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Introduction to Optics: overview

Outline

A Motivation: why study optics?
A Geometric Optics
| Basics of refractive systems
| Designing components, ray tracing
A Interference
I Principles of Interferometry
I Michelson, MaclZzehnder& FSI
A Diffraction:
| Fourier optics, convolution theory.
I Applications in diagnostics Disclaimer: focus on

optics relevant for
Beam Diagnostics

|
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Why study optics?

Centrality to modern phySIOS European Southern Observat

Strontium on traps for% Optics is an essential for most research in phys

I Astronomy and cosmology

I Microscopy and crystallography

| Spectroscopy and atomic theory

I Quantum theory

I Quantum optics, quantum computing
I Relativity theory

I Ultra-cold atoms

I Laser nuclear ignition

| Particle accelerators present and futu
Holographic imaging

optical frequency standa
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Why study optics?

Light mattersX

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

underpins

photonics the science and technology of generating,
controlling, and detecting photons

A An understanding of both is essential when designing optical beam instrumentation.

A These lectures aim to equip you with enough knowledge of optics, lasers and detect
techniques to help you develop versatile and precise optical beam diagnostics.
I Lecture 1 [Wed 11h00]: Introduction to Optics: basics, components, diffraction
A Fundamental concepts, how light behaves in different circumstances and optics design principles.

I Lecture 2 [Sat 09h30]: Optical Detection Techniques & Lasers
A Cameras, photodetectors, optidiire data transmission and readout, + photon generation and control.

|
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How can we use light to measure particles? ..

We consider five categories of optical beam instrumentation

1. Directly measure
Synchrotron Radiation
from the beam

5. Electreoptic conversion 2. Beam interacts with
of the beam signal primary laser generated
photons
4. Beamfield induces 3. Beam interacts with
optical radiation in target (e.g. scintillator) to
adjacent target produce secondary
photons

Al
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Five categories of optical beam instrumentation |3

1. Directly measure synchrotron radiation emitted from charge particles

I The bremsstrahlung radiation that results when a charged particle is deflected in a magnetic field c
be directly measured by downstream photodetector / camera

I Typically used for beam profile and halo monitoring

synchrotron
radiation

Imaging optics
& camera

N\ - c

e.g. can also use interference

to evaluate source size: _
/ D.Butti et al
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Five categories of optical beam instrumentation -

2. Primary beam interactions with laser generated photons
I Direct interactions between the particle beam and laser photons injected into the beam pipe.
I Either inverse Compton scattering, or the excitation of atomic electrons in the case of ions.
I Examples: laserwireShintakemonitors and laser polarimeters, for beam profile, emittance and

polarization.
e laserwire Shintakemonitor Laser .
Laser .~ Beam Sl)llt-t-(?l‘ COIll[)tr()ll-S(T'dttvel'(’.(_l Opthal Delay Line
e e photons /2
Rhamess, . Scattered Photon

. Mirror Camma \  Gamma Detector
I Dipole Detector Laser Light

.‘ Bending Magnet mf
| Virtual IP / be™ = - '
| e \

= / \(“ ser Interference Fringe
3, _;ll

Can measure 35nm beam size!
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Five categories of optical beam instrumentation

3. Secondary photons from beam interactions ol

I Charged particles interact with scintillator screens, or
fluorescence of residual gas interactions.

I Produce secondary photons that can be viewed by cameras

placed outside the beam pipe iris [

I Used for transverse beam profile monitoring. Target
[llumination

Target
IN/ OUT

\\

P T — -

N RY
N I~/ Scintillating
/ BEAM  / Screen

=
proton ‘
beam

2 | f IMAKYISY RY @®St NP OO
S5LtWE | YOdzZNH O¢PSNNYI

[
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Five categories of optical beam instrumentation

4. Beamtfield induced optical radiation

I Direct measurement of radiation arising from the electromagnetic field of the charged
particle beam interacting with a nearby dielectric target.

| Optical Transition, Diffraction, Smifurcell & S NB yadisdidd.

[
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Five categories of optical beam instrumentation

ROYAL

5. Electrooptic conversion of the beam signal Spectral Decoding

I Encode the beam signal onto an externally generate

laser pulse by electroptic sampling.

fs laser —=—

l optical

stretcher

I Longitudinal bunch profile can be measured effective
at high bandwidth, using various decoding methods

{SS W{K2NI o0dzyOK f Sy3iK

Spatial Encoding

Thibaut Lefevre.

I

fs laser

cylindical

télescope

Temporal Decoding

fs laser

fixed
delay

0Ptlca|
stretcher

GaP or gratlng
ZnTe ﬁ CCD

BPNE R

A A

GaP or
ZnTe |
.3 | [1 1

pll L lUp
W

[

Allan Gillespie, BI CAS 1&
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E.g. What are the challenges when imaging a beam?

At NBOAAS YSI a dNBINE F WIRS2 R HSE LI NOAOE S 0 S

AOAYUAE Tl 02N AaONBSY NBIljdzANBa | OF NBF d
f AGKGO 02 U0KS OFYSNI I a2 0GKS ONHzS LI NI A
AVAY G2 OF LJdNB +F Of Sty> aKkNLIie F20dzS
RAGUZNIAZY T 2 LIEAMONSI NRAGISSNENI 20NT 2VLAISA OfF XY O |

LYUGSNI OGA2Y | Y ROptca frandfed t f I (1mn&g¥ capture and post processing

Interaction in _ _
Light Raw image

' scintillator _ _ e Reconstructed
di;?irtfluctli?)n ‘ screen: propagaﬂon via acqwsmon‘ ’) particle
isotropic optical system on camera distribution
emission
Geometric distortion, U\
_ Refraction at focus, deptkof-field Fieldof-view at camera L2 ~_
Challenges: scintillator boundary n; - - Resolution / pixel size £ :
Y Diffraction Chromqtlc NorHinearity
effects aberrations

[
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Xand there wasight =

A Starting from James Cleakl E ¢ St t Q & (1889 fdeklectkicEghd magnetid fields,
In the absence otharge (=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 = —%—]?

Ampere’s law: VxB = pgd + eo,u()%—? = 60#0%—?-

A Take the curl and use vector identityx(Vx A) = V(V-A) — V2A

to show: PE PR
V2E = copo—5 YR
ot ot

V? B = eppio

A/
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HOLLOWAY

Xand there wadight

A Starting from James Cleakl E ¢ St t Q & (1889 fdeklectkicEghd magnetid fields,
In the absence otharge (=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 = —%—]?

Ampere’s law: Vx B = ugd + egpo %E = 60/1088—]?-

A Take the curl and use vector identifyx(Vx A) = V(V-A) — V2A

h And God Saiq
to show: 2 2 ¢ b
O°E ) 5°B
V2E = eouo—=| | V2B = eopio—o 20p = L &Y
€0H0 8752 0K 8t2 v w v? Ot VxH =] ”_D
. . . . 1 . 8 . 1 and then there w:.:rugm.
A These are wave equations with velocity= Jeons — 3% 10°m s
/ Light is an electromagnetic wave
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Basis of Geometric Optics

A One solution of the @limensional wave equation is plane waves
Ux,y,z,t) =Upexpli(k - r — wt)]

ALY 2LIA0AZ (eLAOFffe Ww2ya OBSaiz INRNT.

K is wave number, /1 N
Z is the direction of travel Ul(z,t) = Ug cos| 5 (2 — ct)] = Uy cos|(kz — wt)]
| the wavelength

c, speed of light

w = Zoc/l , the angular frequency >

[Note, no phase offset in this solution] > Rays
A In an isotropic media, light travels in straight lines, known as >

A Geometric optics is gechnique for determining the light path through _ .
multiple interfaces between media of different refractive indices.
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Basic ray theory and refraction =

Two basic assumptions:

1. light travels in straight lines, known &sg/s, in each uniform medium. I LIS
2. lightreflectsand/or refractsat an interface between different media gl O

K
Al dz23SyaQ O2yauNHzOUAZ2Y OFy 06S dzZaSR 02 RS

~ ~ Ve ~ -

Incident ray Incident ray . wSTf SOUSR NI &

///J% y
Ny

Light travels slower in medium
of higher refractive index, ve/n Refracted ray

Light has different speeds ir
each mediunv = c/n

Distances travelled argtv
and wt in same time t.

sinq; =wyt/D
sing,= wt/D

Inlsinqlz @sinqzl

(ySttQa [ 6

/ n; < npin this example
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Example: best angle for a scintillator screen:

A Each particle that crosses the scintillator creates an ionisation channel, from which light is emit
Isotopically within the volume. Refraction of this light affects the image size and resolution.

A Adjusting the tilt angle? &nd viewing angld, &f a thick scintillator screen can mitigate for the
length of scintillating column to improve the achievable resolution.

To camera To camera
A 4 |
d
459 S
E\ B
4\ \ : [ — o —
Incic!ent lonisation '”C“?E"t lonization m;:g;r;t +# ,/\ lonization
particle channel = particle channel = P _— channel =
scintillating scintillating scintillating
column column To camera column
Scintillator Scintillator
Scintillator
45° case General case Ideal case
reoss L1 cosfarsin(®) + Apparent size is zero (s = 0)
S = COS . - J— . .
PRSTAB 18 082802 (2015) | -0 cos’a [ cos g when viewing angle,
' Pigeal = — arcsin(n sin a)

|
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Basic components: lenses L.

A A converging lens is basically a FOC"’}' plane
stack of prisms, such thaapaxial |
rays converge in the focal plane _, |
R —_ !
A The location and magnification of g g i
Image can be found lnay tracing: ;
line of action A 4 y o S A 9 ~— :
2 A [ SY§dzt ¥ 2§RFR B ST U A& St8cal length, f
- 1 1 1 Fresnelens
ject rincipal axis Y
T T T T T T T TR T T T T T I A T T TR p‘ - 'p' ot X2 Xl f2
Lateralmagnification
m h, x,
Image = =
X X
1 2 h1 Xl
M@ NI LS & & KWREESBRF BIBIB NI AQSH NG KBNA VIORAE KENRINDOG A 2 v
H @ NI LS NIGEBIKESNA yIORA S T RIBIB NI GONI ARR/NBQEIFKING RINFP O G A 2 v
0 ® NIL3F & HiKWRtdedidl RS @ | (G SR

A/
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Basic components: Lens types and systems [ St

Two thin lenses in contact:

line of action XQisimage of X; formed
A by the first lens A only.
X, isthe imageformed by

A|B T==o
X -l _ X
" ==

Bisanme Plano- Posi_tive Negr?ltive Plano- Bibarisse % “Q
convex meniscus meniscus concave
i ) . v Sum of both lenses givesthe
Converging lenses Diverging lenses 1.1 _1.1_1 combined focal length
f + f - . X_ - f_ The combined power is the sum of the
2A 2B 2 "1 ¢ individual powers for thin lenses in contact

A Constructing an optical instrument

- - - Two thin lenses separated by distance d :
typically requires multiple lenses. o D . e raywouldbe brough
A tp afocusat XQbythe
A One can apply the lens equation multiple > \ first lens Aonly.
. . A B e
times, or use the effective focal length of . == %
the combination. Xqis the virtual objectfor
foombination the second lens ,which

A s A z A A -« = g (,jrv- W asafinal focusat X,
Al 2SOSNE UGKSNE Aa F[1065010SN) g1 & o
- = + ! The power of the combination is less
/ f sz fzs szfzs than the sum of the powers.
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Matrix method of ray tracing

Al NIé& Aa RSAONKEBR 0ESIKBUKGHK

AhLIIAOFE O2YLIR2YySyia RSAONAOSR

Free space drift M (x)= 3 Exampleof drift-lens-drift:
. 0 1(‘52 ep 0 &, 0O
1 0%&, 46 =My (%)M (F)My (- %) = H
Action at thin lens MJF):E ] 1 - 1 éhz' P PR ot % é h' 5
A ®1 x, % 0% 0
MoGIM (FIMo(-x)=g — 2 xp 1 0™ 7%+
0 1 @'F 1 0 1 @
\ ® x, 1 -x 9
b éo 1 éF Fx, +1
\ B Fx, |- P x| O
b é -F F,+1 3
. . V = - - (|
A 9milar in concept to accelerator optics lattice, note lenses typlca|_|yX1+FX1X x. =0l b 1 1 _F - 1
2 2~ — - - =7

1 y3t8 AYRSLIBYRSy(Xert 38 T72

The lens equation!

focus in both planes simultaneously (unldeadrupoles)

[
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Reflection transformations i

Leonardo da Vinci famously used mirror writing to
obfuscate his notes (he was also {efinded)

?Twﬁw r’mr 2) ew-e{w
qﬁ‘}-ﬁm er*';H' ﬂvul J._
Taiw{::a mnwwﬂ'ﬂ'

.-:-'. el U ’ﬂ""
. !nr'grf 3 1, | “ﬂ""l""’ﬁ'"wn}/n f_

A% ’_'!*‘\ "?‘N’f}g ‘%l" 2 ﬂt% R wrmm

EI, ._}'P}_H::_I:l J"r}

5)=(5% 3)6)

6 ) — (0, X)

(N B o (O (9
—_— L
¥ VAN

[
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