŨÅ˨ィ
Jƌœs˛Y[�むƿJʇ˙NDȷňʶJźʇMJ̞<K­ÔJY&Gœƴ3]�<DJď｣ǛY[£
1¢¥�ÀƿˇWǔJY&GȊ-1D*Ǿも\� 

< = !
jm
= jy5

,yπ,m,Ô
     (Eq. 7-4) 

ˇ = J
JK76

= ,yπ,m,Ô
=,m,Ô

    (Eq. 7-5) 

11C�むƿJɕǆh�¡n1)X,j = LJM= = L=M= = 938.272	 MeV C$\�:4B�Fig. 7-6(B)G
ǢŧǟőCJ˵ΙƿőJʦɌƳΐJ��¡`ǼȲőCƆ'<ȦƌJð˽ȿ`Ǘ6�ǼȲőCK�˩
¼ΙƿJȦƌ�ĨがƀG˩5ʘ+3Jʇ˙N 2`ǒ?<¼ǔΙƿ 1 D̩ˍΙƿ 2 JȞ˱D4BƆ'
\1D*Ǿも\�ǼȲőCJ¼ǔΙƿ 1 JȻƇがƀDȞ˱ŶGɑɍ3]\˵ǔΙƿ 3 JȻƇがƀ*
F6ö˙`Θ∗D6\�11C�ǼȲőCJ¼ǔΙƿ 1 JƻŨÅ˨ィsJ

∗˛ = )J∗ M , 0, 0, sJ∗ K�Ǣŧǟ
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őJÅ˨ィsJ
˛ = )J M , 0, 0, sJ `Έ%\1DC̪61D*C+�)J∗, sJ∗K­ÔJ˅[C$\� 

)J∗ = ˇ )J − <sJM      (Eq. 7-6) 

sJ∗ = 	ˇ sJ − < ,y
5

     (Eq. 7-7) 

˩΅G�ǼȲőG(%B̩ˍΙƿ 2 *ǒ@ƻŨÅ˨ィs=
∗˛ = )=∗ M , 0, 0, s=∗ G@%BW­ÔJY&G

ĠȀǾも\� 

)=∗ = ˇ)X,j     (Eq. 7-8) 

s=∗ = −ˇ< ,m,Ô
5

     (Eq. 7-9) 

:4BsJ∗ = −s=∗C$[�ʦɌƳΐC$\)Z�ɯBJΙƿJÅ˨ィJʘ+3*˟4-�!J∗ = !=∗ =

!V∗ = !0∗ C$\� 

 

 
Fig. 7-6 (A)ǢŧǟőCJ˵ΙƿJʦɌƳΐD(B)ǼȲőCJ˵ΙƿJʦɌƳΐJð˽ȿ 

 

ǼȲőCJ˵ǔΙƿJÅ˨ィsV∗, s0∗Jœƴがき
G@%BȀP\�:JœƴJ<VG�Fig. 7-7 G
ňĎöDǤÆöJˈħ`Ǘ6�1JˈħKǢŧ
ǟőDǼȲőC͋_ZF%<V�11CKǼȲ
ő`Έ%Bɠͭ6\�hǝ`ŁǝD4<Ȧƌ�Ł
öΘ∗Dが¯öΦ∗GY[Å˨ィ�o�¡!V∗`ǂ
ˈ6\1D*Ǿも\�Å˨ィ�o�¡!V∗Jɍ͂
sV,.∗ , sV,µ∗ , sV,k∗ K­ÔJY&GȊ-1D*Ǿも
\� 

sV,.∗ = !V∗ sin Θ∗ sinΦ∗ (Eq. 7-10) 

sV,µ∗ = !V∗ sin Θ∗ cosΦ∗ (Eq. 7-11) 

sV,k∗ = !V∗ cos Θ∗  (Eq. 7-12) 

1JÅ˨ィ�o�¡!V∗`&-hっGǤÆ4<�o�¡DhǝJF6ö˙iV,.∗ �r-hっGǤÆ4<�o�¡
DhǝJF6ö˙iV,µ∗ *:];]ǤÆöC$[­ÔJY&Gˈħ3]\� 

 
Fig. 7-7 ňĎöDǤÆöJˈħ 
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tan iV,.∗ = jz,#∗

jz,$∗
= %&'(∗ %&')∗

*+%(∗ = tan Θ∗ sinΦ∗  (Eq. 7-13) 

tan iV,µ∗ =
jz,,∗

jz,$∗
= %&'(∗ *+%)∗

*+%(∗ = tan Θ∗ cosΦ∗  (Eq. 7-14) 

˩΅G�Å˨ィ�o�¡!0∗Jɍ͂G@%B­ÔJY&GȊ-1D*Ǿも\� 

s0,.∗ = − !0∗ sin Θ∗ sinΦ∗    (Eq. 7-15) 

s0,µ∗ = − !0∗ sin Θ∗ cosΦ∗    (Eq. 7-16) 

s0,k∗ = − !0∗ cos Θ∗     (Eq. 7-17) 

:4B�ǢŧǟőJÅ˨ィ�o�¡!V,!0K�ǼȲőJÅ˨ィ�o�¡!V∗ ,!0∗Jɍ͂`Έ%B­ÔJ
Y&GĠȀǾも\� 

sV,. = sV,.∗ = ˇ sJ − < ,y
5

sin Θ∗ sinΦ∗    (Eq. 7-18) 

sV,µ = sV,µ∗ = ˇ sJ − < ,y
5

sin Θ∗ cosΦ∗    (Eq. 7-19) 

sV,k = ˇ sV,k∗ + < ,y∗

5
= ˇ= < ,y

5
1 − cos Θ∗ + sJ cos Θ∗ − <=  (Eq. 7-20) 

s0,. = s0,.∗ = −ˇ< ,m,Ô
5
sin Θ∗ sinΦ∗    (Eq. 7-21) 

s0,µ = s0,µ∗ = −ˇ< ,m,Ô
5
sin Θ∗ cosΦ∗    (Eq. 7-22) 

s0,k = ˇ s0,k∗ + < ,6∗

5
= ˇ=< ,m,Ô

5
1 − cos Θ∗    (Eq. 7-23) 

Y?B�ǢŧǟőJÅ˨ィ�o�¡!V,!0JǤÆöiV,., iV,µ, i0,., i0,µK:];]­ÔJY&Gœƴ6
\1D*Ǿも\� 

tan iV,. =
jz,#
jz,$

= %&'(∗ %&')∗

- *+%(∗π7 Jπ -7 .6    (Eq. 7-24) 

tan iV,µ =
jz,,
jz,$

= %&'(∗ *+%)∗

- *+%(∗π7 Jπ -7 .6    (Eq. 7-25) 

tan i0,. =
j/,#
j/,$

= K %&'(∗ %&')∗

- JK*+%(∗     (Eq. 7-26) 

tan i0,µ =
j/,,
j/,$

= K %&'(∗ *+%)∗

- JK*+%(∗     (Eq. 7-27) 

ƳΐKが¯öΦ∗GYZ7¼΅GĢ1\<V�Φ∗JʪK 0, 2@ J¼΅ΐɆCĭV\�¼ǔむƿJÅ˨
ィsJXh�¡n1)JK͂)?B%\<V�ǢŧǟőCJ˵ǔΙƿJÅ˨ィ�o�¡!V,!0Jñɍ͂
XǤÆöiV,., iV,µ, i0,., i0,µK�ŁöΘ∗*ŘS\1DC¼²ˍGŘS\� 

� ǔGŁöΘ∗JŘˈがきG@%Bɠͭ`Ƈ&�ǼȲőG(%B�˸ Ǥ¼ǔΙƿ 1 JƻŨÅ˨ィsJ
∗˛ =

)J∗ M , 0, 0, sJ∗ �˵ǔΙƿ 3 JƻŨÅ˨ィsV
∗˛ = )J∗ M , sJ∗ sin Θ∗ sinΦ∗ , sJ∗ sin Θ∗ cosΦ∗ , sJ∗ cos Θ∗ C

$\<V�ƻŨÅ˨ィµƇ−ú=K­ÔJY&GĭVZ]\� 

−ú= = sJ
∗˛ − sV

∗˛ sJ˛∗ − sV˛∗           
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= − −sJ∗ sin Θ∗ sinΦ∗ =— −sJ∗ sin Θ∗ cosΦ∗ = − sJ∗ − sJ∗ cos Θ∗ =  

= −2sJ∗
= 1 − cos Θ∗       

= −4sJ∗
= sin= (

∗

=
     (Eq. 7-28) 

S<�̤͂Ƴΐʧっɘ%Ü %Ω∗K­ÔJY&GĭV\1D*Ǿも\� 

+í
+2∗ =

jy∗
6

3
+í

+ K™6
     (Eq. 7-29) 

:4B�%Ü % −ú= K�̈́š[43]G(%B­ÔJǛCˈǛÕ3]B%\� 

+í
+ K™6

= exp −4ú? + Mú?=     (Eq. 7-30) 

11Cú? = −ú= `̪4B([�4 = 10	 GeV M K= , M = 2	 GeV M K0 C$\� 

� Eq. 7-30 Jォɘõりそ˙ďɆō„ ú? `Ɔ'\�Eq. 7-30 ` 0, 4sJ∗
= Cɘ͂`Ƈ?<řÜC$\„max

K­ÔJǛCぶ'Z]\� 

„max = exp −4ú? + Mú?= %ú?0jy∗
6

X =
D.

66
/ï 3 erfi 6

6 ï πerfi
.678ïÔy∗

6

6 ï

= 5
 (Eq. 7-31) 

11C�erfi 9 K9`ÁɆD4<ĵɆŸƛďɆ`̪4�erfi 9 = erf √9 √Cˈħ3]\(erf 9 : Ÿƛ
ďɆ)�:4B�erfi 9 K­ÔJǛCĭV\1D*Ǿも\� 

erfi 9 = =
3 exp ∞= %∞à

X     (Eq. 7-32) 

:J<V�ォɘõりそ˙ďɆ„ ú? K­ÔJǛCˈħ6\1D*Ǿも\� 

„ ú? = J
‰max

exp −4∞ + M∞= %∞™2

X    (Eq. 7-33) 

Eq. 7-33 CK„ 0 = 0, „ 4sJ∗
= = 1DF\�Y?B�¼΅ΐɆ` 0, 1 Cɑɍ6\1DC�ú?Jʪ*Ř

ˈ3]\�ú?*ŘS\D�Eq. 7-28 GY[ŁöΘ∗`¼²ˍGŘV\1D*Ǿも\� 

� ƠŶG�EJY&FȦȉC¼ǔむƿDɂɱũƿôDJô６Ð`Ģ138\)G@%Bɠͭ6\�
˸Ǥ4<¼ǔむƿ*、Ƈķらh	 g cm2 ˅âŶǴǡũƿôDô６Ð`Ģ13F%ΙƿJþƌ*Ũ
J×þGF\)`̪6Ǜø h K­ÔJY&Gˈħ3]\� 

ø h = ] ∙ exp −:áà5 ∙ h     (Eq. 7-34) 

11C]KˈɆC$\�1]` 0, h Cɘ͂4<˙ h K� 

˙ h = ø ∞ %∞k
X = B

;ìîï
1 − "K;ìîï∙k    (Eq. 7-35) 

˙ ∞ = 1C$\<V�] = :áà5DF\�:J<V�9 = ˙ h D(-D� 

h = − J
;ìîï

log 1 − 9     (Eq. 7-36) 

DœƴǾも\�:áà5 cm2 g JʪD4B�さŢįCKゴ̈́[17]CΈ%B%\Ǜ)ZŘˈ4�:JǛ`
­ÔGǗ6� 

:áà5 = 0.315 ∙ =jKJ.J=g + 3.78×10Kg ∙ =j  (Eq. 7-37) 
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=jK¼ǔむƿJÅ˨h�¡n1[MeV]C$[�ñœƴx���2DG¼ǔむƿJÅ˨h�¡n1)
Z�:áà5Jʪ`ĭV\�:4B�9? = 1 − 9D6\D�9?`¼΅ΐɆ 0, 1 Cɑɍ6\1DC�Eq. 7-

36 Y[:Jx���CJh`Řˈ6\1D*Ǿも\�1JhD:Jœƴ voxel Jɂ˟Øžˁ3hWEL`
̞P�h ≤ hWELJȦƌGů[�¼ǔむƿDɂɱũƿôDJʦɌƳΐJœƴ`Ƈ&1DD4<� 

� SDV\D�$\œƴx���Ch ≤ hWEL`ず<4<Ȧƌ�¼ǔむƿJÅ˨ィ)Z˵@J˵ǔむ
ƿJÅ˨ィDƳΐJǤÆö`ĭV�˵ ǔむƿK¼ǔむƿD˩΅JœƴGʍǼo1£¥Ƴΐ`ǯ/B
̢ˋ*F-F\SCœƴ`Ƈ&D%&c¡s y�`�ǺもJ SMC きGǢɻ4<� 

 

7.2.2 ɂɱũƿôDJʦɌƳΐ`đV< SMC きJœƴřÜ 

� 11CK�ɂ˟Øž��¡`Έ%B�(1) むƿDɂDJ˖ǖɸŵƪΈJ&>�Ű0JむƿJ��
�m¥pG@%BKʍǼo1£¥ƳΐJT`Ƈ%�h�¡n1ʋǞJœƴK FMC きCœƴ4<¼
ǔむƿJɂʶG(/\ȵ̺ɘ͂ɨィ̶͂`Έ%Bœƴ6\�(2) むƿDɂɱũƿôJʦɌƳΐJ�
£zx`Ű0JむƿGˎΈ4BƳΐJřÜɑ5<˵ǔむƿ`(1)D˩΅G���m¥p6\��¡
`đV<�5ȴ<F SMC き6`Έ%<�1�k1�¡Jɨィ̶͂œƴき`í２4<�1Jœƴ��
¡GK�(a) むƿDƵɱũƿôJʦɌƳΐ, (b) むƿDƵɱũƿôJ̡ʦɌƳΐ*đS]B%F%J
Cœƴ��¡D4BKぜ=̲āɯFWJC$\1DGʹ²6\�Fig. 7-8 Gɂ�b¥��ʶC�む
ƿDɂɱũƿôDJʦɌƳΐGY[¼ǔむƿJɆ*ɂȵDDWGūȑ4B%-΅ƿ 5̀ȴ<F SMC

き6̀ Έ%Bœƴ4<řÜ`Ǘ6�11CK�ɂ�b¥��˸ǤǓG 106ŰJ¼ǔむƿ`２ɑ38�
˸ǤっCJþƌ` 1 DğóÕ4<�1JřÜK�Eq. 7-37 J:áà5JœƴǛ`Έ%< Eq. 7-35 Jœƴ
řÜ`Ɵŭ4B%\<V�さŢįCƪɍ4<�£p��JũƿôDJ６Ð̰˙Jõ)3`õ)V\
1D*Ǿも<� 

 

 

Fig. 7-8 ¼ǔむƿDɂɱũƿôDJʦɌƳΐGY[¼ǔむƿ*ūȑ4B%-΅ƿ 
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� Fig. 7-9 GさŢįCí２4<5ȴ<F SMC き6J́よâˋ͉Jȵ̺ɘ͂ɨィ̶͂`Ǘ6�ɔ˔K
¼ǔむƿDɂɱũƿôDJʦɌƳΐJřÜɑ5<˵ǔむƿ`ƌ_8<ɯʑJɘ͂ɨィ̶͂�Ǌ˔K
¼ǔむƿJɘ͂ɨィ̶͂�Αȭ˔K˵ǔむƿJɘ͂ɨィ̶͂`̪6�:4BɯʑJɘ͂ɨィ̶͂J
�1o¯ʭh = 259.5	 mm `ɘ͂ɨィJ 100%GğóÕ4B%\�Fig. 7-9(B)Y[ɂɱũƿôDJʦ
ɌƳΐGY[ɑɍ3]<˵ǔむƿKɘ͂ɨィ̶͂G�1o`ǒ<F%1D*͂)\�:JよͽG@
%BƆƬ6\� 

 

 

Fig. 7-9 (A)さŢįCȴ<Gí２4< SMC きJ́よâˋ͉Jȵ̺ɘ͂ɨィ̶͂D 

(B)ʒɆ̪Ǘ4<WJ 

 

11C�¼ǔむƿDɂɱũƿôDJʦɌƳΐ`�むƿDƵɱũƿôDJʦɌƳΐD̞÷ʒȘ4BƆ
'\�ƵɱũƿôDJʦɌƳΐJȦƌ�̩ˍΙƿ*むƿD̞PB©˛ˍGǼ%ƵɱũƿôC$\<
V�Eq. 7-4 X Eq. 7-5 J<, ˇJœƴʪ*´F[�:JřÜǾǤ3]\˵ǔむƿJÅ˨h�¡n1W͋
_\�Fig. 7-10 G�¼ǔむƿGʒ6\˵ǔむƿJÅ˨h�¡n1Jþƌ`ǢŧǟőG(/\ŁöΘV
Jʘ+33˙Ɇ̪Ǘ4JďɆD4B�£��4<WJ`Ǘ6�ɔɨ*ɂɱũƿôDJʦɌƳΐ�ス
ɨKƵɱũƿôDJʦɌƳΐCɑɍ3]<˵ǔむƿ`̪4B%\�1JřÜY[¼ǔむƿ*ɂɱũ
ƿôDɬがƳΐ(ǼȲőJƳΐöΘ∗ = 0°)4<Ȧƌ�˵ǔむƿK¼ǔむƿJɯBJÅ˨h�¡n1`
ǒ?BɬがG̢MǾ6(̩ˍJɂɱũƿôGh�¡n1JµƇ`Ƈ?B%F%<V�˸ǤむƿDǾ
ǤむƿK˩΅JΙƿC$\*�ˈħȣ�˵ǔむƿD6\)1D*͂)\�S<�¼ǔむƿ*ɂɱũƿ
ôDɏっȞ˱4BŶがƳΐ3ǼȲőJƳΐöΘ∗ = 180°, ǢŧǟőJƳΐöΘV = 90°44<ƦGK�
̩ˍJɂɱũƿôGɯBJh�¡n1*µƇ4�¼ǔむƿKˇǆ6\�1JȦƌW�ɯʑˍGŤ\
D¼ǔむƿD˩5h�¡n1`ǒ@˵ǔむƿ*ɬがGかǾ3]\�Fig. 7-11 GǢŧǟőJŁöΘV˞
<[Jõり`Ǘ6�ƠWõり*Ɗ%ΘV = 20°K�Fig. 7-10 Y[�:J˵ǔむƿJh�¡n1Jþƌ
K 0.85 C$\�:4B:JõりKƂ-̶͂4B%\<V�Fig. 7-10 J˵ǔむƿJh�¡n1Jþƌ
K΅0Fʪ`D\DƆ'Z]\�1JY&G�ǼȲőJƳΐöGY[ƳΐむƿD６ˀɂɱũƿô*
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ǒ@h�¡n1DƳΐöX６ˀöK͋Õ6\JC�ɨィJ�1o`Ŏɍ4F%WJDƆ'Z]\�
ʒ4B�ƵɱũƿôJ%Ü % −ú= `ɂɱũƿôD˩5ďɆJ Eq. 7-30 DÖˈ4<ȦƌJǢŧǟőJ
ŁöΘV˞<[Jõり* Fig. 7-11 JスɨC̪4<WJC$\*�ΘV = 20°¯ʭ`ʶȲGむƿDɂɱũ
ƿôJʦɌƳΐDǏB%\*Ǩăɇ*（%�ƠWõり*Ɗ%ΘV = 20°CK�Fig. 7-10 JスȭJɨ*
Ǘ6Y&G˵ǔむƿJÅ˨h�¡n1K¼ǔむƿJWJDQDaE͋_Z7ƳΐöΘVOJ°ʊɌ
WȐ3%�1]KƵɱũƿô*むƿG̞PBǼ-:J６ˀh�¡n1*Ȑ3%1D`６Ç4B%\�
:JřÜ�ƵɱũƿôDJʦɌƳΐ3]<˵ǔむƿK�¼ǔむƿD˩΅Gɨィ̶͂G�1o`ǒ@�
4<*?B�Fig. 7-1(A)Jɔ˔C̪Ǘ4B%\ FMC きCœƴ4<ũƿôDJʦɌƳΐGY\˵ǔΙ
ƿJɨィ̶͂C�:JɨィJ�1oK�ƵɱũƿôDJʦɌƳΐCɑɍ3]<˵ǔむƿGY\WJ
C$\1D*Ů'\� 

 
Fig. 7-10 ǢŧǟőJŁöΘVGY\˵ǔむƿJÅ˨h�¡n1J͋Õ 

 

 
Fig. 7-11 ǢŧǟőJŁöΘV˞<[Jõり 
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� Fig. 7-12 Gh = 100.5	mmD���p�1o¯ʭh = 259.5	mmJ&がƀJʂがɨィ̶͂`5ȴ<F
SMC き6Cœƴ4<řÜ`Ǘ6�11CKrがƀGɨィ`ɘ͂4<WJ`ɸʒɨィʪD4B̪Ǘ4
B%\�ɔ˔KɯʑJɨィ̶͂�Ǌ˔K¼ǔむƿJɨィ̶͂�Αȭ˔K˵ǔむƿJɨィ̶͂`̪6�
:4BɯʑJɨィ̶͂J�1o¯ʭh = 259.5	 mm J�1oɨィ` 100%GğóÕ4B%\�Fig. 7-

12(C)Y[���pk1�J proximal ʂC˵ǔむƿ*ɯʑJɨィ̶͂Jɇイ»Gėぶ6\΅ƿ*˰
Tǫ]\�¼が�Fig. 7-12(D)CK˵ǔむƿJʂがɨィ̶͂WQR Gauss ̶͂ōC$[�:J̽W¼
ǔむƿJ̽G̞PBʘ+-F%�1]K�ɇイ»Gėぶ6\ʘö˙Ƴΐ4<˵ǔむƿK:J path 

length *ˁ-���o�1o¯ʭGˢʝ4F%<VDƆ'Z]\�1&4B Fig. 7-12(D)CK�ɯʑ
Jɨィ̶͂JŎȪK¼ǔむƿJƪ\ɨィ̶͂D˩΅G Gauss ̶͂ōC$\� 

 

 

Fig. 7-12 (A)h = 100.5	mm, (B)�1o¯ʭh = 259.5	mmJʂがɨィ̶͂�(C), (D)K:]Z`ʒɆ̪
Ǘ4<WJC$\� 

 

� 5ȴ<F SMC き6JœƴG))\ǓĎ`ʾP<��1�k1�¡Jɨィ̶͂œƴK�5ƠˎÕj
�v�¥$[6C�£p��`r¥�e¡4�3.06 GHz Intel Core i3 J CPU C OpenMP[42]`Έ%B
͇クœƴ`Ƈ?<�1Jɂ�b¥��ʶJɨィ̶͂œƴǓĎ`̞÷6\D�5ȴ<F SMC き6CK
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19.8 ̮C$?<�ǺもJ SMC きCK˩΅Jœƴ* 15.2 ̮C$?<<V�ɂɱũƿôDJʦɌƳΐ
Jœƴ`đVBW�ǺもDʘƛF-œƴ`Ƈ&1D*Ú˿C$\� 

� さŢįCK�ɂɱũƿôDJʦɌƳΐGY\˵ǔΙƿJœƴ`ǺもJ SMC きc¡s y�GǢ
ɻ4�Y[ŭǢˍFɨィ̶͂œƴ*Ƈ'\Y&GF?<�1JがきCK�7.1 ɟJ Triple Gaussian G
Y\ɨィ̶͂œƴきD̞PB�̲łǡ̊ǡʶCW:Jœƴ`Ƈ&1D*Ǿも\�ũƿô６ÐGK�
Ɣè��¡Õ4<ɂɱũƿôDJʦɌƳΐJʌG�ƵɱũƿôDJʦɌƳΐ, ̡ʦɌƳΐ*$\�
ƵɱũƿôDJʦɌƳΐG@%BK�:J̤͂Ƴΐʧっɘ`Ǣʅ�1}$\%K��¡œƴC˭]
L�Ƴΐ3]\むƿJɨィ̳ぶK�ɂɱũƿôDJʦɌƳΐD˩΅G SMC きJがきCª'\�６
ˀ3]<ƵɱũƿôJh�¡n1KȐ3%JCĿȉˍGh�¡n1̳ぶ6\��¡*ɍ[る@D
ǁ_]\�̡ʦɌƳΐG@%BK�FMC œƴGY\t¥�¡œƴ4<řÜ`ƹ?B͆łˍFɨィ
̳ぶJ̶͂` PBA きˍFª%Cª&1DFE*Ɔ'Z]\�1]ZJœƴ��¡`ƪɍ4 SMC き
Jc¡s y�GǢɻ6\1D*áʚD4Bƶ?<� 
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ʙ#Ȝ�řゴ 

� かǤɨ*aǕァJʶCWむƿɨǕァKń˼ɈìˍGʹて3]�ʍ-JむƿɨǕァǄɞ*Şɞ3]
B%\�むƿɨǕァG(%B�ǕァJǡK�ąǦʑ˳Cむƿɨ*ƪ\ɨィ̶͂Jˎɜ3CŘˈA/
Z]\�むƿɨǕァJȘǤにŎɍきJ¼@C$\xm��¥pȘǤきJǕァœäCK�ƹΈ6\�
1�k1�¡Jɨィ̶͂`œƴ4�:]`ŨGてˍD6\ɨィ̶͂`Ŏɍ38\<VG�ñ�1�
k1�¡J�1�fhe�`ƠˎÕœƴGY[ĭV\�11C�1�k1�¡Jɨィœƴɒ˙*Ɗ
/]L�ǢƦJʑ˳CŎɍ3]\ɨィ̶͂DœƴDJƛ*Ȑ3%1D`²せ6\�S<�ƊʇFɨ
ィœƴき`Έ%\1D*Ǿも]L�ǕァœäǦKY[ʍ-JȘǤȩŜ`ŠˤC+�Ɗ̯ǡJǕァ`
Ƈ&1D*Ǿも\� 

� ã0K�ƊʇGƊɒ˙Fɨィ̶͂œƴ*Ú˿C$\DĚʔ3]\ SMC き`xm��¥pȘǤき
GˎΈ4<ȴ<FǕァœäき`í２4�:Jœƴɒ˙XェȒCJǢΈɌJ̫Ø`Ƈ?<� 

 

8.1 SMC きJɨィ̶͂Jɒ˙Šȟ 

� ƽVG FMC きD SMC きJ́よ��¡J¸%*ɨィ̶͂GEJY&FÆĽ`ぶ'\)õ)V\
<V�ɂ�b¥��˳C¼さJむƿɨ*ƪ\�1�k1�¡Jɨィ̶͂J̞÷`Ƈ?<�˵@J�
�¡J¼@てJɸ¸K�SMC き*ʂがɨィ̶͂Jɇイ»Gėぶ6\́よâˋ`ǫ[˸]B%F%
1DC$\�ɂȵJɧ%¯ʭCK1JƛKɨィ̶͂Gʒ4Bʘ+-ż)F%*�ȵ-F\GǺ?B
ũƿôDJʦɌƳΐGY\ʂがɨィ̶͂Jɇイ»Gėぶ6\ʘ+Fö˙`ǒ?<Ιƿ*ォɘ4��
��o�1ońぐCK:]*ŦʺGɨィʪJƛDF?Bŭ]<�˵@てJɸ¸K�SMC きD FMC

きKʍǼo1£¥ƳΐJœƴG´F\��¡`Έ%B%\1DG$[��1o¯ʭCK:J̶͂J
ò*[KSMCきD̞PBの 7%ˋ˙FMCきJが*âȐGŤɘ?B%\1D*͂)?<�:J<V�
���p�1oJǬɬJイ»CK SMC きKɨィ`âȐGŤɘW\1D*õ˺3]<� 

� :4B�Y[ǢƦˍFq1xCJ SMC きJœƴɒ˙ŠȟJ<V�̲łǡ�b¥��ʶCJɨィ
̶͂J̞÷`Ƈ?<�̲łǡ�b¥��CJŠȟCWんǦJœƴ��¡J¸%*ͭZ)GF?<�
FMC きCK̈ʭ4<́ǡD¼ǔむƿJũƿô６Ð`œƴ4B%\*�SMC きCK:J́ǡD˩5
ɂ˟Øž`ǒ@ɂʶCJ６ÐD4Bœƴ`Ƈ?B%\�˩ 5ɂ˟ØžCW̩ˍDF\́ǡ*ɂD´
F\ȦƌKũƿô６Ð6\õり*´F[�:]GĢÀ4<¼ǔむƿJūȑþƌ*´F\����o
�1oǬɬD%&ɨィ*ĬŕGɿÙ6\イ»CK�:JY&Fœƴ��¡Jƛ*ŦʺGɨィƛD4
Bŭ]<�1JY&Fœƴ��¡J¸%GY\őˡˍFɨィJƛK$\*:JƛKȐ3-�SMC き
D FMC きJɨィ̶͂KɯʑD4BY-¼ʮ4<� 

� S<�ɨィ̶͂œƴJǓĎ`̞÷6\D�SMC きCK FMC きD̞PBの 900 ̉ƊʇGœƴ*Ƈ
'\1D*͂)?<� 
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8.2 ェȒșカCJǕァœäřÜJ̞÷ 

� ェȒĈĹC SMC き`ƹΈ6\1DJば¯Ɍ`õ)V\<V�むƿɨǕァœäC¼̗ˍGƹΈ3
]B%\ PBA きDã0*ȴ<Gˊ¬6\ SMC き`Έ%<ɨィ̶͂Jœƴɒ˙J̞÷`Ƈ?<�ʑ
˳̲ł¼Jʘ+F˦タ̺șカD̆�ĝĊǃșカC:J̞÷`Ƈ%�んǦJɨィ̶͂Gʘ+Fƛ´*
ŤZ]<�:4B1JY&FșカCK�ǺもJ PBA きJǕァœäKǢƦGK PTV ˳Gʘ+Fɨィ
J̲ł¼`ɑ538�OAR Gʒ4BWɏõFɨィͿʅ*Ƈ'F%<V�ͿĚ8HかǤɨȢïJ 
xoJɿʘ`Ȕ-Ú˿Ɍ*$\�¼が�SMC き`Έ%<ǕァœäK PTV ɯʑGˎɜFȇがɨィ`
ȘǤ6\1D`Ú˿G4�OAR OJɨィ̳ぶ`ɬW?BɏõGͿʅC+�Y[ǢƦˍCȷGƠˎ
FǕァœä*ǢŭC+\1D`Ǘ4<�S<�ェȒΒΈG̲ÚŗFœƴʇ˙G@%BW�GPU `Έ
%Bœƴ6\1DC 10 ͂­˳GǕァœä*Ƈ'\JCǢΈˍC$[�ǕァœäǦKY[ʍ-JȘ
ǤȩŜ`Šˤ6\1D*Ǿも\� 

� 1&4Bã0K�SMC き`xm��¥pȘǤきGˎΈ6\1DGY[̿ƯFェȒʒȡGʒ4B
ɨィ̶͂`ƌよˍFǓĎ˳GɏõGœƴǾも\1D`Ǘ4�S<:]`Έ%\1DCǺもƹ_]B
+< PBA き`Έ%<ǕァœäJとʚ˔`ͭZ)G4<�:]ŴG�ɷĬG SMC き`Έ%<Ǖァœ
äJ˪˸*げS]\� 

 

8.3 ũƿô６Ð`ǫ[˸]<œƴ��¡JřÜŠȟ 

� SMC きJƄF\œƴɒ˙ƀȣ`てˍD4B�ũƿô６ÐGY[ɑɍ3]<˵ǔΙƿGY\ɨィ
̳ぶ`đV<œƴ��¡Jí２`Ƈ%�:J̫Ø`Ƈ?<� 

 

8.3.1 Triple Gaussian GY\ɨィ̶͂œƴき 

� ǺもSCJ¼ǔむƿJɨィ̶͂ɍ͂JʌG�ũƿôDʦɌƳΐ3]<˵ǔむƿDũƿôD̡ʦɌ
ƳΐGY?Bɑɍ4<˵ǔà˖ΙƿJɨィ̶͂ɍ͂`Ù'�ư@Jɍ͂`:];] Gauss ̶͂DÖ
ˈ4BǼIƌ8\1DCɯʑJɨィ̶͂`̪ŭ6\ Triple Gaussian GY\ɨィœƴき (­Ô�TGD)

* FMC きJœƴřÜ`EJˋ˙SCƟŭ6\)�ɂ�b¥��˳Jɨィ̶͂JʾƜ`Ƈ?<� 

� ǺもJ SMC きD FMC きJɸʒɨィƛJ rms ʪK 1.0%C$?<*�TGD D FMC きJɸʒɨィ
ƛJ rms ʪK 0.2%C$[�FMC きJɨィ̶͂`Y-ƟŭǾも\1D*͂)?<� 

� ¼が�ɸʒɨィ* 1%­ÔJイ»CɨィJシら*ŤZ]�1]KǢƦGK Gauss ̶͂ō`4B%
F%ũƿôDJʦɌ, ̡ʦɌƳΐGY[ɑɍ3]<˵ǔΙƿJɨィ̶͂Gʒ4B�Gauss ̶͂DÖ
ˈ4BɨィœƴきJˈħ`Ƈ?<<V�:JŸƛ*ɸʒɨィ 1%­ÔJイ»CŤZ]<DƆ'Z]
\�S<�1JがきK�ũƿô６ÐGY[ɑɍ3]<˵ǔΙƿJɨィ̶͂` PBA きCƇ?B%\
<V�̲łǡ̊ǡʶCJœƴGˎΈ6\1DGとʚ*$\Ú˿Ɍ*$\�S<�1JがきJƠʘJ
とʚ˔K�FMC きJœƴřÜ`ŨG4B%\<V�ȩŜ*´F\Dœƴ`:J˘˙Ƈ&̧み*$
\C$\�1]ZJとʚ˔K�áʚD4Bƶ?<� 
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8.3.2 ɂɱũƿôDʦɌƳΐ4<˵ǔむƿJœƴJ SMC きOJˎΈ 

� ǺもJ SMC きJc¡s y�ʶGũƿô６ÐJœƴ�£zx`ɲTƒU1DC̲łǡ̊ǡʶC
Ɗɒ˙Jœƴ*Ƈ'\DƆ'�¼ǔむƿDɂɱũƿôDJʦɌƳΐJ��¡` SMC きGǫ[˸]�
:JœƴřÜJ̫Ø`Ƈ?<� 

� ũƿô６ÐJ��¡`ǫ[˸]< SMC きJœƴGY[�ɂɱũƿôDJʦɌƳΐGY[ɑɍ3
]<˵ǔむƿKȵ̺ɘ͂ɨィ̶͂G�1o`ǒ<F%1D*õ˺Ǿも<�1]GY[ FMC きJœ
ƴřÜC˭Z]<ʦɌƳΐGY\���p�1oJŎɍK�¼ǔむƿDƵɱũƿôDJʦɌƳΐC
$\1D*õ˺3]<�S<�ɂɱũƿôDJʦɌƳΐGY[ɑɍ3]<˵ǔむƿK����ok
1�J proximal ʂCɯʑJɨィ̶͂Jɇイ»Gėぶ4����o�1ońぐCKÆĽ4F%1D*
͂)?<�1JY&Fũƿô６ÐJœƴ`đVBW�ǺもJ SMC きDʘƛF-œƴ*Ƈ'\1D
`õ˺4<� 

� ƵɱũƿôDJʦɌ, ̡ʦɌƳΐJ��¡`Ǣɻ6\1D*áʚD4Bƶ?<<V�1]ZJ６
ÐG@%BWɷĬG��¡Õ4�ȷGɒ˙JƊ% SMC きJí２`Á+ʉ+Ƈ?B%-� 
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ǧǚ 

 

� さŢį`ɄƇ6\G$<[�「́ʘú Ɇよ́ǡő Ɗ˕ħĩ ļǰGK�ʘ͋ˁ%Ďǂ˪4B˂
+�2ǙȺJ2ʍけJʶ�Ɩɜ＝˻G2ǂ˪�2ȋŮ`˂+S4<�ȲY[ȵ-Ćǧȶ4ȣ0S6�
ɢɑKÛúˍFǁƆXƗĳGĖA%BȧGǂ˪`Ƈ?B(Z]S4<�ɢɑJ2ǂ˪GY[�Ėɰ
`よç6\1DJǼみɌ`ʫ[�:]`ǙȺJŢįÿ˨G２ˑ6\がき`コ˼ĎCúN1D*Ǿも
S4<�ɢɑJǂ˪`ƔŶJŢįÿ˨JĖ̜D4B�ƔŶWɒȻʮ4S6� 

 

� ̻Ɯ`ʢ˞4BÔ3?<「́ʘú Ɇよ́ǡő Ĳɉȏ̥ ļǰ�̵˕ɍ̴ ȂļǰD｢̃ʘú Ǽ
Ιƿɨ¹úŢįz¥}1JŅºʝͭ ļǰGK�ȱƜ`4B˂-G$<[É%2ǂˌDˍõF2ȋ
Ů`˂+S4<�11Gȵ-Ćǧʮ4S6� 

 

� Əる*aŢįz¥}1˝̭Â Ιƿɨ¹úí２̺ Ýにアæ ̋Ƽ�ご˕ŝ˵ ̋ƼGK2ǙȺJ2
ʍけJʶ�Ţį`ȻV\ƦG＝˻G2ǂ˪˂+S4<�S<�さŢį`ɄƇ6\ȣC�ŢįĈĹ`
Ɏ̣4B˂+�Ǚ͂ǙȺ*˾˭6\SCŢį`Ƈ&1D*ǾもS4<�ȲY[ȵ-Ćǧʮ4S6� 

 

� かǤɨ¹úɺƌŢįȉ ́よƁú̺ ũほæ ̋ƼGKúɑǓʗ)Zʍ-J2ȋŮ`˂ー4�かǤ
ɨ¹úɺƌŢįȉGƸ?<ƦGŭƨƇ_]B%\Ţį˳΂FE`ļ'B˂+�Ǚ͂ǙȺJŢį`Ť
@V˃6+?)/X���1v�¥GF[S4<�11Gȵ-Ćǧʮ4S6� 

 

� ˩5-かǤɨ¹úɺƌŢįȉ ́よƁú̺ ʟɏを͆ ̋ƼGK�úɑǓʗ)ZŢįǟJɢ̇D4
B¼̛ˁ-(ɈザGF[S4<�ɢ̇JŢįƾɋXŢį˳΂J�¢{¥�1v�¥JĤǿFEʍ-
J1D`ń-CŤ8B˂+�ʘ͋͐ĺGF[S4<�11Gȵ-Ćǧʮ4S6� 

 

� ŢįǟG̈ʈ3]�×W͂)ZF)?<ǉGȧG͂)[X6-΅0F1D`ļ'BÔ3?<ɢ̇
がGKʘ͋Ćǧ4B([S6�˵ ̱ˏơ ǈ�キづへǔΰ ǈ�ÈセŻえ ǈ�ɢ̇がJÓサF̓±ĝ
CŢįǟG%\1D*ʘ͋û4-ǸǢ4<WJGF[S4<�ʘ͋(ɈザGF[S4<� 

 

� ŢįǟJ˩ĚC$\Ýƌわ¼ ǈ�˕あåġ ǈGKŢįÿ˨`ƽV�΅0F1DC(Σ˒'`4
B˂+S4<�S<�Ŷ̇C$\ʞʬĐを ǈ�Israt Jahan Ȍƺ�®ˣƺˏ ǈ�˚ı˲¼ ǈ�Ȗº
ŝȽ ǈ�ƲſǴˮ ǈ�̙ɦ˃な ǈ�˳˕ズĔ ǈ�ʘĩうソʎΰ ǈ�È˕びğ ǈ�キづびʎ ǈ
GKア%Ţįǟɑÿ`。Z8B˂/<1DGĆǧʮ4S6� 

 

� ƠŶGˁ%úɑɑÿ`ǃ'BÔ3?<んȹGȵ-Ćǧʮ4S6� 
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