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Coherent Sum

e Adding Fields (Chapter 7)
[ = E{E1 + E3E, + EiEy + E1E5

e Mach—Zehnder Interferometer

By (t) = E, (t—%) Fs (1) = E, (t—%)

e Mixing Term: (Source, Es (t) = Egel®t, with k = 27/X = w/c)
ErE] = Es (t — 22/c) E5 (t — z1/c) =

Eo (t — z2/c) ES (t — Zl/C) ej(¢2—¢1)

P1 = kz1 P2 = kzo

Mar. 2014 ©C. DiMarzio (Based on Optics for Engineers, CRC Press) slides10r1—1



Irradiance of Coherent Sum

e Coherent Light as in Chapter 7
I =17 + Ip + 2y/I11Ixcos (¢ — ¢1)

e Visibility for Equal Irradiances

e Random Source (FEg Varies Randomly)

(ExE7) = (Eg (t — 20/c) Ej (t — z1/¢)) o) (2—1)

(E>E}) = (Eo (t) B (t — 7)) el ($2701) Rz

C
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Coherence

e Previous Result

(EoEL) = (Eo (t) E§ (t — 1)) el (P27¢1) A

e [emporal Autocorrelation Function, [

[ =11+ Ip+ 2R el (92791 = (E5(t—71) Ep (1))

e Visibility with I; = I»
Imax — Im’m . 2Il (1 + ||_|) — 2]1 (1 — ||_|)

V = —
Imazx +Imin 2Il (1 + ||_D + 2Il (1 _ ||_|)
Al
_"y_ p—
4] I
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Temporal Autocorrelation
Function

e General Definition (See Previous Page)
r(7)
24|83

= (Eg(t—7) Ep (1)) v(7T) =

e Short Times: Equal (Or at Least Correlated) Fields

M= (E1(t) E1 (1))

v(T) — 1 as T —0

e Long Time: Uncorrelated Fields
Fr=(E1E—7)E1 (1) =(E] (t—7))(E1 (D))

~(t) = 0 as T — 00
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Coherent and Incoherent
Addition

e Coherent Addition (e.g. Short Times)

E=E1+E, I=|E]

e Incoherent Addition (e.g. Long Times)

(I) = (I7) + (1) (Incoherent Addition)

e Need to Quantify Times
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Digression: Mode—Locked

l_asers

e Sum of Longitudinal Modes: e.g. 25 Modes

27 [ feenter+mx PSRt

e Transform—Limited Pulses Carrier Frequency Reduced for Clar-

ity

30
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Real Field
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t, Time, ns

A. Mode—Locked Field
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Pulse Dispersion

' Pulse not
Mode-Locked I G!ass (Lens or Fiber) use ot
L | | . .
aser | n=n(H=n(c/A) Limited

e Mode—Locked Laser Passing Through Glass
e “Chirped Pulses:” e.g. g—; = —(1/3) x 10~ 18sec/Hz
e Pulses Broadened in Time (Not Transform—Limited)

30 w w w 450 ‘ : ‘
400" “ “
20r .
350+
10H . 300+
§ % 2501
= Y 3
] « 2001
x =
-10) 1 150 1
- h,f \L J/ \\—— 7
_20 4
50+ B
_30 I I I 0 A | L . y
175 18 18.5 19 19.5 0 5 10 15 20 25
t, Time, ns t, Time, ns
C. Chirped Field D. Chirped Irradiance
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Free—Running Multi—Mode Laser

e “‘Unlocked” Laser
e Random Output with No Predictable Pulses

e Occasional “Hot Pulse”

15 ‘ ‘ ‘ 120

10§ . 100

5 . 80 ﬂ “ ﬂ
L o g 60|
& =

-5} - 40

-10t . 20/

15 05 1 15 2 % 5 10 15 20 25

t, Time, ns t, Time, ns
E. Unlocked Field F. Unlocked Irradiance
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Multi—Mode Laser: Incoherent

Addition

e 201 Modes 5MHz apart with Random Phases

e Short—Time Coherence (<« 1/Bandwidth)

20

i§ M

Real Field

-15
0 0.5 1 1.5
t, Time, ns

A. Field (Short Time)
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Temporal Coherence (1)

e Fourier Transforms e Combine and Simplify
. o0 o o0
E (w) — / E (t) e JWtdt M (r) = <i/ E* (w’) e 1Y) qu ...
— 00 2 —00
1 oo ) T jwi
E(t) = —/ E(w) eIt duy / E(w)e dw>
21 J—00
e Autocorrelation r(r) = < / /

[ (7') — <E* (t - 7') E (t)> B (w’) E (w) ejw’Tej(w—w’)tdw’dw>

e EXxchange Average and Integrals

Et:i ~ B Jwt g
(t) ol (w) /" dw

1 O
I_(T) — ﬁ _OO. .
E*(t—71)=
i N E jw't j(w—w’)td " d
/ E* oI (t=T) 4./ [/oo< (W) E () e w] N
2T
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Temporal Coherence (2)

e Previous Result
— 1 oC ) = N\ t jw'T j(w—w’)t /
r(T)_4—7r2/—oo[/—oo<E (w)E(w)>e e dw]dw
e Independent Sources with <E‘ (w)> =0
(EmER) = Imdm—n, (Discrete Spectrum; e.g. Multi-Mode Laser)

(Continuous Spectrum

<E* (w/) E (w)> dw' = f(w/) ) (w — w’) dw’ e.9. LED)

e Result

[ B () B @) e el D | = T w) el

— 00

1 o0 .
r(r) = 4—7r2/—oo I (w)e?¥ dw (Weiner—Khintchine)
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Coherence in Interfermetry

e Two Fields Shown (Solid and Dashed)

e Same Source with Different Time Delays

e Linewidth ~ 10GHz

20 30
15r ) 20 L |
Yy
il M MA i
EEFEFEEE ! - 10 "
= SHAARAARRAAAA 2 2 A A1 $H! : © e
K R by M T s . @ o
= O {1 13 oo ;!
: : : & ....
EEFEEEEER (1 -10 LR u
'EE awhn iy Wy
10 N SR HARY
_157 4
2% 0.5 1 15 2 % 0.5 1 15 2
t, Time, ns t, Time, ns
A. 10ps differential delay B. 2ns differential delay
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Example: LED

e Wavelength Spectrum (Gaussian)

)\02635nm AFWHM=20nm

‘5_/\:|5_f
NN

e Gaussian Fourier Transform Pair

_<t/t1/e)2 2/ _

y(1)=¢€

e Convert Widths and Complete Calculation
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Gaussian Widths Defined

2
e_ (w1/2/w1/e) — 1 at w1/2 = V In le/e

2
21 f1/2
2T = W = VIn 2w w —
f1/2 1/2 1/e 1/e vIn2
1 1
,’:,\05 t1/2 ] /—3\05
= Lo = WEFWHM
Wi/e
0 ' 0 '
-2 0 2 -2 0 2
T, time 0
A. Time Domain B. Angular Frequency Domain
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LED Example Conclusion

22 2v/2  0.31 0.62
t1/o=VIN2—— =1In2 N ——— =
/ 27 f f J
21/2 == Ct1/2
z 24/ 2
1/2:ft1/2=ln2>< V2 f ~ 0.62 /
A T JFWHM JFWHM
z A
1/2 0.62 / — 0.62 , (Gaussian Spectrum)
A SfrwHM AFWHM
21/2 635

~ 0.62 X -0 ~ 20 Wavelengths z1/2 ~ 12.5pm
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Laser vs. LED

e LED (Previous Page: Linewidth = 20nm)

2 635
/2 ~0.62 x o~ 20Wavelengths  2q 5 ~ 12.5um

e HeNe Laser (30cm Coherence Length)

30 x 107 2m A
% 4.7 %105 ~0.62— 7 —0.62

633 x 1072m JEWHM AFW HM

0.62f 0.62c¢

- — 620 x 10°Hz
4.7 x 102 47 x 106\

JFWHM =

0.62A

105 = 830 x 10 1®°m
X

AFWHM =

— Linewidth 620MHz or 830fm.
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Coherence in Beamsplitters

e Beamsplitter 5mm Thick (n = 1.5: OPD 75mm One Way)

z 15 x 107 3m A

12 _ 19X — 23700~ 0627  —Q62
A\ 633 x 10 9m fEW HM AFW HM

0.62 x 633nNm

AFWHM = 53700 = 16.6pm
0.62c
— — 12.4GHz
TFWHM = 537603

e Laser: Coherent Effects Produce Fringes

o LED: 2,5 Much Less than Thickness: No Fringes

Mar. 2014 ©C. DiMarzio (Based on Optics for Engineers, CRC Press) slides10r1—-17



Optical Coherence Tomography

e Michaelson Interfereometer

M1

e Short Coherence Source

— Super—Luminescent
Diode

— Ti:Sap Laser

— Other

M1 is Reference

Moving Reference Mirror |

M?2 is Target |

Interference? Compare. .. I

— Path Difference

— Coherence Length v
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OCT Signals

e Examples with Partial Reflectors
e Air—Glass Interfaces (Simulated Signals)

e Idea Extends to Thick “Distributed” Targets

5 0 5 10 5 0 5 10

dz, Path Differenceju m dz, Path Differenceju m
A. Target at Zero B. Added target at 8um
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Spatial Coherence

e Double Slit with Source at A Produces Diffraction Pattern

e Source at B Produces a Different Diffraction Pattern
e VWhat about Both Together?

rm -
Mar. 2014
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Double Slit with Different
sources

e Sources Mutually Coherent

2 2
(|E{Es|) = /| E1)? | Eol

— Some Well-Defined Pattern with High Visiblity

e Incoherent Sources
— Each Produces its Own Diffraction Pattern
— Peaks and Nulls in Different Places

— Ultimately Incoherent Addition
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Model for Spatial Coherence

e Multiple Point Sources

e Each Independent of the Others

e Compute Coherence Between (z1,y1,21), and (a:’l,yll,zl)
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Van Cittert—Zernicke Theorem

(1)

e Correlation

M(z1,91,27,91) = (E* (21,91, 21) B (21,91, 21))

e Fraunhofer Diffraction

. 2, 2
. . +y 242 ., xx1+
k‘e]kzl kwl 1 kZ +y< L 1T7YY1
F(x1,y1,21) = 327r21 e 271 //E (z,y,0) e/ 271 ¢ 7 1 dxdy

IN2L (72
o , +
—jke—Jkz1 _jk(xl)Qzl(yl)

E* (27,47, 21) = e X
(e or) = 2
1"\ 2 N2 TN,
_k(x) —I-(y) 'kxxl_l_yyl
/ / 7 (x'ay’,()) e’ S da' dy’
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Van Cittert—Zernicke Theorem

(2)

e Combine Previous Equations

2 2
— jke— Tk _jk(xll);_(y,l) jkelkz1 jkx%"'y%

',
r(xlaylaxlayl): € “1 € 271 X
2Tz 2121

//[//<E* (x’,y’,O)E(w,y,O)>><

N2 L (N2
) —|—(y) ) 2—|— 2 z'z! ‘I'y .. xx1+
_ k(l’) R jhk—1 _iETE1ITYYY
e’ 22 IR 1Y 21 e s da:/dy’}da:dy

e Simplification: 22— (#)° = (z + ') (z — 2)

I_($1 Y1 x/ y/) _ —jke_jkzlejkwjkejkzl 2+y //
? yL1yY1) — -

2121 21z

(! o FAGHICOLCOXR Y L) (o)
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Van Cittert—Zernicke Theorem

(3)

e Random Phases: (E) =0

<E* <ac’, Y, O) E(z,vy, O)> =

e Analogy with Wiener—Khintchine Theorem Earlier

<E* (a:/, Yy O) F(x,y, O)> de'dy’ = I (z,y,0)6 (a: — :c’) ) (y - y’) dx'dy’

2 2
;o —jke—Ikz1 g, («1) "+ (1) jkejkzl 23 +v7
r(xlaylax]_ayl) — € 271 221 //
2Tz 2Tz
o (wz1=a’al )+ (yw1-v'v} )
[/ / I(x,y,0)6 (x — :1:’) 4] (y — y’) ejk 1 dx/dy/] dxdy
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Van Cittert—Zernicke Theorem

(4)

e Outer Integral

. 7 \2 7\2 . 2,2

L . +(v})° .1 ik x4y
ke Jkz1 (=) 1) jkelkz1 _ 1Y
J e]k 221 J e Ik 221 X

[ (xq, ,:U/, 1Y =
(21,91 1 yl) 2m2q 2m2q

L z(z—2) ) +y(y1-v7)

//I(x>y70) ejk 1 dxdy

e Simplify

e 271 X

2 2
. >2 OO
e 2z1

M(z1,91,27,91) = (
2Tz

L z(z— ) +y(y1-v))

/ / I (z,y,0)¢" 1 dady
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Van Cittert—Zernicke Theorem

(5)

e Define Coordinate Differences

— ! !
§=x1 — 21 n=1vY1 — Y1

e VVan Cittert—Zernicke Theorem

(&,n) = < > //I(a: y,0)e kmgzynd:cdy

2Tz

e Equation Similar to Fraunhofer Diffraction. ..

Lelkz1 i lamitu)
Bayna) =" —— [ [B@y,0e " 5 dedy

2Tz

. but New Meaning (Coherence rather than Field)
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Spatially Coherent and
Incoherent Illumination

F(x,y,0) — Fraunhofer — F(x1,y1,21)
I(x,y,0) — vC—Z — (:131 —ah,y1 — y’l) at 29

A. Spatially Coherent B. Spatially Incoherent
(Laser Source Direct) (Same Size Laser Source
on Ground Glass)
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Coherent and Incoherent
Source: Calculation

e Spatially and Temporally In-
e Coherent Source

coherent

(Imm HeNe Viewed Source: Filtered Tungsten

at 5m) 400 to 800nm

— Beam Size d at Receiver — Whole Field Illuminated
e Spatially Incoherent Source — Bright and Dark Regions

(Same Laser on Only for Short Times

Ground Glass) 5x of

— Whole Field Illuminated ~ = 7 — 1

— Bright and Dark Regions
— Diameter of I is d
— “Typical Spot Size:" d

— Uniform when Measured
for Longer than a Cycle
(femtoseconds)

4 4 109
= i =—633>< 0 m5m=4><10_3m

d= ——=z
w D s 10—3m

Mar. 2014 ©C. DiMarzio (Based on Optics for Engineers, CRC Press) slides10r1—29



Speckle in Scattered Light

e Coherent Source
— Focused or Diverging
— Spatially Coherent
— Temporally Coherent
e Scattering Particles
— Secondary Sources
— Randomly Distributed
— Illuminated by Source

e Large Illumination Pattern: Small Speckles

e Small Illumination Pattern: Large Speckles

e Infer Size of Illumination by Size of Speckles?
— See Next Page
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Example: Finding the Focus

e Example (NA = 0.25): Waist

4 )\ 2D
do — R do —_
md mINA
2 532 x 107 9m .
dg = — 1 4%10-5m
U 0.25
e At Glass

2 2
Z wd
d =do\/1+ 5 b=_10
glass 0 b2 4\

e Speckle Size

4 )\
dspeckle — —d <
T Qglass
— Same as Field of Coherent 0o - -
: -10 0 10
Source of Size dgjs5 z, Distance from Focusp m
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Example: Speckle in Laser
Radar

e Carbon Dioxide Laser
— A =10.59um
— dg = 30Ccm
— Rayleigh Range

e Coaxial System z, = z; and

_ 2 _
b= mdg/(4A) = 6.7km Target in Far—Field

e Diameter at Target

2
/ z 4 A
dtarget = do\/1 + b_tQ dspeckle — ;WZ = dg

. T dg
— Far Field zy = 20km

e Speckle Size at Receiver
4 )\

zr = 15x 10 ®rad x 2,
71'dtarget
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Speckle Decorrelation

e Transverse Motion

— New Scatterers

— New Speckle Pattern
e Time on Target (ToT)

. dtafrget
tta'rget —
vl
(¥
Biot = —=
dtarget
e Recall Doppler Shift
2?)”
fpr = B
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Mar.

Speckle Reduction

Average n Measurements
— Improvement with 1//n — Incoherent Averaging
— Stationary Process
Temporal Averaging

. ttarget
o =—
Tintegration
Long Time
— Reduced Fluctuation

but

— ... More Target
Variation
“Matched Filtering”

2014

©C. DiMarzio (Based on

e Area Averaging

— Space—-Invariant Process
e Aperture Averaging

p— \W — Dtac

A"m: Drx

e Coherent Averaging Not
Effective

(E) =0

e Other Diversity
— Wavelength
— Polarization
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Making Light Coherent

N
\ e Interference Filt

I — Narrow Band

S
e Pinhole
— Unresolved
— Spatial Filter
— Narrow Spati
Bandpass

Z

Z
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er

— Dielectric Stack

Pass

— Temporal Coherence

NS )\_5,2

A

al

Spatial Coherence
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Making Light Incoherent

e Ground Glass Reduces Spatial Coherence
e Moving it Reduces Temporal Coherence
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