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Chart of the Electromagnetic ﬁpectrum
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e Terrestrial Solar UV: 290-380 nm.

* UV-A: 320-380 nm. Ozone 1s transparent. Cellular
damage by photochemical reactions.

* UV-B: 290-320 nm. Ozone is absorptive. DNA absorbs
and induces many bioeffects.

* UV-C: 190-290 nm. Air 1s transparent but ozone absorbs
so heavily that we do not see this range at earth surface.

* Vacuum UV: < 190 nm. Ionizing N, and O,
* Extreme UV: <50 nm.

* Soft x-ray: < 30 nm.

e X-ray: <1 nm.

Ref: Lasers in Medicine, edited by R. W. Waynant (CRC Press, London, 2002), Chap. 4.
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Light 1s a kind of electro-magnetic wave.

E(x,y,z,1)=A(x,y, z, 1)e?™>="

E(l‘, !) — A(l‘, !)efn’:{r.f]

A: amplitude vector. ¢: phase.
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E(x, y, z,1) = Ag'* %]
(a) (b) (c)

FIGURE 1 Examples of wavefronts: (a) plane wave; (b) spherical wave; and (c) aberrated
plane wave.



Wave Vector: the vector whose direction 1s normal to the
wavefront and magnitude 2n/A.

—

—

—

— -

k
For a plane wave, A 1s constant, and

p=K-r—ot

The magnitude of k, £ = 21//, 1s
also called the wave number.



= (0 c I," ‘.I / \II £\ \'. A\ N
Phase velocity v = E BURA i mamaT i e

T .. Envelope

If we have two frequency
components, @ + Awand o - Aw ,
the envelope moves with a speed

Aw
Vv e
& Ak
e do
For a number of frequency components, v, = E

v, 1s called group velocity.




1 \ - SAPPHIRE (Al0,)
Dispersion: n1s a tunctionot 4. | | \ T
g il & r_?u?-zi_‘_—_-
g QL&EQ:
\\“—_._____________r_ BET (E1T-842)
Sellmeier equation: 1} E

bA* dA® A”
n*(\) =a + s+ 2+—f >+
c — A\ e — A\ g — A

In catalogs of optical materials, the coetlicients a, b,
¢ ... can be found for various transparent materials.



Usually, the quantity dn/d/ 1s used to describe the
magnitude of dispersion.

Since  w=ke/n
_a’a)_d kc _c l—ﬁﬁ
dk dik\n ) n n dk

1 n Adn
or —=———

ve ¢ ¢ di

e




When light propagates in a medium, 1t 1s always
accompanied by energy dissipation.

—az 1?2 ille—a
E=E0€ a_f’_er(ﬂ- ot )

a 1s the coefficient of absorption.



Mirror

Pyrex: excellent mirror substrate; low coefficient of thermal expansion

Zerodur: “zero” thermal expansion

Lens or window

UV fused silica: excellent
transmissive properties from
IR to UV

Calcium Fluoride (CaF,):
wider transmission bands
than fused silica, small n,

Glasses: BK7, SF14, etc:
different transmission,
dispersion....
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Transrission (%)
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https://www.cvilaseroptics.com/onlinecatalog/

Surface flatness: How flat the surface 1s.

RMS amplitude of surface ripples

When preservation of wavefront is critical, a /10 to
7/20 surface should be selected.

Surface quality: How much the surface scatters.

um).

In the scratch-dig specification, the first number is the
width of the largest scratch (in 0.1 pm), and the second 1s
the diameter of the largest bubble or pit (in 10

For demanding laser systems 20-10 to 10-5 scratch-dig 1s
appropriate. If some scatter is tolerable, 40-20 can be
used.




Reflective coatings

Metallic: broadband. msensitive to wavelength. angle of incidence, and
polarization. But lower damage threshold.

Dielectric: reflectivity can be specified from low (10%) to near total reflection.
Available either broadband or narrowband. Best for 0-45" angle of incidence.

High Energy: resist optical damage of high power CW lasers and high energy
pulsed lasers. Wavelength must be specified.

Ultrafast mirror coating : to minimize dispersion effects on ultrashort laser
pulses.

Cavity mirror coating: high transmission for pump wavelengths and high
reflection for the lasing wavelength.




Anti-reflection coatings

V-coating

Typical
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For a plane electro-magnetic wave
E=E, cos(k = a)r)
H=H,cos(k-r—ar)
Poynting vector S=ExH=E,xH, cos? (k T — a)r)

Its average value 1s <S> = iEo xH,

n

27,

o)
—

1 e . 1
The magnitude of <S>1s [ = EEOHO = ’Eo




For £, in V/m, the unit of intensity is then W/m?.
In optics, however, W/cm? is used frequently.



The direction of energy flow 1s not always the same
as that of the wave vector.

k (normal to the wave front)

S (normal to E and H)
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spherical lens

polarizer or non-
plarizing beam splitter

window

mirror

objective
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Fluence threshold: thermal effects. Energy fluence = pulse energy/beam area.
(Unit: J/cm?)

This 1s often used for pulsed lasers. As a rule of thumb. the fluence
threshold increases as a function of the square root of the time domain. For
instance, 1f the damage threshold 1s 2 J/cm? for 10 ns pulses, at the 1 us time
domain the optic can withstand 20 J/cm-.

Intensity threshold: electric field breakdown. Intensity = power/beam area.
(Unit: MW/cm?)

This 1s important for both cw and pulsed lasers. The mtensity threshold
scales with wavelength, so the threshold at 532 nm will be half that at 1064 nm.

Beyond either threshold, laser can damage the optics.




f/# = focal length/beam diameter

On a lens, it means the lowest f/# this lens can achieve.

PLANO-CONVEX LENS

paraxial
image
plane

spherical aberration

chromatic aberration

f/5

ACHROMATIC DOUBLET
paraxial

image
2 —___ plane

(110 e e

focal spot diameter

_4/L.f/#

T

d




Plano-convex lenses: Focusing parallel rays
of light to a point. Minimize spherical
aberration in situations where the object and

1mage are at unequal distances from the lens.

For optimum performance, the curved
surface should face the infinite conjugate.

Bi-convex lenses: Minimize spherical
aberration 1n situations where the object and
image are at equal or near equal distances
from the lens.

i




E=E,cos(k-r—ar)

We usually use the direction linearly polarized
of E as the direction of
polarization. 4

If the direction of E 1s
constant, the light 1s called
“linearly polarized.”




Generally, the electric

: right-hand circularly polarized
field 1s represented as

E=E, cos(kz —oif + 95\)'
+ Ey, cos(kz -0t + ¢, )j

Eyw = Eoy and @-¢, = -1/2:
right circularly polarized.




right-hand elliptically polarized

Eo# Eoy and ¢-¢ = -1/2:

right elliptically polarized.

(a) (b}



Waveplates are birefringent crystals, which have different refractive
indices for different polarizations.

]/

&

“
H

Retardation | = (nslow — Nast )(UL/ ¢



I = (2m+1)n: m-order half wave plate 1\ S/
/

20
The half-waveplate can be used to FAST / \ / -
rotate the polarization of linearly 4 o/ N\|/ -~
polarized light. / l

I

Rotate the half-waveplate exactly &
around the beam axis (in either
direction) and we will have rotated
the polarization of the beam by 26.

I' = (2m+1/2)n. m-order quarter wave plate /t/

Quarter-waveplates are used to turn
linearly-polarized light into circularly-
polarized light, and vice versa. To do
this, we must orient the waveplate so
that equal amounts of fast and slow
waves are excited.
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Broadband polarizer

At this port, T /T, = 100 - 1000

multilayer
dielectric
coating

Glan-laser polarizer

At this port, T /T, > 10°

N

air gap

T
Y

T,/Ts is the extinction ratio, which is the most important specification

of a polarizer.




A

(Jones Vector)

E=FE,, cos(kz —wt + ¢, )1
+Ey,, cos(k_ —ot+ ¢, )J

We can write the electric field as

EOA‘ _ |E0x|€?¢x |
Eo, ‘ Eq, o called the Jones vector.




A

T & (Jones Vector)

Normalized Jones vector:

1
LJ linearly polarized 1n x

1
L] left circularly polarized
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band pass filter
interference filter
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it

plane of incidence



E) Mg COs By — n, cos 6,
. = r ——
E, ° nycos@,+n,cos8,

E; n, cos 6, — ny cos 6,
=F,=

E, ¥ n,cos@,+nocos @

E; { 2n, cos 6,

E, ° ngycos#@,+n,cos8,

r 21, cos 6,
]::p z f, Ccos 90 - Hgp COS 91




With Snell’s law, —sin (6, — 6,)

ry =",
sin 6, n, sin (6, + 6,)

sin@, n
b _tan (6, — 6,)

">~ tan (8, + 6,)

- 2 sin 6, cos 6,
sin (6, + 6,)

. 2 sin 6, cos 6,
P sin (6, + 6;) cos (6, — 6,)



R;

For optical intensity,
R

AndT,=1-R,T,=1-R

P

r

P

2 _ sin” (6, — 6,)
* sin® (6, + 6,)

, tan® (6, — 6,)
” tan® (6, + 6,)

For normal mcidence,

R

(1o —ny)’

7 (no+ny)’




bt & B %

ny < n;

>N,

1.0~ 1.0 — : ’

0.8+ 08—
= 0.6 n g 0.6 — o
total reflection
& 04 & 04

02| 0.2 il

I
T T | I I

\
0 20 BO
Incident angle (in degrees) Incident anglc (in degrees}

For the p-wave, reflectivity can be zero.

Ref: R. Guenther, Modern Optics (John Wiley & Sons, New York, 1990).



R 2 ttll]z (6[) - 91)
vl - r} — .
PP tan® (8, + 6,)

When 6, + 6, =n/2, R, =0.

n 1 Siﬂ 90.

g n
= tan 6, 65 = tan 1[_1J

ng ~ sin (n/2-6,) 1

Only the p-wave has Brewster’s angle. At this
angle, the reflected wave 1s pure s-wave.



numerical aperture (NA)

objective ocular eyt
Lon intermadiate  Les

object mage
8] o ‘[ o
¥ _ /ﬂ%
Q“‘“\J\ w,
.:I f 'r + e | —_—
tube length

oy L“_"““ﬂ .‘r- Liss
< | [

\ thickness of

cover glass

/
/

magnification (M)

M = bla s v Sy

............

achromatic, planar focal plane
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Rayleigh criterion:
resolution ~ 0.612/NA . .
NA ~ 1/(2f/#) . |

()

clearly resolved resolution limit

To focus a laser beam, the smallest spot radius ~ 0.824/NA.

A
A better estimation is Wy = —— =~~~ :
™ effective focal length






sin 8, n,
= When n, > n,
sin 6, n,

Total reflection occurs 1f 6, > €, where

. 1| 1] . »
O =sin o 1s called the critical angle.
0




E = ~ l e éf{ O
3:‘ W Index of refraction Input pulse Output pulse
P » 222 : z : ! : I
g *3 > 25 380um 200um A n /
N W
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Step index fiber

a

50-100

|
T

125pum

Graded index fiber

125um

Singlemode fiber

Bl P kiR A E # https://commons.wikimedia.org/w/index.php?curid=2790879
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Polarizer made by total reflection

crystal axis

(v4 @ -
4+ ; e-Jvave

V.

o-wave \
air gap (n=1)

For total reflection of the o-wave, we set

n,< l/isina<n,
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. F
* F, 157 nm > ArF 193 nm > He-Ne 632.8 nm
%R
* FHE
 Ti:Sapphire » Nd:YAG > Nd:YVO,
. L i
* InGaN - GaAlAs
* Yb 1.0 um > Er 1.5 um

c L+



The refractive index 1s different for different
propagation directions and polarizations.

/—A -wave
watg\

For crystals with a single axis of
symmetry (called c-axis), such as
calcite (CaCO3), two wavefronts
from a source are generated due to
different refractive index », and n,,.

For caleite, n, < n,, and we call this
crystal negative uniaxial.

10111t light
aom ce

axis of symmetry



propagation direction

polarization of the o-wave
7 . :
» crystal axis (c-axis)

)ﬁ)larization of the e-wave

The polarization of o-wave 1s normal to the plane defined by the
propagation direction and c-axis. For uni-axial crystals. o-wave sees
a n, independent of &

The polarization of e-wave is parallel to the plane defined by the
propagation direction and c-axis. For uni-axial crystals, e-wave sees

a n, dependent of €. n (6= 0) =n,.




e T——

O-wave
polarization E-wave
polarization
! CALCI

s
f’
f /
&l
Qb
Q")
-

&'/

CALCH

(q)

(b)

(a) When the optical axis 1s unparallel to the crystal surface, the
incident extraordinary wave does not obey Snell’s law.

(b) In this condition. birefringence results in a double image. The
polarization of the two images are orthogonal.

Ref: R. Guenther, Modern Optics (John Wiley & Sons, New York, 1990). Chap. 13.
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Linear superposition

E, =E, expi(k, -r— ot +¢)
E, =Eyexpi(k, -r—ot+¢,)

I(x,y, z, 1) = (E,") + {E,|*) + (E, - Ef) + (Ef - E,)

the same source,

this term 1s zero.
/

where A¢ = (k1 -k, °l')+ (¢1 _¢2)
\

This term 1s optical path difference (OPD).




I A
Iy +lp + 2(I419) "2
Iy + 13— 2(141p) 12
1 1 1 1 ’.
T 2n 3n 4r 5n 6n I ae
Ad OPD
Bright fringe 2mn mA

Dark fringe 2m+ 1) (m+1/2)A




Ruled Grating Replica
=

MU"MW&I’&O{’MI

sin@"" =sin@ + ?;’—)L

o6’ B n
oA dxcos@'

angular dispersion

Do not touch the face of gratings! Even lens-tissue is prohibited!



Interference Patern

OPD = S,B =d sin 8 =~ df ~ ‘j""

~ mA Il

;M= 0, 1,2, 3.... for bright fringe
(

X






]:[1+]2 + 2 ]1[2 COSAgb

where Ag¢ = (k1 -r—k, 'l')+ (¢‘1 - ¢’2)

[f the light 1s from two difference sources, (@,-%,)
may not be zero. If (¢,-9,) 1s a constant, we call
the two light sources “completely coherent.”

Nevertheless, (¢,-¢,) 1s usually a function of time
and space.




can also be written as

I =1 +1,+2\I}I; Re{y5 (7))

When |7,(7)| = 0, there 1s no interference fringes at all.
Therefore we can use an interferometer to measure the
degree of coherence.



4\
s
v
K

For a single light source, we
define coherence time z;:

;/(r)| =1-7/7, forr <z

=0 forr=r1,

M,

With a Michelson interferometer,

I =1,[1+cos(2nd/ )|

My

If d > cz,, we see no fringes.

Coherence length: /.= ¢,
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Almost every light
source 1s band-limited.
So there 1s a spectral

width AL

A Michelson interferometer can
be used to determine the spectral

width:
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Drop and Drag Brush

methanol Ee% hemostats

or : .
acetone w
=9
_Hrﬁ. - = : I e .
b" SR | tissue

Before first-time use or storage. For nstalled optics.

Ref: Newport Catalog 2004, pp. 539-540.



Optical Mirror Mounts Optical Component Mounts Optical Post Assemblies
.4—-_.&3,; { | #'

a8y

Optical Breadboards Optical Rails Beam Routing

Custom Component Solutions

e https://www.newport.com/

* https://www.thorlabs.com/navigation.cfm

* https://www.unice-co.com/

| @
I~» ®b

Bases & Brackets

mm

Lab Supplles
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https://www.unice-eo.com/
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| He-Ne laser I

M1
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| He-Ne laser |
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M2

M1

photodiode

I1 :
] |—| l/_[

A2 waveplate polarizer
WP CP2
polarizer

CP1
Z He-Ne laser

R

oscilloscope
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d, = o,f

When used with high pulse energy _—

lasers, use this configuration to
avoid the unnecessary focus. Note: For minimum spherical aberration, the
curved surfaces should face the parallel rays.
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This mterferometer 1s
widely used for
precision length
measurement.

1= 1,[1+cos(4nAL/2)]
/

arm difference

OPD of /100 is easy
to determine.



v’

‘Mach-Zehnder=+ e

Test section
Image plane

—
——

_\I
/ ZL

fringes
\

Ruby
laser



# 2% Mach-Zehnder* # ik

M1 il
He-Ne laser
polarizer BS1 (R=50%) 12 0
i 25 cm 45 cm |
M2 1 10 cm probe 11 cm
M7 51 M5
cm % 15¢cm IE} 12 cm
/.:_, 17 em M6 M4
5cm M9 L1
o 4cm/§% P f=20cm
reference | 10 cm—, i L

s —

BS2 (R=50%)



shorter focal length for wider
o~ divergence angle

laser diode

To shape an elliptic beam into a circular beam or vice versa.

Shearing Interferometer
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() https://en.wikipedia.org/wiki/Femtosecond pulse shaping
-1 pulse shaper

https://www.intechopen.com/books/advances-in-solid-state-lasers-development-and-applications/pulse-
shaping-techniques-theory-and-experimental-implementations-for-femtosecond-pulses
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Autocorrelator

1. measurement of ultra-short pulse duration

time: 50 fs <«— distance: 15 um

2. sum frequency generation

s F \U/
E3

second harmonic generation

r —_— 1 — E 5
w1 = w2 = w 2 nonlinear
Wy = 2w crystal




3. intensity autocorrelation

E\(t) = E(t) = A(t) cos(wt), I(t) = 1I(t)
Es(t,7)=E(t+71)=A(t + 7)cos(wt + &), IL(t.7)=1I(t+T)

o0
signal(7) / I(t)I(t+ 1) dt
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4. autocorrelation trace
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5. example of intensity autocorrelation trace
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Optical System

Mirror : CVI, TLMB-800-45-1025, 740-860 nm, > 99.0% reflectivity x6
Iris: Thorlabs, ID8/M, 0.7-8 mm X2
Beam expander: CVI, PLCX-25.4-128.8-C-700-900, +250 mm X1
CVI, PLCC-25.4-25.8-C-700-900, FS, -50 mm X1
Quarter wave plate: CVI, QWPO-800-08-4-AS10 X1
Quadrant: Thorlabs, PDQ80A, quadrant position detector X2
Thorlabs, KPA101, PSD auto aligner X2
Thorlabs, KPZ101, piezo controller X4
Thorlabs, KCH601, power supply X1
Thorlabs, POLARIS-K1S2P, piezoelectric mirror mount X2
ND filter: CVI, LW-3-1037-C , wedge windows 3° X2
Beamsplitter: CVI, W2-PW1-1004-UV-700-900-0, AR coating Windows X2
Optics mount: Thorlabs, POLARIS-K 1S4, Polaris mirror mount X6
Thorlabs, POLARIS-NS, mirror mount adjusters X12
Thorlabs, RS3P, pedestal posts x10
Thorlabs, RS075, pillar posts X10
Thorlabs, AESE25E, adapter #8-32 to %4-20 X10
Thorlabs, PH3E, post holders X10
Thorlabs, CF125C/M-P5, clamping fork, 5 pack X4
Thorlabs, ER10, cage sys. Rods 10” X4
Thorlabs, CP06, cage plate for 17 X1
Thorlabs, CPTR20, cage to post adapters X1
Thorlabs, RSP1, rotation mount for quarter wave plate X1
Thorlabs, TR3-P5, 14 posts, 5 pack X2
Thorlabs, TR2-P5, '2” posts, 5 pack X2
Thorlabs, LMR1, fixed lens mounts X2



£
):
P\
R I~

E SIS



A

o ¢ ﬁ.pj‘b]‘;—;}gg;ﬁ/,,\ 3 ,Lé?x;:rmmr%]‘;;]f voL kB
S R o ij’ HHE = E P, 4 R
3HE o http://hfp.phy.ncu.edu.tw/’)" ﬁi/% Hp 374 J",?:ﬁi

. Wikipediahttps://en.wikipedia.org/wiki/Femtosecond D

ulse shaping

 MKShttps://www.newport.com/

. Thorlabshttps

://[www.thorlabs.com/navigation.cfm

Z A sk F https://www.unice-eo.com/

e GaussianBeam: http://gaussianbeam.sourceforge.net/
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