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Vlastnosti piné rozvinutého nadort

* sobéstacnost v produkeci rustovych
signalu (napf. aktivace H-ras)

* necitlivost k signalim zastavujicim BC
(napf. ztrata Rb)

e poskozeni apoptozy + produkce vilastnich
rustovych faktoru

* neomezeny replikacni potencial (aktivace
telomerazy)

 posilena angiogeneze (produkce VEGF)
 tvorba metastaz (inaktivace E-cadherinu)
* + nesmi byt v€as znicen imun. systémem

Figure 1. Acquired Capabilities of Cancer

We suggest that most if not all cancers have acquired the same set

of functional capabilities during their development, albeit through
various mechanistic strategies, #owee: Hanahan & Weinbeg, 2000
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Chromothripsis: ,jeden” krok k solidnim nadortm?
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Figure 4: Hypothetic schematic representation of the mechanisms of chromothripsis induced by ionizing radiation. (i)
Chromothripsis occurs via micronuclei generated by ionizing radiation. When the entire cell is irradiated, for example, X-ray, the radiation
damage induces formation of micronuclei. After chromothripsis occurs in the micronuclei, these micronuclei are then incorporated into
a single chromatid. (i1) Chromothripsis may be directly induced by ionizing irradiation. When a portion of the nuclei is irradiated by
microbeam (SPICE), multiple chromosomes sitting in the irradiated area are shattered into pieces, which are then rejoined via NHEJ.
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DSBs and CANCER - 3.
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2. OPRAVY DNA (DSB)



Complex DNA damage response, DDR

Cellular UV Light lonizing Chemical Replication
Metabolism Exposure Radiation Exposure Errors

Cell Cycle Checkpoint Transcriptional DNA Repair Apoptosis
Activation Program Activation + Direct reversal
= Base excision repair
* Nucleotide excision repair
= Mismatch repair
* Double strand break repair
* Homologous recombination

The repair of a single DSB: + Non-homologous end joining
104 ATP molecules
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1st thing to do:
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(Cahcer predisposing) syndromes associated
with repair genes defects

Breast and
ovarian cancer

ATM, BRCA1, BRCAZ, BRIP1,
CHK2, NBS1, PALB2, RADS0,

Table 1 Genetic disorders and cancer phenotype associated with defects in DDR pathway Familial breast cancer

DDR Defect

Mutated gene

Syndrome

Cancer predisposition

BER
MMR

NHEJ, SSB repair

Class switch
recombination (CSR)

S5B Repair; NER
SSE Repair

NER, ICL repair
ICL repair, HR

MYH
MSH2, MSHB, MLH1, PMS2

RAG1, RAG2
XLF
ARTEMIS

LIG4
PNKP

AID, UNG

LIG1

APTX
SETX
TDP1

CSB, XPD, XPG, ERCC1
CSA, CSB, XPB, XPD, XPG
XPB, XPD, TTDA

XPA, XPB, XPC, XPD, XPE,
XPF, XPG, POLH

XPF
FANC-A, -B, -C, FANCD1

(BRCAZ), FANCDZ, -E, -F, -G,

-1, FANGJ {BACH1), FANCL,
FANCN(SLX4)

RADS51G (FANCO)
FAN1

MYH-associated polyposis

Hereditary nonpolyposis
colorectal cancer (HNPCC)

Severe combined immunodeficiency (SCID)
Immunedeficiency with microcephaly

Radiosensitive severe combined
immunodeficiency (RS-SCID)

Ligase IV syndrome

Microcephaly intractable seizures and
developmental delay syndrome (MCSZ)

Hyper- IgM syndrome

Ligase | Syndrome
Ataxia with oculomotor apraxia 1 (AOQA1)
Ataxia with oculomotor apraxia 2 (AOAZ2)

Spinocerebellar ataxia with
axonal neuropathy (SCAN1)

Cerebo-oculofacio-skeletal syndrome (COFS)

Cockayne syndrome (CS)
Trichothiodystrophy (TTD)
Xeroderma pigmentosum (XP)

XPF-ERCC1 syndrome (XFE)
Fanconi Anemia (FA)

Fanconi anemia-like disorder
KIN (Karyomegalic interstitial nephritis)

Colorectal cancer

Colorectal cancer,
carcinomas

Lymphomas

Lymphomas

Squamous and basal
cell carcinoma,
melanoma

AML, sguamous cell
carcinoma,
myelodysplasia

DNA replication

Telomere maintenance
DNA damage signaling

DNA damage signaling,
DSB repair

DNA damage signaling,
DSB repair,
replication fork repair

Replication fork repair

Mitochondrial DNA
maintenance

RAD51C
BLM

RECQL4

WRN
POLD1, POLE

DKC, TERC

Ribonuclease H2 (RNASEHZA,

RNASEH2B, RNASEH2C),
TREX1, SAMHD1

ATM

MRE11
NBS1
RADS0

RNF168
TP53

ATR, PCTN, SCKL2, SCKL3

MCPH1

SMARCAL1
POLG, TWINKLE

POLG, POLG2, TWINKLE,
REM2B

Bloom Syndrome (BS)
Rothmund Thomson syndrome (RTS)

Werner syndrome (WS)

Dyskeratosis caongenital (DKC)
Aicardi Goutieres syndrome (AGS)

Ataxia telangiectasia (A-T)

Ataxia telangiectasia-like disorder (A-TLD)
Nijmegan breakage syndrome

Nijmegan breakage syndrome-like
disorder (NBSLD})

Riddle Syndrome
Li-Fraumeni syndrome {LFS)

Seckle syndrome (SS)

Primary microcephaly 1
Schimke immunoosseous dysplasia (SIOD)

Spino-cerebellar ataxia epilepsy
syndrome (SCAE)

Progressive external ophtalmoplegia (PEO)

Carcinoma,
lymphoma, leukemia

Skin cancer,
osteosarcoma

Sarcoma

Colorectal
adenocarcinoma

Carcinoma

Leukemia, lymphomas,
breast cancer

B cell lymphoma

Brain and breast
cancer, sarcomas

AML




Reduced capacity of cancer
cells to repair DSBs and
tolerance to DSBs due to
acquired mutations (however,
some tumors very efficient in
DSB repair)

Defects in DNA repair pathways enable cancer
cells to accumulate genomic alterations that
contribute to their aggressive phenotype.

However, tumors rely on residual DNA repair
capacities to survive the damage induced by
genotoxic stress. This dichotomy might explain
why only isolated DNA repair pathways are
inactivated in cancer cells.

FIG.: KEY DNA REPAIR GENES
INACTIVATED IN CANCER AND
THEIR MULTIPLE ROLES
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Figure 5. Functional overlaps in DNA repair pathways define hubs of signaling collaterals in cancer. Multifunctional roles of proteins, which have been traditionally
associated with a single DNA damage repair pathway, are shown for six pathways. The pathway with which the gene has been primarily associated in the literature is
marked by a red dot. Orange dots refer to additional roles of the protein in other pathways, which have been confirmed either by functional or biochemical experiments.
These proteins are frequently affected by genomic alterations in cancer or have emerged as therapeutically amenable targets of specific kinase inhibitors. Such overlap
suggests that novel druggable targets may emerge from this enhanced classification to treat DNA damage-deficient neoplastic diseases.



Charakter DSB v zavislosti na LET zareni

.
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Vysoké LET: Mnohocetné DSB
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IONIZUJICI ZARENI a DSB
MEC S DVOJITYM OSTRIM s ohledem k rakoviné

ZABIJENi NADOROVYCH TVORBA NADOROVYCH
BUNEK BUNEK

dvouretézcové zlomy DNA



Stochastic effects &
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Endogenni DSB: -
produkce energie e ) Y

ROS

| Fl=ipne |

« Forinstance, minimally 5 000 SSBs occur in DNA during a single cell cycle because of reactive oxygen

species (ROS) production

« about 1% of these are converted to DSBs
» thus, approximately 50 endogenous DSBs are generated in a single cell during one replication round



Endogenni DSB — ,metabolismus”
DNA

DNA lesions appear as a consequence of extracellular as well as intracellular processes

(so the cells cannot escape to this damage) Non-replicating chromosomes
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PRIRODNI| ZDROJE I1Z

* Je tedy zrejmé, zZe Clovék je behem svého zivota neustale vystaven IZ jak z pfirodnich, tak i umeélych
(antropogennich) zdroja (viz dale)

* Predpoklada se, Ze na pocatku vzniku Zivota na Zemi byla intenzita zareni ~ dvojnasobna -
organismy se jiz od prvopocatku museli vyporadavat s ucinky 1Z, coz vedlo k vytvoreni ochrannych
reparacnich mechanismu. Uvazuje se dokonce i o tom, Ze IZ mohlo stimulovat evoluci organickych
molekul a organism(

Origin of life €3> v

' ; \
wWhy de | slways (colloguial version) ﬁ{% f 'i “"'i;;
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meving queue? __ J R



NO ESCAPE TO DNA damage

* up to 1 million DNA lesions/cell of human body/day
* = about 800 various DNA lesions/cell/hour

Reviewed in:
* Falk et al. Mut Res Rev 2010
* Falk et al. in Radiation Damage in Biomolecular Systems, Springer Science+Business Media B.V. 2012

double strand breaks
im chromosome s
(single strand lesions,
DMA repair, collapse of
stalled replication forks)




PROBLEMY SE STOCHASTICKYMI UCINKY:

Obecné zakonitosti — velka spontanni inicidence nadoru — problematické prokazat vliv
zareni u mensich skupin (obyvatelé v okoli Cernobylu apod.)

Davkoveé zavislosti jsou problematicky stanovitelné.

Davkové zavislosti jsou uréeny pro relativné vysoké davky ve srovnani s potrebami

radiacni ochrany (1-100 mSv). Nejnizsi pouzité davky jsou priblizneé 400 mGy
a vysledky nasvédcuiji linearni zavislosti pravdépodobnosti vzniku nadort na davce.

Komplikace predstavuje také vetsinou dlouha DOBA LATENCE - u zvirat jsou to meésice
az roky, u lidi 2-5 let pro leukémie a 35-40 let pro solidni tumory.

Experimentalni studie — problematické, u clovéka nelze
1930 byla prokazana indukce leukémie u mysi, v roce 1958 Upton publikoval davkové
zavislosti indukce myeloidni a lymfoidni leukémie.




Stochastické ucinky

Pravdépodobnost vzniku  stochastickych
nasledkd je ve skuteCnosti znama jen pro
vySSi_absorbované davky (epidemiologicke
studie u obyvatel z HiroSimy, Nagasaki a
okoli Cernobylu) + Majak + Fukushima

Pro nizSi davky udaje ziskany extrapolaci z
vySe uvedenych studii a z experimentl
provedenych na krysach.

Tyto modely vSak nejsou pro nizké davky
zrovna___nejvhodnéjSi, protoze obyvatelé
ozareni po vybuchu atomové bomby obdrzel
celou davku ve velmi kratkém Case (vysoky
prikon), zatimco v bézném Zzivoté je tato
davka frakciovana do dlouhého obdobi

Presné udaje o vlivu nizkych davek |IZ na

Clovéka proto stale chybi. V soucasné dobé
existuje nékolik hypotéz

a
o
c
o
oL
o
@
o

Control

Dosg —»



UNSCEAR

UNITED NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF ATOMIC
RADIATION

Pravidelné reporty o efektech radiacnich katastrof apod.



Epidemiologické studie
zpravé UNSCEAR* 2001 a novéjsi

OBECNY ZAVER: objem dat se od pfedchozich zprav (napi. UNSCEAR
1994) rozsitil, zejména pribyly dalsi pfipady z HiroSimy a Nagasaki

Odhad ¢ini : 421 dodate¢nych umrti nasledky ozareni
(334 na solidni nadory, 87 na leukémii).

« VySSi statisticka presnost umoznila trochu upresnit také zavéery o zavislostech davka-ucinek
UZ(ED). Vysledky studii ukazuji, ze data jsou konzistentni s:

* linearnimi (solidni nadory) nebo linearné-kvadratickymi (leukémie) (pristi slide)

také ucCinén zaver, ze epidemiologicka data sama o sobe neumozni odpovédét na otazku, zda
existuje prahova davka v UZ(ED) zavislosti; UZ(ED) data pro leukémii jsou konzistentni
s existenci prahu v oblasti malych davek zareni.

v’ &b &l

Byl potvrzen zavér drivéjSi zpravy o ucinku vnitrniho ozareni deéti radioaktivhim jodem
a vznikem rakoviny stitné zlazy (Cernobyl). Odhad rizika je vsak komplikovan nedostateCne
urcenou davkou. Také vysledky dalSich studii z uzemi byvalého Sovétského svazu (Majak, reka
TeCa) jsou nedostatecné pro upresneni UZ(ED) zavislosti.



Stochastické uc€inky zareni na organismy

Solidni tumory Hirosi ma, Leukmie
ooy Nagasaki
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Davkové zavislosti incidence solidnich nadoru u obyvatel Davkové zavislosti incidence leukémii u obyvatel HiroSimy a Nagasaki. Pro
HiroSimy a Nagasaki. Pro malé davky je vidét, zZe malé davky je vidét, Ze experimentalni data odpovidaji spise linearné-
experimentalni data jsou v souladu s linearni zavislosti. kvadratické zavislosti nebo zavislosti s prahem do zhruba 0.2 Sv.

Epidemiologicke studie jsou pro radiacni ochranu velmi cenné, avSak neumoznuji stanovit presné riziko pro velmi
nizké davky 1Z (pod 20 cSv) vzhledem k vysoké spontanni incidenci TU a nizké statistické spolehlivosti zavéru.



KATASTROFA V CERNOBYLSKE JADERNE ELEKTRARNE




Co se stalo: test bezpecnosti se zmenll
v bezprecedentni experiment koncici tragedii

* Premisa celé tragédie: Elektrarny, a jaderné zejména, vyzaduji pro svUlj provoz elektfinu —
mj. pro chlazeni reaktoru, a to i po jeho odstaveni (zastaveni retézové). | v odstaveném
reaktoru totiz velmi dlouho zUstava znaény tepelny vykon (Udaje na obr. jsou pro Cernobyl
a FukusSimu)
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Cernobylsky ,experiment’

Na zacatku vSseho byl ,banalni“ test, jez mél prokazat
schopnost turbin dodavat setrvacnym dobéhem
elektrinu pro Cerpadla havarijniho chlazeni reaktoru
v pripadé blackoutu, do doby nez nabéhnou zalozni
agregaty (to tehdy trvalo asi minutu)

Test mél byt proveden jiz pred zahajenim ostrého
provozu elektrarny, ale spéchalo se... Vyuzilo se tedy
planovaného odstaveni 4. bloku pro revizi

Test byl pojiman jednoznacné jako elektricka zalezitost,
nevyznamna z hlediska jaderné bezpecnosti. Z tohoto
duivodu bylo fizeni experimentu provadéno specialisty
na oblast elektro.

Béhem testu ovsem doslo ke koincidenci nestastnych
udalosti, politické situace, technickych nedokonalosti
a zavazného poruseni bezpecénostnich predpisu

Relevantni Murphyho zakony:
¢ Co se nemUzZe pokazit, to se taky pokazi.
4 Priroda nadrzuje skrytym vadam.

¢ Nic neni tak jednoduché, jak se to
na prvni pohled zda

4 Neexistuje tak snadny ukol, ze
bychom to nemohli pokazit.




Havarie by patrné nenastala, kdyby nedoslo
alespon k jedné z nepredvidatelnych okolnosti
nebo jednomu z umyslnych poruseni
bezpecnostnich predpisu

(priroda ovsem nehraje nejen v kostky, ale ani na
kdyby...)



CERNOBYL - REAKTOR

Reaktor RBMK-1000 (MeV): varny reaktor (jako ve o
Fukushime a podobny tomu v Jaslovskych Bohunicich, &5
jiny nez v Temeliné)

Chlazeny vodou a moderovany grafitem

»Zvetseny” model vojenskeho reaktoru urceného
k produkci plutonia pro atomové zbraneée

Davod: SSSR nutné potreboval elektfinu a neumél
vyrobit slozitéjsi reaktory

Navic nékolik vyhod: B e
Moderovany grafitem: stacil jen malo obohaceny uran

Kanalkovy reaktor: Ize prubézné vymeénovat palivové
soubory

vyhodné pro odebirani plutonia v nejlepsi fazi procesu

Dokazal dodavat dlouhodobeé energii pri nizsim
provoznim vykonu a umoznoval rychlou regulaci

Varny reaktor: jednookruhovy system (tedy bez
parogeneratoru), konstrukéne jednodussi

Graphibe
maderatar

Fuelrods

Pump
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RBMK vsak trpel | zavaznymi m
problemy

* Kladna zpétna vazba pfi urcitych provoznich podminkach (s rlistem
teploty roste reaktivita) — moderovany grafitem 4 o

o} D)
* Pomalé spousténi havarijnich tyci R % S

g

600~

500

al elevation (emj fram bottom

B = Bgron carblde absarber

* Konce havarijnich tyci (grafit) navic zvySovaly moderaci (reaktivita roste, S

FIGURE 1
AXIAL FLUX DISTRIBUTION PRECEDING ACCIDENT

nezZ se tyCe zasunou celé). Tento efekt byl na jedné z elektraren s RBMK
pozorovan jiz v roce 1983, byl ale bohuzel ,zapomenut”. V Cernobylu se
pak zrejmeé vyznamné podepsal na vzniklé havarii.

* Nestabilni pri rychlych zménach vykonu a pfi velmi nizkych vykonech,
nestabilni rozlozeni vykonu v aktivni zoné

» velké mnozstvi tepelné energie akumulované v grafitu
* Nemél kontainment

* Slo vypnout bezpeénostni systémy




Problém C. 1 — socialisticke plneni
zavaz
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Smeéna pripravena na test zacala 25.4. v 1h rano postupné snizovat vykon reaktoru na
pozadovanou uroven; ve 13:05 bylo dosazeno 50% tepel. Vykonu a odpojena jedna turbina

Dohanéné socialistického planu pred 1. Majem, kyjevsky dispecer zakazal pokracovat ve
snizovani vykonu (zastaveno na 9h)

Povoleno az ve 23 h, tedy jiz po vymeéné smeéen — test byla nucena provadét nepripravena
Smena

Reaktor navic uz dlouho bézel na nizky vykon = Xenonova otrava



ée rnObyISky ,EXPe rimentykon reaktoru v pribéhu experimentu

~«—— APRIL25 | APRIL 26 —»
Opétovné snizovani vykonu bylo |

zahajeno ve 23:00 hod., pficemz o 0100 OPERATORS BEGIN

doslo k dalsi neplanované a |

|
neobvyklé udalosti:

|
14:00 POWER DESCENT

— T

s /7 s vs/v 0? 9 OP R TO
vykon z ne zcela zndmych pfi¢in £ SELAVED FLEs 3 HOUns BEYOND ALLOWABLE LIS 1D
REACH 200 MWth
.« evvys = ECCS DISCONNECTED
prudce klesl pod nejnizsi . | i
;. v w | 01:19 OPERATORS BLOCK
povolenou provozni uroven 700 3 REACTOR TRIP SIGNALS
. — - 1600 ON STEAM SEPARATOR
MW, tez stanovenou pro tc 13:00 TG #7 BENCL AN SURE
s Jv 7 . = DISCONNECTED OPERATOR
provadény experiment. S 300 MW tepelnych ﬁi—s‘ﬁ’éﬁﬂ‘ﬁ
. 7 v 7 A l‘
roli hrala patrné xenonova = = oo
, - 23:10 POWER S/
otrava, pochybeni obsluhy, ... © DESCENT RESUMED / |
zaroven doslo k redukci mnozstvi = _/ !
7 /v v 7 . 2_-28 OP R O S
pary a zvyseni podilu kapaliny éwrrcHEofFTquAL | Opwmﬁs i
(tedy absorbéru neutront), co? e B | ADDITIONAL COOLANT
() . FLOW LIMIT
zpusobilo pokles v rychlosti | VIOLATED
stépeni a tim pokles vykonu az na THUE st

(not to scale)

uroven 30 MW

Figure 4.1 Chronology of the accident at the Chermobyl Nuclear
Power Station (not to scale)



ée rnObyISky ,EXPe rimentykon reaktoru v pribéhu experimentu

* V rozporu se striktnim
zakazem opétovného
zvysovani vykonu po
prekrocCeni této kriticke
hranice byl proveden pokus
vykon opét zvysit

* To bylo mozné jen
manualnim vytazenim vsech
kontrolnich tyci (opét proti
predpisum).

* Tim si ale obsluha
minimalizovala regulacni
potencial reaktoru

e ZvySeny tok neutronu zacal
rozkladat nahromadény Xe

—_—T

REACTOR POWER LEVEL, MWt

-#———— APRIL 25 l APRIL 26 ———»

[ ]
01:00 OPERATORS BEGIN
“/__Powen DESCENTI

|
14:00 POWER DESCENT
DELAYED FOR 9 HOURS K"“ 01:19 OPERATORS PULL RODS

3200

BEYOND ALLOWABLE LIMITS TO
BY LOAD DISPATCHER
ECCS DISCONNECTED REACH 200 MWih

01:19 OPERATORS BLOCK
REACTOR TRIFP SIGNALS
ON STEAM SEPARATOR
LEVEL AND PRESSURE

800 MW tepelnych ' T O/S CONNECTS

7 7] REACTOR TRIP

/s SR T
23:10 POWER A \ \

|
DESCENT RESUMED |
200 1 l
12:28 OPERATORS \_
SWITCH OFF LOCAL
30 | AUTOMATIC CONTROL I OPERATORS START 2

1600

13:00 TG #7
DISCONNECTED

ADDITIONAL COOLANT
PUMPS. FLOW LIMITS
VIOLATED

TIME —p
(not to scale)

Figure 4.1 Chronology of the accident at the Chermobyl Nuclear
Power Station (not to scale)



ée rnObyISky ,EXPe rimentykon reaktoru v pribéhu experimentu

Podle programu experimentu
pripojila obsluha 26. 4. v 1:03
hod. av 1:07 hod. zalozni
cirkulacni cerpadla, ¢imz
vzhledem k nizké vykonové
hladiné zpUsobila zvyseni
celkového prutoku chladiva
reaktorem nad dovolené
hodnoty. Takovy provozni
rezim predpisy opét
zakazovaly, a to prave z
dlivodu mozného vzniku
nestabilit, ke kterym skutecné
doslo..

— T

REACTOR POWER LEVEL, MWt

3200

-#———— APRIL 25 l APRIL 26 ———»

01:00 OPERATORS BEGIN
“/ﬁpowen DESCENTI

|
14:00 POWER DESCENT
DELAYED FOR 9 HOURS
BY LOAD DISPATCHER
ECCS DISCCI)NNECTED

01:19 OPERATORS PULL RODS
BEYOND ALLOWABLE LIMITS TO
REACH 200 MWth

01:19 OPERATORS BLOCK
REACTOR TRIP SIGNALS
1600 ON STEAM SEPARATOR
13:00 TG #7 LEVEL AND PRESSURE
DISCONNECTED T —
800 MW tepelnych D.‘SCONNECTS
! REACTOR H:?Em
un 1o
23:10 POWER / :
DESCENT RESUMED |
200 1
12:28 OPERATORS |
SWITCH OFF LOCAL
30 | AUTOMATIC CONTROL | gg%ﬁﬁé?vﬁ AL
PUMPS. FLOW LIMITS
| VIOLATED
TIME ————
(not to scale)
Figure 4.1 Chronology of the accident at the Chermobyl Nuclear

Power Station (not to scale)




ée rnObyISky ,EXPe rimentykon reaktoru v pribéhu experimentu

Rozhodujici okamzik nastal
26.4. 1986 V 1:23:04 hod., kdy byl
odstaven zbyvajici pracujici
turbogenerator.

- rUstu tlaku pary za
soucasného poklesu
prutoku chladiva
reaktorem.

-2 rUst vykonu reaktoru vlivem
kladné zpétné vazby
reaktivity

= ,vypaleni“ Xe = dalsi rlst

— operator v 1:23:40 h spustil
rucné havarijni ochranu.
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Figure 4.1 Chronology of the accident at the Chermobyl Nuclear

Power Station (not to scale)



ée rnObyISky ,EXPe rimentykon reaktoru v pribéhu experimentu

Tento zasah vsak prisel uz
pozde,
— pomalé zasouvani

havarijnich absorbcnich tyci

pri volném padu.

— Dalsi zvyseni vykonu diky
nevhodnému designu
havarijnich tyci (grafitovy
nastavec) = posledni kapka
v mori neblahych udalosti

— Pozdé pfrisly i automatické
signaly na ochranu reaktoru
pred prekrocenim vykonu a
rychlosti jeho rastu.
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Figure 4.1
Power Station (not to scale)

Chronology of the accident at the Chermobyl Nuclear



ée rnObyISky ,,eXDe riment‘y"kon reaktoru v prubéhu experimentu

- Vlypoctové bylo odhadnuto,
ze béhem asi 4 vterin po
okamziku 1:23:40 hod.
dosahl vykon reaktoru asi
stonasobek nominalni
hodnoty.
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Chronology of the accident at the Chernobyl Nuclear



Critical Final Stages Leading to the Explosion

5. Poawar surgas
1. With the axtremely low powear lavel, to 100 times the
¥enon bulkds up In the fuel rods, Fuel normal aperating
“rolsoning” the reacion by absorbing
neutrans. To ged the reaction lavel to
rize, the controd rods were almaost
complatsly wilhdrawn.

2. When the turbine
wa3 switched off to
start e test, the
rumber of feasdwaler
pumps dropped rom
eagil to four. Less
pumpng caussd
haating and siaam
vokis in the cooling
watar. Absarhing
fawar nauirons,
these volds causad
the reaction rake to
rise repicly. Cooling
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- 2x parni exploze (nebo 1 parni + 1 vodikova), nikoli tedy jaderna exploze!”)
1500-2000 t kryt odhozen

Hofrici grafit a palivo (2. exploze) rozmetany do okoli

+ obrovsky unik radioaktivity (reaktor 10%° — 10%° Bq, celkova radioaktivita zemské
kiry U 1023 — 1024, Th 10%3 — 10%4; pfi vybuchu unik 10> Bq!!)

retézova reakce se zastavila (opak imploze u atomovych zbrani)



PROC?

e Reaktor trpel urcitymi nebezpecnymi nedokonalostmi
* Operatori neznali tato rizika

¢ Kdyz vsechno zklame, je treba precist si navod.

* (tajeno, byl to ,vojensky reaktor” a horka oblast znalosti ve studené
valce)

e Poruseni rady bezpecnostnich pravidel

e vypnuti celého rfady bezpecnostnich systému, aby bylo mozné
dostatecné snizit vykon...

* NezkuSena smeéna, nocni sména (oslavy 1. Maje, Kyjev ve dne
potreboval elektfinu a na Ukrajiné byl tehdy velky nedostatek

elektriny)

¢ Zadny experiment nelze povaZovat za naprosty nezdar — vidy mize konkrétné
poslouzit jako varovny priklad.”



LOKALNI NASLEDKY EXPLO:
A EXPOZICE LIKVIDATORU

* Nutno vycistit strechy od grafitu — nejprve
zkouseli pomoci robotu, ti ale nevydrzeli
radioaktivitu

* VVojaci (zalozaci) poslani likvidovat kusy silné
radioaktivnich kusu grafitu a dalSich materialu .
ze strechy — pobyt na streSe mozny max. vrfadu T\ e
desitek sekund az minut, méli olovéné zastéry Lidh
ale nic moc ochrana

* | tak NoZ (nejvyssi davky kromé prvnich
zasahujicich hasicu) - umrti ¢asti likvidatoru




GLOBALNI NASLEDKY
EXPLOZE

* v prubéhu prvniho dne
probéhlo asi 25 %
z celkového uUniku,

* zbyvajici unik mél formu
dlouhodobého déje
trvajiciho pres 9 dni
(horici grafit vytahoval
radioaktivni prvky
kominovym efektem do
atmosféry).




The radioactive gases
and particles released
in the accident were
initially carried by the
wind in westerly and
northerly directions. On
subsequent days, the
winds came from all
directions. The
deposition of
radionuclides was
governed primarily by
precipitation occurring
during the passage of
the radioactive cloud,
leading to a complex
and variable exposure
pattern throughout the
affected region, and to a
lesser extent, the rest of
Europe.
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Sifeni radioaktivniho mraku nad Evropou




* Hlavneé
° 131|
V4

° 134CS
° 137CS

° 131|

kratky T, ,, — 8 dni, ale
blogennl rad|onukI|d
(vysoky prijem v
kontaminovaném
mléce 2 déti 2
Stitna zlaza)

° 137CS

30,4 roku,
bI02|0gICky polocas je
14 dni; hromadi se ve
svalech

Unik [Bq] Cernobyl Fukushima
Xe-133 6,5E+18 1,1IE+19
I-131 1,8E+18 1,6E+17
Cs-134 5,4E+16 1,8E+16
Cs-137 8,5E+16 1,5E+16
Te-132 1,2E+18 7,6E+14
Sr-89 1.2E+17 2,0E+15
Sr-90 1,0E+16

Ba-140 2,4E+17 3,2E+15
lidsky faktor |selhal absolutormum
technologie rizikova vyspela




Tretina kanct v saskych lesich je tak radioaktivni, Ze nesmi na talir
Na Sumavé ziji radioaktivni divo¢aci, mize za to houba jelenka

Radioaktivni kanci Ziji i v Cesku. Lidé se ale bat nemusi, fika expert

[5]

ation of Chernobyl's radiation.

137Cs:
fyzikalni polocas 30 let
biologicky polocas 13 dni

hlavnim zdrojem
radioaktivity je podzemni
houba jelenka obecna
(kontaminovana
cernobylskym spadem,
hlavné v oblastech, kde
zrovna prselo)

EU limit: 600 becquerelll na kilogram masa, néktera kusy prekrocily hodnotu az 10x



Primeé obéti — deterministické + neradiacn
ujmy

_\

e 2 pracovnici smrt ihned (jedno télo doposud |
nenalezeno)

* 134 potvrzenych pripadi NzO

e 28 zahynulo v nasledujicich dnech
* 19 pozdéji (do 2 tydnu)

* 4 |etci pri havarii vrtulniku

* Predpoklad +3 potapeci (nakonec prezili)
(nutné otevrit ventily v silné radioaktivni vodé; nahromadéni
vody pod reaktorem nasledkem snah o jeho chlazeni, pokud
by se masa reaktoru protavila, reakci s vodou by doslo k dalsi
explozi a to by situaci znacné zhorsilo 2 opét ale pozor, iv
,serioznich FoFadech se nekdy mluvi o riziku ,,obrovske
jaderné exploze®, ktera by znicila Evropy — TO ALE
ROZHODNE NEHROZILO!)




Average effective doses
26 April 1986, zprava UNSCEAR 2006

Summary of average accumulated doses to affected populations from
Chernobyl fallourt

Average dose

Population category Num ber _
imsv)
/ néktefi
Liquidators (1986-1989) 600 000 ~1{I{I\1 -1 Oky Sv
Evacuees from highly-contaminated zone (1986) 116 000 33
Residents of “strict-control” zones (1986-2005) 270 000 =50 —
Residents of other ‘contaminated’ areas ( 19836-2005) 5 000 000 10-20

= 2

zhruba odpovida RDG zaludku nebo v
panoramatickému snimku zub( (az 60 mSv) limitni hodnota za rok pro radiacniho pracovnika




LIKVKVIDACE

10 dni Unik radioaktivity nez se povedlo tomu zamezit (5 % radioaktivni masy reaktoru; 108 Bq)
Poté dekontaminace (200 000 likvidatoru; 10 % davka >250 mSy, nékteri ale >1 000 mSv)

250 mSv — limit ozareni pro pracovniky v kritickych situacich; 100 mSv/5 let — limit pro
pracovisté s IZ

Kosmonauti na ISS — 100ky (200-300) mSv — v zavislosti na dobé pobytu a aktivité Slunce)
Let na Mars: ocekavani 2 Sy, ale v cca. 2 letech

Ale: zalezi zde vyrazné na davkovém prikonu — jako pri opalovani (hasici a prvni zachranari: 2000
mSv =2 NzO, >4000 az >6000 mSv — bez Sance na preziti)

Do 1 roku postaven provizorni sarkofag
(celkové 530 000 likvidatord; stredni hodnota davky pozdéjsich likvidatort 113 mSv)




CERNOBYLSKA

HAVARIE 26 Apri

1986, zprava UNSCEAR
2001, 2006

Prumeérna davka za

prvni rok po nehodé
mimo Rusko, Bélorusko a
Ukrajinu: <1 mSv

(s progresivnim poklesem
v dalSich letech)

Celozivotni davka:

cca. 2 — 5x davka z prvniho
roku. Porovnatelné s rocni
davkou z radiacniho pozati

bylské havarii

Cerno

davky rok po

cni

u

dia

seni priimeérné ra
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V kontaminovanych oblastech byl zaznamenan zretelny
narust pripadu rakoviny stitné zlazy

- 131)

Incidence, per 100 D0
£
|

14985 1985 1980 1902 1904 1908 1908 2000 2002
Years

FIG. 3. Incidence rate of thyroid cancer in children and adolescents exposed to "1 ax a result of
the Chemaobyl accident (after Jacob et al | 2005)

The Chernobyl Forum: 2003-2005



Nasledky cernobylske havarie —
ostatni typy rakovin a leukemie

ve skupineé likvidatort (>150 mSv) v letech mezi 1986 a 1996 asi dvojnasobny
vyskyt leukémii oproti kontrolnim skupinam (+ katarakta)

pro ostatni obyvatelstvo je narust leukémii neprukazny. Je mozné ze se vysledky s
postupem Casu podari upresnit, avsak vzhledem k poklesu rizika vzniku radiacné
vyvolanych leukémii nekolik dekad po ozareni je dalsi zvyseni incidence
nepravdépodobné

u ostatnich typu solidnich nadort (kromé nadoru stitné zlazy) jsou zavéry vzhledem
k minimalnim obdrzenym davkam a rozdilim mezi sledovanymi skupinami téz
statisticky neprtkazné

Nicméné, vzhledem k pomalejsimu vyvoji solidnich nadort (10-15 let oproti
leukémiim) nelze zvyseni incidence téchto pripadu jesté vyloudit

Nutno vSak poznamenat, ze narUst rakoviny i Umrtnosti byl v RF/Ukrainé/Bélorusku
pozorovan jiz pred cernobylskou havarii. Navic vyssi zachyt nasledkem cileného
sledovani ozarenych osob



Naruseni plodnosti a geneticke defekty nasledkem
Cernobylské havarie — nebyly prokazany

—
i

Obecné odhad cca. 0.3-0.5% risk/Sv oxfcelizination

- t: ] navyseni genetickych defektl u potomstva /\M_ ==
% ,| ozafené populace (UNSCEAR 2018) L
%‘ ij ;.--*__* _r-:-_—-"f{f high contamination
¥ 7 I g
_ﬁ % ____..--—.a-"'f H""H-.f’f-/r
N
iy

a : ] : . .

198X 1984 1988 (956 1987 1938 1950 149%8 (19%) 199} 198 9% (%94 [94& 1997 (948 (9%
| —=— oblgsts wihi high rsdiooechds comamination  —=— oblases with ow radioeuclbe costpmination |

FIG. 4. Prevalence art birth of congenital malformations in 4 ablaxts of Belarus with high and low
fevels of radionuclide contamination (Lasyuk et | 1900

urCity narust kongenitalnich malformaci byl pozorovan jak v zamorenych tak nezamorenych
oblastech — nejedna se proto o nasledek ozareni, ale patrné lepsi registrace pripad



Prokazany nasledek cernobylské havarie — Rakovina
stitné zlazy

 Jeden z hlavnich polutant(: *3*I

* '3 hral dlleZitou Ulohu zejména v nékolika prvnich mésicich po havarii (T,,, = 8 d)

* Jedna se biogenni radionuklid (nahrazuje v organismu bézny jéd, jelikoz
organismus nema zadné prostredky k rozpoznani radioaktivniho isotopu — v tom
praveé spociva jeho nebezpecnost)

e Stitna 7laza v rdmci svého metabolismu vychytava jod z krevniho ob&hu —
radioaktivni 1311, ktery se do téla dostal inhalaci nebo prostfednictvim
kontaminované stravy, se tak akumuluje ve stitné zlaze, coz vede k vyznamnému
ozareni tohoto organu

* zejména mléko obsahuje velké mnozstvi radioaktivniho jédu = Nejcitlivéjsi
skupinou jsou déti — piti mléka + vyssi citlivost k 1Z obecné, scitani davek z vnitrni
kontaminace béhem celého zZivota a dalSi faktory — da se proto i nadale
predpokladat nardst pripadd rakoviny stitné zlazy nadsledkem havarie

» Stitna zlaza je navic jednim z nejcitlivéjsich organt vzhledem ke stochastickym Géinkdim 1Z

« Stitna 7laza tedy mGze byt i pFes relativné nizkou okolni kontaminaci ozafena dostateé¢né vysokou davkou
vedouci ke vzniku rakoviny



CITLIVOST BUNEK K 1Z — Stochastické
ucinky

2. plice
3. Zaludek a streva (u Zaludku se donedavna myslelo, ze je vysoce odolny)

e VELMI CITLIVE

1. mlécna zldza (uvazuje se o jejim prerazeni do prvni skupiny — prehodnoceni
strategie mammografickych vysetreni. Mnoho vysetrovanych pacientech
navic nese mutaci v genu BRCA1 nebo BRCA?2, jejichz produkty jsou dulezité
pro reparaci poskozeni DNA — tato skuteCnost v kombinaci s mammografii
muze teoreticky dale zvySovat riziko vyvoje nadoru

2. stitna zlaza

« ODOLNE
1. svaly a nervova tkan

2. ocni ¢ocka (100% odolnost, doposud nebyl zaznamendan zadny pripad
rakoviny ¢ocky)



CERNOBYLSKA HAVARIE
26. brezen1986, zprava UNSCEAR 2006

* CONCLUSIONS.

* ... Some of the people who dealt with the emergency lost their lives. Although those exposed as children and the
emergency and recovery workers are at increased risk of radiation-induced effects, the vast majority of the population
need not live in fear of serious health consequences due to the radiation from the Chernobyl accident. For the most part,
they were exposed to radiation levels comparable to or a few times higher than the natural background levels, and
future exposures continue to slowly diminish as the radionuclides decay... from the radiological point of view, generally
positive prospects for the future health of most individuals should prevail.

The Chernobyl Forum: 2003-2005

Because of the relatively low dose levels to which the populations of the Chernobyl affected regions were exposed, there is no
evidence or any likelihood of observing decreased fertility among males or females in the general population as a direct result
of radiation exposure. These doses are also unlikely to have any major effect on the number of stillbirths, adverse
pregnancy outcomes or delivery complications or the overall health of children. Birth rates may be lower in
‘contaminated’ areas because of concern about having children (this issue is obscured by the very high rate of medical
abortions) and the fact that many younger people have moved away. No discernable increase in hereditary effects caused
by radiation is expected based on the low risk coefficients estimated by UNSCEAR (2001) or in previous reports on
Chernobyl health effects. Since 2000, there has been no new evidence provided to change this conclusion. There has been a
modest but steady increase in reported congenital malformations in both ‘contaminated’ and ‘uncontaminated’ areas of
Belarus since 1986; see Fig. 4. This does not appear to be radiation-related and may be the result of increased registration.




KATASTROFA V CERNOBYLSKE JADERNE ELEKTRARNE

26. dubna 1986

JAK NAS INFORMOVALA MEDIA

Havarie reakto
MOSKVA — Rada ministed SSS5R vEara
oznamila, %8 na Cernobylské jadernd alek.
trarnd dosle k havdril, pbi ni2 byl podko.
200 Joden z reaktord. Jsou podnikdny keo.
Ky K odsirandénl nésledkd a postilenym je
poskytiovdna pomoc. Byia yyivoFans viédni
komise. Havirle v Cernobylskd faderns
elekirdrné fa prvnf havdrll tohoto druho v
535K, V- jinfch zemich do¥lo ¥ podobnfm
incldentlm nejednou.* Podle® adajd spole-
censké organizace Kritickd masa bylo m).

¥ USA jen v roce 1979 zaznamendng 23
hovarli, porach s jinvch z4vad. T

— =



OCHRANA PRED 1Z

ROZDELENIi ZDROJU 1Z

« PRIRODNI ZDROJE . UMELE ZDROJE
) Kosmic,kélzvéfelnio "’152/° « Zdravotnictvi ~93% ze vSech
’ ZemSke,Zf‘reV”'( K} TR umélych zdrojt, primér = 0,6-1
* Potravni retezec + vnitrni ozareni mSv/rok

(4OK, 14c) ~7%

« RADON « Jaderna enerqetikav~1 %
~48% — celkova zatéz z Cernobylu
* X =~87% celkové davky za rok ~ prc? CB ~’3m§vv ]
2,4 mSv/rok (v CR ~ 3,4 mSv/rok * Profesionalni ozareni ~2%
« Radioaktivni spad (nasledkem
testu atomovych zbrani) ~2%

« Ruzné dalSi zdroje ~2%

Nejvetsi podil na absorbovanych davkach maji prirodni
zdroje (zejména RADON), z umélych zdroju nejvétsi zatez
predstavuje ZDRAVOTNICTVI




DAVKY PRO OBYVATELSTVO Z JADERNYCH KATASTROF VSAK STALE JEN
MINIMALNIi VE SROVNANI S PRIROZENYM POZADIM

Rozdéleni davek obyvatelstvu

prodni
radiormaklidy +

téle clowveka
2%

(z toho wpusti JEZ.. 0.04 %)



»1 000 MSv

100 mMSv

10 mSv
1 mSy

0,1 mMSv
0,01 mMSv

0,001 MSv

Davka uZivanav radioterapii

Davka kosmonauta
(4 mésice)

CT bficha

Pracovnik v jaderném pramyslu
(1 rok)

Snimek hrudniku nebo let (2o hodin)

Snimek zubu

Para ofechy (30g)




Pripomenuti primérné ozareni ¢lovéka prirodnimi zdroji 2,4 mS/rok
(rozmezi 1 — 10 mS/rok)

Zakladni limity: béZny clovék 1 mSv/rok
(nad pozadim)  pracovnik se zafenim 50 mSv/rok

e

Jaké ozareni prinaseji riizné bézné Cinnosti:

RTG vySetreni plic 0,04 — 0,4 mSv
CT (pocitacova tomografie) 7 mSv
Jeden 7 hodinovy let 0,05 mSv
Posadky civilnich letadel ro¢né 2 -3 mSv

Skylab 4 za 4 mésice (440 km): 178 mSv (denné 1,5 mSv)
CESTA NA MARS cca. 2 Gy/2 roky R — |
Havarie v Cernobylu: =

Bezprostredni ucastnici: i nékolik Sv

Hodnota pro pozdéjsi likvidatory:
stfedni 100 mSv maximum 500 mSv

Evakuované obyvatelstvo 0,1 — 380 mSv



 Jednotky : pLSv |

e —a

Priklady nékterych expozic ionizujicimu zareni
véetné limita platnych v CR

Expozice
(micro sievert - |LSv)

200 000

200 000 LSvirok
< Limit pro zasahujici osoby
(osobni davkovy ekvivalent)

cca. 10 000 LSvirok

Plaze Guarapari,
Brazilie

e s

3 200 pSvirck Vesmir  Potraviny | |
290 gy

" . . 390
Pfirodni ozareni /_/'
na osobu za rok 2 ‘ .! f
L pla)
vCR - !

100 000

100 000 LLSvIG let
50000 pSvirok

50 000
Limity pro radiaéni pracovniky

10 000

_ 6 900 pLSvitomografie
%l CT -snimek hrudniku

Zemeé Radon
\  sop  (ve vzduchu) |
200 /

600 LLSvivysetfeni @
RTG skiaskopicke o
vySetfeni bficha 5’ }5

1 000 pSvirok

Obecny limit ozafeni obyvatelstva
{mimo lékaiské ozafeni a ozafeni

z prirodnich zdrojii)

46 LSvirok - JE Dukovany
cca 200 LLSvilet .y —p PI' | | 43 WSvirok = JE Temelin
Let Tokyo - New York - Tokyo g ~—=. Autorizovany limit pro ozafeni z
(expozice je riizna pro riizné == yypusti jadernych elektraren
wisky letu)
i 20 WwSvisnimek
0,14 pSvih

J . .
4 : RTG shimek hrudniku

Primérny davkovy pfikon (CR)



Polet amrti

Cinnost na I milion
obyvatel za rok
Dobrovolna rizika
Koufeni (20 cigaret denné) 5 000
Piti (jedna lahev vina denné) 75
Jizda na motocyklu 20 000
Automobilové zavody 1 200
Horolezectvi 140
Rizeni automobilu 170
PouZivani antikoncepénich prlulek 20
Nedobrovolna rizika
Piejeti automobilem (Velka Britanie) 60
Povodné (USA) 2.2
Zemétfeseni (Kahforme) 1,7
Tornidda (stfedni zapad USA) 2,2
Boufe (USA) 0.8
Pfirodni katastrofy celkem I
ZFiceni letadla (Velka Britanie) 0,02
Vybuch tlakovych nadob (USA) 0,05
Unik z jadernych elektriren (na hranici pozemku elektramy -USA) 0,1
Emise oxidu sifi¢itého 3
Protrzeni hrizi (Holandsko) 0,1
Chfipka 200

1 mSv = 30 cigaret =
5000 km autem v
bézném provozu

Tab.2 Pfistup radiacni ochrany k oznaceni rizika
pii ozareni malymi davkami

Velikost efektivni davky Riziko

niZ8i neZ 0,1 mSv zanedbatelné
0,1 mSv-1mSv minimalni
TmSv- 10 mSy velmi nizké
10 mSv - 100 mSv nizké

Tabulka I: Dobrovelna a vaucend rizika




KATASTROFA JADERNE ELEKTRARNY
VE FUKUSHIMEn 2011 - 5. viroti

* Silné zemétreseni (8.9, 7, 6.6) + obfi tsunami

* >19 000 lidi zemrelo

* Havarie v JE Fukishima-1

* Pres 150 000 obyvatel evakuovano

* prozatim nebyla potvrzena zZadna umrti nebo nemoci
zpUusobené ozarenim

* Vice nez 1000 evakuovanych obyvatel zemrelo na nasledky
samotné evakuace, at jiz kvlli pokrocilému véku, nebo z
dlvodu chronickych onemocnéni

* http://euroradio.fm/en/report/earthquake-and-tsunami-
destroyed-fukushima-1-npp-japan-1-year-ago-101937




AVeImi tézka havarie
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Accident

+ Minor release of radioactive material unlikely to = Fuel melt or damage to fuel resulting in more than 0.1% release

Accident result in implementation of planned of core inventory.
1 mﬂ“ countermeasures other than local food controls. « Release of significant quantities of radicactive material within an

* At least one death from radiation. installation with a high probability of significant public exposure.

= Exposure in excess of ten times the statutory * Mear-accident at a nuclear power plant with no
annual limit for workers. safety provisions remaining.
* Non-lethal deterministic health effect. * Lost or stolen highly radioactive sealed source.
3 Serious Incident * Exposure rates of > 15v/h in an operating area, * Severe contamination in an area not expected by
* Misdelivered highly radioactive sealed source design, with a low probability of significant public
without adeguate procedures in place to handle it.  exposure.

* Exposure of a member of the public > 10mSv. * Significant failures in safety provisions but with no

+ Radiation levels in an operating area > 50 mSv/h. actual consequences.

» Significant contamination within the facility into = Exposure of a worker in excess of the statutory annual
an area not expected by design, limits.

+ Inadeguate packaging of a highly radicactive = Found highly radicactive sealed orphan source, device
sealed source. or transport package with safety prowisions intact.

Incident

2 Incident




GLOBAL NUCLEAR INCIDENTS SINCE 1956 COUNTRY

Year - Location - Scale

BRITAIN
2005 Sellafield 3 .
1958 Chalk River 5 SWEDEN e . g 1957 Kyshlym 6 2011 Fukushima 7
0 2006 Forsmark 2~ & % 1993 Tomsk 4 1999 Tokaimura 4
U.S.A, - 1_:" <« UKRAINE 1981 Tsuraga 2 :
1979 Three Mile Island5 ~ FRANCE 1986 Chernobyl 7 1999 Ishikawa 2 @
1980 St Laurent des Eaux 4
1993 Cadarache 2 TURKEY
SPAIN 1999 Ikitelli 3
1988 Vandellos 3 SLOVAKIA :
BELGIUM 1977 Jaslovske Bohunice 4
2006 Fleurus 4 HUNGARY
E‘ﬂﬂﬂ 5
BERAZIL
gPicoEn.: 5 INES SCALE*
PERU r :
- _ 7 Major
1989 Yanangio 3 .
J Ac-r:idenli 6 B Serious
|5 W with wider consequences
L 41 With local consequences
- ARGENTINA 3  Serigus incident
20046 Atucha 2 Inci " Internalional Nuclear and
2 ncident Y
Radialogical Event Scala
Sowrce: Inlernational 18 Anomaly

Atomic Energy Agency LY REUTERS



Rating nuclear danger
Selected events, INES® scale, 7=maximum

Level Place Year

Incident

Chernobyl, Ukraine 1986

Three Mile Island, 1979

United States
" Goiania, BrazilL 1987
&  Tokaimura, Japan 1999

'3 Sellafield, Britsin 2005 O

---------------------------------------------------------

Gravelines, France 2009

#n 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 history

Following an earthquake and a tsunami, a series of partial core
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

A failed cooling system caused an explosion that destroyed a tank
containing 70-80 tonnes of liquid radioactive waste at a waste-
reprocessing plant. Current best estimates suggest that more than
10,000 people received significant doses of radiation

The core of a reactor at Windscale in Cumbria
(now called Sellafield) caught fire; the plume of smoke deposited
radiation across the surrounding countryside and parts of Europe

A stuck valve led to a partial core meltdown at a Pennsylvania
nuclear power plant. Despite the severity of the accident,
comparatively little radiation was released

Thieves stole a canister of highly radioactive caesium chloride used
in nuclear medicine from an abandoned hospital, It ended up in a
scrapyard, exposing many people to high doses. Four subsequently
died from radiation sickness

Muclear workers were preparing a batch of fuel for an experimental
reactor. Fuel stored in a tank accidentally reached "critical mass”,
began undergoing nuclear reactions and emitted enough radiation
to hll two wurl:ers

Eh.'er EII] tunnes Dfnuclear fueL d'IE-SDL"u"Ed in n1tnc afll:l leaked I"mm
a pipe at a nuclear reprocessing plant, on the same site as the 1957
WmdscaLe ﬁre None made it out into the mder emvironment

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

A reactor was shut down fnllamng an electrical fault. Two of four
back-up diesel generators, designed to power the cooling systems
in an emergency, failed to start properly

A bundle of nuclear fuel got stuck during an operation to replace
fuel in the core of a reactor. The reactor building was evacuated,
but no radiation was released

Sources: IAEA; The Economist

*International Nuclear and Radiological Event Scale




Majur Nuclear Disasters Around the Wo rI
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| Chernobyl, Chernobyl Ralon (Now Ivankiv Ralon),
l Kiev Oblast, Ukrainian S5R, Soviet Union

"~ October 10,1957
Sellafield aka Windscale fire,
Cumberiand, (United Kingdom) ———#,

&>

April 26,1986

(Ukraine
e

e

——

e

| March 11, 2011

V ’R e Fukushima, l
January 21, 1969 h {Japan) [
/ ? | Lucens reactor, Vaud, W | (Russia) | -
g | | (Switzerland) | . n
January 3,1961 | | T e ' September 30,1999 '
Idaho Falls, Idaho, March 28, 1979 FJTUB'? §*§3§$} Ibaraki Prefecture, | |
(it eal i YR BlAr, la:l;l:krg Bu;lu nice gepen). \
Pennsylvania, ; \
(United States) (Czechoslovakia)
0 1500 ™ 3,000 Miles
: T : T hy "
0 1500 3000 Kilometers e
Date Location of Accident Dead INES Level
March 11, 2011 Fukushima, lapan 2 7
April 26,1986 Chermobyl, Chernabyl Raion (Now Ivankiv Ralon),
| Kiev Oblast, Ukrainian 55R, Soviet Union 53 7
September 29,1957 | Mayak, Kyshtym, Russia PA 3
October 10, 1957 Sellafield aka Windscale fire, Cumberland, United Kingdom 0 5
January 21,1969 | Lucens reactor, Vaud, Switzerland i 0 5
March 28,1979 I Three Mile Island, Pennsylvania, United States 0 5
February 22,1977 Jaslovske Bohunice, Czechoslovakia [i] 4
lanuary 5,1976 laslovske Bohunice, Czechoslovakia 2 1
September 30,1999 | [baraki Prefecture, lapan ] 4
lanuary 3, 1961 Idaho Falls, Idaho, United States 3 4
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Global risk of radioactive contamination. The map shows the annual probability in percent
of radioactive contamination by more than 40 kilobecquerels per square meter. In Western
Europe the risk is around two percent per year. Daniel Kunkel, MPI for Chemistry, 2011



RISKS

* Based on new calculations from scientists at the Max Planck Institute,
the likelihood of a nuclear accident is far greater than previously
thought. The research shows that nuclear accidents, such as core
meltdowns, may occur every 10 to 20 years, 200 times more often than
estimated in the past.

* https://scitechdaily.com/likelihood-of-nuclear-accident-200-times-greater-than-
previously-thought/



