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1, What is radioactive ray?

• Alpha ray (4He nucleus)
• Beta ray (electron, positron)
• Gamma ray (photon)

• Proton, Heavy ion (nucleus)
• Neutron

• X ray (photon)

Decay of 
radioactive nucleus

Nuclear reaction 
-accelerator 
-nuclear reactor
-cosmic ray

Atomic process

High energy photon or particle which are possible to 
ionize the air atom directory or indirectly 

Ion generation → It break molecules, crystals structure
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2, Interaction of radioactive ray 
with material
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Ionization 1
Photon (γ-ray, X-ray) electron

Photo electric eff.
Compton eff.
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Go straightly,
Short range
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Neutron (no charge)
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Neutron 

Nucleus in atom
Nuclear 
reaction

Ionization 2

Indirect 
ion 
production
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Paper Aluminum
Acrylic resin

Lead(Pb) H2O
(Hydrogen rich)

β e-

γ

α P+

n
n
P+

Neutron
radiation

n

Penetrating Ability of Radiations
Sensitivity in 
material

Range in 
material

Effective shielding material

Alpha electron short Paper (heavy element)

Beta electron middle Aluminum ~cm (high Z element)

Gamma
X ray

electron middle, 
longer than β

High electron density, high Z element (Pb etc.)

Proton, Ion electron short High electron density, high Z element (Pb etc.)

neutron Nucleus, proton long High Proton density (H2O, CH2)
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Range in 
material

Effective shielding 
material

Alpha short Paper (high Z material)

beta middle Al (high Z material)

Gamma
X ray

middle High electron density,
High Z element (Pb etc.)

Proton,
Ion

short

neutron long High Proton density
(H2O,CH2)
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Al Lead
(Pb)

CH2 
resin

Alpha ray

Beta ray

Gamma ray
Neutron

E = 1 MeV

3cm thickness 



Radiation-Related Quantities and Units

1 Gy = 1 J/ kg
- A fundamental dosimetric quantity (physical unit)

- The energy absorbed per unit mass of the material

- Regardless of the kind of radiation

- Dose not reflect the degree of biological effects

: Gray (Gy)Absorbed Dose吸収線量

大学等放射線施設協議会





 == Gykg

J
dm
dD ε

radiation
matter
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プレゼンター
プレゼンテーションのノート
In the last several slides, I will explain radiation-related quantities and units, and their usage in the field of radiation protection.
The first slide shows radiation-related quantities and units.

As a result of interaction between radiation and material, the energy absorbed per unit mass of the material is called absorbed dose.
The absorbed dose is a fundamental dosimetric quantity. Gray is the physical unit.
And the absorbed dose can be considered regardless of the kind of radiation or the kind of material.
One gray means that one joule of energy is absorbed per 1 kg of the material.
But, the problem is that absorbed dose does not reflect the degree of biological effects.

Even when the absorbed dose is the same,  the degree of biological effects will differ depending on  the kind and energy of the radiation.
To solve this problem, “equivalent dose” and “effective dose” were created to calculate the risk of irradiation to the human body.
The unit is Sievert in the both doses.





Linear Energy Transfer(LET, dE/dX)

electron(photon)

p, alpha, heavy ion

-
Gamma, electron range in 
material are long, broad. 
= low LET

Proton, ion (=heavy particle) in material are short = high LET 

The energy transferred per unit distance is
important for biological damage ! (later)
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high LET 

low LET
stop

stop
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Summary of “Interaction of radioactive ray 
with material”

Radiation of electron and photon：long range, low LET, 
sensitive to high Z(Pb, etc.) material

Ion, proton: short range, High LET
sensitive to high Z(Pb, etc.) material

Neutron: long range,
sensitive to high proton density material (H2O, CH2 ) 

Absorbed dose(absorbed radiation energy): Gy [=J/Kg] 



3, Biological Effects of 
Radiation Dose
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3-1, Stochastic Effects 
3-2, Deterministic Effects



Stochastic Effects vs. Deterministic Effects

Deterministic EffectsStochastic Effects

Threshold
Acute effects(急性効果)
-Hair loss, Cataract(白内障), 
-sterility(不妊症)

No threshold, but proportional
to dose(放射線量). Risk in future.
- Cancer, leukemia(白血病)
- Genetic effects
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Dose(被爆量)

Natural cancer rate

An effect appears without exception when a 
person is exposed to large amount of radiation.
We can prevent this to occur. 

An effect, that is cancer, may occur later when a 
person is exposed to small amount of radiation.

確率的効果  確定的効果

Cell damageDNA damage

プレゼンター
プレゼンテーションのノート
Radiation effects on the human body can be divided into deterministic effects and stochastic effects, depending on the relationship between the dose received and how the effect appears.

Threshold values, as shown here, have been determined for acute effects and cataracts. Beyond the threshold dose of exposure, the larger the dose is, the greater the rate of occurrence, and the greater the degree of effects will be. In this kind of case, effects are called “deterministic effects”.

In contrast, occurrences of cancer as well as genetic effects simply increase with the dose delivered as shown here. No threshold values are thought to be exist, and severity of dose has nothing to do with dose. These kinds of effects are called “stochastic effects”.
“Stochastic” means “probabilistic”.
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Indirect action

P+

e- Low LET 
radiations

(X, γ, β)

OH. H2O

3-1, Stochastic Effects 確率的効果

Direct action

e-
High LET 
radiations
(α, neutron)

Ionizing

(free radical)

Ionizing

DNA is the target of radiations.
Other parts like protein, carbohydrate can be reproduced using DNA! 
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High LET 
radiations

(α, neutron)
Densely ionizing

Low LET 
radiations

(X, γ, β)

Sparsely ionizing
Less biological effect 

More biological effect

Linear Energy Transfer (LET) (keV/µm)  【dE/dx (MeV/mm)】

15

Stochastic effect確率的影響

Easy to repair
from the 

pair of DNA chain

Hard to repair

プレゼンター
プレゼンテーションのノート
The second factor that relates to biological effects is “Linear Energy Transfer”.

Radiations cause the ionization or excitation of the atoms  when it pass through the human body.
The energy that transfers per given distance of track is defined as “Linear Energy Transfer ” or “LET”.

X rays, γ rays and β rays are classified into “low LET radiations”. 
These radiations generate sparse ionization in the human body, and have less biological effect.

In contrast, α rays and neutron radiations are classified into “high LET radiations”.
These radiations ionize atoms densely, and cause more biological effect than “low LET radiations”.



Scarring partially 

Failure reparation

Mutation突然変異

Death of cell 

Reparation success No problem

Risk:Possibility of future cancer 

Even low radiation, it is possible

Damage: 
No possibility at low radiation

→Stochastic確率的

→Deterministic確定的 16



Effective Dose : Sievert (Sv)
Dose quantity(放射線量) for stochastic effects (確率的影響)
･ biological effects throughout the body (cancers or genetic effects)

E =  ∑wT・HT =  ∑wT・∑wR ・DT, R
T T R

DT,R : Absorbed dose (Gy=J/kg), T:tissue, R: radiation
type
HT  :  Equivalent dose for tissues and organs
wT： Weighting factor for organs or tissues(内臓感受性)

wR：Radiation weighting factor depends on radiation 
types come from the LET

Tissue/Organ         Weighting factor
Red bone marrow 0.12
Colon 0.12
Lung 0.12
Stomach 0.12
Breast 0.12
Gonads 0.08
Bladder 0.04
Esophagus 0.04
Liver 0.04
Thyroid 0.04
Bone 0.01
Brain 0.01
Salivary gland                    0.01
Skin 0.01
Others                 0.12

Tissue weighting factors, total 1.0

(ICRP 2007)

Radiation          Weighting Factor

γ rays & x rays                      1

Beta rays 1

Proton 2

α rays, heavy ion        20

Neutrons Continuous function of the energy ~5-20

Radiation weighting factor (wR)

(ICRP 2007) 17

For X, γ ray
Sv = Gy ! 

No biological effect

High LET->high WR

biological 
effect

プレゼンター
プレゼンテーションのノート
Effective dose is a measure of biological effects of radiation throughout the human body.
To get the effective dose, tissue equivalent doses multiplied by tissue weighting factors are summed up for each type of exposed tissues and organs throughout the body.

This table shows average exposure dose per person in various occupations.
As can be seen, radiation exposure is relatively less in researchers than in other occupations.
Use radiations appropriately in research field, and radiation exposure will be minimum.



200 3000

Radiation exposure被爆線量 (mSv)

Spontaneous occurrence by natural background
（about 30％）

0

Occurrence due to exposure
Data of the atomic bomb 
survivors of Hiroshima and 
Nagasaki

Risk Estimate for Cancers (Stochastic Effect)

Incidence of 
cancer
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Legal limit 50mSv/year 0.1% cancer risk,
at emergency: 100mSv/y 0.5% cancer risk

extrapolation on
the Linear Non-

Threshold hypothesis



Effective Dose Limits and Tissue Equivalent Dose Limits
for Radiation Workers (including Researchers)

Effective dose limit
Men 50 mSv/year; 100 mSv/5years

(RIKEN: 20 mSv/year)
Women 5 mSv/3 months
Pregnant women 1 mSv as internal exposure

Tissue equivalent dose limit 
1) Lens of the eye 150 mSv/year
2) Skin 500 mSv/year
3) Abdomen of pregnant women 2 mSv

*

From the confirmation of pregnancy to delivery*
*

Japanese law

for Non-Radiation Workers
Effective dose limit 250 µSv/3 months (1 mSv/year)

(RIKEN: 50 µSv/year) 19

Natural background dose ~2.4 mSv/year(next)

プレゼンター
プレゼンテーションのノート
For radiation workers, radiation exposure is controlled so as not to create a radiation hazard.
Japanese law regulates the dose of radiation exposure for radiation workers as shown here.

Effective dose is limited to 50 mSv/year and 100 mSv/5 years.
For women, effective dose is limited to 5 mSv/3 months.

Tissue equivalent dose is limited to 150 mSv/year for the lens of the eye, and 500 mSv/year for the skin.

If you confirm pregnancy, please let administration office knows, and dose limitation will be changed. 
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Radiation Radiation

Some cells die, 
but function of tissue 
still work

Lot of cells die, 
function of tissue 
does not work

recoverable
Threshold 

3-2, Deterministic Effects
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No problem

100%

0%

Why the threshold exist?



tissue effect Threshold（Gy）
Testis睾丸 temporary sterility一時的不妊 0.15

permanent sterility永久不妊 3.5～6.0
Ovary卵巣 permanent sterility永久不妊 2.5～6.0
eye lens Cataract白内障 5

bone marrow骨髄 blood-production disorder造血障害 0.5

Threshold values (exposure in a short time)

ICRP Pub.103 (2007) p124

Deterministic effect確定的影響 (Tissue reaction)
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Death by whole body exposure to low LET radiation in a short time

ICRP Pub.60 (1990) p124.

Whole body dose（Gy） critical organ period to death (day)
3～5 bone marrow骨髄 30～60
5～15 Stomach胃, intestines腸, 

lung肺
10～20

＞15 nervous system神経系 1～5



22

Summary of 
“Biological effect of radiation dose”

Stochastic effect確率的影響 and
deterministic effect確定的影響 exist.

For X and γ ray, absorbed dose Gy ~ effective dose Sv

Don’t exceed 0.15 Gy (=Sv) for deterministic effect !

There is 0.1% cancer risk by 50 mSv/year exposure.
Don’t exceed 1 mSv(/year) for regulation in Japan !

At RIKEN Nishina school, your radiation dose rate
is estimated <1uSv ! 
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4, Natural background of radiation
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Total 2.4mSv/year

Radon
1.26mSv

food
0.29mSv

land
0.48mSv

Cosmic ray
0.39mSv

+Medical dose
0.6mSv

UNSCEAR2008

Natural radiation exposure (global average)
放射線被爆
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Natural Radiation Source
Generated in universe (stars), contained in Earth

Series
uranium238
thorium232

Half life 4.5 billon years 

Half life 14 billon years 

Potassium40(=kalium,40K) → food

Half life 1.3 billon years 
Pict.”http://planetpedia.in/nature/earthquake/”

~4.5 billon years old

0.25~0.5 of heat in earth comes from this radiation heat.

Total 2.4mSv/year

Food
0.29mSv

You have radiation dose with this breakfast, 
lunch, denner, etc.
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238U

Radon (Rn, rare gas! ) generation

234Th

α 4.5B y 234Pa

β

234U
β α

230Th

226Ra

222Rn

218Po

3.8 dayα

Uranium series

232Th

228Ra

α
14B y 228Ac

β

228Th
β α

224Ra

220Rn

216Po

56 secα

Thorium series

Rn

Total 2.4mSv/year

Radon
1.26mSv
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Cosmic ray（宇宙線)

High energy particles (mainly proton) travel
in universe. It strike earth atmosphere and
generate lot of particles via nuclear reaction.

These particles expand as shower, the area
is several handled m2 at the ground level.
In average, a cosmic ray penetrate your
palm every second.

Total 2.4mSv/year
Cosmic ray
0.39mSv
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Total 2.4mSv/year

Radon
1.26mSv

food
0.29mSv

land
0.48mSv

Cosmic ray
0.39mSv

UNSCEAR2008

There is 0.1% cancer risk 
by 50 mSv/year exposure.

In Japanese regulation, additional 
1 mSv/year is allowed.

At RIKEN Nishina school, your radiation 
dose rate is estimated <1uSv ! 

Summery of natural radiation exposure
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5, Safety in RIBF
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Accelerator
Beam

Prompt 
radiation

proton, 
neutron,
beta, 
gamma

Target material
Radiation come from 
radioactive material after 
the accelerator is stopped. 
(residual radioactivity)

Accelerator stopping

Accelerator 
running

Nuclear 
Reaction!

Radiation!!

Prompt and residual radiation

Beta , 
gamma



Sv/h

1000 Sv/h

Simulation of nuclear reaction for RIBF facility

target

Concrete shield 
7000 ton !

Air

Air

Beam
dump

Beam

Super computer:
200 core cps,  0.5~1 day
>1 million injected

Effective Dose
of prompt neutron radiation
238U 100pnA

Calculation model of BigRIPS, 
containing target, beam dump

31
At Nishina school, your radiation exposure is estimated <1uSv ! 

Your legal limit 1 mSv/year and RIKEN limit 50 µSv/year.



Nuclear reaction in RIBF 0~100ns  

Beam, neutron, (all particle)
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target

Concrete 
shield 

7000 ton

Air

Air

Beam
dump

Beam



target

Concrete 
shield 

7000 ton

Air

Air

Beam
dump

Beam
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Neutron 0-1000ns

Neutron 0~100ns



Protecting Against External Exposure(外部被爆防止)

Shielding

Distance

Time

3 principles
Shield radiation sources.

As near to the radiation 
source as possible

Shield

Dose rate = K/ R2

K: constant
R: distance

Keep exposure time short !

Stay as far away as possible.

大学等放射線施設協議会
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プレゼンター
プレゼンテーションのノート
During an experiment, you should protect yourselves against external exposure and internal exposure.
Measures for protection against external exposure should focus on the three principles: shielding, distance and time.

Dose rate in any workplace should be reduced by shielding radiation sources with lead, iron or concrete for γ rays, and plastic or water for neutrons.
Specific measures vary according to the type and energy of radiation. Shielding can generally be done easier and more economically as near to the radiation source as possible.

It is important to work as far as possible from the radiation source.
If the radiation source is a point source, the dose rate is in inverse proportion to the square of the distance.

By shortening exposure time, the exposure can be reduced.
Radiation workers should review operational procedures in advance, and work efficiently.




Prohibited Matters in Radiation Controlled Area

Smoking

Eating or drinking

Makeup
大学等放射線施設協議会

Protecting Against Internal Exposure内部被爆防止
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プレゼンター
プレゼンテーションのノート
In order to prevent radioisotopes from entering the body, these 3 matters are prohibited when you deal with radioisotopes, eating or drinking, smoking and wearing make-up.
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END 
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