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Abstract

First, a general formulation on the statistical distribution of the primary energy
transfer is given for two kinds of physical quantities of which one is the primary
energy transfer per track per target and the other is the primary energy transfer per
target. The implications of the general formulae are discussed in connection with
the target theory. - The conventional target theory cannot, in principle, include modi-
fying factors, such as temperature, doserate, and other ambient conditions, in its
original scheme.

An attempt is given here to extend the framework of target theory to include the
effects of modifying factors and, at the same time, to preserve the statistical character

of target theory. It can also be shown that each of several models used in the

conventional target theory individually without any interrelationship can be derived
as a special of the general formulae.
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§1. F L=

BEHIROEHE R OBRIMATIER, 505 EWER E LI, 2OHMMTERR Lea itk
> TR SNIV?, TROBHERI, WHhWIBEBEEHARCLETVTED, HRETEY
B, & AT E DEMEATROS 55 BT 5 MR RICHIET 5 BSHE (1)
RIC, EENICHE LEWED ELOBESREST 28, KOTEBTIHENMET 2 LRKE
LT3, BENNICERZESLDS, BHEBRO 1R vE—HE% input & U, U
MOEMFNZRE output Lick &, CoOEMERIE, input & output OhfEs5Esl
black-box & AT RBERTHY, input OMEHIIHEKD, ZOT XM SOENE ST 2
T &75< black-box Oth%&Eifi LT output 2—HMICHET 20 TH 205, EICEHEE
A s RE—RKOBRIKD 20T TH 3,

L OB REDTF O R LT, TELTRD 22ORFOEECLY, WHW
BB ETH - cF—&O input IKHLTH output DEM AX BB LS ERMNE
B EERINTE N, 20 220RFEIZ : (1) input OBEWRERL, B GOBEL &
Eha, QEMRT (BARKROEE, FMUOBRE (FLIBRECHEE), BERMESH (T
BERRICEH), 2Ofl)e TOXI IR >TL 5L, rad BETH -7 input A5
ETBHC LT, output DHEEE VS BMEIHLTEBD CRERE input fEELTH 5 LW
DLEBEZR. FETOENERTR, F20RFLIEHRTE—BLTEOANSC &
BRIV, ThFTic Zirkle-Tobias® % Hutchinson® 1<k v, ®EEfEA (direct
action) I LT, VW BMEMEM (indirect action) ZEWERICE D AN RSN X
NI LENTH B, MEERARZVEIT, BEKEKROBUHRILEICE T 3K FOkE
RRBUGHRRICEE T 2 MBEFA LT, TN S QRDBERSEOEREZEEERAEE2 TS,
UL, STHIBATCOLS BREKBRICETA27— 20202 BHETEL &5 08
MTHy, 82 iCEHRT ZHRIE drysample KBV THAELKEET 34, S oiIc bR
BNEREELT 285 REEEREHEFR OkO) Z2RRMZSL SIS KBTS G TH
ZRBEDLOHRTNEHDICEE,

§2. Lea OEW{LiELEOBRF

Lea OEHTIE, input BEMMICOL il 4+ YORTEEIN G, <D input Bt
BARED SO X 5 ICBHNG, tad 8EBE D, EKKE V, THA 4 vEES [ &4
5L%, I=Do/W (W=0"boWw3 W #, o=EHNOHEE), EHRNAZFVEK=IV, Q&
WE D RLLECENPIC ] 04X Y OETZHERE P(J) <&, PU) i3 Poisson
SHTEZSh,

P =£IJL,)]eXp( =1V) (1)

D=W§fp<1)/<vp> =j=2‘: DUY=WI/o @
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COXIBRATR, TRBOREDE BZILETHES) BAZRMMBE, S5
DiF, 4 & VIRERKEMIC at random KA L, Wb 3 Track effect, T78h b istg
D—RI T H v ¥ —RRDSERIH B D Track 18 - THROBBEOTIC 5 505 &S
REPZLECER SN TOEILE5TH B, 21T, High LET 0BADLETHES & UDN
Nz, YEICBY ZERSO URIGHERE &S0 L B2 ER (effective cross sect-
ion) LAEMSEMICHLTEAZINT,

COBADOEMIZ, ZORMEHNMER S &, THES ¢ ETREINELWERE Sere 12
Fo—1
Seff=So[1—j§0P(f)] (3)

TEDEINS, j i, at random model KB 3 ] LR D, ¥FD track HoEMhic
HUIA F Y HER%RT 5, P(5) 28 track ¥OEMANIC § 304 4 VT 2 HRLE T2
&, RB)3, track %Y f IPUEDS & ¥%£DL B track D&, HR track (F% hit)
ELTHEETBLVSCLEEBHRLTOVE, DA% hit % Ne &4 3L, at random
model iZBF 5 P(J) KHET 2EIZ P(Ne) &30, P(Na) icxtd 2E813

¢ Seff)Ne

P(Nd) =%&5‘7—‘ eXp(_JSeff) (4)

L5y, ¢ IHERTFO flux OBMESTH %,
L3 BERTR, P() WEFOLETOBMELD, input & LT rad %8 D o
ROIC, ¢ BEXBELTA-TL 2, RUTEHEEENS model % all or nothing model
LEBTLBTEE, TOEKRE, BNZTEBT ZNTO track i3, Z0ME~42%E% hit %
5Z 5%, % hit 252 220ANPIKROENTNEIDETH S, COXSIKLEL RS 2
BHOD input ORFEES, WMILICHFAEL, at random model OFIIMEL E Tidgic, all
or nothig model &i%‘LET?ﬂ%ﬁiCﬁbTﬁwé&b\ﬁ?‘tﬁbcfgf,fuxgﬁ, LhsiEh
ZEICH LT, BLETLELETORAZ ALICHE ~&Eh L1 BDFRL. FZ
¥, BLETHHKROMAR, BHTFO Track 0F5L, ZOBVIEM-TNS 5 &
OFELOWMECERT 548, &H2IFIFICH LT all or nothing model %, #HZicHt
LT3 at radom model ZRHWN T3 LAL, ZOTOOHA, § MO i vE —3E
VWOT, AIRLVEVCLETRS %284, at random model TEEUTEE S REFIZ4R
Be ISICEHORE NS VEAIRR, track B BN T 3 U+ — BRI FEEDE
DICk & IHEMIEDESA 30T, RAKLETOAE STh - TS5 1 OMFRE% 5
BHBHCERTENRY, BB, LETEWS &I energy loss OEHEA 52 3iC4 £ 0
Thbo

PEoc &b, high LET B3XU low LET OBEBBBEL TV REAICE, Hich
EILERWRBEL L%, Dosimetry OS54 % &, at random model Tit rad & &
ZRETNEHSTH S5, all or nothing model Tid, flux OFMBELAETH 205,
rad HEORER, Thhr b flux BEDIND ZRVIKBOTERTH EE0S T LKL 3,
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rad BB, 0 BOFELATHLIDT, zih o8 track OHOD flux 28 T EIFFE
HCRED, H5ORRARICGIN,

CORENER TR, UEOmMEFVERELLET, input EED7%H® dosimetry &
LT, rad dose DL ETHAORELAEARNFEL LTE 7, all or nothing model O
A5, WEBO 1R AVFE—RRICBT 3 track effect 2—BEDANTVBEDT, at
random model X0 & XD EBNRRELEZI OND, ZORMPHIF, 2 TORMRICK
LT, radiation field OLETH%H2MES 2528, rad RBOLETHH2REL0 b,
FOERNTHZ LERIC, TRLVBETHELH BN S, HENERE, BHRTFH
RoOMBEEBRA LTS, LRI > RMECEEL, input E0ERICHALTHS2OHS L
WERENELE Ui,

§3. EMHRTO 1 RHTRIF—-KEOHEALERE

1k x v ¥ —f5 (primary energy transfer) 2, \Wbhw sz xv¥F—ig%k, ik
B, LETREOYBEBICEECEEL TS, COSOHBERER, KELEKRTR, zhe
NOSEORICEHE VA RERFAEZ I RBINEE S, 4, WENT B IEXOHES
BT SLE, TOPERTOT I VF—1BKRE, EHEOH D ICHANEILRL, 205
BRYEOEINHEL BNBRIIERELN S, O VvF—IE% (energy loss) D
4% Landau-Vavilov 4/H97 &0 5, 20F%2K 1, K 21KRT .

ZOMT, 4 MYEY energy loss (\WhHW 3 stopping power), 4.5 H% the most probable
energy loss KXY 20 OB D, MEDOES BH#L NI 513, energy loss 75
DABBRELIBD, dnp & 4 EDEMBKELILBEMNND, TDHIIZ 45.3 MeV proton
< Si taget (0.127g/cm? & 0.019g/em?) IKXHET 36D TH 575, HMEHRENSE KBl
BEMNOREEIE, COFRBITZEIDEEPITUNSODT, HEHURENIIHEICH S I0AL
RESBDLENHEFETE 5,

7.0

AN 35—
X O\ 3~
6.0 / 1\ 30} o ";\\
>
2 50 :/ \ = 25} H \, Vavilov theory
= | 2 for k =0.160
8 40 /l Vavxlovtheory €20 !
2 401 y .
g- ; \/I/ fork'=10 5 15 x \zAQ/Experiment
g 30F t \. g7l e 1,
% 20 l/ \’\ &’ 10¢ = \’
VIE 5 ] 1
@ Experimenty/ ‘\ sl ) \‘
10+ \\, Amp N\ - emp 3 ~—, v
- N 0 N L A L A . ) A
L .lf o S 130 150 170 190 210 240 260 280 300 320
EETEETEER % 15 16 17 18’ Energy loss,A (KeV)
Energy loss, 4 (MeV) B2 S (EX:0.019g/cm?) 045.3
1 SH (B :0.127 g/cm?) 0 45.3 MeV MeV proton {2 X % =R ¥—H%k

proton {z X 3 = X ¥ —B%k54, K=1.07 434, K=0.160
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L, BMAROEND, HEREOKEREOTICHELELT, ZOENDSI T LS LIRK
BIR = 3 v F — DMEIRENC DN TEZ TH Do TOMEMIRBHOREEEL LT 2 DORTFH
H 5o

1) #/MABOENABBT 328 78O random fluctuation. < O SGEII5ELIC at
random T& 57 5 Poisson STt E¥ i 5,0

2) WMERBROENZRFO track 88T 2L %, ZOEMNAIC track ¥vEZ o513
T A VF —HEOHEHNIES. CORFBOFRIZX LI, EHATO track transfer DILE
SITHlF onBhs, HEOEBIIENOKMAENEREEETICELICKVAESICRDICE
Mk 2, %EOD energy transfer DIFHE WV -7 DIF, EEIKid Landau-Vavilov 4>
i (L=Vafh) LEE-ADTHE3CERERLBINER SRV, L—VoHREFD
—ERIOD track YV D, HNFORI TAVF~CHTEH0HTH 54, —hHT T THRER
DI, &AM track length #—F &L L& &Th, BHO ST LEzrxrF—iIxtd 3
S THb. L=V HHD K& H#%E 52501, WENTO BEFHERE (electronic
collision) @5 H T knock-on FHEDIWHTH D, COFHERIAMOBY o-#RERICHY S
o TO HRIT, HEZTNBENATENTS, 20 track O—BHERIL SREH L,
ZDIANVF—ZBENICEZ ZAHENSAEV, cocLid, EHORE XIWNE L BhER
ZIREEBECNE-TL %, COBKWT, COBOEHIF, ERHIKI fluctuation of primary
energy transfer to target per track L5 ~&bDTHV, L—V 445 (Bb fluctuat-
ion of energy loss of particle per target) LIZXBILTEZ BT NIERESE. TORE)
DEFRFERIFEECOTL L. TORBBRIID THEMICHE LD Lea? T, &
Ei#m® “one ionization” model ICd & ¥ %, HREOEMICHT 3 over-lapping factor @
FEEDLIVIC, ToOEHICH LT Poisson S ERE L7z, HL, energy transfer %
BHHTE &2, energy transfer DIRE = BHHMOEE & 575 L, BEEKOIZE % Poisson
DHEBNIDTTH B, COMEOEENTERIIRILEEZ SNTOIRODS, EHNEEEK
NSV EEIT}, ARVBVALNTHZEBbND, COXDREER, TOBRENE
BHOLETHHBICKT 2HENORE IZHENERTHET 230, FLDAxICK-TEH
BINTABEIE TN,

§4. BERHITZRNVF—HEL o ROERK

CCTROIBEELIBINITR SN T &, BB D energy transfer DEHDOFHITH
T, energy transfer KD LS ICHE LRI NITR SN ETH B,

(energy transfer) =(local energy transfer) +(6-ray production)

local energy transfer & é-ray production EDEAEZESZ 5xpRENDOKRE XIC
BET B, COFEHIX, HBEWT, cavity chamber Bi#icE ) 3 Bragg-Gray FEDH
FARRRIC BT 3 BEICHIMI LT B 48, cavity chamber OBIAICIZEMO track OESD
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BAMENEIELE 122 DICHART, COBAIRME~ D track KON TOEENMEEBEDOTH
2. CORIDLXIZHTHRT S L, KB3DKIIKEB,
&b L EiciE LT, energy transfer to target ic B
B33 track # A, B T&bLT &L, A track K20 T

12, A track Eoafi»obATTOERNERICIOL

T, 8 & 8, 755 2IREF D track length RFH3/NILT
B AICAE N BD, TO X515 BN EHRE local A
energy transfer L RSN B, —F, 8 185 2RET B3 AR OBIRN

o track length BESHKREL, ZOIFNVF—DABSEENATERIES O, & BRI
s-ray production EARBITDTHb, TDM, BRI ALF—ZRETEHDLLT, 0,0
< =® origin AEHALH DD, 0 DX CENDHNLERY S B track » 5R4E
Lzt 50855, N3TREHBEROARLIH, BEERIISHAHA local energy
transfer C&E N5,

DlLEDZ®ms o, EHICHT 5 energy transfer 2% 3 & &1Cid, KD o-ray iICX
% energy transfer ZRIIKEZBTNEB STV EPBbPS. T D o-ray iICk b energy
transfer 13, —i2IC total energy transfer M¥HAS DA EXNF5EE5Z, BENENTT
INSVEROBE, EBFHRRLE LTE, local energy transfer X0 & é-ray iICK 5%
BEOHMBAEL 1B ENEND, ENENTOEHE, —BICKT x5 v¥—5110 MeV/amu
OBY TR, BERENTF® local LET (LET® %% é-ray production 53% 3 Ll /b
D) 13, s-ray @ local energy transfer ZE%H LI NIT7E I’ofiin), TP X &, K
LEFHDBAICIE, 6-rtay © local LET 03, HETFOD local LET XH K&,

DT EMND, bray ADPTEZBCEIC XD, LD LET 47, 2\ LU energy
transfer OBEBOPICKEKEEEITELEVI T ENBDB, Lird, 2O LETHH
DEEDS, ENOREIRKI->TRENSCEERLIBTNERE SN,

§5. BN 0T RIF-HEOHHSIH

EHMYD, 120 track REVENKHEENS 2 v¥F—OfEoH%E T-0HET 3,
T, T-HH%2BNTEL, P(E, T): xix1v¥— E ORTH Tic5EZ 58K, n(D)
T OV TOEENHEEK, ¢(E)  BHNOH 35 OBHEBSED particle flux Oz 1w
F—0, Sl AR V OBRMOFHKAENNER. t0LE, n=(T) IRATEL SN
5o

n(T>=¢j(E>P(E, T)SE (5)
EENTEEE (rad 88) D 2, n(T) LRRTHUSY bhs.
D=;n(T) T4T/ (Vo) =;D(T)AT (6)

722 L, 0 BRENOEE. D(T)R#H25E (differential dose) &b,
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D(T)=(Su/ (Vo)) [(E)P(E, T)TdE @
TEREIND, FIICRNHRICHE-T, L TAE2BEHK j CBEPATELLCLICTS
&, BEicHd 2 W EERVT, T=Wj, £LT

P(E, T) =3 P(E, j) (8)
EEITB, zDE %, RO)Z D=WIl/o &£150, § 2 Tiki~tc [=Do/W iCc—&KTF 5,

n(T) 3L D(T) @ explicit HEEHES 5y, PE, T) @ explicit 4
BThHb, BBl LI, CORKRIMKHRTQICK->TRHZHDT, Hs DEHDIR
BLUOKEIRKE->TERY, ERRKEERSEL L2E3TTHSM, CCTREHD 2D,
P(E, j) ikx4L T Poisson AH%#RET S &,

P8, =LY exp(—1i/w) 9)
€T, L=L(E): zx1r¥— E ORFOLETT, &k local LET, (LET), icH
WM B, 72, [ EHOEHEX,
DD P(E, j) ZRAVT, n(T) & D(T) % %Co-r % B LI /KBEICOWTEHE

L@z 4, K 57T,
TTT, YW=1/30 & 1/100 753,53 x — &%, 100A/eV B THBH >, PZE YW
=1/30 &, &L W=30eV &H< & [=100A KHiEd 3, CcORpObHBTEF, UE
HIORE SRSV EE, ABHSO track REMICA A %D 2B LICERT 2, (@)
EHOREIMBKELRBICON, 1) OFEREARLANSL LD, ERNENORERT
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i, 1(0)=0 L% CDC LR, VCor MICHT S 2 KET flux DT ¥ —57 (0 #
LABT) KDNTELSE, BTALF—RAD 2 KEFRORRERMICR SN, 20
KESE, EHNICA A YA BT ERBBT B0 —F, BIANVE—RAID 2 KRETFH
BAIEVH, BHRIKA 422K 2 ATRIEFK effective THBEWVZ B,

§6. EBILHE

T T T T T T T T T T T 7T T
- 2Kcal / mol -
TRYPSIN
10"k, E
e E! E
“.-E = 100 cal / mol h
T - . -
o = Argon ions N
~ n
£
sz .
u. 10 E . Neon ions . =
c = ¥ o
s E\ 5‘
T -3 ,_Carbon ions
a F-ci_ * |
@ o v Boron  ions
§10%E 3
c E o 3
2 FR ]
§ LR . Alpha particles n
s [ ]
2 LA
105 oo Deuterons =)

. S iy ]

. Yty PR 1 [ 1 1 ] /1 T

0 4 8 12 16 20 2% 28 32 36 40 44 4B 10O Mm% 8

Reciprocal of sample temperature, 1000/T°K
B8 EAA R X A REENTERE (/T OB
BKIC, TOXIRERMEZBAT2DId - & . : :
bFEIL EHE LT, HEEHR (deoxyribonu- o .

400 48000

clease, trypsin, lysozyme) 1T, RHEEREZZ1L
IRUEHD, BAXF VREETIE - oL EORER
LA DT — 2 35 39,

K 6ix, NEHMABERDO vy bThHb, %
o, RTHE, REENERE 22 OBME LTE
b U7 s DT, Dolphin-Hutchinson @ § #EfIEH:
ZHEALT, & BicksRE®/HEE, DZPV/F
%, Z-0 OMBREEEHC LTI LT,
S ARDBCEBMIC LK Puy b TH B, DT
£75, 100°K 4,000 5 5, 400°K T 48,000 & T o
KECENT BT &R, BENERBCDOL LM
BEICERATEROCEEZRLTV S, T TRV
trypsin 2K O BRI HTRE, 23,000 TH

cmzlpanicle

12

Inactivation cross section,10

0 100 200 300
2
Z - Incident ion

T EAAVRBEIC X 3REME
WiER (27 OB
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305, HENEBTRDZENOHTER, EEO trypsin OQFRBLV/NEL B -72D,
RELWB DT BT &EICIEB,

DIk, BUHSEYS X ORSBLEOERBBIC OV TREERE A0 REZHENRE
L DBED SRS, EEOHEERT — 2 ~OBAIC OV TIIMOBRICDT 5,

B [

BERBITHID, BRLIZAPELZECIBENREREZEZFREELE, IR
BE AL« REFEI¥E, Radiochemical 57— OB TOIKR (BE(FHR) BERHHTF,
T HICHEDERICHHTEV ) INIEERGRERBER (X - HEEER) FAHECEHO
BEeRLET,
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