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Proton Numbers (Z)

m Stable isotopes 254 &
@ Known isotopes (2005) 2962 &
Theoretical prediction

m |sotopes to be produced

Pb (82

\ é: 2

Neutron Numbers (N) e——

___— Magic numbers

m '25pd and 126pg
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Co-60 5.34
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Cs-137 3044
Ra-226 160041
C-14 57004
U-235 4244
K-40 12.8244
U-238 45244
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: 28.8 k-Liter air/day
: 2.2 Liter water/day
Al 1 1~2 kg food/day
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mSv

mSV : Bt AN & 2| TS
1 MSv = 1/1000 Sv

1 Sv =1 Joule/Kg x Wr

Wr : radiation weighting factor
— X-ray, gamma ray, beta-ray, fast electron; Wr=1
— For alpha particle, neutrons; Wr=5 ~ 20

MEE x =SAlZ

(mSv/hr) (hr)




mSv

e = 1kgll 2Es1E =d=U ERetWHKXI=7?
4200J) > 4200J/kg > 4200 Sv > 4,200,000 MSv

e 2192 == 1& S2l=0U 228t mSv =2

rOII

4.2J > 4.2J)/g > 4200J/kg > 4,200,000 mMSv
¢« =0l dAlNHamSvI=2S 8=0U% 22

H = ASENR?

=> 0.00000024 &= (BHOIE 9| 2.4 )






Hiroshima - Aug. 6, 1945, 8:16am

« 15,000 ton =

- £0] 580 O|EO]|A| =

© 10 BHY FA}

¢ ~1945 4% +43H ALY

+ 46~19514 +6THH Apat

+ 30HE WALMT|E AF2H(15%)

Distribution of energy released by the atomic bomb

Heat

: Bomb blast

17




Little Boy

Uranium 235 =

Detonator -
Conventional Charge —

AZMS (gun-type, UEH
3
(o)

- 40| 3 m, 2A0.71 m, =& 4 ton

- EH S I HEU(U2S 55X 80%) 64 kg .
- ASE:1.3% % U235 0.6 kg0| HAAE. ™
- 2= : TNT 15,000 t

- 1945. 8. 6. S|=A|0} E5}
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Level Place— Year Incident
@kmine 1986 An explosion and a fire in the reactor core at the Chernobyl

nuclear power plant sent a radioactive plume across large swathes
of Europe. Chernobyl remains easily the worst nuclear accident
in h15t|:|-r3,r

Fﬂlln::--m mg an ea rthqua!-:e am:l a tt_.u nami, a seres -}f pa rhal cCore
meltdowns and a fire in a fuel pond at the Japanese Fukushima
Dai-ichi plant caused fluctuating releases of radiation into the
sea and the surrounding countryside

Major accident A%

Serious acy

: .Iﬂ. ..I'l'_
Eﬂil.'lﬂ 5 off-site risk

Accident

Serious Im:in:lnnta

3 Sellafield, Britain 2005 2 Incident

2 F::rsrnar‘l:, Sweden 2006 1 Anomaly

Gravelines, France 2009 E
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Sources: TAEA; The Economist "Intermational Nuclear and Radiological Event Scale
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0.007 mSv

=87
ct= 89 ‘ 38 mSv
140 mSv

30;

A ZgArd
1.04 mSv

NERA  SINUNHAH7|IS W, 2009, R2|Li2te] YMMEE (KINS/GR-356)
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M= FHo P hE ST vl

SUAIFR 57| 1nfS 14045H
(B mAHS 889 =% O

Radon 222

Rn*? — «(5.59MeV) + Po?'®

3 801
0=
0~74Ba/n Uranium
B 74~14880/nt
1488q/mi OFA!
- Protactinium

Thorium
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ATHEL) K-40 9F Cs-137 HAls=E

1,000,000

i Reg. Standard (137Cs+134Cs)
;'.:I}/ f
___________________ «  ____ 1t _ AL 4s __
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RN R SEEN SERERER
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U‘-_I" L 0 e e
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135
90
56

~100 Bq/kg

0.014
0.18
0.027
0.08
0.028
0.008
0.023
0.13
0.027

<0.2 Ba/kg

AEU SANs

F3AI0F M 2H 017 Cs-137

« 50km &} : 0.4 Ba/kg
- 50kmX|A& :0.7 Bag/Kg
- 518k Bq/Kg F|=2jo| =Z=!

S&SL Cs-137 Al 71EX| Z=l

ol= : 500 2 100 Bqg/Kg

st : 370 & 100 Bg/Kg
2011.3.30

00 Bg/Kgl 2 %=
O 1kg# 1HZF &F

9 0 2
Bz
2 mjo =

ol
=
SME2 0.47 mSy
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mSv

It

Sollict eI A8 AHADAE TI=X=2?

= ~3mSyv
S M Ol EAUAMN 1AIZ2E = B ALS

oty

10

S 7

=» 0.0003 MSv (0.3 uSv/hr)
AM O EA0HAM HHA=Z=0 22 Ul =& = BHAL

Hdl==7?

=» ~100,000 JH/sec



o YAIM IMISETF (mSv)

- 7l X-go| 0.1~0.3
- Mg 85 CT 1.6~2

- & CT 6~8

- B2 CT 8

- S5 CT 10

- =X £l AHH THE 10~12
- g CT 14~24
- PET-CT 18

- MDCT 8~20(?)
- A AEMEE R2E K= 400

- SHE AAM 2} X|= (ZICHX]) 50,000
- A2 TIE H&HX| (WHO) 10,000,000
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=d 89

25 ME = Al E
20 Sv CN Synd., 48, ==, &&} 100% 2!
10 Sv Gl Synd., &A}, 1A 90% 2=
4 Sv LD 50/60 50% 271
3 Sv A=Y, HIk, A, B At2ItS
2 Sv HP Synd., 2% Al BHLYZEE, =HE | 3A|ZHL 22E

IE 0% Ap
1 Sv A9y, 2oty (5% F=7pLet

760 mSv Mot HtMEs (Het71s)

650 mSv UAIA o{M =2 (Zet71s)

250 mSv QUA|H M /uiad ZiA (Lelihs)

150 mSv 2UANH HHd=H (HetI1s)
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Linear No-Threshold (LNT) Hypothesis

(Stochastic Effects — Limits of knowledge)

ok
= 3
gk “For most tumour types  *
. . . o
A in experimental animals ¢
= and in man a significant  * G
. ; - % i - ~
increase in risk is only slezzes N
w
detectable at doses above ) N
about 100 mGy.” / s A\
- / ] N
s \
] b T Ak
UNSCEAR 2000 | L )
| 1 | Doses where cancer's
|- \ ; i ) P | have been observed
0 \ 1/
Doses of relevance i&/\\ ey .1/
radiation protection N\, Low dose levels ;‘ Radiation exposure (dose)
N 0.0-0.1 Gy) z

S _~T100 mSy
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®

€ (Formaldehyde)

4
A

ASBESTOS

CANCLR AND EIND DAL WAZARD
AUTHORZED PERSONNEL ONLY

RESPMRATORS AND PROTECTIVE CLOTHMING
ARE REQURED IN THIS AREA

(PAH, CiEhd kR ErslA), M50 S

HISEE IR, LIO|ER 3I8lE, WEkE olx3ielE

U= sletES AYHsiER(CCl4) S, E|E

FolstetE - MW, 2 ,7I1EE , 38, b, H, 019, 72| S
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Mutation inactivates
[IMOr SUPPressor gang

CELLS PROLIFERATE

tutation inactivates
DMA repair gene

Mutation of proto-oncogene

creates an oncegens

tutation inactivates
several more

tLF“'ICFSLFIL‘-FESSCF genes

CAMCER

29 24 JIX

S & M X LH 2| cancer suppression gene
(HAMFEAHO S=HBEHO[I} &8H D
== oAl ZotH &

Ol I SAlE

DNA repair gene (DNAS 1 =& X})
= HHH 0| A2

Proto-oncogene (R ([R)SL & =&
holl SEHHO I M &

CIE A M S E X0 =HHO0| O A4
o

2
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http://en.wikipedia.org/wiki/File:Cancer_requires_multiple_mutations_from_NIHen.png

Ol M= 60X (6x10B) I M EZ 24
OHY 102 I NIZEZ=E 0| dHYE

ol S 0F 1016 A 22 M| IL )} EFAHSH
0 =S I L i e W

0 & 500 gram?| &S =01 [H, oxidantJt (Hydroxyl (OH),

= 9SSk

peroxyl (HO,") and superanion (O, radicals) Nl :I£ 2| DNAS S & &
Ol & 105 DNA =HH 0| JF & A4S (mutation)
O N2 = Ol otLtJt 708 S0 XIE A 20| =2 = =0 N

ME 25~30% & & &







SANZ JIEA €4 1Y

UNSCEAR, BEIR etc

-

ICRP 2007
Recommendations

o A .,
TAEA
Basic Safety Standards

.

National Legislations
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BHO

—

°* e

M4l 1 mSy
&= : 50 mSv
e =8AXl:15 mSv

SALS A H AL

e M4l:20mSv

e &=8':500mSv
e =87l :150mSv




dd

St= 0l 9| AFABIALS EF: 3 mSv/E = <108t BFAFSE =
KfHASH S Rn222 0|2t HEZ U =SS :1.3mSv/E
NAMNS Ko S S U =% : ~100Bg/kg = 0.35 mSv/E
SHE Cs137 2 Al E L =& : ~ 0.2 Bg/kg
MZ W Cs137 =& MISFXl: ~ 100 Bqg/kg x 2kg/d x 365 d =» 0.47 mSv
S INT 20N M0 Y == 25% + 5%/Sv x Sv
S ZE Xl t1o0omSv=> 32 AL U FHE ot
A AL T =HE HletX] 20 mSv/HE

W ¥ 0@ X > o
a
g

[
<
1€

=88 AKX (1% 5S) :amSv/E
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g

(mSv)
100

10

“““““““

T T PpReeR———

S p—— T T gy

-------- ‘11.4.7 11|== HIZ 1131 Mavl-ﬂ \

-------- '11.4.7 X|F YIS Cs-137 M/ A

T p——_

0.00001
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olH}o| XjoiMe}
$=01: 3.0
olEol: 1.4
Hals ol - 10
TMA G2 : 2.4

La3Mo| Y

0.6 mSv

M B 2.49] LIS
2h=(50%) : 1.26
CHX](20%) : 0.48
SF(15%) : 0.35
S241(15%) : 0.35 (XFH|1]|Z)
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MEFE x LEAZE

(mSv/hr)

100 nSv/hr: 2Bt & A
1 uSv/hr: A SEH A

(hr)

A X
T I
=l

10 uSv/hr: SAIE&HAH & F
100 uSv/hr: 1 &E £ 1S

1 mSv/hr: =S LH Ch
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SIEF(Sv) or 8 & =(Sv/hr) &

0.1 Hiroshima 2 km distance (Wind, heat 10% death) 10,000 Food irradiation limit (WHO)
Some treatment of nuclear medicine dose 4,200 1Cincrease in Water, industrial process
6/1000 additional cancer risk (if we extrapolate downward) 1,000 Hiroshima A-Bomb pt zero (hypo center)
0.06 (60 mSv) guide line for brain CT by KFDA, Food irradiation process
radiation therapy 100 1 km from a neutron bomb
0.02 (20 MmSv) ICRP 60 Annual dose limit for radworker 50 E/laXtREH\'lat'Onscange" Therapy at tumog/ ?Izolsrt"mado 5 km
(expected life shortening = 24 days, smoker =7 yr, 20 entral Nerve >yn 10070 tatality 2 days
drinker =1yr), guide Iingfor abdomen CT by KF%A Cramps3 &, Iethargy g, 28 LU AL
0.015 (15 mSv) X-ray Stomach Fluoroscope (recent ly 4 mSv) 10 Gastromtestmal Synd 90% fatality 2 weeks
0.01 (20 mSy, 1 rem) Annual dose of air crews Diarrhea& Al, fever1d
Annual dose of Garibi, Brazil, CT, PET Max dose at Chernobyl f|re worker
0.0034 (3.4 mSy, 340 mrem) Average dose of US Nuclear worker 8.8 1964 Uranium Plant, Criticality (2day)
(expected life shortening for 30 yrs = 49 days) 8 Death within 30 days
0.0024 (2.4 mSv, 240 mrem) Avg natural dose per year 6 Radiation cancer therapy S
(=0.35 cosmic, 0.35 food (internal), 0.4 earth, 1.53 air 5 1958 Los Alamos Lab Criticality (3day)
(Radon)) # LD5o0/60, Hiroshima 1 km
Nuclear Medicine Tcggm 3 Plgmentatlon’—‘.”i.“, EpllatlonE“:' Necrosis | X,
0.002 Average dose of Korean NPP workers Blistering= &, Ulceration 7 &, Dermatitis,
dental x-ray, X-ray CT, annual air crew (500 hr flight) Permanent Ste""'ty of woman & man
0.0015 annual dose due to radon, 2 Hemopoietic Synd threshold, _ 3h0U|’ 50%
0.001 (2amSv, 100 mrem) chest X-ray diagnostics, vomit, 0 % death, Reddenning=
Annual public dose limit Catar_ag:t threshold (13 = A} b | LH Zh
amSv/hr = shelter in house = 87 Svlyr 1 NO critical short term effect 6~ 8/100 additional cancer
0.0008 (0.8 mSv, 80 mrem) Annual dose in Seoul from risk, i . o
Earth+Space, average annual minor dose acute conjunctivitiesZ 2 &, keratitis 2121 &
0.0005 Dose of a cosmonaut at Mir per day 0.76 threshold to Cancer, especially thyroid cancer
0.0003 (0.3 mSy, 30 mrem) annual internal dose, * mostly due to 0.65 Temporary sterility of woman .
K40 = 4kBq = 17 mg, 100 ug C14, 9o ug U, 30 ug Th 0.5 dose limit to skin, lung, bone marrow, breast, extremity,
0.0002 (0.2 mSy, 20 mrem) chest X-ray diagnostics Sex organs ) )
0.0001 (0.2 mSv, 10 mrem) A roundtrip to Europe, 0.3 No observed medical effects in man except
Flight from Seatle to Tokyo, average annual Dr dose equiv to Cigarette 1 pack/day for 1 year
> 100 uSv/hr 2 High radiation area 0.25 temporary change of white cell, red cell, and platelet
0.00005 (0.05 mSV, smrem) 30 km around NPP (design) —legally 0.2 0.2~2.5 Sv : mutation rate doubling dose
0.00002 (0.02 mSV, 2mrem) Nuclear waste repository —legally 0.15 dose limit to eye, temporary sterility of man,
0.00001 10 USv/hr ~ 100 USv/hr = Radiation Work Area
0.000005 (5 uSV) watching TV 1 year
0.000001 1 uSV/hr = inspection of food and water = 8.7 mSv/yr
0.0000001 100 nSv/hr =» Seoul radiation dose rate = 0.87 mSv/yr

1~3% of cancer genemtion may be originated
from the natural radiation exposure ! 1 yr=28760 hr
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e Additive model

2> ASH AL EH SEEHZE FIE
e Multiplicative model

= SEAFS DOl = AR E 2

A A2 =0 gl dlof S =t &




SAY Jl2l Xt & E8 HE AT

e From various studies by
— ICRP, NCRP, The Radiation Effects Research Foundation, the United Nations
Scientific Committee on the Effects of Atomic Radiation(UNSEAR), the
National Radiological Protection Board of the United Kingdom, and the
National Academy of Science-National Research Council in US
— Considering DDREF(dose and dose rate effectiveness factor of 2 for low dose
and low dose rate)

TABLE 14.3. Probability Coefficients for Stochastic Effects for low dose

Adult Workers Whole Population
Detriment (10~ S (1072 Sv™))
Fatal Cancer 4.0 5.0
Nonfatal cancer 0.8 1.0
Severe genetic effects 0.8 123

Total @ /@

Averaged for a population of worker ages (18~65) =7,300 persons/100,000 people5

6



Radiation Hormesis

Group Size Person- Collective  Average Excess relative Lifetime risk
of years dose dose risk (Sv™1) @ (% sv-h2
cohorts (man Sv) (mSv) All cancer Leukemia All cancer  Leukemia
Survivors of atomic 75,991 2,185,000 10,500 251 0.39 5.2 4° 0.4°
bombings (0.32-0.46) (3.8-7.1) (3-5) (0.3-0.55)
Nuclcar workers in 95217 1,218,000 3,198 34 0.47 4.3 10 0.76
the United Kingdom (-0.12-1.20)  (0.40-13.6) (<0-26) (0.07-2.9)
Nuclear workers in - 35,933 705,000 1,140 32 -0.99 <l.5 <0 <0
the United States (-1.6-0.38) (<-1.5-3.4) (<0-8.2) (<0-0.60)

2 90% CI in parcnthescs.

b Based on [CRP with low-dose-rate reduction factor of 2.

Comparison of risk estimates for mortality in survivors of atomic bombings in Japan
and nuclear workers in the UK and in the US (UNSCEAR 1994)
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Radiation Hormesis

IARC Study of Occupationally Exposed
Workers in U.S., UK. & Canada (>100,000)

* Leukemia

* UK & Canada: Significant excess
risk.

* US: Non-significant negative risk.
* Pooled: No-significant excess risk.

* All Other Cancers
* Pooled: No-significant excess risk.
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ICRP

ICRP & its Recommendations

International X-ray and Radium
Protection Committee (1928; ICXRP)

International Commission on
Radiological Protection (1950; ICRP)

Recommendations :
ICRP 1 (1959)
ICRP 6 (1964)
ICRP 9 (1966)
ICRP 26 (1977)
ICRP 60 (1990)
ICRP 103 (2007)
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A9 L0l = 249 L0l

e Clair Cameron Patterson(1922~1995)= A|JH2| & &

NEo|2M Sl &8 A2 24
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o] k2 2 A5t 2010| N5 Pb-Pb KIS
HOZ 0|S0| 2F 4552 (H LI 2TH3

= 1D gtsl

R, — Pb*7[Pb2 and R, = Ph*/Ph0t
from different meteorites ¢ and b
k= U28[U25 today
4 = U%5 decay-constant (9-72 > 10-10 yr—1)

T = age of the array.

cd
A EeS=
_I
()
p!
~

Nuevo Laredo, Mexico
Forest City, lowa
Modoe, Kansas
Henbury, Australia
Canyon Diablo, Arizona

Ao = U*® decay-constant (1-537 w1010 yr1)

MEIE 2 AHEEH 24 A ES AT OIS o2 L] BHEH 320 IEi ‘5‘611

Geochimica et Cosmochimica Acta, Vol.10, pp-230~237, 1956
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K-40, Rn-222
Th-232, U-238
Proton, Neutron

H-3, C-14
Co-60, Kr-85
Sr-90, Cs-137
Ir-192, Pu-239
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WAL EFito] B

path of the primary radiation

R path of the secondary radiation

charged R

High LET
_a++l P+, HCP g

radiation

i B, B*
neutral R
X-ra
T 4 . Low LET
B free path radiation
neutron —a

vacuum target medium (air, water, sohd)

S

<\ scattered radiation

« HCP : heavy charged particulate radiation .

 LET : linear energy transfer (~stopping power) dE/dx
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e Direct effects: Directly

of ion pairs initiating a chain |
of chemical reactions,
mediated through cellular .
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Radiation Weighting Factors

TABLE 14.1. Radiation Weighting Factors, wg, from
NCRP Report No. 116

Radiation WR
X and v rays, electrons, positrons, and muons 1
Neutrons, energy <10 keV S
10 keV to 100 keV 10
> 100 keV to 2 MeV 20
>2 MeV to 20 MeV 10
>20 MeV S

Protons, other than recoil protons and energy
> 2 MeV 27

Alpha particles, fission fragments, and

nonrelativistic heavy nuclei 20

21CRP Publication 60 recommends wi = 5. "
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P .ot St 0 -3 Of OF N
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A- 882X a&ash 0.1
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*—e TT S 8k &
181 F A CT —d] | b I s . L —— £ D- K% AM 3.2
0 10 20 30 40 S0 60 70 80 90 100 mSv E- PET 3-
F- i & A (Tc-99m) 4.4
O|st A XIth(A-)) G- A 2 A (Tc-99m) 10
H-5%  CT(MSAD) 50

r::

I B s —
0 1 » Y 5 DK 5 6 7 8 9 10 mSyv
PARLE SR PATOE

= ©f 3mSyv

Chartcompiled by NF Metting, Office of Science, DOE'BER
“Orders of Magnitude " revised March 2006

(multiple scon average dose)
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fluoroscopy (2 nun scan)

J-MA AMOIE CT  30-100
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Trinity Test (1945.7.16 5:29 am)
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http://ko.wikipedia.org/wiki/%ED%8C%8C%EC%9D%BC:Trinity_shot_color.jpg
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Ref: Cologne JB and Preston DL, “Longevity of atomic-bomb survivors”, Lancet, vol.356, 2000
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A(High)XIIl S SAHs Xg ¢17

Techa River (Russia)

Karunagappally (India)

Yangjiang (China)

Study population

29,873 (60% are women),
all ages

69,958 (54% are women),
aged 30-84

31,604 (51% are women),
aged 30-74

Occupation

Mainly farmers

Mainly fishermen, blue-
collar workers, farmers

Mainly farmers

Radiation sources

Release of liquid
radioactive waste
between 1949-1956
(89S, 9°Sr, B37Cs, 95Zr,
95Nb, °3Ru,2%6Ru)

HNBR
(mainly 232Th)

HNBR
(32Th and 38U)

Dose rate

Max. was in 1951:

Max. RBM dose=300 mGy
in ayear

Max. stomach dose= 200
m@Gy in a year

1-15 mGy in a year
(external exposure)

1-5 mGy in a year
(external exposure)

Primary endpoint

Cancer incidence

Cancer incidence

Cancer mortality

Leukaemia excluding CLL
(ERR/Gy, 2 years lagged)
[Reference]

4.9 (95% Cl: 1.6, 14.3)
[Krestinina et al., 2010]

3.7(ND, 336.8)
[Nair et al., 2009]

10.68 (<0, inf)
[Tao et al., 2012]

All cancer excluding
Leukaemia (ERR/Gy)
[Reference]

1(95% Cl: 0.3, 1.9),
5 years lagged
[Krestinina et al., 2007]

-0.13 (-0.58, 0.46),
10 years lagged
[Nair et al., 2009]

0.19 (-1.87, 3.04; liver
cancer is excluded),
10 years lagged

[Tao et al., 2012]




TOTAL DEATH PROBABILITY RATE

10 4 % per year

e Addltive model

----- Multiplicative model
0.5+

0.24

FCMALES

0.054
0.024
0.0 14
50 mSv/year from age 18 to age 65 years
years
0.005 ' ! v Bl ] T T T T 1
° s0 100

G;.:» continuous exposure of 50 mSyv
from age 18 to 65 years, 29|

S J per cent per year
Probabllity density of the age of death
Swedish females at age 18 years
4
Total

3
2 —

additive model

multiplicative model
1 —
o L)

100 years
age

Ex) Continuous exposure of 50 mSv from
age 18 to 65 years, a Swedish woman



Radiation effects

10,000 Sv : WHO food irradiation limit

1000 Sv : food irradiation, Hiroshima ground zero
5o Sv : max dose in cancer therapy

20 Sv : 100% death in 2 d, cramps(& &), lethargy
10 Sv : 90% death in 2 w, diarrhea, fever

4 Sv : LD50.60, Hiroshima 1 km

3 Sv : pigmentation, epilation(& 2), blistering(2 &),
ulceration(#Hl &), permanent strerility

2 Sv: Yt cataract

1 Sv : no short term effect, 5~7% add cancer

760 mSv : threshold for thyroid cancer

650 mSv : temporary female sterility

150 mSv : temporary male sterility

100 mSv : Hiroshima 2 km, cancer threshold

80



