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Introduction to Optics: overview

ÅMotivation:  why study optics?

ÅGeometric Optics

ïBasics of refractive systems

ïDesigning components, ray tracing

Å Interference

ïPrinciples of Interferometry

ïMichelson, Mach Zehnder & FSI

ÅDiffraction:

ïFourier optics, convolution theory. 

ïApplications in diagnostics

Outline

2

Disclaimer: focus on 
optics relevant for  
Beam Diagnostics
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Why study optics?

ÅOptics is an essential for most research in physics:

ïAstronomy and cosmology

ïMicroscopy and crystallography

ïSpectroscopy and atomic theory

ïQuantum theory

ïQuantum optics, quantum computing

ïRelativity theory

ïUltra-cold atoms

ïLaser nuclear ignition

ïParticle accelerators present and future

ïHolographic imaging

Centrality to modern physicsΧ

Laser cooling in atomic traps:

National Ignition Facility, US

European Southern Observatory

Strontium ion traps for
optical frequency standards
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Why study optics?

ÅAn understanding of both is essential when designing optical beam instrumentation.

ÅThese lectures aim to equip you with enough knowledge of optics, lasers and detection 
techniques to help you develop versatile and precise optical beam diagnostics.
ïLecture 1 [Wed 11h00]: Introduction to Optics: basics, components, diffraction

ÅFundamental concepts, how light behaves in different circumstances and optics design principles.

ïLecture 2 [Sat 09h30]: Optical Detection Techniques & Lasers

ÅCameras, photodetectors, optical fibre data transmission and readout, + photon generation and control.
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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

Light mattersΧ
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How can we use light to measure particles?
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1. Directly measure
Synchrotron Radiation 

from the beam

2. Beam interacts with 
primary laser generated 

photons

3. Beam interacts with 
target (e.g. scintillator) to 

produce secondary 
photons

4. Beam-field induces 
optical radiation in 

adjacent target

5. Electro-optic conversion 
of the beam signal

We consider five categories of optical beam instrumentation
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Five categories of optical beam instrumentation

1. Directly measure synchrotron radiation emitted from charge particles
ïThe bremsstrahlung radiation that results when a charged particle is deflected in a magnetic field can 

be directly measured by downstream photodetector / camera

ïTypically used for beam profile and halo monitoring
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synchrotron
radiation

Imaging optics
& camera

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
ïDirect interactions between the particle beam and laser photons injected into the beam pipe. 

ïEither inverse Compton scattering, or the excitation of atomic electrons in the case of ions.

ïExamples: laserwires, Shintake monitors and laser polarimeters, for beam profile, emittance and 
polarization.
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e- laserwire Shintake monitor

Can measure 35nm beam size!



Stephen Gibson ς Introduction to Optics ς CAS Beam Instrumentation, 6 June 2018 8

Five categories of optical beam instrumentation

3. Secondary photons from beam interactions
ïCharged particles interact with scintillator screens, or 

fluorescence of residual gas interactions.

ïProduce secondary photons that can be viewed by cameras 
placed outside the beam pipe

ïUsed for transverse beam profile monitoring.
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Fig. 1. Scheme of intercepting scintillating screen setup.

Fig. 2. Original image from a CCD camera and the projections of the beam

spot in horizontal and vertical axis.

The performance and safe operation of particle accelerators

isclosely connected to thematching of thetransversebeam dis-

tribution (seeFig. 2). For this reason, many investigationshave

been done over the years to precisely monitor the particle dis-

tribution along accelerator chains with scintillating screens.

Reviewing common applications[1], among themost impor-

tant properties of good scintillators are:

Åsufficient efficiency in energy conversion into light;

Å large dynamic range and good linearity between incident

particle flux and light output;

Åemission spectra matched to the spectral response of the

photon detector (e.g., standard CCD camera);

Åno absorption of emitted light inside the bulk material to

prevent artificial broadening by stray light;

Åshort decay time for observations of time dependent beam

size variations and reduction of saturation effects;

Ågood mechanical and thermal stability;

Åhigh radiation hardness to prevent material damages.

The most widely used materials for manufacturing of scintil-

lating screens in beam diagnostics are the following:

TABLE I

SIMPLIFIED OVERVIEW OF SCINTILLATOR USAGE IN BEAM

DIAGNOSTICS AND HIGH ENERGY PHYSICS

ÅCrystals, e.g., YAG:Ce , BGO

, LYSO or CWO

. Scintillatorsmadeof singlecrystalshavebeen

proposed for beam diagnostics a long time ago. However,

their usage is limited by the demand of screens in big

sizes. Crystalsgivegood light yield, but show degradation

effects under high current beam irradiations.

ÅPowder crystals, e.g., P43 , P46

or P47 . These

screens are manufactured by deposition of luminescence

powder on a glass or metal base. They can be designed in

flexible sizes and shapes, but easily damaged due to me-

chanical stress. The sensitivity of such phosphors is high

and they are characterized by good linearity. The emitted

light is reflected many times in thematerial before theexit

from the grain of the powder. This leads to scintillation of

the whole grain, whereas the resolution is limited by the

average grain size.

ÅCeramics, e.g., , , , ,

ruby ceramics , AlN or BN. Ceramicsscreens

are usually made by sintering of powder. These materials

havemoderate light yield, but their radiation hardnessand

thermo-mechanical properties are better.

II. SCREENS AT HADRON ACCELERATORS

The response of scintillating materials depends on beam pa-

rameters such as energy, intensity, ion species and time struc-

ture. Therefore, scintillating materials have to be tailored with

respect to specific application demands required at accelerator

facilities. Due to the direct beam interaction, many investiga-

tions described in this paper were performed for particle fluxes

much higher than for typical scintillator applications in med-

ical imaging or high energy physics. Table I gives a simplified

overview of scintillator usage in beam diagnostics at ion and

electron accelerators, and typical high-energy physics applica-

tions, e.g., PANDA detector at FAIR.

Scintillatorscan reveal complex beam structures(seeFig. 3),

but at low kinetic energies, thedeposition of energy and charge

in the intercepting material leads to heating problems and elec-

trical charging. To ensure that the materials used in hadron ac-

celerator facilities will survive the ion bombardment, several

scintillating materials were evaluated and tested.

²ŀƭŀǎŜƪπIǀƘƴŜ ŀƴŘ DΦ YǳōŜΣ tǊƻŎΦ 
5Lt!/ΨммΣ IŀƳōǳǊƎ όDŜǊƳŀƴȅύΣ ǇΦрро 

proton 
beam

gas 
jet

fluorescence 
photons
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Five categories of optical beam instrumentation

4. Beam-field induced optical radiation
ïDirect measurement of radiation arising from the electromagnetic field of the charged 

particle beam interacting with a nearby dielectric target.

ïOptical Transition, Diffraction, Smith-Purcell & 2ŜǊŜƴƪƻǾ radiation. 

{ǘŜǇƘŜƴ Dƛōǎƻƴ ς LƴǘǊƻŘǳŎǘƛƻƴ ǘƻ hǇǘƛŎǎ ς /!{ .ŜŀƳ LƴǎǘǊǳƳŜƴǘŀǘƛƻƴΣ мфκммκнлнр 9

Phys. Rev. Accel. Beams 23 (2020) 022802
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Five categories of optical beam instrumentation

5. Electro-optic conversion of the beam signal
ïEncode the beam signal onto an externally generated 

laser pulse by electro-optic sampling.

ïLongitudinal bunch profile can be measured effectively 
at high bandwidth, using various decoding methods

ï{ŜŜ Ψ{ƘƻǊǘ ōǳƴŎƘ ƭŜƴƎǘƘ ƳŜŀǎǳǊŜƳŜƴǘΩ ǘŀƭƪǎ ōȅ 
Thibaut Lefevre.
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Spectral Decoding

Spatial Encoding

Temporal Decoding

Allan Gillespie, BI CAS 18
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E.g. What are the challenges when imaging a beam?

ÅtǊŜŎƛǎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ǎƛȊŜΣ ǇǊƻŦƛƭŜ ŀƴŘ Ǉƻǎƛǘƛƻƴ ƻŦ ŀ ǇŀǊǘƛŎƭŜ ōŜŀƳ ǎǘǊƛƪƛƴƎ ŀ 
ǎŎƛƴǘƛƭƭŀǘƻǊ ǎŎǊŜŜƴ ǊŜǉǳƛǊŜǎ ŀ ŎŀǊŜŦǳƭƭȅ ŘŜǎƛƎƴŜŘ ƻǇǘƛŎŀƭ ǎȅǎǘŜƳ ǘƻ ǘǊŀƴǎŦŜǊ ǎŎƛƴǘƛƭƭŀǘƛƻƴ 
ƭƛƎƘǘ ǘƻ ǘƘŜ ŎŀƳŜǊŀΣ ǎƻ ǘƘŜ ǘǊǳŜ ǇŀǊǘƛŎƭŜ ŘƛǎǘǊƛōǳǘƛƻƴ Ŏŀƴ ōŜ ǊŜŎƻƴǎǘǊǳŎǘŜŘΦ

Å!ƛƳ ǘƻ ŎŀǇǘǳǊŜ ŀ ŎƭŜŀƴΣ ǎƘŀǊǇƭȅ ŦƻŎǳǎŜŘ ƛƳŀƎŜ ƻŦ ǘƘŜ ǎŎƛƴǘƛƭƭŀǘƛƻƴ ǇƭŀƴŜΣ ŦǊŜŜ ƻŦ 
ŘƛǎǘƻǊǘƛƻƴΣ ƻǇǘƛŎŀƭ ŀōŜǊǊŀǘƛƻƴǎΣ ƴƻƴπƭƛƴŜŀǊƛǘȅΣ ƻǊ ƻǇǘƛŎŀƭ ōŀŎƪƎǊƻǳƴŘǎ όh¢wύΦ

Particle 
distribution

Interaction in 
scintillator 

screen; 
isotropic 
emission

Raw image 
acquisition 
on camera

Optical transfer

Reconstructed 
particle 

distribution

Light 
propagation via 
optical system

Image capture and post processingLƴǘŜǊŀŎǘƛƻƴ ŀƴŘ ǎŎƛƴǘƛƭƭŀǘƛƻƴ

?

Chromatic 
aberrations

Field-of-view at camera
Resolution / pixel size
Non-linearityDiffraction 

effects

Refraction at 
scintillator boundary

Geometric distortion,
focus, depth-of-field

Challenges:
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Fig. 1. Scheme of intercepting scintillating screen setup.

Fig. 2. Original image from a CCD camera and the projections of the beam

spot in horizontal and vertical axis.

The performance and safe operation of particle accelerators

isclosely connected to thematching of thetransversebeam dis-

tribution (seeFig. 2). For this reason, many investigationshave

been done over the years to precisely monitor the particle dis-

tribution along accelerator chains with scintillating screens.

Reviewing common applications[1], among themost impor-

tant properties of good scintillators are:

Åsufficient efficiency in energy conversion into light;

Å large dynamic range and good linearity between incident

particle flux and light output;

Åemission spectra matched to the spectral response of the

photon detector (e.g., standard CCD camera);

Åno absorption of emitted light inside the bulk material to

prevent artificial broadening by stray light;

Åshort decay time for observations of time dependent beam

size variations and reduction of saturation effects;

Ågood mechanical and thermal stability;

Åhigh radiation hardness to prevent material damages.

The most widely used materials for manufacturing of scintil-

lating screens in beam diagnostics are the following:

TABLE I

SIMPLIFIED OVERVIEW OF SCINTILLATOR USAGE IN BEAM

DIAGNOSTICS AND HIGH ENERGY PHYSICS

ÅCrystals, e.g., YAG:Ce , BGO

, LYSO or CWO

. Scintillatorsmadeof singlecrystalshavebeen

proposed for beam diagnostics a long time ago. However,

their usage is limited by the demand of screens in big

sizes. Crystalsgivegood light yield, but show degradation

effects under high current beam irradiations.

ÅPowder crystals, e.g., P43 , P46

or P47 . These

screens are manufactured by deposition of luminescence

powder on a glass or metal base. They can be designed in

flexible sizes and shapes, but easily damaged due to me-

chanical stress. The sensitivity of such phosphors is high

and they are characterized by good linearity. The emitted

light is reflected many times in thematerial before theexit

from the grain of the powder. This leads to scintillation of

the whole grain, whereas the resolution is limited by the

average grain size.

ÅCeramics, e.g., , , , ,

ruby ceramics , AlN or BN. Ceramicsscreens

are usually made by sintering of powder. These materials

havemoderate light yield, but their radiation hardnessand

thermo-mechanical properties are better.

II. SCREENS AT HADRON ACCELERATORS

The response of scintillating materials depends on beam pa-

rameters such as energy, intensity, ion species and time struc-

ture. Therefore, scintillating materials have to be tailored with

respect to specific application demands required at accelerator

facilities. Due to the direct beam interaction, many investiga-

tions described in this paper were performed for particle fluxes

much higher than for typical scintillator applications in med-

ical imaging or high energy physics. Table I gives a simplified

overview of scintillator usage in beam diagnostics at ion and

electron accelerators, and typical high-energy physics applica-

tions, e.g., PANDA detector at FAIR.

Scintillatorscan reveal complex beam structures(seeFig. 3),

but at low kinetic energies, thedeposition of energy and charge

in the intercepting material leads to heating problems and elec-

trical charging. To ensure that the materials used in hadron ac-

celerator facilities will survive the ion bombardment, several

scintillating materials were evaluated and tested.
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Χand there was light

ÅStarting from James Clerk aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ (1865) for electric E and magnetic B fields, 
in the absence of charge (r=0) and currents (J=0):

12Stephen Gibson ς Introduction to Optics ς CAS Beam Instrumentation, 19/11/2025

ÅTake the curl and use vector identity 

to show:
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Χand there was light

ÅStarting from James Clerk aŀȄǿŜƭƭΩǎ Ŝǉǳŀǘƛƻƴǎ (1865) for electric E and magnetic B fields, 
in the absence of charge (r=0) and currents (J=0):
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ÅTake the curl and use vector identity 

to show:

ÅThese are wave equations with velocity:

Light is an electromagnetic wave
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Basis of Geometric Optics

ÅOne solution of the 3-dimensional wave equation is plane waves
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Å In an isotropic media, light travels in straight lines, known as rays.

k is wave number, 2p/l
Z  is the direction of travel
l the wavelength
c, speed of light
w = 2pc/l, the angular frequency
[Note, no phase offset in this solution]

14 

Rays and wave fronts 

Spherical wave front Plane wave front 

Point Source
wave fronts

Rays

wave fronts

Rays

The rays radiate out from 
the centre of the spheres 

The rays are parallel to  each 
other and perpendicular to  

the wave fronts  

ÅLƴ ƻǇǘƛŎǎΣ ǘȅǇƛŎŀƭƭȅ ŎƻƴǎƛŘŜǊ ǎƛƳǇƭƛŦƛŜŘ ǎƻƭǳǘƛƻƴ ǘƻ ŀ м5 ǿŀǾŜ ŜǉǳŀǘƛƻƴΥ

ÅGeometric optics is a technique for determining the light path through 
multiple interfaces between media of different refractive indices.



Stephen Gibson ς Introduction to Optics ς CAS Beam Instrumentation, 6 June 2018 15

Basic ray theory and refraction
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ÅIǳȅƎŜƴǎΩ ŎƻƴǎǘǊǳŎǘƛƻƴ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ŘŜǊƛǾŜ {ƴŜƭƭΩǎ ƭŀǿ ƻŦ ǊŜŦǊŀŎǘƛƻƴ ŀǘ ŀƴ ƛƴǘŜǊŦŀŎŜΥ

±ŀƭƛŘ ŦƻǊ ƛǎƻǘǊƻǇƛŎ ƳŜŘƛŀ ŀƴŘ 
ŀǇŜǊǘǳǊŜǎ ƳǳŎƘ ƭŀǊƎŜǊ ǘƘŀƴ ǘƘŜ 
ǿŀǾŜƭŜƴƎǘƘ ƻŦ ƭƛƎƘǘΦ

Two basic assumptions:
1. light travels in straight lines, known as rays, in each uniform medium.
2. light reflects and/or refracts at an interface between different media

Incident ray

{ƴŜƭƭΩǎ [ŀǿ ƻŦ ǊŜŦǊŀŎǘƛƻƴ

Light travels slower in medium
of higher refractive index, v = c/n

v1 t

v2 t

normal

qм

q2

n2

n1

Glass

Air

n1 < n2 in this example 

qR

wŜŦƭŜŎǘŜŘ Ǌŀȅ
qм Ґ qw

Refracted ray

Incident ray

sin q1 = v1 t / D

sin q2 =  v2 t / D

n1 sin q1 =  n2 sin q2

Light has different speeds in 
each medium v = c/n.

Distances travelled are v1t 
and v2t in same time t.

D
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Example: best angle for a scintillator screen:
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Å Each particle that crosses the scintillator creates an ionisation channel, from which light is emitted 
isotopically within the volume. Refraction of this light affects the image size and resolution.

Å Adjusting the tilt angle, h Σ and viewing angle, ̡Σ of a thick scintillator screen can mitigate for the 
length of scintillating column to improve the achievable resolution.

Apparent size is zero (s = 0) 
when viewing angle,PRSTAB 18 082802 (2015)
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Basic components: lenses

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

lens focal length, f

Fresnel Lens1

x2

-
1

x1

=
1

f2

мΦ! Ǌŀȅ ǇŀǎǎƛƴƎ ǘƘǊƻǳƎƘ Ŧм ōŜŦƻǊŜ ǊŜŦǊŀŎǘƛƻƴΣ ƛǎ ǇŀǊŀƭƭŜƭ ǘƻ ǘƘŜ ǇǊƛƴŎƛǇŀƭ ŀȄƛǎ ŀŦǘŜǊ ǊŜŦǊŀŎǘƛƻƴΦ
нΦ! Ǌŀȅ ǇŀǊŀƭƭŜƭ ǘƻ ǘƘŜ ǇǊƛƴŎƛǇŀƭ ŀȄƛǎ ōŜŦƻǊŜ ǊŜŦǊŀŎǘƛƻƴΣ ǘǊŀǾŜƭǎ ǘƘǊƻǳƎƘ Cн ŀŦǘŜǊ ǊŜŦǊŀŎǘƛƻƴΦ
оΦ! Ǌŀȅ ǇŀǎǎƛƴƎ ǘƘǊƻǳƎƘ t ƛǎ ǳƴŘŜǾƛŀǘŜŘΦ 

x2x1

-f1

principal axis

line of action

-2f 2fŦнP

Object

Image

1

3

2

Å The location and magnification of an 
image can be found by ray tracing:

[Ŝƴǎ Ŝǉǳŀǘƛƻƴ όƴƻǘŜ Ȅм ƛǎ ƴŜƎŀǘƛǾŜύ

Lateral magnification
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Basic components: Lens types and systems
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ÅConstructing an optical instrument 
typically requires multiple lenses.

ÅOne can apply the lens equation multiple 
times, or use the effective focal length of 
the combination.

21 

5. Two th in lenses in contact 

x1 xô2

X1 Xô2

A   B

X2

x2

X2' is image of X1 formed by 
the fi rst lens A only. X2 is 

the image formed by lens B. 

1st lens only 

A21

'

2 f

1

x

1

x

1
=! and 2nd lens only  

B2

'

22 f

1

x

1

x

1
=!

The sum of those two equations will result in 
 

where f C is the focal length of the combination. 

C12B2A2 f

1

x

1

x

1

f

1

f

1
=!=+

Power of the lens (or lens combinations) is F, and 

f

1
F =

If f is converging, power is positive. If f is in metres, the power F is dioptres.  

22 

6. Two th in lenses separated by a distance d in air  

X1 Xô2

A                      B

X2

Y y

d

P2

f

A ray str iking the fi rst lens A at a height Y from the axis is brought to  a focus at 
X2 by lens B. The ray passes through the second principal plane at height Y (by 

definition) and the second lens B at height y. (X2' is the virtual object for the 
second lens). 

The equation for two lenses is 

B2A2B2A2 ff

d

f

1

f

1

f

1
!+=

ÅIƻǿŜǾŜǊΣ ǘƘŜǊŜ ƛǎ ŀ ōŜǘǘŜǊ ǿŀȅΧ

X1

d

line	of	action

XΩ2X2

fcombination

The	ray	would	be	brought	
to	a	focus	at	XΩ2 by	the	
first	lens	A	only.

A B

XΩ2	is	the	virtual	object	for	
the	second	lens,which	
has	a	final	focus	at	X2

Two thin lenses separated by distance d :

Two thin lenses in contact:

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

The power of the combination is less 
than the sum of the powers.

X1

xΩ2x1

line	of	action

XΩ2
X2x2

Sum	of	both	lenses	gives	the	
combined	focal	length	fc:

XΩ2 is	image	of	X1 formed	
by	the	first	lens	A	only.
X2 is	the	image	formed	by	
lens	B.

A B
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Matrix method of ray tracing

Å! Ǌŀȅ ƛǎ ŘŜǎŎǊƛōŜŘ ōȅ ǘƘŜ ƘŜƛƎƘǘ Ƙм ŦǊƻƳ ǘƘŜ ƻǇǘƛŎŀƭ ŀȄƛǎ ŀƴŘ ŀƴƎƭŜ ƘмΩ

ÅhǇǘƛŎŀƭ ŎƻƳǇƻƴŜƴǘǎ ŘŜǎŎǊƛōŜŘ ōȅ ǘƘŜƛǊ ǘǊŀƴǎŦŜǊ ƳŀǘǊƛȄΥ
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MD(x1) =
1 x1
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Å Similar in concept to accelerator optics lattice, note lenses typically 
focus in both planes simultaneously (unlike quadrupoles)
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Free space drift

Action at thin lens
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b = - x1 + Fx1x2 + x2 = 0 Þ
1

x2

-
1

x1

= F =
1

f

a =1- Fx2 = 0 Þ x2 = f

Example of drift-lens-drift:

The lens equation!
!ƴƎƭŜ ƛƴŘŜǇŜƴŘŜƴǘ ƛƳŀƎŜ ŦƻǊƳŀǘƛƻƴΥ
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Reflection transformations
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Leonardo da Vinci famously used mirror writing to 
obfuscate his notes (he was also left-handed)

Reflect across x=ywŜŦƭŜŎǘ ŀŎǊƻǎǎ ȄҐл


