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Laser : the greatest invention of the 20t century

L—%—: T20{Efc& KD FHA,

Industrial and medical application

FEZE - ERIDA
Industrial, daily life
- CPU (Lithography YV 7> 7 4 —)
— CD, DVD, Copy machine
— Optical communication J&@{E
Medical

— Hernia treatment, dental treatment, Laser
scalpel, photodynamic therapy of cancer
EREORE. mEbeE. Fil(L —1— X X),
DYASEE

- LASIK L—2>w 7. birthmark removal 4
& - ULMABEE. hair removal BiE

— Baby gender selection FHD&EHA 1T (1E
All)
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Laser : the greatest invention of the 20t century
L—t— T20ft#ce R DFAA,

Laser related Nobel laureates L ——fE&ED ./ —XN)LE
Townes, Basov, Prokhorov (1964-Physics) : L —H — B3
%WHWHPWM%) R T T — DR L B
Bloembergen, Schawlow (1981-Physics) : L —H%—43¢
Kroto, Curl, Smalley (1996-Chemistry) : 77— L > D&k
Chu, Cohen-Tannoudji, Phillips (1997-Physics) : L —% —J¢ % FHu»
FIRTFDOmAE T v
Zewail (1999-Chemistry) : 7 = & ML
Wieman, Ketterle, Cornell (2001-Physics) : 7 /v VU LZEDHR— X
74V9154/%%
Tanaka (B #t—), Fenn (2002-Chemistry) : ZA{K4yFDEESHT O -
DDA A AbIE
Glauber (2005-Physics) : &+t
Hall, Hansch (2005%&-Physics) : L —W—|Z L BR800 (LB
B K8 k)
Kao (2009-Physics): optical fiber
Haroche, Wineland (2012 Physics) cavity QED

Laser 1s omnipresent from basic science to our daily life.

L - —DIcAEERHRN SBEETETDI AT A CETITIEOTWND,
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Unique properties of a laser
L — 5 — D48

. Directionality 3811

AN

. Monochromaticity B
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Directionality 3gmIM4

Laser light propagates straight with very little

divergence.

The laser energy is not lost during propagation. e sn e
Easy to focus onto a small area with a simple T
lens. wo N

L ==X fVWE—LICR>TWT, REVE :“’]:

FZEIEHBWERED, FEAE—BRICHEDAHED

HNES,  (CFATIEHR)
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Monochromaticity B

Laser light has a single frequency or
wavelength (pure color).

BEOL—Y—3EF. TNZTNHIHFEDRRDH
Z2H. TORRIGFEENIC—ETH S,
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How come?
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Absorption and emission of light YtDIRIX & K H

Atom JRF  Energy level T 3 )L ¥ —¥#&f

E
Might hv=E,-E,

hv r —> |:>|:> v frequency IRENEX
E

h=6.626x10"*J-s

M : - . Planck constant
RN BRRE FERY >S5
absorption spontaneous stimulated
emission emission

Emission of light (photon) upon transition to a lower level £ DZERL(C &

SRFHOTDOREUCERT D, HERET o

* Spontaneous emission BRI L : happens without an incident light A
FHH7RL THRRI B,

o Stimulated emission %S © emits a photon induced by the incident

light ABEICDENT, HZHRET B,

Department of Nuclear a UT PSC 4/8 No. 8
Engineering and Management Phoion Sclence Genter o e Unvrsty of Too 0.



Advanced Plasma and Laser Science (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

Before After

photon

spontaneous “
emission -_

!

2 photons

photon
stimulated |- |Q
emission |9

©
-y
o
—
o
-]

(stimulated) -
absorption -
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How is the laser different from the other
light sources? L —t'—& (&

L —t'— Laser
Light Amplification by Stimulated Emission of Radiation
= FERLB(C KD HDIBIG
highly directional, high-intensity, very pure wavelength
HDRE - (U8 - AE - RBADNZS>TLD,

A

v .
DR (KRG, BEK. @Yk, |4 E) All the others (sun, —
light bulb, flueorescent lamp, firefly, ---)

by spontaneous emission BAKE Z

diverse direction and wavelength, low-intensity

HORER - 8 - 75[ - BARESES,

Department of Nuclear @
Engineering and Management UI:PSQ 4/8 No. 10



Advanced Plasma and Laser Science (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

dk—L > X Coherence

Unique properties of a laser L —1'— D
Directionality & monochromacity

set - BelE

Classical electromagnetic wave & EBYERIK

Frequency (wavelength)
Polarization {@¢ RENE (—
olariza |op1ma7‘|:. .//}'E&}J%Z( )
E _ E IK-X—iwt+i¢
— 06 . AE - {748 Phase
Direction

Laser is an ideal classical electromagnetic wave!
L —'— (FIBEBY738 S eV BRI |
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Wavelength regions L —H'—X DK R {EE

BHKIE. BRRICK > TRDORD K DIGRARY MLEEICHFETE %,

Wavelength JE& (nm)

Hard X-ray 8L 7 X#R <1
Soft X-ray 88T 7 AR 1~30
Extreme ultraviolet fiim2E A (XUV) 10~100

Vacuum ultraviolet EZ24£4L(VUV) 100~200 )

_ Laser wavelength
Violet 24 (UV) 200~400 region
Visible BI85 400~780 Rt Lt

. N \ d\\ —_ —_

Near infrared T4} 780~1000 DB ESES
Middle infrared®7r4¢ 1000~10000 _
Far infrared =745+ 10000~1000000

Department of Nuclear @
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Typical laser systems AR L —H—> X7 L

L—H—Dy L7 Wik 290V AU
Argon ion/ 7 NVT A F v 488/514 nm CW /3 )
Krypton ion/ 7 V) 7"b A4 4~ 531/568/647 nm CW /e Continuous wave laser
He-Ne/~NVU 7 L 37 v 633 nm CW /3 SEE%ER —
CO, / 10.6 pm CW or pulse/3#ifii £ 721331 2 ~ E:jf\ﬂ‘,/&(CW) L=0
Dye/ 132 450 nm — 900 nm  CW or pulse/#ifii £ 721373V &
Diode/FEfE (54 4 —F) 650 nm — 900 nm  CW or pulse/#ifii £ 721373V 2 )
Ruby/)L € — 694 nm 1 — 250 us
Nd:YLF 1053 nm 100 ns — 250 us
Nd:YAG 1064 nm 100 ns — 250 us
Ho:YAG 2120 nm 100 ns — 250 us
mm o e laor
r: nm ns — 250 s o o
Alexandrite/ 7 L ¥ % ¥ F 94+ 720 nm 50 — 100 s JINJLVAL—T—
XeCl 308 nm 20 — 300 ns
XeF IXx2 351 nm 10 — 20 ns
KrF L—H— 248 nm 10 — 20 ns
ArF 193 nm 10 — 20 ns
Nd:YLF 1053 nm 30 — 100 ps
Nd:YAG 1064 nm 30 — 100 ps

Ti:Sapphire/F % ¥ 774 7 700 nm — 1000 nm 5 fs — 100 ps \Short p/ulse laser

\ 2/ UL L —Y'—
#8558/ VLR L —H'— Ultrashort pulse laser
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Prmcnples of a laser
—H —DE{FIRE

S ZZE (Reference):W. T. Silfvast, “Laser Fundamentals”
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Einstein A and B coefficients (1916)
FAYYa914 YDA BREOESR(19165F)

Temporal evolution of population density N, and N, SRIZZEN,, N,DIFEZE1L

dN dN
d—tl — —d—; = NoA — N1 B1oW + Ny By W
spontaneous _ stimulated
Thermal equilibrium (7) emission ~ absorption  gmission BN
BTERE CBE T) A 1 25472
incident light
NQA — N1B12W = N2321W =31 ha) A BW <::| A%Tjﬁlé
A 12 BW 74
) W= 2
(N1/N2) Bz — By v E N
> IR == 120
Boltzmann distribution 7RJLY % ¥4%5 BRmE R SR

Ny /Ny = exp|(Ey — Ey1)/kpT) = explhw/kgT]  Planck’s law for cavity radiation
TSV GJ%LZISBI%W);EEU

A : : hw 1
T— W S
Wiw) explhw/kpT|Bis — Ba p(w) w2c3 explhw/kpT] — 1

. huw?
Blg — Bgl :FSC]:U A — LBgl

w2cs
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Cavity (black body) radiation

T T T T I T T T T I L) T T 1 I T L) T T J
- T=5500K
800 |- -
— 600 |- -
£
=
)
< 400 -
S "
200 T=4000K _
I T=3500K
o A 1 L 1 L I 1 1 I 1 L 1
0 500 1000 1500 2000

A [nm]
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Conditions for producing a laser
L —F—DEMET D726 DFRF

.Population inversion R¥E=H

.Saturation intensity  B2f03RE
-Net gain per round trip/Lasing
FIx

Department of Nuclear
oy @ uT-PSC 4/8 No. 17

Engineering and Management



Advanced Plasma and Laser Science (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

Gain 71> (F8)
dz

<>

@ B B(N2 —Nl)hw
dz C

4

Extended Lambert-Beer law
I(z) = [pe?* = Tye? N2=N1)z

I

1(2) [(z+d?)

S

Gain coefficient
- B(Ny — Ny )hw __ Bhw

C C
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Stimulated emission cross section for a variety of lasers

Laser A(nm) o(m2)
He-Ne 632.8 3.0x1017
Argon 488.0 2.5x10-16
He-Cd 441.6 9.0x10-18
Copper (CVL) 510.5 8.6x10°18
CO, 10,600.0 3.0x1022
Excimer 248.0 2.6x10-20
Dye (Rh6QG) 577.0 2.5x1020
Semiconductor 800.0 1.0x10-22
Nd:YAG 1064.1 6.5x1023
Nd:Glass 1062.3 3.0x10-24
Ti:Sapphire 800.0 3.4x1023
Cr:LiSrAIF 850.0 4.8x1024

Department of Nuclear @ SC
Engineering and Management U:FC_P,W 4/8 No. 19



Advanced Plasma and Laser Science (Kenichi ISHIKAWA) for internal use only (Univ. of Tokyo)

R
I(z) > Iy for z>0 WP Ny> N

Stimulated emission > absorption | | &K > kIR

9% Population inversion

Energy Energy
At thermal equilibrium 1 1

—7. BFEETE thermal population
N, = N,exp[-hw/k,T ]| << N, equilibrium inversion
N
2 2

N
kT

Population density Population density

Department of Nuclear Q
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=

9% Population inversion

« Solid, liquid, gas EM# -
ik - SE
e Plasma 75XV R, R,
e Free electron BHE \ . L .
b > b
N EERE 5 | &
il
Gain medium )j'tcg
Pumping energy source is necessary. stiEse I
PIRE TRILF —IRHINE Oscillator
. (resonator)
e Flashlump 72v>212>Y7 IxIVF—E | Pump
* LED FHA 1 A—R /
 Gas discharge 17 R E

Electric current &)t

Chemical reaction 1t R ity
Another laser, L —H'—

Department of Nuclear Q
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> P
>Z

Saturation intensity 82#15&)

spontaneous stimulated

emission emission
Pump/7 N,
I
1
NoA = V2 NoB~
T C
AV

1

A 4
BRARE FAERE

steady state

AN, 1 BI L
— =T —-Ny(—+—) =0 ﬂsz
oy 2 - c % T %
Department of Nuclear @ UIC_PSQ 4/8 No. 22
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K

Saturation intensity 82#15&)

C hw Bhw

- — g =

at —
BT oT c

saturation length

gLsat — O'(NQ — Nl)Lsat = 12+5

I

eIb=ar ~, 10°

Department of Nuclear a
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example: He-Ne laser

gLsat — (N2 — Nl)Lsat =125

g=0.15m""' mwp Ly~ S0m!
one path

L=02m mep 9L 221.03

amplification by one path is small in general

Lsat
L

~ 400 paths 1S necessary

Department of Nuclear Q
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1R Oscillation (lasing) in a resonator

Rl R2
L

The gain medium is put in a cavity ; ] >» 5
(resonator) with two flat mirrors for AERE > 1 @
lasing. L—Y—XZHKE T D7 Gain medium 1&
HIT., —RRISTEMLRE F—HED Tl
ANVNS oS S—H5RBI  SEE T r

}}I_‘i G)CP (u%b\n%o (resonator)

IxRIF—IR | Pumping

Feedback amplifier 7 1 — 5/ \w 2181828

Amplifier 1E1825 Bl
I I Ll Ll
A 1A 1-p),
I, = Al -2 1 A<l

1-AB "
Department of Nuclear Q
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Net gain per round trip

Feedback amplifier J 1 — ;-4
ISy D18hEEs T 1-AB
pl, Infinite amplication
L | AL AB=1 5 i etk
] (1; B)I Oscillation (lasing) without an incident
":> light (seeded by spontaneous
emission) AFXNR < TH, BRKE
R, R, ZRB(IC U TKRERBRBENDEoND(FEIR).
E )
~ > > Lasing condition R & L — 1 —FIROFM
. L ©
=T >4 expl2(g—a)L]RiRy = 1
: : — |
Gain medium | )%% " 5
A N o -
Gacilato T r zozte g = (N2 — NiJo 05
(resonator) Necessary population inversion HE /R RERD 1 (X

IXIF—R | Pumping

a lanRz
Ny — Ny = — —
° T g 2Lo
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Amplifier parameters for various lasers

Laser g (m™) L (m) m
He-Ne 0.15 0.2 400
Argon 0.5 1.0 24
He-Cd 0.3 0.5 80
Copper (CVL) 5 1.0 2.4
CO, 0.9 1.0 13
Excimer 2.6 1.0 4.6
Dye (Rh6G) 500 0.02 1.2
GaAs 100,000 0.0001 1.2
Nd:YAG 10 0.1 12
Nd:glass 3 0.1 40
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Basic structure of a laser L —H'— D&

K, R,

Gain medium

ck—%—<
1yb1| Jese

HiRes
Oscillator (resonator)

Ix)IF—IR |Pumping energy source
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