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Although most of radiation damage to genomic DNA
could be rendered harmless using repair enzymes in a
living cell, a certain fraction of the damage is persistent
resulting in serious genetic effects, such as mutation
induction. In order to understand the mechanisms of
the deleterious DNA damage formation in terms of its
earliest physical stage at the radiation track end, dynamics
of low energy electrons were investigated using a dy-
namic Monte Carlo code. The primary incident (1 keV)
electrons multiply collide within 1 nm (equivalent to
three DNA-base-pairs, 3bp). The secondary electrons are
mainly distributed within approximately 10 nm from their
parent cations. DNA damage sites comprising multiple
nucleobase lesions or single strand breaks can therefore
be formed by multiple collisions of these electrons within
3 bp. This multiple damage site is hardly processed by
base excision repair enzymes. However, pre-hydrated
electrons can also be produced resulting in an additional
base lesion (or a strand break) more than 3 bp away from
the multi-damage site. These damage sites may be finally
converted into a double strand break (DSB) when base
excision enzymes process the additional base lesions. This
DSB includes another base lesion(s) at their termini, and
may introduce miss-rejoining by DSB repair enzymes, and
hence may result in biological effects such as mutation in

surviving cells.

Keywords: electron deceleration in water, dynamic

Recent progress of radiation physicochemical process (third
part)

Takeshi Kar* (Japan Atomic Energy Agency), AkKinari YOKOYA,
Kentaro Fuin and Ritsuko WATaNABE (National institutes for
Quantum and Radiological Science and Technology),
T319-1195 I ARBTAR AR KT 1 5 24

TEL: 029-282-5583, E-mail: kai.takeshi @jaea.go.jp

W& R L Z %106 5 (2018)

Monte Carlo method, dissociative electron transfer, clus-
tered DNA damage.
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1) input
* primary electron energy (1 keV)
= time duration of simulation (300 fs)
= time step Az (1 as)

lt=0

2) Monte-Carlo calculation [eq. (1)]
* use of cross sections

* determination of collision position

* determination of momentum vector

= secondary electron production
t=t+At

3) dynamical calculation [ eq. (4) ]
* use of relative dielectric constant

- solve Newtonian equation
* determination of electron position
* determination of momentum vector

| t=300fs

4) output
= spatial probability distribution
* energy probability distribution

= collision events ‘

«
z collision!
"l 1keV

«— 40 nm —»" i 2 nm

~ -

Count for collision numbers in each minimal cuboid

Figure 1. Flow chart of a dynamic Monte
Carlo code and schematic illustration of a simu-
lated system of DNA damage at a primary elec-
tron track end. Reproduced from Ref 25 with
permission from the PCCP Owner Societies.
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Figure 2. Temporal evolution of spatial prob-
ability distributions of a primary electron at the
energy of 1 keV. (a) shows the distribution for z-
axis, and the probabilities for x- and y-axes have
been integrated. (b) shows the distribution for x-
axis, and the probabilities for y- and z-axes have
been integrated.Reproduced from Ref. 25 with
permission from the PCCP Owner Societies.
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Figure 3. Temporal evolution of spatial proba-
bility distributions of the secondary electrons at
10, 100, and 300 fs after ionization. The proba-
bilities for solid angle have been integrated. The
dashed curve indicates the results for the previ-
ous method for 4 and 7 eV electrons?”. Repro-
duced from Ref. 25 with permission from the

PCCP Owner Societies.
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Figure 4. Temporal evolution of energy distri-
butions of secondary electrons in water. The
solid line illustrates calculations for 10 (green),
100 (blue) and 300 (red) fs. The dashed line in-
dicates a Maxwellian distribution at 300 K. Re-
produced from Ref. 25 with permission from the
PCCP Owner Societies.
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Figure 5. Collision number distribution at a

primary electron track end. (a) shows the dis-
tribution for z-axis, and the probabilities for x-
axis and y-axis are integrated. (b) shows the dis-
tribution for x-axis, and the probabilities for y-
axis and z-axis are integrated. Reproduced from
Ref. 25 with permission from the PCCP Owner
Societies.
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Figure 6. Production frequencies of single and
multi damage in three base pairs of DNA as-
sumed in this study at the primary electron en-
ergy of 1 keV. The red line indicates the forma-
tion of single lesion, the blue line indicates the
formation of 2 lesions, the black line indicates
the formation of 3 lesions, and the green line in-
dicates the formation of 4 lesions. Reproduced
from Ref. 25 with permission from the PCCP
Owner Societies.
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% DNA damage by a primary electron
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Figure 7. Schematic illustration of formation
of complex double strand break predicted by
this study. Reproduced from Ref. 25 with per-
mission from the PCCP Owner Societies.

W7 U TUAAR DA S, D7 U 72 SSB 73,
D SSB D O EH (FHHiE) (<4 L 7254, DNA
DEGEB D 7- 0 H S AHDHEL AEYIK (DSB:
Double Strand Break) 732E U %, %7z, 2 RE -4’ DEA
12X D DNA $HUIT 25556 T 2 RE b H 5. 2 DEH
%H% DSB 3E U %, DSB BEHE I N wiGih,
HHREIE A0S R 2 B 4815 & 4 203, JEHEMEN TR
DSB DEE#H ) B4 225 v 8 7 B3R L <@ 2
ET, ZORIITIIHEET 5 Z & EBENICH1 >
Tw3, L»l, 2EAZDDSBBBEINLGES
TY, BB E035E B 7 o B RO IR 2B/ s T
WK, BREBRDIEDANED B WD 2
6%%

W, MM T DSB IXBEE N 2 BIEREKIC X D
@@%XT%#,I%W%—ﬁﬁﬁﬁﬁQIBBXﬁ
B E LU Ze 0o o 13GRLHE S AP A R 23Eb i
TWwaHE, BEATS L CIFFEREIZL D DNA I
AL 2B EE RO HIE S N2 RS H 5. o
¥ T A LA DNA #H5 % I H L 7 HEEEITFE DR
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FREE (AT, 7S BA1E, BRI BARR, 8 ST

Rp 5, DNA @ 3 S LN I SR D 5 B
L7y, SRR EFBERIMET LSRR BT
INDEEZOGNTEL, L LAEDVS, BEHRIEH
IZ & % DNA HIBBEEE 2K 2 ML 256, BE
ENhroter 9 A% —DNABEDOINEIZTL HT
PUTR Y, RIS X D EEAE RS DSB, B LT
EIEER ZAEH DS R AR X 1172 DSB DIBEIFE D T
MWIEFINICE L %, 245 @ DSB X 72 3 &1
%22\ 2255, Ji— DSB Kl I B G 4 £k &
NBEEI BRI EVDHD L, HARERDHEDBAIZENS
AR ZENED & 9 il 2% T O ERET 2k
AR D Y EE D T S 5 ATREME DS < 72 B & HE
INns,

4 FREEODXEDELVSERDOERH

ARRIHRIC BT, A WK 2L ¥ — K (<
100eV) 2B 2, WHOREEREE X7 + 2 V)
IC B Wik, FHIkEEE X O %)L X —EKRED
RS AR L 72, AR TEAKICHER L2, 5
TFHEARRZ BRI DTH 70, S ER
DA DR % T AR ~ O b WIFF S 5. A
ZTEOWM DEHFEAERITEM - 7L T7 7 AT A4 ADSE
RO AL S N, 2o DHEEF— 1%, K
HFIZB I 2B FoRLERZRHT 2 - 0ICHEHTH
5 RS,

AP T2, WA WS L X — I (<
100 keV) 122V TOKHPIZE T 3 E T DBV EED
RHEAER AR L, FEERREUL L MR 5 2 & T, AR
B a— PR R UL, £, KUZEOER
R o, BTOBMEY L KTIRHER L, (ZIEFIRIC
T LTRSS N, 206 ORI,
AKHPICE T 2B TOB(LERZ EFE T 2 -0 OETR
FERERAI RIS 22 ), Sk, WS RRE D E T 72 2
N K B FEIAERDTOND Z EPHIFI NG,

Aftgim i, BT 7 v 72 v FORSRY
WhEfE 2 5 L N7, RUEA & DA O R RS S D>
5, SSB #& 17 7 A% — DNA 51, HEIHEREE
BIERIC X D I DSB 1o & x i, f5RE LT, &
72 BV 2% DSB KD BEHMES ITkET 5 &5
Z6N%, ZD DSB KIMICERE LNk -k
B AP A P& ENDEAITIE, BRERDIE
DIINCEED B BRI L ENED & 9 il 2% #% <
b BT B D R TS S N B ATREED B
52 BRI,

TROAEEDSANVA TP A ) ¥ AEERTIE, DET D%
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Bz EFNnTH Y, EBHAEIC LD IEFEEY:D DNA
FTEAF Y I ANDBERING Z EBHE SN
723 BUE, o OEMNEEZRHT 27200y T 2
L— a VTR ED TS, RIFE T, BEY
B R R £ CoRBEIR 2T CE K, Stk
DELL LT, #Hiofbiamfi s oz 52 L
T, BYEICHT 2 R E N 2 OBz 4 < X9 R
LTOELWEZEZ TS, 2O, KA TEEL
B o I D4 T L L OBNELE X LR E
RIS C EDWBHEETH B EEZI TS,
IS D—ED NI, AWFJETENM L 72 DNA
BEOHEDO AL ST, Ha RICHEEANEFHI N
52 eI NS,

G &

AKAFEZE D — ¥ 13 FBHEA ISR B Al B 6 (15H02823,
16H02959, 17K07022) D) %2\ TfrbitE L 7.
F 7, TS O B TR - BSEEBE R0 &
AR BELEFE DO B> S k4 R TS 2 THE, KR
KAPHEZERFADITET - S HEG 8% E L CRPFEED
Ti%k o3, BT OBIEL S RAY L TS
ZHEFE L7, CoLZED TEIHHL LT £ 7,
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