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nm (10 -2 m) eV
nanometer Chemistry electronvolt

atom < atomus < XTOHOCG < a- + temnein + -o0s
(cannot be cut)

o Atomic Physics
A (10-10 m) eV — keV

Angstrom several electronvolts —
kiloelectronvolt

molecule

Nuclear Physics

fm (10-15 m) MeV

femtometer megaelectronvolt

Particle Physics
am (10-18 m) GeV

attometer gigaelectronvolt




3
O P

500 Cinq Cents Francs

Billet de 500 Francs Francais
en circulation: 1993—1999

L o
x-ray - helium nucleus
B-ray = electron
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photon (EM wave)
~ photon (EM wave)
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Radiations beta ray
(electron)

r PEZ:;'G —— proton beam

— | neutron beam
radiation ™ alpha ray
— ion beam

| | photon

Bxilweve)

Typical energies of radiation
= 10 keV ~ several MeV

(,B.Y)

Cf. Atomic binding energies

== around 10 eV for
outermost-shell electrons

(1 eV =96k]/mol)

Speed of radiation
== few~100% of light speed

Nucleus N @

MeV order

high energy

- _///)e’

o
(f ) o ray:Henucleus
O
several MeV
///' EF 10 keV ~ MeV

(. PBray: electron

at high speed

10 keV ~ MeV

- Y ray : photon
(EM wave)
‘ BHOK
% X ray : photon
| (EM wave)
AtomA 1 ~ 100 keV

Bremsstrahlung ~ several Mev
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Speed of radiation peary @ Mo =4 GeVic
| (electron ~
[ beam [[TLEECONOSM B M, = 938 MeVI/c?
— neutron beam| Mn = 940 MeV/C2
radiation [ alpha ray
— ion beam y BT
ST ~3|
| | photon _[ X-ray ( + " B R kg
(EM wave) gamma ray Me — 511 I(e\//C2

Mass of charged particles !

~ 0.5 MeV/c?

in the unit of MeV/c? \/ I_ ﬁz
Speed of charged particles !
relative to the speed of light = v/c
T = E - mc b
Calculate the speed of a 5-MeV a ray. ~ ! mv? = 1 mc2 32
Calculate the speed of a 1-MeV Bray. (v < ¢) 2 2




Interaction between radiation and matter
BEIREME EDHEEER

Slowing-down of charged particles ™ “waiwzoms

Penetration of radiation

o-ray () \

B-ray o >
X-ray SR A
y-ray RP \N\W Al

neutrons O

\/

paper aluminum plate thick bricks water / concrete
3 mm thick  of lead / iron

or

plastic plate
|0—15 mm thick



Slowing-down and|energy loss/of = FEATORE
char ’ (TXRILF—1EK)
ged particles (cx-ray, -ray etc.)

Step-by-step energy loss due to ionization and excitation
of atoms / molecules.

Fixed range of the same heavy particles for a given energy.
(with a slight deviation)

: . dE
Stopping power = energy loss per unit length = — <E

Attenuation of photons (X-ray, yY-ray)
KF DR (R5)
Photons are lost by stochastic processes of absorption or
scattering, but the rest remain intact through.

== | Exponential decrease of photon number

reaction cross section O is proportional
to the reaction probability per unit length.




Energy loss of charged particles

Kinetic energy of the particle is transferred to electrons

electric charge:  through ionization or excitation of atoms and
Coulomb molecules in the matter.
force The particle loses its energy and is slowed down.

Stopping power = —dE/ dx

charged particle

J
QO&

electrons

In atoms /
molecules

0\

excited atoms

O

e
b N ¢ g

secondary electrons (d-rays)




Along the track after passage of charged particles

lons and excited atoms are produced, while
energetic secondary electrons can ionize other atoms.
Molecules are dissociated to form free radicals.
X-rays are emitted after atomic recombination or
deexcitation.

excited atoms

X-ray
O N .
Q o O recombination
@
electrons O °
° © o deexcitation
O O °
O ° Q.
© % o o - ©
0 o O ions ()
O radicals X-ray,UV,

by dissociation of molecules visible light



Along the track after passage of charged particles

lons and excited atoms are produced, while
energetic secondary electrons can ionize other atoms.
X-rays are emitted after atomic recombination or

deexcitation.
Xray, UV & visible lights
Recombination of ions & electrons AT :
Scintillation light
Breakage of chemical bonds fluorescence of atoms &_mgecules
Recombinaton of chemical bonds ) 2y R
Generation of free radicals &  Ng'

activated molecules
Damages to DNAs

Atomic ionization & excitation

Deexcitation of excited atoms

@



Stopping power ( Energy loss, Linear Energy Transfer : LET )
BELLE&E (TRILF—ER, BIXRILF—HE)

_ <Z’_E Charged particle : Coulomb force
X

Kinetic energy of the particle is transferred to a number of
electrons (secondary electrons) scattered via ionization
or excitation of atoms and molecules in the matter.

The particle loses its energy and is slowed down (electron
collision stopping power).

@ heavy particles : proton beams, a-rays, heavy ions, pions, muons
Small energy transfer to each single electron.
Slowed down via scattering of many electrons.
Small momentum transfer results in almost linear trajectory.
@ light particles : electrons (e-), positrons (e*)
Large energy transfer per single collision.
Sometimes zig-zag trajectories.
Can generate secondary electrons with large kinetic energy (6-rays).




Tracks of X=ray
Radiation 7.7 MeV

observed by

cloud chambers
0.2 MeV

p--ray
0.056 MeV

0.056 MeV &

y-ray )i

0047 MeV

0.047 MeV

Figure 7.5 Cloud chamber tracks of «, B, (e7), and y-rays at 1 bar in air ((a), (b), and (c)) and in
methane (d). (From W. Gentner, H. Maier-Leibnitz, and H. Bothe.)



Charged particle : Coulomb force

— <d—E Kinetic energy of the particle is transferred to a number of
dx electrons (secondary electrons) scattered via ionization
Stopplng or excitation of atoms and molecules in the matter.
The particle loses its energy and is slowed down (electron
power collision stopping power).

Energies transferred to nuclei are relatively small, because they are heavy.

ene"gy loss (Nuclear collision stopping power is usually negligible.)

Among secondary particles (mostly secondary electrons),
those with rather high energy and capable of ionizing atoms
and molecules are sometimes called 6-rays.

Number of ionizations (electron-ion pairs) per unit length = Specific ionization

Stopping power / Specific ionization = W-value

W-value : Average energy required to produce 1 ion pair.
Does not depend on species or energy of charged particles.
Value larger than the ionization energy (due to loss by excitation).
W ~ 30 eV not depending on the material.



PHIEHE
3 <d_E Stopping power for charged particles
dx

energy loss| Linear Energy Transfer : LET
(TRILF—BR BRIRILF—[5)

Bohr’s calculation

Equation modified along with the SI units

sl W Ne In —22 on blackboard
< dx > 4te0? Me02  bumin

Bethe-Bloch equation Ne=2Zna=pNaZ/A
dF B 52 1 1 2mec26272Tmax ; 5(87)
_<dw>_KZ vl P I’ A

K =47t Na re me c2 p Z/A = 1/2 except for hydrogen.
Does not depend very much on the material.

mass stopping power 1 dE> 2 2M]2 2 M
X = X
MeV / (g / cm?) P \dx

2 Muv2/?2 T



Stopping power of materials for charged particles

Kinetic energy of the particle is transferred to electrons.

electric charge:  The ionizing particle loses its energy and is slowed down.
Coulomb Stopping power = — dE / dx

force ‘f
0 e N

electrons charged patrticle
In atoms /
molecules & IE
& Stopping power S(E) =
MeV /cm dx
mass stopping power S(E) _ 1 dE
MeV/(g/cm2) P P dx

Stopping power is proportional to the density of electrons scattered.
Mass stopping power does not depend very much on the material.



Stopping power for various charged particles in air
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27.2.2. Stopping power at intermediate energies : SHEOIMIGEHMERTIED

The mean rate of energy loss by moderately relativistic charged heavy particles, brem sstrahlung
M, /ox, is well-described by the “Bethe” equation,
. 2172 92 &/ S[‘ad (E+mC2) Z
S o d_E _ ngi iln 2miee Y “ Tnnx _52_ d(37) —
col = dr /., AB2 |2 T2 : 2 ' Scol 1600 mc?

CO

mass stopping power | dE> 2 2M/]2 2M
L — = o
MeV / (g / cm?) P \dx vz Muv?/2 T




Stopping power ( Energy loss, Linear Energy Transfer : LET )
BELLE&E (TRILF—ER, BIXRILF—HE)

proton beams, a-rays, heavy ions : high-LET radiation
neutron beams : give high LET by kicking out protons in media.

B-rays (electron beams) : low-LET radiation

photons (X-rays, y-rays) : kick out electrons in media.
or create electron-positron pairs at high energies,
giving low LET.

Does not depend very much on the material.
mass stopping power | dE> 2 2M/”2 2 M
XX — = 0.6
MeV / (g / cm?2) P \dx 02 Mv?/2 T




Range of various charged particles in air

1000000 ! i
—— alpha NGy
100000 particle O ol el
....... roton ,___a--‘""_
P - 57
10000 e
---- electron S S
Al
p— -7
£ 1000 =t
o =2
Rl
o 100
o)
S
14
1
0.1
0.01
0.01 0.1 1 10 100 1000
Kinetic energy T [MeV]
g
Range Riz

Integral of the reciprocal of R (E() = f < > dE
the stopping power. Eo



Range Integral of the reciprocal of the stopping power.

proton beams, a-rays, heavy ions : short range
Shielding is easy against external exposure.

neutron beams : penetrate deep into matter.
do not interact with electrons.
drastic deceleration by collision with protons in media.
(but the cross section / reaction probability is small.)
Long range. Shielding by materials including H atoms.

B-rays (electron beams) : longer range than p, a, ions.
easily scattered by electrons in media.

Does not depend very much on the material.
mass stopping power | dE> 2 2M/”2 2 M
XX — = 0.6
MeV / (g / cm?2) P \dx vz Mv?/2 T
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Figure 7.3 Curves showing relative transmission ¢ /g (or R/R,) as function of absorber thickness x. C;
and C; are average, C; and C; maximum range.
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Figure 7.4 Absorption curve for >*P B-radiation showing extrapolated (C,) and average (Cs) ranges.
The dashed curve is obtained after subtraction of background.



Range Integral of the reciprocal of the stopping power.
Shielding is easier for radiation with smaller interaction.

o-ray () \

B-ray o >

X-ray SN
y-ray AP \,\AW Al

neutrons O

\/

paper aluminum plate thick bricks water / concrete

3 mm thick  of lead / iron
or

plastic plate
|0—15 mm thick

mass stopping power | dE> 2 2M/”2 2 M
X — = C
MeV / (g / cm?) P \dx vz Mv?Z/2 T




Exposure to different radiations

* X=ray : a few cm of range in the air.
Stops at surface cells of organism.
Internal exposure needs attention :
all the energies are given to cells within
5 5 heutrons
a short range.

e B-ray : external exposure to the skin
& internal exposure need attention.

* Y-ray : penetrates through the body,
some without any interaction while the
others with some interaction
(photoelectric effect / Compton scattering)
and get absorbed inside the body.
The interior of the body are equally exposed
to radiation even in the case of external exposure.

3 AMFEE8T BN
e X-ray : analogous to y-ray.

Part of the energies are absorbed.
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Protons, alpha-particles and ions have their uniform ranges as a function of their energy.

Electrons (beta-particles) are subject to scattering. The range measured as the rectilinear distance
(or the material thichkness) has a large dispersion.

Neutrons and photons attenuate exponentially with depth, as the reaction occurs stochastically.

Energy loss of charged particles
Attenuation of photon number

" X-ray
: \*\\ - FEH TR (RE)
RN ‘ mFE () (©)
= Y-ray- \\ .
2 | . - TR (n)
\\\ 4 -
O B-ray . g
.o neutrons (n) ... / |@
cu \é |
2 protons (p) 3]
o U e
o
o
Brag
heavy ions (C) peak
0!

5 10 15
depth from the body surface [cm]



Radiation therapy
for cancer Multiple irradiation of a few Gy each.

X-ray heavy ion beam (Carbon ions)
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proton beam
pion beam
(antiproton beam)




e.g. prostate cancer (FiiZERH A DH)

C e 3D-CRT IMRT : Intensity-Modulated
4-port irradiation (three-dimensional conformal radiotherapy)  Radiation Therapy
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Interaction between radiation and matter

- BEREME & OHEEER
Attenuation of photons W D
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Interaction relating to photons (X-ray, y-ray)

photoelectric Compton scattering pair bremsstrahlung
effect XEHR > 7+ VEE, production BN
BEF XA

X/Y=ray

charged particle

recoli nuclei

hv
X/Y=ray

nucleus

electron in atom electron in atom nucleus

charged particle

X/Y=ray X/Y=ray X/Y=ray
A photon kicks one A photon is scattered A photon with more A charged particle
electron out ofan by one electron. than a MeV energy emitts a photon
atom. The photon is  The photon loses a large produces electron- when they are abruptly
absorbed. fraction of its energy. positron pair. decelerated or
when their trajectory
Generation of high-energy electrons is curved.

(same particles as [-ray)



photoelectric U X l ray
effect \ Y-ray
, _ g 1 T T T T T T T
reaction cross section |~ k_odoe -
1 Mb 1 barn % & (a) Carbon (Z = 6)
= (0.1 A)Z — 1028 m2 1 Mb — : :) o -experimental G, —
= (10 fm)? - L %i%%,o photoelectric effect |
g ; %’f’ T.=hv-I
= = p-e:3 B
D & K-edge, L-edge, ...
1 kb 59 & O o Z45 (hv) T2 _

(o0 : reaction cross section per atom)

%, X rays are effectively
¥, shielded with lead.

\ pair
production

recoil nucleus

electron in atom |,

10 mb —

X/y=-ray

10 eV 1 keV 1 MeV 1 GeV 100 GeV
Photon Energy



Compton
scattering

1 Mb

X/Y=-ray

e
o

(a) Carbon (Z = 6)

o -experimental G,

L O -
, %~ Compton scattering
— Gp'e';ig hV=hV,+Te
\ (@)
8 Compton edge
- 35
S g x/
B o 'Q’ v (o : reaction cross section per atom)
Rayleigh

Cross section (barns/atom)

pair

production

1 keV

1 MeV
Photon Energy

1 GeV

100 GeV



pair production \L;

X-ray
. Y-ray

)

N

1 Mb

e
o

| %.,5,)

s %’: positron (e*) is the antiparticle
" 1 of electron (e7). _
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~§¢§,’ electromagnetic shower

N Y > ete, et ety -~
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electron-positron pair production

Cross section (barns/atom)

pair i
production

nucleus 1b
X/Y-ray 10 mb —
10eV

1 MeV 1 GeV

Photon Energy

100 GeV



Bremsstrahlung Charged particles emit photons (X-ray)
| R when their velocity is abruptly changed
(i.e. decelerated or their orbits are curved).

AE o« 772
B3-rays should not be stopped with lead.

charged particle bremsstrahlung : energy loss Srad

Srad _ (E4+mc?) Z
Scol 1600 mc?

. electrons (B-ray) Pb (lead; Z = 82)
x_ray Srad . EZ N E/ MeV
A iatane (Can have a Scol 300 MeV 10
large energy) B-rays should not be stopped with lead.
protons or a-ray
charged particle Bremsstrahlung is negligible compared with

stopping power by electron collision, unless
the energy is more than the order of a GeV.
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Material dependence of photon cross sections

(a) Carbon (Z =6)

o - experimental Gy

1 MeV
Photon Energy
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(b) Lead (Z=282)

o - experimental Gy
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Compton scattering « Z
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Emissionf - TransmissionfH
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Rontgen radiography
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* 51 E 22 Hl Tk EFES KRR
-V Al eSS A | 53  33.16 keV
FREENYY L HIE S &SR Ba 56 37.41 keV
-%t/Y hA(RIMFRCT) Xe 54  34.56 keV
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: CONHCH{
22F
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H.OH
SR, MR MENR.  CMEONTR conner( '
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contrast media (1, Ba, Xe) : large Z = large attenuation e
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X-Ray CT: MRI: Magnetic
Computed Tomography Resonance Imaging
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H 0.0136, C 0.283, O 0.531
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Attenuation and absorption Exponential decrease
of photons (y-ray) in material. | of photon number

Photoelectric effect, Compton scattering &c. are stochastical processes.

AP (x)

In x : natural logarithm.

D) =D0)/2  L=In2/u -

—ud®)  Px)= D) enx

& : particle fluence rate for v (hv = 0.66 MeV) from 137Cs

X : distance, L : half-value thickness L =692 m

U . linear attenuation coefficient 1 =0.,0100 m-!

U/P : mass attenuation coefficient (u/p)™ =0.077 (g/cm?)-!
Uen/P < U/p

//ien/ 0 : mass energy-absorption coefficient  (£len/p) V" =0.033 (g/cm?)-!

H . equivalent dose rate ( = absorption dose rate for y-ray )

ﬁ — ITV (ﬂen/p)é R hV (//ten/p) water — 35 X 10_16 SV m2



H : equivalent dose rate [Sv/s]

ﬁ — hV (//ten/p)¢Z

° e_luair’,. 77I)
b =
v 4mr?

P : radioactivity
[Bq]

U : linear attenuation coetficient

M — /uphotoelec. + //tCompton + /’tpair prod. + ...

137 CS
> 7/2+ u=nao n : number density o : cross section
30.17 a
Na
’\'(94.60// 13;gn Ba
- 11/2— 661.66 keV
2.55m
661.66 keV y
a=y=yr=year 5.1% = 85.1%
for half life. (85.1%) 77
137
56 Ba

3/2+
stable



Attenuation & scattering

shielding
matevrial
e h'V,
hv
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electric
-
hv’
{
Build- N
uild-up , shielding
hv material
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Py %Y e_luairr
r D = f ZP 27tx dx
h 0 4dmr
. n=035l
_Iualrr
= 2 f - dr
g 2 9, 7
X .
® Lalr
P . surface density of radioactivity P ~ np J‘ X dx
[BQ/ mZ] 2 . xz T hz

H : equivalent dose rate [Sv/s] I:I/QB = hv ( Uen/P) =35 x 10-16 Sy m?

| ai
fO = f o dx = % In (x2 + h2) x=0=%ln [ (L /)2 + 1]
L*"=692m h=1m
+ Build-up effect due to Compton scattering (ca. + 50%)
137Cs : 2.1 (uSv/h) / (MBd/m?) .... calculation by IAEA

Problem with decontamination ; half of the dose due to soil contamination of distance 10-100 m.

air
L




Radioactive contamlnatlon map : aerial monltorlng by MEXT
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neutron reaction and activation

/

Fast neutrons slow down by repeated collision with nuclei. O ‘

Each collision decreases the energy exponentially.
Neutrons are most effectively decelerated by collision
with protons having the same mass.

Neutrons are effectively shielded by water or concrete containing hydrogen atoms.
Scattered nuclei such as protons (charged high-LET particles) ionize atoms & molecules.

Elastic scattering of neutrons

Absorption of neutron and nuclear reaction

After having formed a nucleus with a mass number larger by unity,

the formed unstable nucleus often emits e.g. a y-ray, Y
leaving radioactive nuclide, thus resulting in activation.

Activation BEHME

For non-radioactive materials to obtain radioactivity by irradiation of radiation.

Radioactive nuclides can be created via nuclear reactions by neutrons, or by
y-rays with energies over 10 MeV.

B-rays or y-rays from radioisotopes nor X-rays from atoms can cause activation.
Be careful with activation in radiation control areas such as accelerator facilities and nuclear reactors.




Radiation chemistry

ST HRIEE

Number of ionizations (electron-ion pairs) per unit length = Specific ionization

Stopping power / Specific ionization = W-value

W-value : Average energy required to produce 1 ion pair.
Does not depend on species or energy of charged particles.
Value larger than the ionization energy (due to loss by excitation).
W ~ 30 eV not depending on the material.

G-value : radiation chemical yield :

The G value refers to the number of molecules of reactant consumed
or product formed per 100 eV of energy absorbed.

Normally the number is up to 10, but it can sometimes be huge in the
case of a chain reaction.



Elementary reactions induced by radiation (selected)
AB “W\W— ABt + e ionization

AB -vwW— AB" excitaion

AB* + e = AB" recombination

AB" — A: + B formation of radicals

H,O “wW— H,O"+ + e~ HO:-

H, O “wWWA— H20>‘< (hydroperoxyl radical)

(hydroxyl radical) 02_.
H20+' + HZO — H30+ + 'OH (superoxide anion)
€ (+ n HZO) - e_aq (hydrated H2°2 |
HzC)>l< - H: + -OH electron) (hydrogen peroxide)

active oxygen
H;O™ + € aq He + H,O ( ygen)
(hydrogen radical)



Reactions in water radiation chemical yield
(G-value) by y-ray.

H, O “wWWA— HyO%: + e jonization

HZO —WWW\—> HZO>£< G(-OH) =2.7 eXCitation
(hydroxyl radical) ,

H,O*: + H,O = H:O* + *OH lon-molecule reaction

roduction of
e (+ n HZO) — € aq (hydrated electron) P hydrated electron

H,O* = H: + ‘OH O(ea) = 265 dissociation

roduction of radicals
H30* + e5q = He* + HyO producton of racicals
(hydrogen radical) GH-) = 0.55 €iectron capture

H, O + e = H,O" recombination

*OH + e7yq = OH- electron capture
H,O" = H,O deexcitation

He + H- = Hy cHy=045 production of molecule
‘OH + ‘OH — HYO, 6H05)=07 production of molecule
H- + -OH — H)O production of molecule



oxygen effect (active oxygen)
H- + 02 — HOz’ (hydroperoxyl radical) .OH

(hydroxyl radical)
02 + e‘aq — 02_' (superoxide anion)

Oy + HO 2 HOj* + OH-
HOz* + H: = H202 Qi

radiation chemical reaction
of organic compounds

RH “wWW— RH™ + e~ (glutathione)
RH -ww— RH" G-SH+H: = G-S* + H>
G-S:H+ R- = G-S- + RH
RH* + e~ = RH
S 4+ N — =N "No

radioprotector
(radical scavenger)

SH group, S-S bond

e.g. cysteine, cysteamine

RH+ H: = RH* / R + H»
RH+ -OH = RHOH:* / R + H,O
RH+ HO; =& R + HO»



Graft polymerization by irradiation of e~ beam or y-ray.

7 77I~§H HhEdE
AR CUIA V<) Graft h Functional group
Electron beam (or gamma ray)
FIHN
. Ra d al
BEAF D5 531k (RkGHESEAE)
Existing polymer (Fiber substrate)
I =
Skt g 7I7NES H EREILEA
- Radiation Graft polymerization Introduction of functional group

Substrate

—(CH2CH— —(CH2CH)m ﬂCHzCH)ﬁ
CHo- Cf

e BN CCHA 6285 Ha Come ~
- B UHADOIRGE R~ —5V7V) 1275
Polvethylene L1 ORI (RIS COOCHzCHCHz COOCHz(‘ZHCHz
to make unshared electron
CHz= C‘: (Polymer radical) O HO

COOCH2CHCH:2 7T 7 M
\O/ Graft chain gL/ 2V kR
‘ <7‘/%:7%IV‘I<¥%%§ )
( }ﬁg *) Y YOIV T Functional group/Sulfonic acid group
Monomer : Grycidyl methacrylate (Adsorptlon function f ooooooooo ia)
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Fig. 1 Reaction scheme of ion exchange material by radiation induced graft polymerization
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A braid adsorbent having the functional group of amidoxime [hs ] B Bka S sueg, )L ek, 7k 3— 88 &5, BT HFEER 40(11).879(1998)
is a promising material for the recovery of uranium. Synthesis of uranium-adsorbent by means of graft polymerization by irradiation of radiation.




Radiation-induced cross-linking reaction

production and properties of cellulose gel —— 5=+
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Application in industry

OSTT7ILEAALY . fiiEE radial tires
STTILAAY L. BRSE THBINE-T LA TERICTHZ O A1
ZH>TWVET, BB THREENEMZTIIVYORIZLETH. 0
B SEHMEAREAT AT REHEREZ . MR O T VLA ELA
BEOTHYFET, ChERCED. SRR T AICETEEBELT
MEELEITET, (MIGHAKR: FR15FEE 1K)

- BREROBBIEDONTINDET LOTSIZF VL EOEEHE
ZBEBITTRNELE T, EFHERITHEHEMZ TEBFIZKE

IET heat-resistant electric wires

O#}Efk semiconductors

IC (£FEMEER) DEIFRD/NFI—2 DIRIFEZDEDAKED50~100573D1T
HY. ZOMIET H=HIZ)VTZT70 L o= ffihMELNDS, VTS
T4 EREDFEMDLIGEED T, FEAERRAITH OB REEHTHEIE
FERTIEAFNZEZY, MIL=OBRIZTIYVIRWL =R (X)) ZFDE
THEHEZ Y TT. RRIDBESYIZINIT2L0D, 14 E—LdhtE
FE—LZFBLE-FAHYMEAFLITOTLET,

(HiZHRE : ERL15EEG6.35kM)

ORIBMHE EEMH . BIESED
BRABIBTHEINRATYE, HBAWNEIT—ILTESE—MRIZERASNT
WARBARJIFLUOZZELTT D, HDOHKE., FANEL, [FEEL
HEWLWEREM (E, RVIFLUICHRETHRERS L., INET 52 ETHRERIZH
MNRBEZDKYELEED T, INEWLWEMNS20FE L EHETIZEAFE SN

IRMTY, foamed materials
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Lecture slides

http://radphys4.c.u-tokyo.ac.jp/~torii/lecture/

wx RE R #E | Q. KRR

Contact address

torii-radio@radphys4.c.u-tokyo.ac.jp

Lecturer : Hiroyuki A. TORII




Fine. Per oggi e tutto.
Fini pour aujourd'hui
That’s all for today.
Bcé 3a ceroaHs.
@=2 0|2t OFX|ZELICt

SRMERXILT

Ci vediamo la prossima settimana.
On se voit la semaine prochaine.
See you next week.
VYBUAMMCS Ha CAEAYIOLLEN HEAEAE.

Cte =01 &£ 2HEFAICE.

NEPLE




