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Lasers: talk overview 00

Outline

Lasers: fundamental principles
Laser types, key parameters
— Cavity modes & linewidth
— Q-switched / mode-locking
— Chirp Pulse Amplification
* Technologies: focus on fibres
— Fibre lasers, amplifiers, splitters, switches
— Optical transmission, EO-modulators
Technology setups
— FSl system example
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Laser fundamentals

HOLLOWAY
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Light sources Y §Visibleé Infrared —>

Conventional sourcestypically emit incoherent light
of multiple frequencies, in all directions.
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5525 K Blackbody Spectrum
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* Not so usefulfor beam instrumentation...
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‘An elegant weapon
for a more civilised
age..”

/ ...hota ‘laser sword’
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Laser fundamentals o,

Laser light properties:

° |n 1958 Arthur Schawlow and Charles Townes laid down the theoretical framework for
an “Optical Maser”

Incoherent light waves: Coherent light waves:
* Now known as the laser: : : - difference frequencies - same frequency
Essential propertiesof e ohases _ same phase
. laser light: S e e o PN AN N
Mon OCh romatic 2\// e B = s
4 . o . P it ™" /\‘ B panN N > i,
Ampllflcatlon by Coherent : \\”/ \\// _ \tj/\ij/\ii/\ij
] Highly Directional D= 2 Sl g
Stimulated I el
.. *almost /N -
Emission of / \ Angular divergence P
AA 0

Radiation j \ Bl 0 =M v,

2 . Laser quality factor

;\'0
Extremely useful 1u preusivn neasurements

w. - beam radius in the beam waist
0

/
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Laser fundamentals e

Maser came first, 1955:
Microwave Amplification by Stimulated Emission of Radiation

Charles Townes ames Gordon
Coiumbia Independently invented at:
University Lebeev Labs, Moscow,

Credit: Bettmann/Corbis

CLPU

Intro to lasers, Lui Roso 15t LA3net school

Aleksandr Prokhorov

"for fundamental work in the field of quantum
) electronics, which has led to the construction

. . Physics of oscillators and amplifiers based on the

Nicolay Basov

7 1964 maser-laser principle"
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Laser fundamentals (2t

Then the first laser, 1960:
Light Amplification by Stimulated Emission of Radiation

T H Maiman Ruby laser @ 694 nanometers

mirror

First laser was named
as first optical maser

/ Intro to lasers, Lui Roso 15t LA3net school
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Laser fundamentals: atomic transitions s

* Transitions of electrons between atomic energy levels fall into three categories:

Photon absorption Spontaneous emission Stimulated emission
E7 1 . .
aVAVAVAV. & WAVAVAV S
‘/\/2/\” hv=E,—E, weE —E NN\ /’n/=E2—E1
4 T AVAVAY. 2
= P Y v
Photon energy transferred to atomic Natural de-excitation to the lower A photon of correct energy perturbs the
electron, which transitions to a higher energy level, emitting a photon excited state creating an identical,
energy level, so the atom Is excited. duplicate photon from the de-excitation.

/
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Laser fundamentals: atomic transitions

ROYAL

HOLLOWAY

* Transitions of electrons between atomic energy levels fall into three categories:

Photon absorption

E,
A
VVVAE Ly =E -,
hv
E, P

Rate depends on the number of
atoms in the lower energy level
and incident photon flux, F and
absorption cross section, 0,.

dN

-=-0;,FN;=-B;; Ny u,

dt

The proportionality constants are the Einstein A and B coefficients.

/

Spontaneous emission

SVAVAVAV: o
111/:E2—E1

y

Rate depends on the number of
atoms in the higher energy level
and lifetime, tsp

dN,
dt

NZ
=‘T_=‘A21 N,
SP

Stimulated emission

aVAVAVAV: o

hv:Ez—E1
SVAVAVAV, o

Y

Rate depends on the number of
atoms in the higher energy level
photon flux, F and stimulated
emission cross section, O15.

dN
dt

*=-0,FN,=-B;,; N, u,

U, is the energy
density of radiation
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Laser fundamentals: Einstein coefficients o R

* Whenin equilibrium: B, N, u,=A,; N, + B,; N,u,

Photon absorption  Spontaneous emission Stimulated emission

* Solve for the energy density: '\
Em Emw—l\
u, = \
v ;
. NlBlz - N2B21 E3 E3 —
Using Boltzmann: A 1 E, . :
_ - ? N
v hv/kT E 3 N
B, (B,,/B,)e -1 : : ~
Energy levels . P(E,,)
ith Planck’s radiation formula, Einstein showed: pecupaton
To agree wit ! ' Boltzmann distribution gives probability that
B. =B energy E,, in an arbitrary atom is occupied. When
12 21 . el . .
in thermal equilibrium, the relative population of
A Sahv’ levels is: N. E, - E
21 = __2 _ eXp( 2 I )
3 - —
le C N, kBT
/ IfE2>E1then N, < N4
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Laser fundamentals: Einstein coefficients o e

* Thus for atoms in thermal equilibrium, the ratio of stimulated emission rate
to spontaneous emission rate is:

stimulated emission B, u, 1

¢ hv/kT
spontaneous emission A, """ -1

* Essentially, the rate of induced emission is extremely small for normal temperatures
* Normal light sources are dominated by spontaneous emission, giving incoherentlight

* To create laser action by stimulated emission, we need to place more electrons in the upper
energy level. This is known as population inversion and is achieved by Optical Pumping

/

John Adams Institute for Accelerator Science  Stephen Gibson — Lasers: technologies, setups — CAS Beam Instrumentation, 7 June 2018



Laser fundamentals |5

opticatpumping.  ( ( ( ( ( C( ( ({1

o—0—© o—0— 0 © O—0— 0
Normally, more electrons in the ground state than in the excited state
Absorption dominates over stimulated emission ... no lasing

/
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Laser fundamentals: population inversion 0| o

opticatpumping.  ( ( ( ( ( C( ( ({1

o—0—0 o—0— 00 O—0— 0
Ruby laser, Chromium-ion, Cr+ Normally, more electrons in the ground state than in the excited state
Absorption dominates over stimulated emission ... no lasing
- 4
3 A NP —0—0—© O—0— 0 ©°

;.};,-'fwg?gﬁgasnge ) ) )] ))))]) ) )

If, more electrons in the excited state than in the ground state
then stimulated emission dominates over absorption ...
lasing !!!

Intro to lasers, Lui Roso 15t LA3net school
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Laser fundamentals: chain reaction | 5

Population inversion
by optical pumping

Ruby laser. Chromium-ion, Cr+** Chain reaction: Stimulated Emission -> Light Amplification

3 1 I1 O—0— 00— 00— 90— 0 0 00— 0
“Non-Radiative { { { { / / / { { { {
4 iti
T, “Jransitions
< ol A NN\ —0—0—0—0—0—0—0—0—0—0
O k.
g = P —J/V\» N VAVAV.c Y —J/V\» PV —J/V\» N A
= a —\\» —/\\» —\\» —J\\» —\\»
O - AN > —/\\» — N\ —/\\» —/V\»
% = — N\ —J\\» —/\V\» —J\V\»
— NN\ —/\\» — N\ —/\\» —J/\V\»
C 1 a —/\V\» —/V\» —/\V\» —/\V\»
L] — —\/\/\/*_\/W — N\ —/V\» —J/V\»
8 —/\\» — N\ —/\V\» —J/V\»
— —\\» —/\V\» —J\V\»
= — N\ —/\V\»> —/ N\
. |0 e IV e YV e
0 A2_ — N\ A A A
—/V\»

/ Intro to lasers, Lui Roso 15t LA3net school
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Laser components
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1. High-voltage electricity causes the

quartz flash tube to emit an intense (\ P S0
burst of light, exciting some of Cr>* T e /)
in the ruby crystal to higher energy a9y

levels.

2. At a specific energy level, some
Cr** emit photons. At first the photons Var o

are emitted in all directions. Photons (s> ° o 5
. . . \4" o T 300,/ |

from one Cr** stimulate emission <l /]
25\

of photons from other Cr** and the
. . . . ° b :gttl%%n
light intensity is rapidly amplified.

/

Components of the first ruby laser

104 -reflective

mirror Quartz flash tube

Rubwy ¢rystal

Switch

*oli ¢ i ne : Laser beam
Polished aluminum 95%.-reflective aser b

reflecting cvlinder DRETOr

Totally Excitation _ ,
reflecting mechamism Partially reflecting

mirrar mirror

R=100 % O R <100 %
Laserbeam N 4

Excitation
mechanism

Laser optical cavity
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Laser components
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3. Mirrors at each end reflect the
photons back and forth, continuing
this process of stimulated emission
and amplification.

4. The photons leave through the
partially silvered mirror at one
end. This is laser light.

A/

Components of the first ruby laser
1007 -reflective

mirror Quartz flash tube

Rubwy ¢rystal

Switch

Polished aluminum Q5e Laser beam

reflecting cvlinder

v-reflective
mirror

Totally Excitation _ ,
reflgctlng mechamism Partlally. reflecting
VAay mirror mirror
o R =100 % R <100 %
(Hge (o
\& > oe a 00 /V“ 4
\\ooi/ VE IME Laserbeam [ 2
o
)
«Photon
Excitation
mechanism

Laser optical cavity
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Laser types and key parameters

*  When selecting a laser you have a wide choice of technologies:

— Gas lasers [HeNe, Argon, Krypton, CO.,...]
* Chemical lasers [COIL, AGIL, HE DF]
* Excimerlasers: chemical reaction involving excited dimer [F,, Arf, KrE XeCl, XeF]
* lon lasers: [Argon-lon]

* Metal-vapour lasers: [HeAg, NeCu, HeCd for UV wavelengths ...],
— Solid state lasers [Ruby, Nd:YAG, Ti:sapphire ...]

— Semiconductor lasers [GaN, InGaN, VCSELs]
— Fibre lasers (Erbium doped)

— Freeelectron laser, etc...

CC BY 2.5 commons.wikimedia.org/w/index.php?curid=60733412

*  Many parameters to consider
— Pulse energy, or continuous wave (CW) power?
— Fixed or tuneable wavelength? Linewidth, spectral coherence?

— Q-switched, repetition rate, mode-locked, master-oscillator power amplifier, free-space or fibre output?
— Spatial beam quality, divergence, transverse modes, phase noise?

A
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Laser types and key parameters L

* Lasers by wavelength, pulse energy / CW power:

~ -
ot o~
M 0
= S E = s
- @c s c —
- S = o A
N 39 2 e £
™~ '_T:’ . 4
E'j'r:-h ~£ r 3
= <A ne = © 2
s nE i <5 >
re m ,?.‘, e (i} £ 7o)
™N == N - S 3 o
= 9 £c ' :: ) " £ = o o E EE
T £ 2 S Mq, : b £ c - o ln':'::L
£ -5 « Em x < S AR = -
Pulse CW = SE m_S. e EE -“EEEE 3 e gyem~= 55 SN S ;E:%
energy power ) - o 2 5 R;_ 9 2 n "o 2 - }f, : g oz 28 = R-gg;'
A . 258 BL  Eunmos do S3403 3 = N2T cn oA £9°
1k 11kw E R 2o 37§% e O, I Uihw w - B P8I 5, 0o | gEss
: 5 33282 “shug 5 ze ggel 27| 52 $g SzE8
¢ & R T e b dd d d gy e
1 T & M < ITZ | | T T T iT FI Wy T ===
141w : ’ i
1 mJ l m\"'/ X-RAYS - S 3 . S 2 o H H H H
«—— ULTRAVIOLET «—— NEAR-INFRARED MID-INFRARED
. 30 L 400 nm 700 nm 800 nm 900 nm 1um 3 0
. i L |
1m) +1mw ; ; . i Dyes :
) R R po 3 InGaAs
1 . 4 Dves 50-700 nm : 904-1065 nm % (08 ( dou b{[Zs)]
Ti:sapphire Y L R
1]4+41W (trip L= = 4. 6-SR AN
(tripled) D e iy = 33
4 235-330 nm 630-685 nm = = pm €Oz
e frdnthlad InGaAs : 9.2-11.4 pm
1k +1kw ;',- es (d ;,,’,l led GaN e 1.27-1.33 pm ?FGEC"hgnllnchl H
I 02-0.4 | 515-520 nm T 1.43-1.57 pm SR
370-493 nm i:sapphire Fosterite HF chemical
750-850 "M 6301130 nm 1.13-1.36 pm 2.6-3.0 pm

AlGaln/AsSh
1.87-2.2 pm

q)|
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From the very small... e

Semiconductordiode laser

silicon dioxide

cable . —— .
active layer ‘ i contact I laser
g:gﬁ: mirror ‘ m Od u Ie
Nd laser KDP

]
P '.'l

contact—

lasing

/ }W-,.” o

pum:p foéus expanding colim'étin.g Z _
diode lens lens lens IR filter

/ Intro to lasers, Lui Roso 15t LA3net school
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..to the very large o
* NIF aims to achieve single 500 terawatt (TW) peak flash of light that reaches the target from

numerous directions (192 beamlines) at the same time, within a few picoseconds.

i

National Ignition Facility,
Livermoore, US, to study
inertial confinement fusion
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What’s achievable?
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Pulsed laser peak power vs duration: what’s achievable?

Pulse peak power

Continuous Wave:
Narrow linewidth, modest
power, good for interferometry

/

John Adams Institute for Accelerator Science

2

_|
2

0
2

K4
2

kW

/Salamane¢a
ey | ‘2? 4
| s x° C
29 \> )
() Q 9
&’bﬁ o& ((\Qb /
o W <
X, O
| \ | SN
&0 , \é‘: &0 (c,
Qg\O (_}\o" ‘&\\o‘) TN - ,\,b,‘:e’
Q¥ | &?} RN | ,({\\c (O\Q\
Y [ I
/] _, 'mode
Q- _ locking
switchin
~CW 2
V
ms us ns Ps . fs as

Pulse duration

Chirp Pulse Amplification
Pulse typically time
stretched before
amplification - later slides

Mode-locking

Short pulses generated by phase
locking cavity modes —
explained in later slides

Q-switched:

Pulse trains generated by
electro-optic modulators withir
laser cavity.

Intro to lasers, Lui Roso 15t LA3net school
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Optical Cavity Resonant Modes o] .

* An optical cavity enhances lasing only at certain resonant frequencies corresponding to
longitudinal* modes allowed by the cavity length and mode number:

el Fundamental mode k/“\\\u///h\\\p///p\\\v/J

e n=2 ) L ’

o Electric field inside the cavity — E(z,t) = E, cos(kz)cos(w ;1)

/V\ =3 Boundary conditions  E(L,f)= E(~L,t)=0

Allowed wavelengths ypr =21 n= 1,2,3, ..

avevr .. o

Cavity modes k=—=—

s roL Vo = (1)
n= 2mc  wc 2L
w=ke=""=n

Resonant frequencies 1 I

Consecutive frequencies
/ n=6 Aa)=a)n+1_a)n=E
L
= L =

* See next slide

/ Intro to lasers, Lui Roso 15t LA3net school
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Optical Cavity Resonant Modes O

UNIVERSITY
OF LONDON

Transverse TEM-NN modes in a cylindrical cavity:

Laguerre-Gauss modes for a cylindrical
boundary conditions

By placing a restrictive aperture in the
cavity, the fundamental transverse TEMOO
03 mode is selected, resulting in a Gaussian

»= e output beam

D e (D) oe::.:f:.::..

» .y

» -8
34

11

/
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Laser linewidth (spectral coherence) i o

* Although lasers are nearly monochromatic, they do not emit at a single, pure frequency, but
produce light with a natural bandwidth or range of frequencies.

* Primarily, the bandwidth is determined by energy levels of the gain medium and the
corresponding range of frequencies that can be amplified.

* Within this range, the optical cavity length defines the frequencies modes that are excited
* Usually a laser will emit at multiple modes simultaneously “multi-moded lasing”.

P o S
«  Gain
Laser type Ao AL Ao/AM
He-Ne laser 632.5nm 0.2nm 3162.5 A
Diode Laser 900nm 10nm 90
)\'0

/ Intro to lasers, Lui Roso 15t LA3net school
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Mode-locking lasers o,

* If cavity modes are phase-locked then a pulse can be generated in each round trip of the cavity

* Ultrashort pulses imply many modes in phase: .
— One picosecond implies a 1nm bandwidth
— 10 femtoseconds imply 100 nm (almost all visible)

05

1

1

laser cavity g 08

M :
0 0.1 02 03 04 05 06 0.7 08 09 1
Position (Arb. Uts.)

E-fieid (Normalzed)
o
Ll
.
L ]
.
L ]
.
L ]

Eield (Normalized)
=)

CCBY-SA 4.0
/ Intro to lasers, Lui Roso 15t LA3net school
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Short pulses 4 Broadband - [

* There’s an inverse relation between the pulse duration and bandwidth.
* Shorter duration pulses have larger frequency ‘chirp’

long pulse ... quasi short pulse ... broadband ultra short pulse ... very
monochromatic broad band
30 fs few fs
| 30 nm all visible
UVA visible IR UVA visible IR UVA IR
400nm 500nm 600nm 700nm c1p 400nm 500nm 600nm 700nm cLe 400nm 500nm 600nm e Onm —

/ Intro to lasers, Lui Roso 15t LA3net school
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Chirped laser pulses: .

* See Alan Gillespe’s slides from this morning

Effect of the Spectral Phase A linearly chirped Gaussian pulse

The spectral phase is the phase of each frequency in the wave-form.

Light electric field

A All of these frequencies have
zero phase. So this pulse has:
(1)
! A@) =0
Note that this has constructive We can write a linearly chirped Gaussian pulse as:
interference at 7= 0.
..and it has cancellation — _ 2 ; 2
everywhere else. E(t) - EO eXp|: (t / TG) ]eXp |:l (a)Ot + ,Bt ):|
Wy T /l\ T
Gaussian Carrier Chirp
D “Transform limited pulse” amplitude wave
> — cannot get any shorter
for the given spectral Note that for > 0, when < 0, the two terms partially cancel,
Wg content

so the phase changes slowly with time (so the frequency is lower).
And when ¢ > 0, the terms add, and the phase changes more rapidly
(so the frequency is larger).

v

/
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Chirp pulse amplification concept

pumping laser fs-compressed

Ti:sapphire laser pulse
, ~800 nm

~A pump 520-550 nm
mirror |/ M. amplified

stretcher stretched

fs-oscillato

amplifier
pumping laser

compressor

/ Intro to lasers, Lui Roso 15t LA3net school
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Chirp pulse amplification at Petra-Ill laserwire

Laser oscillator is a Nd:YVO4 solid state mode-locked oscillator emitting laser light at 1064 nm

e
-

John Adams Institute for Accelerator Science

At laser:

Parameter

ROYAL
HOLLOWAY

Value

Wavelength

1064 nm

Pulse Duration (FWHM)

10 ps

Repetition Rate

62.45 MHz

Average Power

850 mW

Pulse Energy

13.5nd

Peak Power

1.3 kW

After pulse stretching

and 4 stage fibre
amplification

Parameter

Value

Wavelength

1064 nm

Pulse Duration (FWHM)

200 ps

Repetition Rate

520 kHz

Average Power

15W

Pulse Energy

29uJ

Peak Power

14 kW

A. Bosco et al, RHUL/DESY

Stephen Gibson — Lasers: technologies, setups — CAS Beam Instrumentation, 7 June 2018
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How to synchronize the rep rate of a pulsed laser with RF timing? o .

* |f ~10ps laser pulses are to interact with the particle bunches the repetition rate of
master oscillator needs to be carefully synchronised with the accelerator RF and

with minimal timing jitter.

* Synchronization achieved by using an external RF generator that is set to a
subharmonic of the accelerator RF frequency (499.664 MHz).

— Compare phase between the laser pulse train and external RF.

— Feedback loop controls a moveable mirror within the laser cavity, modifying the
cavity length to change the repetition rate of until a phase lock with the RF

source is achieved.

— Finally lock the phase between the main clock to a low noise (10MH:z) reference
from the accelerator RF timing.

/ A. Bosco et al, RHUL/DESY
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Setups: Beam transport for lasers at accelerators o .

* Lasers are sensitive and occasionally temperamental beasts; best to keep in a safe laser
cabin, away from the accelerator tunnel:

— Easy access to laser.
— Safety requirements: interlocks, safety shielding, googles, warning signs.
— Reduce radiation exposure to laser and personnel.
— Enable thermal stabilisation of environment and vibration free.
* Must therefore transport the laser beam to the accelerator tunnel, two viable options:
— Free space beam via series of mirrors, and tubes:

* challenging beam pointing requirements, especially if tubes contain air, suseptible to refractive index change)
* May be only option if very high power is required.
— Transport in optical fibres:

* Easy to install.
* Limits on peak power / pulse duration due to non-linear effects in the fibre.

/
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Example of CERN laser setup: FSI system at ATLAS | Bt

8], ITY

Surface Laser Room

Two colour laser/amplifier system

- | s T
7 [ E—
Tapered Faraday Cc'>:LIJt;))riﬁg
Laser 1 NBs | amplfiers Isolators Soites
i) A —
Faraday Interlocked
Laser 2 Isolators safety shutters

U5

Phase locked
choppers

Laser diagnostics: ~— A
Wavemeter, power monitor, OSA

Evacuated Reference Interferometer System

Optical
switches

BS BS BS — y,
| EE—|
Collimation
Vernier| Etalons W optics
- om =
\ W Auxillary Reference
= 1= Interferometer
PD PD
Bt Main Reference Interferometer| pinhole W
mounted Dl“ 243 I e
mirror -— NBS PD

BS = Beam-splitter BD = Beam Dump
NBS = Non-polarising Beam-splitter PD = Photodiode
OSA = Optical Spectrum Analyser APD = Avalanche Photodiode

/

' Underground Counting Room

Delivery

ribbon Fibre APD
Splitter Readout
Tree Crate

Multi- ribbon
__ cables_

Detector
8 splice boxes on cavern
cryostat flange
Ux15

Ribbon fibres

Grid Line
Interferometer

ATLAS
Silicon
tracker

~ Retroreflector

SCT on-detector

R T

John Adams Institute for Accelerator Science
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Example of CERN laser setup: surface room for laser L e

-2 gqnostic optics: etalon
Diagn o Seanil ng Fabry Perot ’
WaWN“ee’ " £ “‘mfjh

Thermally
stabilised

lmamamauw A~

.......

Interlock § Kc '

y | Pneumatically damped
" optical tables

/
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ROYAL

Example of CERN laser setup: two colour amplifier system e,

e Two CW tunable lasers combined
into two tapered amplifiers

* Phase locked choppers.
* Coupled to fibres to underground

Two colour laser/amplifier system

/
Tapered Faraday C(I):L'Jt;ri?] g
Laser 1 NBS | amplfiers Isolators e

D
Faraday Interlocked

Laser 2 Isolators safety shutters

37

]
Phase locked
choppers

/
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ROYAL

Example of CERN laser setup: two colour amplifier system e,

e Two CW tunable lasers combined
into two tapered amplifiers

* Phase locked choppers.
* Coupled to fibres to underground

Two colour laser/amplifier system

/
Tapered Faraday C(I):L'Jt;ri?] g
Laser 1 NBS | amplfiers Isolators e

D
Faraday Interlocked

Laser 2 Isolators safety shutters

37

]
Phase locked
choppers

/
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Frequency tunable lasers L

* CW tunable external cavity diode lasers (ECDL) are design to
select a single mode using wavelength selective optics.

* Two configurations:

Littrow Littman-Metcalf ——] . —
O Utp Ut ® 765nm 780nm 795nm
OUtp Ut |V|Irl’0r x Frequency, Hz
) Wavelgngth
Lens / Lens \ ) HR Coating o

Laser-Diode Chip

Collimating Lens
Diffraction Grating

E"\Oa\ "R

Diffraction Grating LD Diffraction Grating
e Huge mode-hop-free tuning range Laser Output

e Motorized and Piezo control for wide scanning and fine

Higher power, broader linewidth Very narrow, <200kHz linewidth tuning

e Higher power

Wlde mode_hop free tunlng (>10nm) e Improved stability, <200 kHz linewidth

e Integrated permanent fiber coupling

/ {l)} New Focus®

A Newport Corporation Brand
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Frequency tunable lasers - L

* CW tunable external cavity diode lasers (ECDL) are design to
select a single mode using wavelength selective optics.

Littman-Metcalf

>

View of movable cavity
with grating visible

"

Laser diode

Similar to tunable laser used in Electro-Optic
Beam Position Monitor (see applications lecture)

/
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Frequency Scanning Interferometry w O

[ 1 DETECTOR
TUNABLE
LASER 1 M1
—>- > < > k
A R
A 4 MZ \ 4
7777
To interferometer with Reference Interferometer
length to be measured with fixed length
IRer

AS = [271/c]DAv A® = [2n/c]LAv

Ratio of phase change = Ratio of lengths

/
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ATLAS FSI 842 x inteferometer system -

* The ATLAS silicon tracker is equipped with a laser alignment system consisting of geodetic
length measurements between nodes.

* All842 grid lines are measured simultaneously using FSI to a precision of << 1 mm.

* Repeated measurements monitor micron level shape changes of the SemiConductor Tracker
(SCT) during operation

Al

': t Rl [ &F C g —‘T‘T-E’é&g}' N
\ 4 =
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Challenges of particle accelerator environment

On-detector ATLAS FSI system has similar requirements to Accelerator Beam
Instrumentation:

Often available space in a PP experiment / accelerator is extremely limited.

Components must also tolerate high radiation levels:

— Use radiation hard plastics, PEEK, fused silica, radiation tolerant fibres:
e.g. pure silica core, fluorine down doped cladding.

No access throughout the >10 year operational lifetime of the experiment:
Optics must be robust to any small misalignments, e.qg. use diverging beams
and retroreflectors.

/

John Adams Institute for Accelerator Science  Stephen Gibson — Lasers: technologies, setups — CAS Beam Instrumentation, 7 June 2018

AU | ROYAL

2| HOLLOWAY




Fibre based grid-line Interferometer

* Each length measurement line of the alignment grid inside the SCT consists of a quill (two
parallel fibres and a beam splitter) and a retro-reflector.

* The optical path difference is measured. GLI lengths vary from 40mm to 1500mm

Fused Silica
Beam splitter

Return

Dlstance measured

2.3 mm
diameter

fibre

/
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ROYAL
HOLLOWAY

Installing delicate fibres
inside the centre of ATLAS for
Frequency Scanning
Interferometry alignment
system
-> precise optical metrology

A/
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FSI grids on ATLAS SCT T
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ROYAL

Fibre coupling solutions: - L.

* Obtaining good coupling (>70%) from the laser is often one of the main practical challenges

* In this case also needed to couple light from one laser to 842 interferometers.

* First focus >300 mW CW light into a 5 micron core single mode fibre.

Preferabletoindependently
control 4 degrees of
freedom of beam with two
mirrors.

Then use a 3-axis fine
resoultion stage to move
Laser may be installed with a fibreport: the fibreinto the focus of
3+2 DoF adjustment the laser beam
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ROYAL

Transport in fibre over >100m:

Then transport the light >100m in optical fibre

250um diameter bare fibre is extremely delicate: need a
ruggedized cable, robust enough for installation in
accelerator tunnel.

Satefty interlock in cable to cut power in case of damage.

1.5 mm Stainless Steel Armouring

Kevlar

\ / gooum Jacket

\ \/Omcal Fibre

al( Micro Armour

alker
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Splitting light between multiple channels

ROYAL

HOLLOWAY

Fibre splitters: fused biconic tapered coupler :

— 9

Input

— L

Coupling
Region

Equivalent optics to

Output

beam splitter cube —

/

John Adams Institute for Accelerator Science

Y

Pout 1

Pﬂul 2

Dual

Wavelength

Wideband

Narrowband

Different split ratios available, 50:50, 70:30, 95:5 tap couplers
Fibre types:

Single Mode —e.g. for interferometry

Polarisation Maintaining—e.g. for EO sensitive applications

2x2 SM Coupler Selection Guide
1310 nm/1550 nm 1310 nm/1550 nm
560 = 50 nm B80S =75 nm 1064 x 100 nm 1430 £ 100 nm 2000 = 200 nm
630 + 50 nm 850 + 100 nm 1550 + 100 nmn
470 +40nm  670=75nm 930 + 100 nm 1300 + 100 nm 1650 = 100 nm
488 + 632 + 830 + 1064 +
15 nm 15 nm 15 nm 15 nm
532 + 785 + 980 =
15 nm 15nm 15nm

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

2100 2200 2300
Wavelength (nm)
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Splitting light between multiple channels

HOLLOWAY

Fibre splitters: fused biconic tapered coupler, with optical switching

P/8
P/8

Splitter-tree
with switch

P/8
P/8
P/8
P/8

—
)
=== 1
L= e )
RPN
e ]
RN
U
== o]

P/8
P/8

/
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Splitting light between multiple channels | B

* Fibre splitters: or Planar Lightwave Circuit:

End Cap boot

Outer Housing

Input Fiber Array

\ K Epoxy

Splitter Chip

\\;

Fiber Array Lid

Interface Splitter Chip/
Fiber Amray

Output Fiber Array

/
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Fibre Splitter Tree and Fibre Management o e

* Optical fibre splitter tree based on planar lightwave circuits

.APDreadoth | v
' rlbd)ns"’ 3-\ /

/
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UNIVERSITY

OF LONDON

Fibre Management System i

* 842 interferometers > 1684 fibres to manage at the rack!
Fibre ribbons split into bare fibre and individually routed, optical ribbons fusion spliced.

\

.} T i

7
—
= |’"/ — 111 R
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Optical readout challenges - [

* Readout of 842 fibres signals

* pW: signals recorded by Avalanche
Photo Diodes (slow signals)

* More challenging at accelerators
for higher bandwidths, which
require smaller sensor size.

* Thisimplies very precise alignment
of the fibre output with the sensor.

* APDs potted to reduce background
light reaching sensor.

/
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Vintage multichannel readout card: 01

——T . -
= ""-‘-' < 47 %
7___',.1,—-.-(. el et

n
“'
3

HLE

.~

pW signals from
8 interferometers

4 APDs per daughter board read out 8 interferometers.
Whole card reads out 64 interferometers. 16 cards in total.
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EO-modulators for high bandwidths signals

HOLLOWAY

Analogue electrical signals can be readout by electro-optic modulators that encode the
voltage change into a optical signal.:

Enables high bandwidth (to 40GHz) transmission of data from accelerator over >100m in fibre.
Based on an fibre coupled Mach-Zehnder Interferometer in eo-crystal (more next lecture)

RF Input DC Bias

1
(i) Bias Circuit

—
- N
i @ =%

)"

/
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Finally: measurements! .

ATLAS ES/ ® Developed novel technique to improve < °F =
sensitivity of laser alignment system. ¢z jz g
measurements . 83 ,f k
_ ® Real micron-level movements of the  “° 2 .
of particle particle tracker can be precisely : P T
tracker observed, correlated with e.g:ramps in ¢35 *f | | | | | _
, , the solenoid field. s °C C
distortions N . 2r O —
Remarkable stability otherwise: Fig=0r .
-20 : . . ; s
mm) = Before ramp:o ~ | | nanometres. 19000 19n00 17n00
= ‘ | ! l ! |
®  After ramp:interferometer lengths = 9 / e ATLAS Preliminary
return within o ~ 49 nm. £ 5 —— SCT FS! alignment
s | /?\RN\ Solenoid cycle 4/12/2009
® Demonstrates ultra precise, remote 5 1 i/ S
measurements. £ 1 -~
o
O]
5
€ -1
® FSl systems also proposed within JAl for £
linear collider alignment of accelerator 2
chain and final focus magnets. = -3
Q ! | ! ! |

|
13:00:00 15:00:00 17:00:00

04/12/2009 04/12/2009 04/12/2009
_ Time [UTCI
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Summary of ‘Lasers: technologies, setups’ o .

* Lasers enable precise measurements due to the intrinsic properties of light:

— Monochomatic, coherent, highly directional and can be focused to sub-micron scales.

» Selection of your laser depends on matching many parameter to meet the requirement of
your application:
— Wavelength fixed or tunable, optical pulse energy / CW power, repetition rate, spatial and spectral beam
quality, divergence, longitudinal and transverse mode stability, power fluctuations...
*  When developing beam instrumentation for an accelerator environment must consider many
Issues:
— Safety for personnel and laser equipment, rate of access
— Beam transport from laser to accelerator - free-space or fibre?
— Radiation tolerance, size of components
— Optical readout technologies

Next time: applications of lasers in beam instrumentation (focus on beam diagnostics).

/
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