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Spectrum of Electromagnetic Radiation and Light How can we produce EM waves ?
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How can we analyze EM waves ?

Diffraction Grating

When there i3 & need to separate hght of different wavelengths with hg!u:sahmn
then a difffraction grateg i mest often the toel of cheace. Thes “roper prirm® aspect

the difraction grating leads to appheation For measuring Momic. ep-ectra in both
Iaboratory imstrumants and telescopes. A large rumber of parallel, closely spaced shts

constitutes a diffraction grating. The condsion for matmun misnsity is

that for the double sht or multiple shts, but with a large sumber of dBs the mbensity
enaoimeum i very sharp and narrow, providing the igh resobation for spectroscapic
appbeatons. The peal mtensies are also much higher for the grating than for the

the sar

'

Position > Wavelength

Resolution

How can we analyze EM waves ?

Resolution depends on
d- number of groves per mm

e Diffraction Grating ¥
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c
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How can we analyze EM waves ? How can we analyze EM waves ?
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Figure 3.6.1b. The H-ray detection or
Figure 3.6.1a. Cross section of a typical process in the Si(Li) detector. Incident X- al
lithium-drifted sflicen detector. X-rays create rays may cause ionization in the Si of the ﬁ 6
electron-hole padrs in the intrinsic region of detector. The resulting characteristic 2-rays ;i —‘
the semicenductor, these charge carriers then may escape or be absorbed within the o (b}
migrate to the electrodes under the influence ; detector. The meident X-ray loses energy me
f lied b 1t: after K i
% aa ap}; © 1;;53;’0 Sl A sequivalent to E, for 5i The energy of Figure 3.5.6. Schematic representation of pulse height
oTporaiion incident X-ray can also be abzorbed by anilyzer behavior () Mo arphifer sutput, (b) smgle
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electren-hole pairs. (after Goldstein et al
1981)

Pulses [ and 01 are rejected (after Goldstemn et al
1981




Inside an

Light and Atoms

Hydrogen Energy Levels

The basic hydrogen energy level structure 15 in agreement with the Bohr model.
Common pictures are those of a shell structure with each main shell associated with a
value of the principal quantum number n.

ectron :
Wavelength = lonizafion

Electron

Light and Atoms

Hydrogen Spectrum

From Bohr medel:

.+ Lyman Series ... Balmer Series

o I’\2
lpr- {Uliraviolet) “., (Visible)
n =T % 4102nm

1

W violet

Measured Hydrogen Spectrum

The measured lines of the Falmes series of hydrogen in the nominal visble region

nea' % are:
." W,
7 ¥ avelength Relative o, ion  Color

", Paschan Series™,

(nm)  Tntensity

| " (inrareq) ; 3835384 5 922 Vielet
ay= 0.0529ym = Bohr radu_us . 486.1 nm 3BZO04T 6 8.2  Violet
N n=1 -13.6 eV bluegreen 397.0072 8 722 Viclet
/ / """""" - 410074 15 6-22  Vielet
424047 30 532 Vielet
486133 80 422  Blegeen (cym)
656272 120 32 Red
6562852 180 3.2 Red
The red ke of deuterizn is measurably different at 656 1065 (1787 nn
difference)
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Electron Transitions Lyt Seves
93782 621 UV
The significance of the zero in The Bohr model for an electron transition n hydrogen between quantized energy 94976 5->1 [0V
9 is that the el _ . levels with different quantum numbers n yields a photon by emission with quantum 97234 4-=1 oV
?ner?}r is that; :e ectran Ii 378 " p—— 102583 i1 [V
ree from the hydrogen nucleus, _37g N=6 R e —- 121,566 a1 W
. _'544 F=S E2 involves ET\SSIOH of Balmer Senet
o 4 5 6 7 Electron is free L i, © QTEEIEICIELE 3835384 |5 952 [Violet
u] f— -850 n=4 \ UU UV -hu=E,- E 3889049 |6 822 [Viels
n=3 — E Epmlon V] 2 1
20 ~ -1.511 n=3 n, 1 37.0072 |8 722 [Vielet
- / Given the expression for the energies of the hydrogen electron states: 41011 13 6-22  [Violet
n=2 3.4 n=2 434047 |30 532 Vol
= 4.0 2mimet| 1 1 4836133 |20 4-52  Blegreen (cym)
Lt hv= 5 = ~ | =-13.6 ———|eV 656272 120 (3-22  [Red
B 60 Scaled plot of hydrogen levels in electron volts. h noon non; ss62e5s 180 >3 [hed
2 Paschen Series
=
@ : =3 [
= 80 E -13.6eV The levels get closer together This 13 often expressed m terms of the iverse wavelength or "wave number” as T:o:;s B _:
-_— P — . N . 7->3 IR
= > as they approach the ionization Hellorrs 10938 ; - 3, ®
= ] ; I
= -10.0 n anergy. 2 4 o .
=] 9 1 _l | where g = 2n°me’ s called the 128181 523 I
: : i - n H~ e Rydberg constant. 187501 4-»3 R
-12.0 Electron is bound in atom 2 Brackett Series
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Light and Atoms Light and Atoms: Photoelectric Effect
The Photoelectric Effect

n=2 2p3f2 l VVVM«“#- 25
1/2 The remarkable aspects of the . P
Early Photoelectric Effect Data
2[] o 5 2[] 12 —_E'Umﬁn:» . ;;E:;:l:;:;eeﬁect when it was first R
/i~ 45x10° eV 4372x10° eV Eas - |
y Light ‘\ f h i
hv=136 | 1 1 v=109GHz v =1.057 GHz \\_\ 9';:“;9%“\\ ;S:%E:f 1. The electrons were emitted g O 125 ev
IAS1EE 4 A=27cm A =28cm N sodium < o dtefily - @ e g P
| ] I = 1 N, metal e 2. Increasing the intensity of the lght o —
H fi Lamb shift \"na <\ :
=10.2 eV L ne sIruciure | | Leluleiine | N vacuum N\ increased the number of
- =8 SeauaTeE * photoelectrons, but not their
A=121.6nm UV mazmum knetic energy! e I : !ul:‘ i .-I\:.(u
=1 1 — The details of the photoelectric effect were 3. Red light will ot cause the " .
n 8 r . 1 ? ejection of electrons, no matter what The Planck Hypothesis
-5 Ml m direct contradiction to the expectations the intensits]
E= -13.6 eV 59x10 eV P of very well developed classical physics. & uTely] _ o
- 3 45 GH | structure | 4. A weal wiolet ight will eject only A

n V=1 Z The explanation marked one of the major lijffw electro.ns, but their mat;mnum 824 b e e e

' i ] A=21cm —(l 5 steps toward quantum theory. ¢ kunefic energles are greater than “ S i £ 5
Hydmgen Shmdng' Scaled x50,000 those for intense light of longer E = h 3“:&:‘0[;“""'
L {conflrms Bohr mOdEI}. wavelengths| = Planck's constant = 6826 x 10 Jouke-sec « 4,136 110 #¥-a
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Light and Atoms: Photoelectric Effect Wave-Particle Duality

Publicized early in the debate about whether light was composed of particles or Can be ezplained in terms of ~ Can be explained in terms of

Phencmenon

waves, a wave-patticle dual nature soon was found to be characteristic of electrons wWaves particles
as well. The evidence for the description of light as waves was well established at
the turn of the century when the photoelectric effect introduced firm evidence of a Reflection ,\/\/\l \/ o \/
. TR eeinls et o el O i it hewd), i el preperbes oF v TS
PhOt()electl'lC Effe(‘t Photoelectric Effect well documented when the DeBroglie hypothesis and the subseq pEriment: Refraisn ,V\/\l ‘/ o \/
by Davisson and Germer established the wave nature of the electron.
Analysis of data from the photoelectic expenment E photon = h\"' Photoslaciiic Effect Davisson-Germer Experiment Interference f\IV\/ \/ o ®
Ligntphotons  Eecirons - showed that the energy of the ejected electrons was Vo = 6.22¢10° mis Electrons Eloction
\ 2\ pette,  proportional to the Fequency of the ilumnating light il - 8 . slected . et Diffraction UVAVAVEY 4 o ®
AN surtace #  This showed that whatever was knocking the electrons ) s N L'ﬂ:‘mg N "°r"" the | 507 <
“  outhad an energy proportional to light frequency. The Showed Y onciean oo A< / Showed wave . ®
4 \ Sodm N < % Polarizati —_
remarkable fact that the ejection energy was 00 particle % Sodum N 4 / properties of olatization UVAVAVEV S [

mdependent of the total energy of llurmnation showed electrons
that the interaction must be like that of a particle which

gave all of its energy to the electron! This ft m well with

Photoelectric
effect ’W\" ® o ‘/

31eV i A i
o o " 17
u . le N\ \ 2
- . -
£ * Sodium metal <n slga‘\

Photon energy Planck's hypothesis that hight in the blackbody radiation
E=hv experiment could exist only in discrete bundles with Patassium - 2.0 oV nosded 10 spect electron
Ener, i
explains the experiment Photoelectric effect
and shows that light
behaves like particles. E = 11\; Most commenly observed phenomena with light can be explaned by waves. But

the photoelectne effect suggested n parcle nature for hght
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Wave-Particle Duality

Publicized early in the debate about whether light was composed of particles or DeBl‘Oglie ‘Va\’elengths

waves, a wave-particle dual nature soon was found to be characteristic of electrons
as well The evidence for the description of ight as waves was well established at

the turn of the century when the photoelectric effect introduced firm evidence of a DeBroglie
particle nature 2s well. On the other hand, the partcle properties of electrons wes | The Davisson-(Germer experiment Wavelenath
well documented when the DeBroglie hypothesis and the sub expetiments —p— n =
by Davisson and Gesmet establiched the wave natuce of the electron showed that electrons exhibit the h
DeBroglie wavelength given by: A=
Photoelectric Effect Davisson-Germer Experiment P
Electrons ;Ls‘téwl‘\g
N uge \ fe[l:;‘?:e 4 peak at 50° Does this relationship apply to all particles? Consider a pitched
N shiing "\ qurtace / £ basehall rer
Showed \ ﬂ:ﬂ;::“imﬂ \ “ Showed wave L =40 mis = 90 mifhr atomic
particle \ metal /‘\\ L,/ 4 properties of = - diameter
properties Y na /N / i1 electrons =T Y sl - 2RZO IO ISy 10 Ty
of light \ vacuum = (0.15 kg)t40 m/s) i,
Sodium metal A For an electron accelerated through 100 Yolts: v= 5.9 % 108 m/s L 213Meter

6.626 % 107 s 2w 10792 002 nm
(911 % 107 kg)(5.9 % 10° m/s)
Thiz is on the order of atomic dimensions and is much sharter than the
shortest visible light wavelength of about 390 nm

Wave Nature of Electron

A5 a young student at the University of Paris, Louis DeBroglie had been impacted
by relativity and the photoelectric effect, both of which had been introduced in his

lifetime. The photoelectric effect pointed to the particle properties of light, which had
been considered to be a wave phenomenon. He wendered if electons and other Red phaton
"particles” might exhibit wave properties. The application of these two new ideas to 656 nm A=

light pointed to an interesting possibility: :‘Izé‘"l\:“q( .
Relativity #7100 volts
2 2.2 1 mass=0 electrons ;. a "~
E=me”=/p7c™ My [~ Momentum of v=5.9x10%ms",
Kinslle  Festmass _ 2— @ photon The de Broglie .
sy energy p=E = Hypothesis 1 f : B
tarm term T Y - 4 F :
=B =Dl Lot
e e A B g _-136eV
Ln=E D for ===
I alactron? n T2
Wavelength- N
3] energy Hydrogen Energy Levels Electron Diffraction

Photoelectric E =hf = T relation

he
effect Y

The interaction of radiation with matter

Transparency Absorption and Emission

; . . . Talung d liraviole

You can see for many miles through clear air and a clear piece of glass obviously is - i vrih gkl mdu.wm..t‘ L
seotber w5 o ExNEple, Bbsorp o of A photan vl oovar cnly vilen the o

transparent to the wavelengths of wsible hsht The ar 15 fortunately not transparentto
the ultrawiolet rays from the sun, theugh mereasng transparency from ozone etates. In the interaetion of rad
depletion is a concern. The clear piece of glass is transparent to wisible light becavse h thist the photon energy cim e
the available electrons in the material which could absorb the visible photons have no then the matter sll be transparent to that radiation
available energy levels abowe them i the range of the quantum energies of visible

10y gap between the mitial and fnal
. IEthere 15 no pair of energy states
e,

Fthe photon precicely matd

ter froem the Jower to the upp

photons. The glass atoms do have vibrational energy modes which can absorb E; Avsorption can oceur
mfrared photons, so the glass is not transparent in the mfrared. This leads to the "W" E. ;EV::‘:"B E,- E, Adownwardransiion

g[sr.anhousﬁ effect. The quantum energies of the mecident photons must match E s = 2 £ involes amissioin of
available energy level gaps to be absorbed. —_— a photen of anargy:

\

———E, Absorption can occur ———E, Ena=t =E;- E,
\/\MU\,\,» T only when Fijiie
Eqpoion = hV/ E, AE =hv=E,- E, hy  Transparent g levels atiociabed with drelecules, abr and nichel are i gentral discress,
— Available quantred energy levelr and transmens between those levels typically wvelve the
Absorbed final states  yhoornfion or ermssson of photers Electron energy levels have been used ag the
o Xoray r\/\/\r{};’— example here, but quantized energy levels for molecular vibration and rotation alse
Radio | Lo | B uv y -ray fiv Tramparent enst Tranmmons between whrational quantumn states typically sccur m the infeared
I wid transtinas behveen rotationl qamibins shates e Bypicallyn the mcr
To what pholon energies is the human body transparent? Initia) state region of the electromametic spectrum
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The interaction of radiation with matter

sion

Stimulated Emis

If an electron is already in an excited state (an upper energy level, in contrast to its
lewest possible level or "ground state”), then an incoming photon for which the
quantum energy is equal to the energy difference between its present level and a
lower level can "stimulate” a transition to that lower level, producing a second
photon of the same energy.

Electron in
excited state

°—E2 ) _B_Ez
M E1 N\ E}VWU

photon = MO

Incident
photon Epoion =0 = E; - E4

When a sizable population of electrons resides in upper levels, this condition is
called a "population inversion", and it sets the stage for stimulated emission of
mmultiple photons. This is the precondition for the light amplification which occurs n
alaser, and since the emitted photons have a definite time and phase relation to
each other, the light has a high degree of coherence

Phetons produced

000000 E2 by stimulated

R "
If a significant 350805 ° :na:esrs:a[:g:\.;a
mﬂ i
population inversion relationship,
pheton = N exists, then stimulated producing
Incident emission can produce coherent
photon significant light light.
amplification
E, E,
Like absorption and ermission lated emission requires that the photon energy
Lecture 2 given by the Planck relationship be equal to the energy separation of the 19

participating pair of quantum energy states

Application of Lasers

b

Laser Dreams TELECOMMUNICATION
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Types of Lasers

The laser medium can be a solid, gas, liquid or semiconductor.

Solid-state lasers have lasing material distributed in a solid matrix (such as the ruby or
neodymium:yttrium-aluminum garnet "YAG" lasers). The neodymium-YAG laser emits
infrared light at 1064 nanometers (nm).

Gas lasers (helium and helium-neon, HeNe, are the most common gas lasers) have a
primary output of visible red light. CO2 lasers emit energy in the far-infrared, and are
used for cutting hard materials.

Excimer lasers (the name is derived from the terms excited and dimers) use reactive
gases, such as chlorine and fluorine, mixed with inert gases such as argon, krypton or
xenon. When electrically stimulated, a pseudo molecule (dimer) is produced. When lased,
the dimer produces light in the ultraviolet range.

Dye lasers use complex organic dyes, such as rhodamine 6G, in liquid solution or
suspension as lasing media. They are tunable over a broad range of wavelengths.

Semiconductor lasers, sometimes called diode lasers, are not solid-state lasers. These
electronic devices are generally very small and use low power. They may be built into
larger arrays, such as the writing source in some laser printers or CD players.

Wisible Light

What is the
difference ?

Regular Light

Properties of laser

radiation:

*Monochromatic
*Coherent

isible Light

*Directional

«Stimulated emission
and gain

Laser Light

Population Inversion

The achisvemens of a significans population
& or mobscidar ensrgy states
200000, fazer action Electr
It & mgntcans

population imversion

Eppeme =NU  guigty, then stimulated &0

And more: Ring lasers, Disk lasers, Free electron lasers, ... icon s cinpoaice gages by
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Laser Wavelength o
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400K = _ ‘
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Regular Light COHERENCE: Regular Light COHERENCE:

— “isible Light lee raimn — “isible Light

é.

&

) ¢
‘¢

i i ANANANIANI
Laser Light Laser Light WAVAVARY

_ Vizible Light _ Vizible Light

lfs B ,oo&%i

Visible Lasers: Typical Laser Wavelengths:

Laser Type Wavelength
(nm)
Red Laser
Orange Laser
Xenon chloride (UV) 308
Yellow Laser Nitrogen (UV) 337
Argon (blue) 488
yellow
_ Blue Laser |!|!| Helium neon (red) 633
* Rhodamine 6G dye (tunable) 570-650
Anything else ?
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Optic?l Fiber
Laser ( )
Transmitter(s) ‘

—’l 30 - 100 miles |<—

Receiver(s)
@) ¢
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MEMS OXC-- 2N Mirror Design

|
| | 1/0 Fibers
4 1

d \eey

- S
Imaging
Reflector Lenses
MEMS 2-axis
Tilt Mirrors 8

2N MEMS mirrors in an NxN single-mode

fiber optical crossconnect.
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dl 1)7'/’\

Beam scanning during

connection setup.

Lucent Technologies
Bell Labs Innovations

Principles of Laser Radiation

Inside an
Atom

Electron

02003 HowStulfWorks

P Emission of Light

Nucleus

©2003 HowStufTWorks

O

‘ Light Photon

©2003 HowStuffWorks
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Principles of 3-level laser operation

Inside an
Atom

Electron

Electron Is pumped to a higher
energy level.

Nucleus — ——
©2003 HowStulfWorks
Electron relaxes to a lower
energy state and releases a
photon.

...produces two photons of the
same wavelength and phase.
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Pumping level is unstable, so
the electron quickly Jumps to a
slightly lower energy level.

@

/————_————-_

Light and an electron in an
excited energy level...

(&)

O
]

Mirror reflects photons.

©2003 HowStulfWorks
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Principles of the Solid State Laser operation

©2003 HowstuftWarks

¢ "f

©2003 HowStutorks

Flash Tube

o
(o2

Mirrored
Surface Partially
Mirrored Surface

©2003 HowStuffWorks.
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008 O g
L e

Excited Atom
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Semiconductor Lasers

Conduction band

A

Valence band

Band structure near a semiconductar p-n junction.
Left: Mo forward-bias voltage. Right: Forward-bias voltage present

Lecture 2
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Output

Three level energy diagram of the
He-Ne laser transition

Emission of Light

The laser process in a HeNe laser starts with
collision of electrons from the electrical
discharge with the helium atoms in the gas.

interatomic N Laser transition This excites helium from the ground state to
L. the long-lived, metastable excited states.
N he long-lived, bl ited
collision 1E-7 sec N 632 nm Collision of the excited helium atoms with the

| ground-state neon atoms results in transfer of

5/ energy to the neon atoms. This is due to a
electron | coincidence of energy levels between the

impact | P / 2P helium and neon atoms.
1S J 1E-8 sec This process is given by the reaction equation:
I yd He* + Ne — He + Ne* + AE
l . . Inside an B
| | diffusion Atom
1S | towall
Helium Neon
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Fundamentals of Laser Operation

If the atom is in the excited state, it may decay into the ground state by the process of spontaneous emission:
— = -t
BE-Bi=tv Ny = N(0)e

the rate of which stimulated emission, where p(v) is the radiation density of photons :

aN . 1 (T/2) o2
B = BurlN WSS wrraar VT
. - . A Btars . As e
Stimulated emission cross section o (V) = Ay —=g(v) s
’ 8wn27t 7 —— i
Optical amplification ANy = (Ng - 23‘1) =
G ‘ e
where g, and g, are the degeneracies of energy levels 1 and 2, respectively Saturation intensity:
. X d o) hy
1 t — = . J(z ~ _ AN -
General gain equation &1y g')(rf)%l I(z) (V) = oo (v) - ANy Is o) 7S
It=)Y | T (1(2)
lu( Ln')+g(njl—s(h —1) = Yal(v) -z
. I(z) o i < onalt
Gain: G =G(z) = (@ +g)=(G=1) =) = Large signal: G—1
Tin Is I =T+ Yol(v) -z
o Z)=din +——7 1s
Saleh, BARSSTH"S Zund Teich, Malvin Carl (1991). Fundaiatniifior BRI T a(v) 36

New York: John Wiley & Sons. ISBN 0-471-83965-5. The intensity of the stimulated emission [W/m?]
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General description of a HeNe laser

The typical HeNe laser is basically an optical cavity that consists of a glass capillary tube with a mirror at
each end. The tube contains a helium and neon gas mixture that, when excited, utilizes the mirrors at each
end of the tube to transform the spontanecus emission into a stimulated laser light emission. One mirror
(called the high reflector mirror) reflects virtually 100% of the light, while the other (called the output coupler
mirror) reflects approximately 99%. Therefore, about 1% of the light will exit the laser at the desired
wavelength.

Some HelNe lasers do not incorporate internal mirrors but, rather, include a special glass window, called a
Brewster window. This window is mounted at a precise angle (Brewster angle} to allow light to pass through
and become linearly polarized. The output coupler mirror is positioned outside of the HeNe tube. The light is
almost completely transmitted, virtually cutting out reflection and resulting in a minimal loss of output power.
This intense, clearly visible light is ideal for applications requiring the observation of extremely tiny particles,
such as dust.

Examples of transverse
Gaussian laser modes
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Examples of longitudinal
laser modes
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