Vot Sl o clis pole anliiinghy VYN /YD redl s &,

MY GFF e VXY IYY by gu,b

P 0F e s W3 51 (LU peiiuns coml Jaloxs' 9 oS caos 5ol 51 (246 ool (o0 2
DNA 9,

"oy > 9y She

PRV

s y9 8 SLalaBl 5008 oo 15U Ll 2 i Sl Gt Gl et (oallss gladine) g Cato )3 (Slas (55l 0025 0 5L
B35 a3l oolil (Sl a9 5 SMo> £95 (5 See 5l (S0 g s Cgmme (ol Bus (6 50d Cunez  laplSe (s
@ Ogeliisn Jos paaillio Blod 5l 0sisS 059 slagi n adlior 225 18150 5 9% sloollimml aile a9 £9bd lapiSe o
Wl @ld 5l eoliiwl sslen (LETHVL Jas (65,3 JESI L 00isS 05ug (il igid oo umedhl oskionns ol 9 s 00115 050590 (5logs
Seiglem Dlesd ol Gl 1) ol 5l gl yeniy 9 058 (gemliin Sl B sl atils (iSen (Soigle Slasl b Lok wilss oo
b T s sl o oolisl g5, 5 W ld 51 56 DNA quits S2uS dle (sl GEANEA-DNA 33l o5 5 s 5]
g 08,2 V(55,50 51 5,5 sl asily ial33l (DSB)slais, 30 5 (SSB) sl ) 5 (glo St ohas w2y cy3,25080 ) g5,
2l el el Lo i calise slagss sl o W&l g boygisn ol BB i o b eanlie il J9» x5, DSB 5 SSB

*event
RuvwoR) 4}9.1 J.al_‘) sSSB )‘A.Q.A ) Uﬁ"ﬁ)” 9 Lﬁﬂ C.\bé Oy ‘5’5@ ‘515 cJ> )Q as sl QLM.: W R

Ol s o ol s i) b8 -



¥/ DNA (55 2 05555 5 WS35l 30 moiien ol o 5 S a5l 31 30 ol o

FERV-P)

PR S IS8 5 0ad (st GoSia Ll )5 J978 cage 39095 5 psle (938, locd i 5 Jooo
il 5l T e a8 ol 6l P e o9 S Cas sl 00l s G laie U g (g slacs 4 SIS
oo g_i: 4 w d.i;‘ )‘ ).«.»M.: LD.A.AS (YN ‘>9'”"t5‘° oslaiul .Ja.«.?u uo; °~>9—ﬂ 9 ‘)9.:).: é‘yc ud.«.ﬂ]: LS‘)" 6‘4.“,&
S ol edle (Jy asS o sl (6 a8 Slili g o 50 Slind lacies 4 Cuns S oo S jlonisl ol oo
N e U - - - L XUOON PR S+ FOVC UM H S JUONE R T A S P S o

yokaie b a5 ol ‘RDD‘_,’_cy (S oy 0,5 oo b (S5g0g00l) e Sluy o] Baa b 55T g0 olge jLacs]
o opolslE anle (2iSTy 800l RDD ( Jg 088 co soliiwl K0Sy sl a0 (SoSS w¥lis 0 eI RDD
SSlatwl B L 5,09 sl S jLal gy Laslsa jloslaiul b coges Jore S 50 98I0l olge 5l 5 S
aS GBleie )il 5l ol bayedis U )l laiis cuos SO L] .[1]01,5@)3 30 3w |y e g9uSlasnly olge
il rge Azl j0g 00l e Hlxail 4 i glazie SMST loxdil L wiS oo ad g8 (65 5] B oy S e (0
Shlé S oo adsi | 603 dpamie JSA ()8 pl rizes 5 aa0 (o0 &) 95513l Slge i) it oS
[2]s50500 o5 s 4 035 G950 51 50 5 00 Ll Tgm 50 oy alwwsy 523515201,

Oz S ojlil g slal jo aS Cunl a8 (5 slatis slapd leolaiul Jeize sladsays 31 (S ol Jb o
oW 9_4..5‘9.:0‘) 0‘9.40 9 o):z.a_..o o‘j.o 6519- [P u.l‘ oW ;9....5 [P N) )‘ oolazwl “SQL-A-A AJA.Q,.: wﬁJw 9 A.MJL:LSA
39 5 st BB 53515501, Slye 51 sty Jloiol 4y Jy 455l isish b el sl aslyicoe Vs ol
oSy Gyl bl 4 guiSTeol) &S i S coo il o [3] o9 o ooliiw] wolio g Slidss ( S s
J..\.a.nb;ﬂ...fw uL‘LL)&uJ)DU U‘)“'A Q;;\Q‘p ).:‘ JL@..C‘ s)L’PLQ.)‘ oojm )st.\.asgso Jos.a.m U""’)d"ﬁoﬁ'“"LS‘o
9 »\ML’ ).Aio.m? JJ‘?J‘SA 9....5‘5.:.)‘) é‘}a LJ’“'?" co).?v_é.i.n oolo ).nbl.mo u.,)..AS lJ (.f‘j 05,..»‘5;7 u...._u QT o)m 6‘9.40
[A4] el o] (b Sloduo 5l jin jlaws slas) cpl Sl &l 5

Ol slaanT B plo Gab 5l a5 (6,500 ol @ Cans vl cpl 40 0s)ly cawl gt DNA & cocwl el
BB ahate job @ o)l &3 So5d sladcs ax 31 5]l jaies jub wl oo sl X axsl asile ol
L oliedss il .[6—8]&)& Sy oy a5 DNA Cll a5l il calies glgil i glas Lol el Syo
il S Sojelem Slaal b Lq.,M Slgs o T )3 5l eolaal sslen (LET) YU a3 (635,50 Jlas!
GoliS Sldlas (S 0sS 5T So5edgm Ol slonl sl 1) Solg 51 slo s g 998 yguuml gy el b ol
sl 6 pednzmy lacaw! YU LET L wld il ol (S ol (2ol LET 4 DNA ol a5 wiles S

! radiological dispersal device
2 Linear energy transfer



\fev )Lg._o g‘..hb};.w ‘JL"*.“" ‘CJLG;’. Ju ;L;FU.\ f_,l& MW}}; IAld

V] g o axslis il Galises glgil Sojelam Ol Tl miee Bad ST olgie 4 DNA ( So5edm clalllas 4o
cilizes glgil .ol ol b Jokeo (38 5 G 5l sl (el Cad )b oy sl il 5 256 DNA glacass [V f
i b 3,552 30 45 SSB 'DSB 5 LSSB wiile S o olmy) |y DNA glaus] 5l oxmsy cincbs (il
DSB [V 8] wiS o 0,55 5 el wole O 1o o 25 grbans gl a5 AIYYEV 51 iy (65,00 0,58 b lis 0l o5
DSB [V Al wgss LSes Gl caim) b Ve cds alols o il slaars, ,0 SSB 4o a5 widl o it Sl

DAl el DNA Glacant o 5 SL las
S b Ggeliinn G 3l (Saislse Slhael (g5, n (sl b adsh SIS peiins o Slos 4y by po s ]
slowl & j2xie (ol S oo 2SR S a1 oo o2 i oS (b Al itans 5 DIST S o
oS Sz (9 SIS sl plaS e g siies YU 23S T5 b Jlens Sla 5590 b Lansl a5 990 o0 51 sla S50,
Iy Josslen 1) sl slaass, g 05,5 ale> DNA I JSiie sl Slaal 4 alys oo of] sla 00, axiun
MevV a5 L -N—Y MeV 6550 mhaw 3 (55, <5 T 3 il puities sl oy p B b ol aslllas

DSB SSB

&35l s o — o el osds plil al> e V- MEV G L 1)) - Mevs \Mev (s V-0 Mev
(el g odle o awlze W &l3 (ol p DSB 3 SSB 033b 9 calize slo g5l 5!y LET ol ol 0,

INT ot aslis 55 @i b W @by

5 5 leats ) (S eizmen s DNA wl ) ol 4 2o wilgi s Jshoo i b 5 slogi p (iiSon
5 Sy P« Il o alaz 5 a5 50 5 adgl Sy pudsm oyl Wlgi o 45 355 (DSBS 5 SSBS) ailsss
ouilaBly 5 adsl sl a5 aoo o Li3 (b 5 (550 lagin (ol o 5l o2 @l 5 LT Gl
a5 253 Jobo o ylsle sl el Wi oo DNA (ol cal s ye Slaiats (Sujslo 51 4 DSBS
Ozl wle (58 VLl 5 Jad 5l oo (lin slogs sl litogd o b (Joko SBlpol 4y jonie wlgi oo
e (S yadse (g 5le e 0,5 o0 dadizr p JnS 55000 SIS0l 055 4 b SIS0l (o londs (2STy 5l o 5 G g
So5olsm sladaly Yl 5 35 o St el DNA il Sy (]38 b a5 Conl ol 9550 () S0 4
Oloyd pae b syl o i s yzie 3iSles oo Ll 15 ol oo Jol a0 50 DSB slacal aslhs .cusls anlgs
L oleenl DSB ¢ )59 (slogs o elgil don aile (] Sladads 1o .0igd Jgho S o el aiilgs o g, cpl 5l g Xigd
Sdg Sl ool G g seg3909,5 Sl 4 pomie 9l o0 (258 (Sl Lo e anilo (ol 0aiS e 5
lpls 5 iied Jgons poe s 4 Fpglie iz o W Ol)3 lawg oads slwl slo DSB Logi oo Jobo i

Ivvlacs o slagis, 5l 256 o DSB 1 5 SnS o545

Gdxd gy —2

! single-stranded breaks
2 double-stranded breaks



¥V DNA G55 2 0550 5 WSS 5 30 moiien ol o 5 S a5l 31 30 ol o

Geant4-DNA I8l o 55 1-Y
Jlo 5o )b odsl sl Geantd- DNA 15381 6 5 .ol oo Slesl IS oplye Geantd-DNA o )l5 1581 6 5
S5 72599 b g 9,5 4 bgaye slaspl )3 SIS 0 Rl 6lp (seges Baa b I8l o 5 (nl Bl axwgs Y-V

Geant4102 oolaul Sy90 At ..\.M.»l.:so Geant4'DNA 0)9).: u9.>)l.>- L) ‘59‘..\.9 uLQ...Q.?u 4.7\'...:.: A O"‘ W)

el eIl Gl (b 205 wop olond 5 liowd So3d ¢ Su5d Jolie sl 1) o 51 LelS acgozrs a5 59

S (o0 ol 2

Slwdmnds (g, V-V

s g Logisn 5l Olyse iy iS55 0,038 4 yzmie (So5d slaanlb ples (58,5 )l 50 (sl adlllae ol o
025l WIS 5l o gsluancd cpl o .0, o0 GEANIA-DNA ;o 04590 Jow sl WS 5 o5 slaas],s (Ll
slonl b 5l S oilwand g cwblioeg xSl sla iiS v a5 cul suis oolaisl GAEMDNAPysicS

S5 o o | 6 8l 5 S A S5 sz, Sl (ST il 58
oty ST DNA avsin o ooy p ool 0 el DNA slacen] 5loae sl pad gl cwdin Jae 5l eolizul
olesyS Ll 5 beugsgilSss 5 dilises sl Jao ool o [28las sloans olSen 5 Jbyn soliig Jos
glas b oloe S bug laeslab ais 5 L o oS> L DNA Lbgo zun o « oil Jow 50 ol 0oy (5 5lwdnis
L agealSes cax Jold a5 Lbg) 5l ddwain Qi Fohaw cole gl wial g5le Jow ulg aily slas b ol
Gk 3l e DNA o )l JSis gl .o soliwl (5leg S BLI g lapgssilSes DNA Lo slaais, b cax

Soges VS a8 5 18 i > jeme S slaial po il i Gl cis e gl 4z 0 TP sgus aygly i >
.[Zl]xoosg oLz DNA &850 zeojlo 5 sled 90 51 5L > dwain o auw




\fev JLG'.‘ sr.hb}:«v GJLM"" LfJ\P’ JLA LL;FBQ f}lﬁ Mw"}; JAZAS

solitul ol axlllas ;o oS DNA 5655 goylo 5 (oilr slod 59 b 05l 'y5 b S5 otm a g (1) U

3o e Bl Gt 05 j90 4 g sle 4ble 90 (A 2 L lapgisilS el i (g3l At (gom al> e o
A8 g gl YN ol L (SBs3 mjle S )0 haw 52 59 055598 il dawgs (yaileg )57 Bl pgiealSss w L
plos wonds (g 3loarnd dwain olul 5 ad uileg S b 4 o Sl Gl 1S5 0l LSE5 el YAIFY > 15
Geant4 Loy LET jlaie o33 )18 g S Vo Job a4 Jsbo atwn 1o Solas jsb 40 DNA 4L slacas
el Y-V e MeV gV -0 MeV . N\—\ MeV (g5, mhaw b (45595 5 5551 S5 T L Lo g jluams .o dloe

[21]0x8,5 )13 il cov Jsbo aian (539,950 9 Z > slacal 4o slogi ol

Judxs g gy Y

SSB DSB  SSB_

B l.o.” u‘)om ..\.39) .MQGA ULAMJ 5) L)j"j)" C.:L.JL: MLM B Lﬁ.” u‘)é C’,‘)).:‘).‘a.: Y Jiu

5| s Dy, 09 rygigp lp /) =10 MEV sogume jo iol38l &g,y cpl Lol el iol38l « V=) MEV sogue

SSB
LSL‘!’;}“‘L’ 6‘).3 ‘Cal.g de‘ » ol d..«..9l) u@lf leuys)a ‘5‘)3 A MeV )| )J‘)S 9 Ln.” u‘)d (5‘)" \ MeV

event event

LY LO.H u‘)o u.:...u.a 45&5..\.7.& L}"‘ )‘ ).")3 Lc‘ ‘w‘ L)L“"S" L.:).QJ ‘/a MEV (y ‘/\ MeV oosm )Q 09"9)4 9 LO.H
[21]sb oo 2013381 Y- MeV o \Y MeV g5 50 mhaw ,0 aygig

24 [ m—(sSBievent),__
—h— (SSBlevent),
—@— (SSBlevent),__ / (SSBlevent),

20 -

<4 12

16

12

(SSB/event)
(SSBlevent), . /(SSBlevent), .

0 A 0
0.1 1 10
Fnerav (MeV/)
21 SSB 2
[ ]Lmuysf 6‘fu‘®u‘u‘)dd|f t“’“‘“‘“’?d?"?}"ﬁw‘ u‘)o‘_g‘f Q‘J.u ( )J&m

Qs oo L 1y g9 p oS 4 LT s g cilise T calie slas il sl DSBS Sk ¥ IS

. 7 SSB . N “ 11 SSB N - o & .
28Tl old gl ovent slasy, alie 9y —vent N9 ol ooy oole Hlis VS yo oS jghiles



¥4/ DNA (55 2 0550 5 WIOU3 51 30 moiten gl o 5 S a5l 31 30 ol o

23V MEV 5l 2aS o5l el po Wil @l (el el ol yiis cadly 1o s o5 55,00 4 bgy,e WDSB
ol il ol 51 13 Ll sl 10 MEV 5l 2aS 65l s gl ) ysig g oSty 4y T sl Caad s oo
J21] st oo ial33 £Y MeV « Y MeV (6550 0 e

w.V — R -
[~@-~ (DSBlevent), 40
- |-A- (DSBlevent), .
‘[70~- (OS8'event), . / (DSBlevent),
&
30§
. 20 E’
= s J 25 8
g . } o
O 15k ;’ <
@ [ 20 :
2 . \ =
1.0 - . v
- @
-" ". -4 10 8
05|  , - Q
/“ . 18
0.0 “‘ = 2 A A A A VVVV—,..-'I!‘O
0.1 1 10
Fnerav (MeV/)
-1 R SSB . . R X1l SSB - -
[21] 55 51 omb lgie a0 ocygigp o W] ol)om Ol 5 g p lhd 5 W (4l p— slaws (3) Js

1Y esgae po Ve e 5l s ol WSS LET jlads o awle oo 0,53 (65,50 0 a5 LLET F S 0
KeV /um & (5,0 ssgame cnl 5l 51,5 Ll ccdl Lzl (a8/AY keV /um) v MeV & (AAsY keV /pm)
VEe & YL 65,0 zokaw jo Ll wg +/Y MEV o VIYF yg59, LET & WILET oo cél Lals < /YA

[21] s,



\fev JLG'.‘ sr.hb}:«v GJLM"" LfJ\P’ JLA LL;FBQ f}lﬁ Mw"}; /00

150
2.0x10° |-
4125
1.6x10° |-
o~ 4100 §
E —8— LET (keVium), . 2
Ei 1.2¢10° | —a— LET (keVipm), m
[ —e—LET,, /LET, 0 175 =
- 2
E 8.0x10' |- E
50 3
L.
4.0x10 o
G.D i———————— -9, D
0.1 1 10
Energy (MeV)

o d..«w.:l?:.o LE))"‘ )‘ gs"’l’ ulj...c LY g_:‘)d UT 6‘;: LET ))QLM S 9 &.}9"9)" 9 #]] s_:‘)é d“JJ LET (4) JSM

Ololgilian 9 (5 p5 axs - F

S YU Shae (oo 58 D508 o 4 as el o] ol oo )5 las (65, 5l eolainl 45 o 5 Syl

Geant4-DNA ;i solaw! L DNA 5l zgog el oo duslie <N -V MEV osgame 10 5 dcloe ail 00,5

- SSB SSB

ails (g5, 0,3 /O MEV 5l 1S laygign 9V MEV l pias o T &l,d (65,50 US 090 (959 aials 5l 5eligS
Cmn Gl a8L 201381 Yo MEV o VEe o o/ MEV 0 VIYF 5l laygigpn 4 WTGLILET jlade cos .ol

b (6 kel

OF92 9 W7 S e syl Sxo Dglas 05,90 ) 50 09 e VY U /AR 3l o ygig 4 W7 sl SSB > Slos



0V DNA (55 2 055 5 WEo3 5 80 it conl Jdod 5 S g Sl 31 (26 il o

[1] Radiological Attack. A fact sheet from the national academies and the US department of
Homeland security.www.bt.cdc. gov.last update 10 2006

[2] Frequently Asked Questions About a Nuclear Blast. www. cdc.gov. Page last reviewed May
Ve, Yeo8

=5 55 sleysl 08 (ToLT 35 e o Suialinsy sl b allie 555 (slo 98 4 ey 285 [1]
[4] dirty bomb explosion.www.cdc.gov.12/ 2005

[5] H. Nikjoo ,P. O'Neill, W. Wilson, and D. Goodhead, "Computational approach for determining

the spectrum of DNA damage induced by ionizing radiation,” Radiation research, vol. 156, no. 5,
pp. 577-583, 2001.6- |. Rosenberg, "Radiation oncology physics: a handbook for teachers and

students,"” British journal of cancer, vol. 98, no. 5, p. 1020, 2008.

[6] S. Ritter and M. Durante, "Heavy-ion induced chromosomal aberrations: a review ",Mutation
Research/Genetic Toxicology and Environmental Mutagenesis, vol. 701, no. 1, pp. 38-46, 2010.

[7] M. Bernal et al., "Track structure modeling in liquid water: A review of the Geant4-DNA very
low energy extension of the Geant4 Monte Carlo simulation toolkit,” Physica Medica, vol. 31, no.
8, pp. 861-874, 2015.

[8] D. Viduna, K. Hinsen, and G. Kneller, "Influence of molecular flexibility on DNA
radiosensitivity: a simulation study,” Physical Review E, vol. 62, no. 3, p. 3986, 2000.

[9] H. Nikjoo ,P. O'Neill, W. Wilson, and D. Goodhead, "Computational approach for determining

the spectrum of DNA damage induced by ionizing radiation,” Radiation research, vol. 156, no. 5,
pp. 577-583, 2001.6- |. Rosenberg, "Radiation oncology physics: a handbook for teachers and

students,"” British journal of cancer, vol. 98, no. 5, p. 1020, 2008.

[10] L. H. Thompson, "Recognition, signaling, and repair of DNA double-strand breaks produced
by ionizing radiation in mammalian cells: the molecular choreography,” Mutation
Research/Reviews in Mutation Research, vol. 751, no. 2, pp. 158-246, 2012.

[11] M. Hada, H. Wu, and F. A. Cucinotta, "mBAND analysis for high-and low-LET radiation-
induced chromosome aberrations: a review," Mutation Research/Fundamental and Molecular
Mechanisms of Mutagenesis, vol. 711, no. 1-2, pp. 187-192, 2011.

[12] H. Palmans et al., "Future development of biologically relevant dosimetry,” The British
journal of radiology, vol. 88, no. 1045, p. 20140392, 2015.



\fev )Lg._o g‘..hb};.w ‘JL“J" ‘CJLG;’. Ju ;L;FU.\ f-"\; Mw‘g}; /0Y

[13] M. Hada, H. Wu, and F. A. Cucinotta, "mBAND analysis for high-and low-LET radiation-
induced chromosome aberrations: a review," Mutation Research/Fundamental and Molecular
Mechanisms of Mutagenesis, vol. 711, no. 1-2, pp. 187-192, 2011.

[14] J. Ward, "Nature of Lesions Formed by lonizing Radiation, DNA damage and repair,” DNA
Repair in Higher Eukaryotes. Totowa: Humana Press, vol. 2, pp. 65-84, 1998.

[15] W. Friedland, P. Jacob, H. G. Paretzke, M. Merzagora, and A. Ottolenghi, "Simulation of
DNA fragment distributions after irradiation with photons,” Radiation and environmental
biophysics, vol. 38, no. 1, pp. 39-47, 1999.

[16] J. Allison et al., "Recent developments in Geant4," Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment,
vol. 835, pp. 186-225, 2016

[17] A. H. Elgazzar and N. Kazem, "Biological effects of ionizing radiation,” in The
pathophysiologic basis of nuclear medicine: Springer, 2015, pp. 715-726.

[18] M. A. Bernal et al., "An atomistic geometrical model of the B-DNA configuration for DNA-
radiation interaction simulations," Computer Physics Communications, vol. 184, no. 12, pp. 2840-
2847, 2013.

[19] A. Campa et al., "DNA DSB induced in human cells by charged particles and gamma rays:
experimental results and theoretical approaches,” International journal of radiation biology, vol.
81, no. 11, pp. 841-854, 2005.

[20] M. A. Bernal, C. Dealmeida, C. Sampaio, S. Incerti, C. Champion, and P. Nieminen, "The
invariance of the total direct DNA strand break yield," Medical Physics, vol. 38, no. 7, pp. 4147-
4153, 2011.

[21] Z. Ahmadi Ganjeha et al., "Simulation of direct DNA damages caused by alpha particles
versus protons,” Nuclear Instruments and Methods in Physics Research B, Vol 473, No 1, Pages
10-15, 2020.

[22] H. Moeini et al., "Calculation of the initial DNA damage induced by alpha particles in
comparison with protons and electrons using Geant4-DNA," International Journal of Radiation
Biology, Vol. 66, NO. 6, pp. 767-778, 2020.

[vv] A. Ottolenghi, M. Merzagora, and H. Paretzke, "DNA complex lesions induced by protons

and--particles: track structure characteristics determining linear energy transfer and particle type
dependence,” Radiation and environmental biophysics, vol. 36, no. 2, pp. 97-103, 1997.



o/ DNA (55 2 055 5 W3 5l 80 it conl Jdo 5 S g il 51 (26 il o

investigation of damage caused by dirty bomb explosion and analysis of direct damage
caused by alpha and proton particles on DNA

A. Rouhi’

Abstract:

With the widespread use of nuclear energy in industry and military fields, ionizing radiation affects
humans more than ever. In nuclear terrorist acts, densely populated urban areas are considered the
main target. One of the most deadly types of nuclear terrorism attacks is the use of dirty bombs in
crowded and closed places such as subway stations and shopping centers. lonizing rays are divided
into direct and indirect ionizing rays in terms of the mechanism of action of ionization. lonizing
radiation with high linear energy transfer (LET), such as using alpha particles, can directly interact
with biological targets to cause ionization and initiate a chain of events to produce biological
changes. Geant4-DNA software was used to calculate direct DNA breakage caused by alpha
particles and protons. For alpha particles with an energy of 1 megaelectron volts, the number of
single strand breaks (SSB) and double strand breaks (DSB) has increased. Beyond the energy of 1

MeV, SSB and DSB had a decreasing trend. It was observed that L ratio is almost constant for

protons and alpha particles at different energies. The analyzed results showed that in general, there
is no significant difference between alpha particles and protons in the amount of SSB.

Keywords: Dirty bomb, alpha particles, protons, DNA, SSB, DSB.
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