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Introduction to Optics: overview o1 R

Outline

Motivation: why study optics?
Geometric Optics
— Basics of refractive systems
— Designing components, ray tracing
* Interference
— Principles of Interferometry
— Michelson, Mach Zehnder & FSI
* Diffraction:
— Fourier optics, convolution theory.

— Applicationsin diagnostics Disclaimer: focus on
optics relevant for

Beam Diagnostics

/
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Why study optics? (2

Light matters...

Optics: the study of the behaviour and properties of light, including the
transmission and deflection of radiation

underpins

photonics:the science and technology of generating,
controlling, and detecting photons
Photonics market is € 300 billion: double that by 2020.
 Our modern world relies on light-based technologies: |
— Smart phones, laptops, displays and data storage

— Fast internet, fibre-opticand satellite telecommunications

— Media production and broadcasting, 3D cinema

— Medical applications, advanced imaging, metrology ‘

— Energy from solar power, lightingtechnology...

/
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Why study optics? s

Centrality to modern physics... European Southern Observatory

—

Strontium ion trapsfor . Qptics js an essential for most research in physics:
optical frequency standards

— Astronomy and cosmology

— Microscopyand crystallography

— Spectroscopy and atomic theory

— Quantum theory

— Quantum optics, quantum computing
— Relativity theory

— Ultra-cold atoms

— Laser nuclear ignition

— Particle accelerators present and future

Holographicimaging

/
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Why study optics? L.

Beauty of optical phenomena

Optics on display near
Tuusula, Finland

/
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ROYAL

Why study optics? =

... giant lenses are awesome?!

"'!////,'

e —————
e, 4

Spotted on a visit to KEK

/
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CAS optics course aims

These 3 lectures aim to equip you with enough knowledge of optics, lasers and practical
setups to understand and start to develop your own versatile and precise beam diagnostics.

* Lecture 1 [Wed 12h]: Introduction to Optics: basics, components, diffraction
— Fundamental concepts, how light behaves in different circumstances.
— How to calculate, and create good optics design.

* Lecture 2 [Thurs 11h]: Lasers, technologies and setups
— How lasers work, different types, understanding their parameters and cost.
— Including optical fibres for data transmission and readout.

* Lecture 2 [Fri 12h]: Applications of lasers in beam instrumentation

— Examples of some optical and laser based beam diagnostics and what type of precision
is achievable.

/
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..and there was light

» Starting from James Clerk Maxwell’s equations (1865) for electric E and magnetic B fields,
in the absence of charge (p=0) and currents (J=0):

Gauss’s law for electricty: V-E = % =0

No magnetic monopoles: V-B=0

Faraday’s law of induction: VxE = _88_]]53

Ampere’s law: Vx B = pugd + 60;1,0%—]? — 60#0%—]?-

* Take the curl and use vector identity vVx(Vx A)=V(V-A) - V3A

to show: > 2
0°E 0°B
V2 E = EQLO —8752 V2 B = EQLO —8752

/
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ROYAL

HOLLOWAY

..and there was light

» Starting from James Clerk Maxwell’s equations (1865) for electric E and magnetic B fields,

in the absence of charge (p=0) and currents (J=0):
0

Gauss’s law for electricty: V-E = . =0
No magnetic monopoles: V-B=0
Faraday’s law of induction: VxE = —88—]?
OE OE

V X fod + €t By €00 ot

Ampere’s law:

And God Saig
V-B=0
F‘D‘ =P

* Take the curl and use vector identity vVx(Vx A)=V(V-A) - V3A

to show: 5 ;
0°E 9°B 5

2E = eopio——- 2B — enpn o 2 10

VZE = coto— 5 VB = copo7a V21 = 0_27@2” e

1 — 3 % 1 08 m S_l and then there was light,

These are wave equations with velocity: v = e
Light is an electromagnetic wave
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Basis of Geometric Optics | B

* One solution of the 3-dimensional wave equation is plane waves

U(x,y,z,t) =Upexpli(k-r —wt)]

* In optics, typically consider simplified solutionto a 1D wave equation:

k is wave number, 25t/A
Z is the direction of travel U(z,t) = Uy COS[%(Z — ct)] = Up cos|(kz — wt)]
A the wavelength

c, speed of light

w = 2mc/A, the angular frequency >

[Note, no phase offset in this solution] > Rays
* Inan isotropicmedia, light travels in straight lines, known as rays. >

* Geometric opticsis a technique for determining the light path through
multipleinterfaces between media of different refractive indices.

wave fronts

q)|
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Ray theory and refraction o] .

Two basic assumptions: Valid for isotropic media and
1. lighttravelsin straightlines, known as rays, in each uniform medium. apertures much larger than the
2. lightreflects and/or refracts at an interface between different media wavelength of light.

* Huygens’ construction can be used to derive Snell’s law of refraction at an interface:

Incident ray Incident ray | Reflected ray
;T 61=6g Light has different speeds in
| / each medium v = ¢/n.
J vyt Distances travelled are v4t
// | and v,t in same time t.
/ N4 | Air
) D
N | in 0. =
& n2 : Glass sin 61 V4 t/ D
V2l sinB,= v,t/D

Light travels slower in medium | ny sin B; = ny sin 6,
of higher refractive index, v =c/n Refracted ray

/

Snell’s Law of refraction

n, < N, in this example
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Basic components: lenses o

A converging lens is basically a Focal: plane
stack of prisms, such that paraxial |
rays converge in the focal plane , f i

— 007 :

* The location and magnification of an \v/ \v/ i

image can be found by ray tracing: ;
line of action . : . < |
2 A Lens equation (note x; is negative) lens focal length, f
, 1 1 1 Fresnel Lens
Phject 1 principal axis T
—— b= m == - T il Sl - Xy X f 2
_2f _f P fz 2f ope .
1 Lateral magnification
Image m = & =22
X1 X5 }11 Xl
1. A ray passing through f; before refraction, is parallel to the principal axis after refraction.
2. Aray parallel to the principal axis before refraction, travels through F, after refraction.
3. A ray passing through P is undeviated.

/
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Basic components: Lens types and systems B o,

Two thin lenses in contact:

line of action X’, is image of X, formed
A by the first lens A only.
X, is the image formed by

....... s lens B.
X A O~ T X2
X2 =

Plano- Positive  Negative Plano- '

Biconvex i . Biconcave X w X'
convex meniscus meniscus  concave 4
. . . VV Sum of both lenses gives the
Converging lenses Diverging lenses 1 1 11 1 combined focal length f;:

The combined power is the sum of the
individual powers for thin lenses in contact

* Constructing an optical instrument
Two thin lenses separated by distance d :

typically requires multiple lenses. e of action The ray would be brought
A t'o a focusatX’; by the
* One can apply the lens equation multiple s \\ firs lens A only.
. . A B TTesel_
times, or use the effective focal length of . L -
the combination. | v i the virualobjectfor
dv fombination the second lens ,which

has a final focus at X,

* However, there is a better way...

1 1 d

1
f = r + f - £t The power of the combination is less
2A 2B 2A"2B than the sum of the powers.

/
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Matrix method of ray tracing |

* Aray is described by the height h, from the optical axis and angle h,’
* Optical components described by their transfer matrix:

Free space drift MD(x1)=( b ) Example of drift-lens-drift:
0O 1
Lo " |2 My ()M, ()M (=)
1 0 = X -X) =
Action at thin lens M.(F)= _% 1Tl g h, P o h
7\ 1
MD(XZ)ML(F)MD(—X1)= *2 !
1 -F
1 _
MTR=( 1 Xa X ]
0 1 -F  Fx +1
_ 1-Fx, |-x +Fxx,+x,
|l -F Fx, +1
* Similarin conceptto accelerator opticslattice, note lenses typicall 1 1 |
: , bthlp imult T(Ik g | vP Y -x+Fxx,+x,=0| = ———=F=—
ocus in both planes simultaneously (unlike quadrupoles) Angle independent image formation: X2 % f

The lens equation!

/
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Reflection transformations e

Leonardo da Vinci famously used mirror writing to
obfuscate his notes (he was also left-handed)

?wwﬁw rw Y 91-9@\/
QA‘)«BM yvm;\'l' evo’ [
nyoiwéoa me'\r-e’ﬁ

o% ﬁﬁs 4’""

TlEEeRL T

-‘w!‘{\(ﬂ’jﬂmn w;g'w;,« ‘“"g}"#ﬂ' wrm:ho?'s

Reflect across x=0

Reflect across x=y

(x, ¥Y)—(—x, ¥) (6, ) — (), X)

x 1 0\(x\ 4 o N
[l L R E LR TE R
.y .y At y 1 0 y /,/ .
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Optical design with ray tracing software | B

* Ray tracing divides the real light field into discrete monochromatlc rays that are propagated

L
through the system. Can input real light distribution. | _;;.;-;-;;; A ————— ez
* Several professional software suites available, e.g. : B B2 ozl
| ZEMAX § = 2z - ZE i
OSLO: Optics Software for Layout https://www.zemax.com/ i =
and Optimization o ‘\ P E
https://www.lambdares.com/oslo/ Mechanix ] |
USP# 6,590,715 Carl Zeiss NITS: WM ™ R ..
FOCAL LENGTH = 6179 NA = 0.725 DES: OSLO

WinLens3D - lens design & optimization software
http://www.opticalsoftware.net/index.php/how_to/lens_design_software/winlens3d/
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Physical optics: Interference basics

* The wave properties of light gives rise to interference between multiple paths, where each

path has a phase advance. 21t 21tn
0=—d=——-d
)\’ 0
* Consider two sinusoidal disturbances at a point at time t, having travelled different

distances, x; and x,: i(t—kx, ) i(wr-o,)

I ale ale E1 — alewbl and E2 — agewb

E i(wt—kx, ) i(wt-6,)
) = dy€ = )€ instantaneous phase, ¢ = wt — kx

* By the principle of superposition the resulting disturbance is the sum of the complex spatial
amplitudes E = E,+E,. We measure the intensity, the square of the sum of E-fields:
] = ‘El 4+ E2|2 Note for identical amplitudes a; = a,

0, -0

2 2 2 1
2 2 . 2 ( ) I =4a” cos

]=‘E‘ =a;, +a, +2a,a,cos\0, -0, 9)
Constructive o.p.d. =mA

/ Destructive o.p.d. = (m+1/2) A
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Physical optics: Phasors - [

* Reminder of phasors, visualisation of the superposition principle,

E =a,e""™ = qe""™ = a[cos(¢,)+isin(¢,)]

E2 _ azei(a’t_ka) — azei(wt_éz) =da, [COS(¢2) + iSiIl(¢2 )]

Imaginary A

 E=E,+E

1 2 L ®ylit)
. @ y2it)
@ yit)

-
-

Real

/
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Physical optics: double slit interference - [

* For infinitesimal slit size, see interference fringes in far field:

L = slit to screen distance P
slit
separation
d
R
\
\ \
\ \
v
d sin 8 = extra path length=mA = A0 / k
Up . T ] _
Ug/ 1 Intensity - ; 3 01
Phasor sum: Ad I, = 4(—0) cos’ (—kd sinﬁ)
_______ r 2

/
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Physical optics: 2 source interference

ROYAL

HOLLOWAY

e Where should Hermann sit to maximize the volume?

BEAM INSTRUMENTATIO (

Two
identical
sound
sources

N
\\/ C  Constructive
<\ A interference.
\\/ \ Maxima.
’ \\ \
’ \
\ \ \ D Destructive
'\

C Maxima

\
interference.
‘ Minima.

/ -
!, D Minima
g/

// C Maxima
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Michelson Interferometer o

* Interferometers are used widely for accurate distance measurements:

— If the length of each interferometer arm is fixed we observe some phase @ at the detector, due to the
optical path difference, L =1, -1,

— If one mirror is moved some distance x, we observe a phase change at the detector:

DETECTOR
27T
Imeasuren ¢, = l
A Ml A
27T
. N ¢, =—1,
“ | R L L :
1
| L 2 2
;2 AD = [27/A]AL O=—0(-L)=—L
M2 A A
7777
Interference fringe counting:
Essentially we count fringes as the path change ’:” pha'se proportional to ® is the detected phase
difference is changed. change in optical path length L is the optical path difference (n=1)

/
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Interferometer Types .

Check surface quality of a lens or optical flat

* The interferometer is an amazingly versatile instrument can be tested with interference fringes.

* Various configurations to create interference by
division of amplitude, e.g.:

Mach-Zehnder viewing

a candle flame screen S
o source
8 ,
Tow finesse
versus
high finesse
ﬂ Imaging
test compensating é System
cell 17 cell | A'
< =
source / A é' v
7 / diffuse U

reference flat |

test flat | ]
Fizeau

Tight source

Fabry Perot

/
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Direct detection of Gravitational Waves 0L

* Exquisite sensitivity: gravitational wave typically lengthens and contracts each arm of the
interferometer by length of 10! * arm length First signal froma binary black-hole

Gravitational Wave Event \y%
LIGO GW150914 R

Data bandpass ﬁ"ered K.\‘rln:r: w.:".h ngton (M1) Lvingston, Lows ra'1L1
between 35 Hz and 350 Hz 10

Time difference 6.9 ms with 30'4..'{" \N # W v J\AN*.W
Livingston first P " -” j

Second row - calculated GW 7 o -

A — o strain using Numerical £ Do ,_v\/\/ - "'“’V\/V*\,’h'.* -
Quadrupole oscillation Relativity Waveforms for osp___ Vi| W
Of spa ce—time quoted parameters compared —— :_ — _:::: _"

to reconstructed waveforms 3;;.?,|,~(g._,,. W\ H My ﬂw-.\,g vJ\M e s‘w
(Shaded) =)

_ 2

= )/;/](‘/‘ ’ ’ 3
e Third Row —residuals = 2%
v : 128
bottom row — time frequency § &
\ plot showing frequency . 030 035 040 043 030 0)5 040 045
ST increases with time (chirp) Time (s Time (5
11-Feb-] )
LIGO-G1600214 LIGO and Virgo Collaborations ’

Barry Barish (LIGO) CERN seminar 11/2/16
www.ligo.caltech.edu/video/ligo20160211v10
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Finnish Diffraction

ROYAL

HOLLOWAY
UNIVERSITY
OF LONDON

What happens when waves meet an aperture or obstacle in Finland?

The calm before the storm in Tuusula...

/
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Finnish Diffraction o

*  What happens when waves meet an aperture or obstacle in Finland?

/
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Finnish Diffraction

* What happens when waves meet an aperture or obstacle in Finland?
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Wave Diffraction .

* Diffraction occurs wherever there is an obstacle or aperture

~Google

From Teaching waves with Google Earth
/ doi:10.1088/0031-9120/47/1/73
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Light on the edge

Diffraction fringes at a razor’s straight edge:
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Light on the edge

ROYAL

HOLLOWAY
UNIVERSITY
OF LONDON

Diffraction fringes at a razor’s straight edge:

We see similar fringes
at the corner...

...and at the curved cut out in
the centre of the razor: ! !

Diffraction at a pinhead

.- )
Tk o |
e
> —— L= —
— _——
e —_—
- -
— ) _vﬁ' |

B = Y e T e Wﬁkﬁéé«muybe helpful or problematic
| i EE— S =_When-constructing optical instruments

| John Adams Institute for Accelerator Science Stephen Gibson — Introduction to Optics — CAS Beam Instrumentation, 6 June 2018 29



UNIVERSITY
OF LONDON

Light on the edge 00

Diffraction fringes: circular, triangular and rectangular apertures:

LERIOTTE

S8
IR

T IIT Y
"It

& Sasiien

— o = ’"‘ %és:of.bpti'cél phenomena”; Michel Cagnet, Maurice
- T R T = ~=_Frangon, Shamlal Mallick; Springer-Verlag, 1971.
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Fresnel diffraction at a straight edge bt | b

* Consider plane waves incident on a straight-edged obstacle:
* We aim to evaluate the intensity at P. by summing all contributions that pass the obstacle

incident waves

> Consider the intensity at P due to contributions
W V\é from infinitesimal strip, dh, at height, h.:
i/ 1) Compared to the phase of
: a wave from O, the extra . s h?
> phase of the wave from Wis ¢ (h) = _[(52 +h2) _ s] ke
0] P A As
S > Approximation valid for h? << s2
> 2) Construct a phasor, dx+idy = dh[exp(ip(h)], due to infinitesimal
straight edged strips of height dh at h:
obstacle h? h?
dx = dhcos— and dy = dhsin——
As As

/
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Fresnel diffraction at a straight edge .

A thing of beauty: the Cornu spiral

The phasor will trace out a spiral (with tangent at phase angle ¢ ~ h?)

A

Usually define a dimensionless variable which
represents the distance along the spiral, —

1/2
V= h(i) P
As

* The spiral coordinatesare given
by the Fresnel integrals |RRRRRDZ

\

=

v ay'? ' P Marie Alfred Cornu
X = fo COS 5 dv ( /@ (1841-1902)

S
N—
D

v.oamv'”
y= f . Sin dv Note if phase were
2 y linear in h we
/ would have a circle
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Fresnel diffraction at a straight edge o [

A thing of beauty: the Cornu spiral

The arrow length traces out the straight edge

. . . . 2
pattern, with resultant normalized intensity v A% |
| = (x2+y2)/2 L x= ] cos dv
y AT 2
. I \) 2
I1nten5|ty i Il v oy '
| NSZ2 y= ], sin dv
! \
\
/ |~
/ / n T
/ \ / YA W FANPA ——t — >
/ \\ / \\ / \\ ! \\ / \ ! \ ] 0.75 ;9.‘5/ 0.25 0 0.25 05 0.75 1
/ \ VA \ Vv
/ \ \/ e
/ \
07 /
/ L
g ™~
// ( / 0-
0 i \ )
N T
Straight edge Start in geometric shadow...
In geometric shadow Not in geometric shadow length of arrow grows as we move

within the shadow

/
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Fresnel diffraction at a straight edge o [

A thing of beauty: the Cornu spiral

The arrow length traces out the straight edge

. . . . 2
pattern, with resultant normalized intensity v A% |
5i o x=] cos dv
| = (x2+y?)/2 7 0 9)
Intensity P { ) N A '
| S22 y= ], sin dv
! \
\
/ |~
/ AN g
/ \ / YA W FANPA — — >
/ \\ / \\ / \\ ! \\ / \ ! \ ] 0.75 ;975// 0.25 0 0.25 05 0.75 1
/ \ VA \ Vv
/ \ \/ e
/ \
07 /
/ L
g ™~
// ( / 0-
o ; )/ )
N T
Straight edge Start in geometric shadow...
In geometric shadow Not in geometric shadow length of arrow grows as we move

within the shadow

/
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Fresnel diffraction at a straight edge

ROYAL

HOLLOWAY

A thing of beauty: the Cornu spiral

The arrow length traces out the straight edge

pattern, with resultant normalized intensity
— (yw24\/2 -
| = (x2+y2)/2 T
, \
Intensity 1Pt { Ul
S
/
! \
/ \ |~
// \\ // \ //\\\ // \\ // \\ //\\ —T : == >
// \ // \\ // \ \/ \ \\// 0.75 05 0.25 0 0.25 05 0.75 1
/ \ \/ e
07 // A
g ™~
// ( / 0
0. 7 \‘/ ) :
O T
Straight edge Predicts that the intensity atP, in line
In geometric shadow Not in geometric shadow the straight edge is 72(AZ)*=0.25, or

one quarter of that when no obstacle
is present.

/

12
1%
x= | cos dv'
2
vyt
y=], sin dv
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Fresnel diffraction at a straight edge o [

A thing of beauty: the Cornu spiral

The arrow length traces out the straight edge

. . . . 2
pattern, with resultant normalized intensity v A% |
| = (x2+y2)/2 L X=] COS dv
y s 07 2
| i 5 ( ) 12
1ntenSIty 106 T v TV '
| b == y=], sin dv
1 / \ 4/' i
M\ ANRTANTANI —s /’ = >
/ \\ / \\ / \\ ! \\ / \ ! \ ] 0.75 ;9.‘5/ 0.25 0 0.25 05 0.75 1
// \\ / \// \ \ Vv ‘/ =
/ \ /7 X
07 //
P
// ( 0
0 i \ )
N T
Straight edge Reach first maximum:
In geometric shadow  Not in geometric shadow Note it is larger than if the

obstacle were not present!

/
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Fresnel diffraction at a straight edge .

A thing of beauty: the Cornu spiral

The arrow length traces out the straight edge

A
. . . . 2
pattern, with resultant normalized intensity v A%
x=] cos dv'
= (+y?)/2 7,
Xty TN 0
| . L -{ N 12
1ntenSIty 106 T v TV '
| PLanr y=] sin dv
/ 0
\
\
/ |~
/ / n T
/ / YA W FANPA — — >
/ q / \\ / \\ ! \\ / \ ! \ ] 0.75 ;9‘5// 0.25 0 / 0.25 05 0.75 1
/ / [\ \ Vv
/ \ \/ e
. // \ 4
| / pEas ’
/ \ g
0 i \ U
N T
Straight edge Just past the first maximum:
In geometric shadow Not in geometric shadow

/
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Fresnel diffraction at a straight edge .

A thing of beauty: the Cornu spiral

The arrow length traces out the straight edge

. . . . 2
pattern, with resultant normalized intensity v A% v’
| = (x2+y2)/2 u B X = COS v
X2+y — 0
Intensity 05 { \} ] ; v
1. J R '
P y=| sin dv
/ 0
12 \ y.
| - / i
/ / N T
/ \ / YA W FANPA ——t — >
// \ / \\ / \\ : \\ / \\ : \ ] 0.75 ;9.’5/ 0.25 0.25 05 0.75 1

—
A
|
|
(=

e
0.7 ]

0.2

[

Straight edge Reach first minimum
In geometric shadow Not in geometric shadow

/
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Fresnel diffraction at a straight edge .

A thing of beauty: the Cornu spiral

The arrow length traces out the straight edge

A
. . . . 2
pattern, with resultant normalized intensity v A% v’
| = (x2+y2)/2 ENEREE X= ] COS V
Xty T~ 0
, [ \
Intensity ;08 { ) vt
, P g y= S1n dv
/ 0
\
/ |~
/ N pe=
/ \ / YA W FANPA ——t — >
/ \\ / \\ / \\ ! \\ / \ ! \ ] 0.75 ;9‘5/ 0.25 0.25 05 0.75 1
/ \ [\ \ Vv
/ \ \/ e
/ \
07 /
/ L
P
// ( / 0
0 i )
N T
Straight edge Reach second maximum
In geometric shadow Not in geometric shadow

/
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Fresnel diffraction at a straight edge o [

A thing of beauty: the Cornu spiral

The arrow length traces out the straight edge

. . . . 2
pattern, with resultant normalized intensity v A% |
| = (x2+y2)/2 sNgEEl xX=] cos dv
= y AT 0 2
: - W an) 2
Intensity T an v oy '
2 A y=] sin dv
/ 0
1 \ /
/ \ ‘/
M\ ANRTANTANI — /. T >
// \\ / \\ / \\ : \\ / \ : \ ' 075 ;0’5// 0.25 f 0.25 05 0.75 1
// \\ / \// \ \ Vv ‘/ N
/ \ 7
07 // l/
/’“\y/
// ( / 0
0 7 \ ) E
N T
Straight edge Tends to the centre of the spiral,
In geometric shadow Not in geometric shadow where the intensity = 1.

/
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General Fraunhofer Diffraction in 1D o e

* To calculate the far field diffraction pattern take the Fourier Transform of the
transmission function of the diffracting aperture:

2
1(6,)= ‘ s ( f A(x,)exp|-ikx sin@, |dx,
Common examples
Intensity integral, FT of aperture function Solution Definitions
Single slit: 2 |2 , ? , sin° & . T
Ingle shit: 1(6,)=|E,(0,) = f A, exp|—ikx, sin6, |dx, I=A)— . o =—asinf,
—al2 a A
Double slit: ,
-b/2 bl2+a 2 2 SiIl (04 2 5 combined patterns _ JT . _ 2777 .
f A(x,)exp[-ikx sin@, |dx, + f A(x,)exp[—ikx sin6, |dx, I'= Ay ——cos” — o= asinb, and 0===(a+b)sinf,
a 2
-b/2-a bl2
N-slit grating A S
ik, sind, i s, e sin, W-Ddsa2 2 I A02 sin2 a sin2 N/J) I I a=%asin9 and /3=é=%dsin0
1(6 f Ae "™ dx +df/2Ae “dx +2df/2Ae Tdx +.. +(N 13{;_“/2146 % dx o sin? B 2

/
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Diffraction in 2D o .

* Rectangular slit:
al2 bl2

1(6,)= f fA(xs)exp[—ikxssion]eXp[—ikySsinﬁy]dxsdys

—-al2 -b/2

2

-
e
-
X u.o.....»v:. .o

sin” o sin” 8
2

I=Aq

5 : wherea=£asin6x and/9’=£bsin0y
o A A

* Circular aperture:

o 2r k
Eres(pd’gd)=ffA(xs)pseXpl_lzps.pd.COS<Hs_0d) dpsdes
0 0

kap,

A/
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Convolution visualized o

* The convolution function:

h(x)= fF()® g(x) = [ f(x)g(x'-x)dx’

® The convolution theorem: F(x) G(x)

— F(k) is the Fourier Transform of f(x) ¢ ¢
— G(k) is the Fourier Transform of g(x)
— H(k) is the Fourier Transform of h(x)
— Then:

H(k)=F(k) - G(k)

— The Fourier transform of a convolution of f and g is the
product of the Fourier transformsof fand g

A/
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Convolution theorem oL

UNIVERSITY
OF LONDON

atial domain 1  Fourier transform 1 Spatial domain 2 Fourier transform 2

Sp

Z

multiplication convolution

Spatial Fourier
domain transform
(frequency
domain)
- MIT OpenCourseWare
/ http://ocw.mit.edu
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Spatial filtering

The 4F system (telescope with finite conjugates
one focal distance to the left of the objective and
one focal distance to the right of the collector,

respectively) consists of a cascade of two Fourier '
transforms

F {f {_(}(_;17_, 1/)}} =g(—z,—y) collector lens
yl/ - /\f('

objective lens plane

plane wave Fourier
illumination plane
/ (pupil plane)
thin
transparency MIT OpenCourseWare

/ http://ocw.mit.edu
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Pin hole as a low pass filter

ROYAL

HOLLOWAY

* A pinhole aperture placed at the focus of the lens acts in the Fourier plane:

— This eliminates structure with higher spatial frequencies, which produce light furthest

from the central position.

— A microscope objectiveand pinholeis typically used to remove aberrations and improve
the quality of a Gaussian laser beam.

Gaussian

: Input “Clean”
: aussian | | Gaussian
Bel)(!m !me.m“y [m:; Beaml Beam
istribution e _,,,
- — :£>.<E: =
R -
Beam
Aspheric ~ Spot Size Collimating
Lens Pinhole Lens

A/

Q)file
~

—
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Spatial filtering in image processing

Unfiltered Low pass High pass

Fourier plane A 8

h . . .

A
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Halo monitoring: core masking

(1) Aquire profile 9 (2) Define core

p
-
-

The Sun’s chromosphere is 4
orders of magnitude less dense
than the photosphere (which
itself is three to four orders less
dense than air at sea level).

s

The chromosphere becomes J. Egberts, et al.,
. . . . . JINST 5 P04010 (2010)
directly visible during an eclipse. H. Zhang, R. Fiorito, et al., (4) Re-Measure - - (3) Generate mask -

Phys. Rev. STAB 15 (2012)

\/
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Application: Coronagraph for LHC beam halo

A. Goldbatt et al. MOPG74m IBIC2016 ° Observe Synchrotron /Ightform LHC:
Objective lens Fieldlens Lyot stC{> Relaylens B Opaque disk blocks the beam core.
/ I ‘/ — However, thelimited diameter of the object lens
@ creates unwanted diffraction, which overlays the halo.
/ I / — By addingthe field lens to image the objective lens,
Goasmcdek el the unwanted diffraction moves radially out.

— A Lyot stopis then used to block the diffraction,
allowingonly the LHC halo to be imaged.

Rect. slit +
objective lens

1st mirror

G. Trad, T. Mitsuhaéhi, E. Bravin, A. Godblatt, F. Roncarolo
First Observation of the LHC Beam Halo Using a Synchrotron

- Radiation Coronagraph
wing of the L HC hulo wonitor. http://inspirehep.net/record/1626217/files/tuoab2.pdf
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Summary of ‘Introduction to Optics’ .

* The simple refractive nature of electromagnetic waves enables complex optical instruments
to be designed from multiple elements:
— Light propagation is typically calculated by dedicated ray tracing software, based on matrix methods.

* Interference is a powerful tool for precise displacement measurements with sensitivities at
a fraction of the wavelength of light

— we we explore some relevant examples in the following lectures.

* Diffraction effects must be considered when designing instruments, with numerical
calculations based on the Fourier Transform of the transmission function of the aperture.

— Spurious effects can typically be spatially filtered in the Fourier plane, or by applying a mask on the Fourier
Transform in software to reconstruct only the image of interest.

Next time: lasers, fibre optics and applications.

/
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