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Laser : the greatest invention of the 20t" century

L—4—: T20it#cmARDFAA,

* |Industrial, daily life

— Laser processing (e.g. smart phone) L —H% —i1T
(R HE)

— CPU (Lithography YV 2757 4 —)

— CD, DVD, Blu-ray, Copy machine

— Optical communication J¢&@(E

— 3D sensing, autonomous car 3Dt > v 7. BENLER
*  Medical

— Hernia treatment, dental treatment, Laser scalpel,
cancer therapy

Hg%d) \;ﬁ%\ J@%ﬂ'iﬁ%\ $T$T( [/ — _H-\-\_ )( Z)\ | LASIK SURGERY | Excimer beam
N NVAN
75\ /\’ /H % Thin flap of .
— LASIK L —v 7 birthmark removal

HE - LABE. hair removal [7E
— Baby gender selection FHOELD S (HF)
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Laser-related Nobel laureates
L —H—EED ./ —N)LE

Townes, Basov, Prokhorov (1964-Physics) invention of laser
Gabor(1971-Physics) invention and development of holography

Bloembergen, Schawlow (1981-Physics) laser spectroscopy

Kroto, Curl, Smalley (1996-Chemistry) fullerenes

Chu, Cohen-Tannoudji, Phillips (1997-Physics) cool and trap atoms with laser
light

Zewalil(1999-Chemistry) femtosecond chemistry

Wieman, Ketterle, Cornell (2001-Physics) Bose-Einstein condensation

« Tanaka, Fenn (2002-Chemistry) mass spectrometric analyses of biological

macromolecules

Glauber (2005-Physics) quantum theory of optical coherence

Hall, Hansch (2005-Physics) optical frequency comb

Kao (2009-Physics) optical fiber

Haroche, Wineland (2012-Physics) cavity QED

Akasaki, Amano, Nakamura(2014-Physics) blue LED

Betzig, Hell, Moerner (2014-Chemistry) super-resolved fluorescence microscopy
Weiss, Barish, Thorne (201 7-Physics) observation of gravitational waves

Ashkin, Mourou, Strickland (2018-Physics) optical tweezers, high-intensity, ultra-
short optical pulses

e o Laseris omnipresent from basic science to our daily life.
m L= —DISARERFRL SAEEFLCOTHTHICETTEE> TV 3, No. 3
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Unique properties of a laser
L — — D

=)= II‘/'

H
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Directionality fgHI1%E

Laser light propagates straight with very little divergence.
The laser energy is not lost during propagation.

Easy to focus onto a small area with a simple lens.

L ——3E. lWE—AICKGR>TWVWT, REVERTZ S ELGVLER
D, FEAE—ERICFHEDARDHNES,  (CFITHER)

Normal light
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Monochromaticity B it

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

BEDL —T—HE. TNETNHIFHEDRERDH
Z2H. TORERIFFEHENIC—TE TH D,

00000

3500 - Laser | \

00000

00000

Wavelength (nanometers)

No. 6




Advanced Laser and Photon Science (Kenichi ISHIKAWA) for internal use only (UTokyo)

How come?
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Absorption and emission of light Yt DRI & B

Einstein 71> 254> (19164) Bohr’s condition 7R — 77 (D &4
Atom JRF  Energy level T3 )L ¥ —%Efir
light E hv =E, - E,

. 76 N |:>|:> v frequency HRENEL

h=6.626x10"*J-s

|] o — E, Planck constant
absorption spontaneous stimulated
emission emission

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

BRFHTOEALIER T B, K aEWET B,

* Spontaneous emission BAME : happens without an incident light A
FANEL THIRRI D,

o Stimulated emission & © emits a photon induced by the incident

light ABEICDBENT, HZ2HET D,
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Before After
spontaneous photon
emission Iﬂ

_ photon O T 2 photons
stimulated —) -
emission

—

(stimulated)
absorption l‘
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How is the laser different from the other
light sources? L —H'—& (&

L —1F— Laser

Light Amplification by Stimulated Emission of Radiation

= FEMRBC K DA DB

‘ highly directional, high-intensity, very pure wavelength
HORER - 18 - 75[) - BADZES 2T B,

A

v
DR (KRG, |EK. @HAT. ERE) All the others (sun, -
light bulb, flueorescent lamp, firefly, )

by spontaneous emission BNz

‘ diverse direction and wavelength, low-intensity

HORE - (U8 - 7A@ - BARLESES,
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de—L > X Coherence

Unique properties of a laser L —H'— D45
Directionality & monochromacity

B - 28k

Classical electromagnetic wave & E289E LK

B Frequency (wavelength)
Polarization 'f}F?B”. W s (i)
E=E K- X—iwt+i¢
= ()e N 7 - {i1#8 Phase
Direction

Laser is an ideal classical electromagnetic wave!

L — ' — (33288073 & B8V EHOR |
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Wavelength regions Yt DK R EIE

BHOK L. RRICK > TRDRDESBARY NLVBEEICORETE %,

Wavelength JE& (nm)

Hard X-ray 8L 7 X#x <1

Soft X-ray #RT v 7 A#R 1~30
Extreme ultraviolet fRimsEA(XUV) 10~100
Vacuum ultraviolet EZEZEA(VUV) 100~200

Violet 25} (UV) 200~400

Visible AJ{&% 400~780

Near infrared a7 780~1000

Middle infrared/ 7z 4% 1000~10000

Far infrared 3Z7x7% 10000~1000000
o0
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Typical laser systems AFRHN&EL —H—> X7 L

L—F—D¥ 47 Pk RV

Argon ion/ 7N T A F ¥ 488/514 nm CW /e )

Krypton ion/Z7 ) 7 F v A4 4> 531/568/647 nm  CW /iif Continuous wave laser
He-Ne/~V 7 L3 F v 633 nm CW /3 . SEEESE(CW) L —H'—
CO; 10.6 pm CW or pulse/#ific £ 72 13,3V 2

Dye/fa3 450 nm — 900 nm  CW or pulse/#ifii % 72 137V A

Diode/ 584k (4 4 —F) 650 nm — 900 nm  CW or pulse/#ifii % 72 13OV A

Ruby /)L — 694 nm 1 — 250 ps

Nd:YLF 1053 nm 100 ns — 250 us

Nd:YAG 1064 nm 100 ns — 250 us

Ho:YAG 2120 nm 100 ns — 250 ps

Ho:YSGG 2780 nm 100 ns — 250 us > Pulse laser

Er:YAG 2940 nm 100 ns — 250 ps o W
Alexandrite/ 7L ¥% > F 54 F 720 nm 50 — 100 s JNVAL =T —
XeCl 308 nm 20 — 300 ns

XeF Excimer 351 nm 10 — 20 ns

KrF lasers 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 % #7747 700 nm — 1000 nm 5 fs — 100 ps \Short 9}U|39 laser

\\\\\\ BIULAL—H—
#8%2/) V)L R L—1— Ultrashort pulse laser
@ o0
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Principles of a laser
L — "j' @D -J'flﬁlﬁ'ff

S ZZE (Reference):W. T. Silfvast, “Laser Fundamentals”
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Basic structure of a laser L —H— O #E&

R R,
| L o
| 13
. Ja
| 4§
| 5

| HiRzS
Oscillator (resonator)

Ix)F—/F |Pumping energy source

m No. 15



Advanced Laser and Photon Science (Kenichi ISHIKAWA) for internal use only (UTokyo)

Einstein A and B coefficients (1916)
FAY2a514>DA, BREEOER(19164F)

Temporal evolution of population density N, and N, SHIEEEN,, N,DIFREZE(L

dN dN.
Wl = —d—t? — NyA — NyBypyW + NoBy W
spontaneous _ stimulated
Thermal equilibrium (7) emission absorption 5 ission E N
MLERRE CRET) f 2772
incident light
NoA — N1BioW + NoBoyW =0 \Bia
2 182212 24721 ha) A B12W <:| AEWTJIE
(NI/N2)Bl2_B21 E N
o SR == 1>7 71
Boltzmann distribution W)LY~ V0 B TR AL

Ni/Ny = exp|(Fy — E1)/kpgT) = exp|hw/kgT]  Planck’s law for cavity radiation
TS50 DEFRBHNDEL

A : :: hw? 1
‘/'/ - ‘/‘/ —
() explhw/kpT| By — Bay p(w) mw2c3 explhw/kgT| — 1

hw?

Blg = Bgl BJ:U A = —B21
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Cavity (black body) radiation

8E+11 |~
6E+11 |~

4E+11 -

Spectral energy density / kJ/m3 nm

2E+11 |~

0 500 1000 1500 2000

Wavelength / nm
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Conditions for producing a laser
L ——DBIET 518 DEH

.Population inversion RE79D%H

.Saturation intensity  E3F03&E
-Net gain per round trip/Lasing

FHix
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Gain 71> (FIE)
dz

>

dl  B(Ny — Ny)hw

— = I
dz C

1(z)
E—

[(z+d?)

\

Extended Lambert-Beer law
[(z) = Ipe9% = [yeN2=MN)z

S

Gain coefficient
B(Ny — Ny)hw
C

_Bhw
¢

o

g:
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Stimulated emission cross section for a variety of lasers

Laser A(nm) o(m2)
He-Ne 632.8 3.0x10°""
Argon 488.0 2 .5x1016
He-Cd 441.6 9.0x1018
Copper (CVL) 510.5 8.6x1018
CO, 10,600.0 3.0x1022
Excimer 248.0 2.6x1020
Dye (Rh6G) 577.0 2.5x10-20
Semiconductor 800.0 1.0x1022
Nd:YAG 1064.1 6.5x1023
Nd:Glass 1062.3 3.0x1024
Ti:Sapphire 800.0 3.4x1023
Cr:LiSrAIF 850.0 4.8x1024

m from W. T. Silfvast, “Laser Fundamentals”
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R

90 Population inversion

1) > 1o for z>0 map No> N |Gl

Stimulated emission > absorption | | &N H > IRUN

At thermal equilibrium

—A. BFETE

N, = N,exp[-fiw/k,

Energy Energy
A A

thermal population
equilibrium inversion

T] << N,

£
kT

Population density Population density
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Pumping energy source is necessary.
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R

e Solid, liquid, gas Y& -
AR - U

e Plasma 735X~

e Free electron BEHE

e TRILF —IRHONE

Flashlump 725w 215>V
LED B A A — K

Gas discharge 11 X1 E&E
Electric current &

Chemical reaction 1L Rty
Another laser, L—H'—

T

90 Population inversion

L

<

A J

> N

E R E

Gain medium

Oscillator
(resonator)

/7

HiR2s

|]

IxIVF—R

\ 4
¢_
WBi| JoseT

Pump
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A =
>Z

Saturation intensity 8a#05&

spontaneous stimulated
emission emission

pump N,
V N. 1
NQA — _2 NQB—

T C

R kYA ]\]1

BARRE FERL

steady state

dNs 1 BI
—=I'—-Ny[—+—| =0 No =
dt 2(7'_'_ c) é ?
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Saturation intensity 8Zf15REE

stimulated emission (GBE&EMHE) > spontaneous emission (BRKH)

C fuw . Bhw

loot = =— = — o
BT OT c

GLsat = 0(Na2 — Np)Lgay =12 £ 5

.o edlsat , 1(0°
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example: He-Ne laser

gLsat — O'(NQ — Nl)Lsat = 12+5

g=0.15m "' s Ly ~80m!
one path

L=02m ms) 9" =1.03

amplification by one path is small in general

sat

L

~ 400 paths is necessary

m No. 25
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& Oscillation (lasing) in a resonator

Rl R2
L

The gain medium is put in a cavity ] i > 5
(resonator) with two flat mirrors for ETERE | 3
lasing. L—H'— ﬁ'ﬁ%%ijﬁﬁ Gain medium . T &
sHIc. —MRICEMIEE F—HED »* 2
PNE S S—NDEBHR  EE T r

*’I_‘Z%EGJ EP (L%b\né o (resonator)

Ix)IVF—IR | Pumping

Feedback amplifier 27 « — </ \w D 181825

& S 90
Amplifier 151835 ol
I, I, I, I
A — L A >
(1-B)1,
[, = Al =2 1 Ap<l
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Net gain per round trip

Feedback amplifier 77 1 — -4
NVANVESS = = ° 1-AB
pl, Infinite amplication
I AL AP=1 5 Bl sk
] (1; I, Oscillation (lasing) without an incident

:> light (seeded by spontaneous
emission) AFYHHAR< TH, BAKE
R, R, ZiB(C U TRERBREADESND(FEIR),

< > Lasing condition EHE8Y/& L — —RIRDFMH
s exp[2(g — ) LR Ry = 1
|

Gain medium

vVVYY
ck—%—<
1yb1| Jose

A p
stiRS el B -
Oscillator T r CDNE g = (N2 Nl)O' AN}
(resonaton) Necessary population inversion W& 7/& RERD 0 (&

Ix)IVF—IR | Pumping

a lanRQ
Ny — Ny = — —
. ° T 2Lo
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Amplifier parameters for various lasers

Laser g(mm) 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

n m from W. T. Silfvast, “Laser Fundamentals” No. 28
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Basic structure of a laser L —H— O #E&

R R,
| L o
| 13
. Ja
| 4§
| 5

| HiRzS
Oscillator (resonator)

Ix)F—/F |Pumping energy source
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