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Abstract

After nearly ten yearsof construction and commissionning,LIGO, the USLaserInterferometerGravitational-
waveObservatory, hasstarted its �rst scienceruns. A newgenerationof interferometers,AdvancedLIGO,
is already scheduledto be installed by 2008. It will take advantageof the numeroustechniqueselaborated
during these years. Before being implemented in AdvLIGO they have to be tested on smaller installa-
tions. The 40 meter interferometer on Caltech campusis currently being modi�ed to becomeLIGO-lik e
and test new techniques such as signal recycling. My participation in the development of the 40m IFO
from January to July 2003included:

� Creation of a simulation program for gaussianlaserbeampropagation with a graphic user interface

� Installation of the optical sensingbeamlines

� Mode cleaner length/�nesse measurements

� Installation and commissionningof the Electro-Optic Shutters

� Installation and commissionningof the Mode Cleaner Wavefront Sensingsystem

Keyw ords

Mode Cleaner
Wavefront sensing
Electro-Optic Shutters
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Acron yms

40m: 40 meter interferometer on Caltech campus
ADC: Analog-to-Digital Converter
AP1: Asymmetric Port 1
AP2: Asymmetric Port 2 (Dark Port)
ASC: Alignment Sensingand Control
BS: Beamsplitter
BSPO: Beamsplitter Picko� Port
DAC: Digital-to-Analog Converter
DAQS: Data Aquisition System
EOS: Electro-Optic Shutter
EPICS: Experimental Physicsand Industrial Control System
ETM (X/Y): End Test Mass (X/Y arm)
FSR: Free Spectral Range
GW: Gravitational Wave(s)
IFO: Interferometer
IMC: Input Mode Cleaner
IMCR: Input Mode Cleaner Re
ected Port
IMCT: Input Mode Cleaner Transmitted Port
ITM (X/Y): Input Test Mass (X/Y arm)
LIGO: Laser Interferometer Gravitational-w ave Observatory (US)
LSC: Length Sensingand Control
MC: Mode Cleaner
MOPA: Master Oscillator - Power Ampli�er
OMC: Output Mode Cleaner
OMCR: Output Mode Cleaner Re
ected Port
OMCT: Output Mode Cleaner Transmitted Port
OSEM: Optical Shadow Sensorand Magnetic Actuator
PDH: Pound-Drever-Hall lock technique
PMC: Pre - Mode Cleaner
PRM: Power Recycling Mirror
PSL: Prestabilized Laser
QPD: Quad Photodiode
TAMA: Japanesegravitational-w ave project
TEM: TransverseElectromagnetic Mode
SPS: Symmetric Port (Brigh t Port)
SRM: Signal recycling mirror
SUS: Suspensioncontrol system
VIR GO: Franco-Italian gravitational-w ave project
VAC: Vacuum system
WFS: Wavefront Sensing

Nota Bene

To simplify the formulation, the term \frequency" will be equally used for the physically measured
frequency f = � = 1=period as well as for pulsation ! = 2� �
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1 In tro duction

1.1 Gra vitational waves

Einstein's General realtivit y may be consideredas one of the most successfultheories in the history of
physics, despite the di�culties to quantify it. Indeed, not only did it explain the non-newtonian e�ects
observed in the late 19th - early 20th centuries, but it also made a seriesof important predictions, some
of which were observed a few years later (deviation of light by massive objects, for example). However,
some of the relativistic e�ects were too tiny to be detected then. One of them was the existence of
gravitational waves.

In Newtonian physics, gravitation acts instantly: if the Sun disappearsnow, the Earth will immedi-
ately start moving in a straight line. General relativit y predicts that gravitational interaction propagates
with the speed of light: in the previous situation the Earth would move in circle for an extra 8 min-
utes. In the actual Universethe gravitational �eld may be consideredas weak almost everywhere, and
the space-timedeformation due to a moving massive object can be calculated by developing the metric
tensor (g�� = � �� + h�� where � �� corresponds to the Mink ovsky metric and k h k� 1) and linearizing
Einstein's equations[2]. The monopolar term in h accounts for the static gravitational force, the bipolar
term can be cancelledby choosing the right system of coordinates. The quadripolar term describes the
propagation of space-time deformations, which can be decomposed into gravitational waves with two
polarizations,\ � " and \+", locally planar, polarized orthogonally to the direction of propagation.

Gravitational wavesfrom the coalescence of a
binary system(neutron stars, black holes)

+ and � polarized gravitational wavesacting on
free-falling masses

If a gravitational wave passesbetweentwo free massive objects, it will modify the \quantit y of space"
betweenthem, i.e. their distance. However, the modi�cation � L of the distanceL is extremely small: the
largest strain due to very violent events in the Universeexpected to be observed on Earth is � L

L = 10� 21!
For an experiment on the Earth where L cannot exceeda few kilometers, the 
uctuation is 1000 times
smaller than the size of a proton. Yet, experiments made in the 1980's with small (� 10m) Michelson
interferometers suggestedthat it was technologically possibleto detect gravitational waveswith km-size
interferometric antennas.

1.2 Principle of in terferometric detection

The fact that we are trying to measurea di�er ence between two distancessuggeststhat inteferometric
detection, which already playeda crucial role in the creation of special relaivit y, might be a good candidate
for detecting gravitational waves.
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Interferometric detection Antenna sensitivity pattrern

Let's considera simple Michelsoninterferometer whoseoptics are suspendedby tiny wires. Above the
resonancefrequencythe transfer function of the pendulum will roll o� in 1/ f 2: at high enoughfrequency,
the suspended optics will not follow the movements of the suspension stacks and hang as free masses.
At rest, the light coming from the arms will interfere destructively at the antisymetric (\dark") port. If
a gravitational wave goes trough the interferometer, it will contract one arm and stretch the other, and
the interferenceof transmitted light will produce a non-null signal.

The sensitivity of such an antenna to the direction of the GW is rather poor. Several detectors are
necessaryto locate the origin of the wave by detecting coincident events and measuringthe propagation
time betweendi�eren t antennas. Currently a GW-antennasnetwork is beingbuilt by several international
collaborations.

LIGO Hanford (WA) site LIGO Livingston (LA) site International network

Of course,the model presented above is extremely simpli�ed comparedto the actual interferometers.

1.3 Brief description of LIGO in terferometers

1.3.1 Optical con�guration

The signal is proportional to the length of the arms,
which is limited to a few kilometres by physical and
practical reasons.The solution is to fold the optical
path and make the light do several trips inside the
arms, either with a delay line systemor with a Fabry-
Perot cavit y.
The number of round-trips in the delay line is limited
by the sizeof the mirrors. Therefore it was decided
to adopt the Fabry-Perot con�guration, harder to
control but more e�cien t. The e�ectiv e length is
then of the order of L � F where F is the �nesse of
the cavit y (seeApp.1). LIGO has 4-km Fabry-Perot
cavities in the arms with F � 200 (F � 1200at the
40m and in AdvancedLIGO).
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To avoid losing the power re
ected back to the IFO by the arms, a power recycling mirror (PRM) is
added at the input of the main IFO.

AdvancedLIGO will also have a signal recycling mirror (SRM) at the output of the IFO, which will
allow to tune the IFO from a broadband to a narrowband con�guration to \fo cus" it on a particular
sourceof GW. Controlling the SRM in position will determine the signal recycling ratio.

Before entering the main IFO, the light coming from the laser goes through a suspended triangular
cavit y (half-length � 13m), the Mode Cleaner(MC), which rejectshigh order electromagneticmodes(see
2.1 and App.1). It is also usedfor frequencystabilization of the laser at high frequencies.

LIGO-1 suspended optics Advanced LIGO suspended optics

1.3.2 Vacuum system

The mode cleanerand the IFO are placed in high vacuum (P = 10� 9tor r ) to minimize brownian noise,
avoid burning the optical surfaces,etc. On the sites,only optical chambersare vented to install or modify
optics, the 4km vaccuum tubesalways stay under low pressure.

Vaccuum chambers Vaccuum tube

1.3.3 Optics and suspensions

LIGO usesultra-high quality fused silica 10kg test masses.A suspensionsystem combined with seismic
stacks minimizes the ground noise,which limits the senstivity at low frequencies(\seismic wall"). Each
optic has 5 magnetic actuators and position detectors (OSEMS) to damp its oscillations and to control
all of its degreesof freedom.
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OSEM

1.3.4 Prestabilized Laser (PSL)

The PSL createsthe main 10W continuous-wavelaserbeamwith � = 1064nm. It is stabilized in frequency
and intensity [3]. The MOPA, Master Oscillator - Power Ampli�er, contains the master oscillator, four
Nd-YAG ampli�cation stagesand the stabilization actuators (thermo-electric cooler, PZT actuator and
Pockelscell for frequencystabilization, current shunt for intensity stabilization). The PSL table includes
the frequencystabilization path and a pre - mode cleaner.

1.3.5 Con trols

Each digital system is controlled by a \VME" single-board computer (CPU) running the VxWorks real-
time operating system(ADC and DAC convertersallow to control analogsystems). There are15-20CPUs
for each IFO, controlling the suspensions,the vaccuum,etc. Each CPU can exchangedata with the others
via \re
ectiv e memory" (fast memory cards linked via optical �b ers). The IFO is controlled using the
Experimental Physics and Industrial Control System (EPICS), which allows operators to monitor and
control a seriesof slow channels through graphic user interfaces.
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1.4 Lo cking the cavities: Pound-Drev er-Hall locking technique (PDH)

In order to keepthe light resonating in the cavities formed by the suspendedoptics, their positions must
be controlled within 10� 13m rms. To keep a cavit y resonant (\lo cked"), the most intuitiv e way is to
look at the transmitted/re
ected power and keep it maximal/minimal. However, the dependenceof the
power on the length near the resonanceis quadratic: the sensitivity is poor and, above all, the signal is
symmetric on both sidesof the resonance,so the servo cannot immediately tell which way to actuate.

With the PDH lock technique the light is modulated in phaseusing Pockels cells. A development to
the �rst order in modulation depth � shows that it produces two sidebandsat frequencies! 0 � � !
where ! 0 is the frequency of the carrier and � ! is the modulation frequency: e( i! 0 t + � � cos(� ! t )) �
ei! 0 t + i�

2 (ei ( ! 0 +� ! ) t + ei ( ! 0 � � ! ) t ). The modulation frequencyis such that the sidebandsare antiresonant
in the cavit y (App.1). They are re
ected by the front mirror, whereasthe resonant carrier probes the
back mirror. A fraction of the carrier is re
ected by the cavit y and interferes with the sidebandsat the
modulation frequency. If this signal is demodulated with the right phase,we obtain an error signal that
crosseszeroat resonance.This signal is an e�ectiv e measureof the phaseof the carrier leaving the cavit y,
it is therefore linear with deviation from resonance.

The PDH technique is used for Length Sensingand Control (LSC), but also for controlling angular
motion by the Wavefront Sensingsystemdescribed in section6 (another component of the Angle Sensing
and Control system are the Optical Levers, which use red or near-infrared beams re
ected from the
optics).

1.5 Sources of noise

Noise is, of course, the main problem in GW detection. Besidesnumerous technical noise sources,the
sensitivity is fundamentally limited by the physical phenomenausedin interferometric detection.
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At low frequencies(< 40H z) the sensitivity is limited by the seismic wall, which should be pushedto
lower frequenciesby the new multiple pendulum suspensionsystem on AdvancedLIGO.

At medium frequencies(30-300Hz) the noise is dominated by thermal e�ects in the mirrors and in
the suspensions. In order to limit them constant e�orts are made to improve the quality factors of the
mirrors and to �nd new materials for suspensionwires.

At higher frequenciesthe sensitivity is limited by the shot noise
due to the quantum 
uctuations of the laser light.
The laser electric �eld can be represented by a vector in the com-
plex �eld, the length being proportional to the amplitude and the
angle corresponding to the phase. In addition to stimulated em-
mission, somephotons are emitted spontaneously in the direction
of the optical axis. They create an electric �eld with random am-
plitude and phase: a 
uctuation \ball" appearsat the end of the
main vector, the radius of the ball being proportional to the spon-
taneousemssionrate. These
uctuations can be decomposedinto
phaseand amplitude noises.

Since the detection processusesthe phaseof the electric �eld to measuredistances,the phasenoise,
or shot noise, will appear as spurious length 
uctuations. The equivalent strain noisedecreaseswith the
light power as1=

p
P, and the �rst solution that comesin mind is to increasethe power circulating in the

IFO.
Unfortunately , the amplitude noisea�ects the forcepushing on the mirrors (radiation pressure noise),

and the e�ectiv e strain noise is proportional to
p

P. The crossover point betweenthesetwo noisecurves
is the Standard Quantum Limit (SQL).

The SQL is not a fundamental limit, although it hasn't been reached by LIGO yet. For example,
the possibility to partially cancel phase and amplitude noise by correlating them has been illustrated
experimentally at a \classical" sensitivity level [4].
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2 Simulation of beam propagation

2.1 Gaussian optics

In contrast to a plane wave, the transverse pro�le of a laser beam is always �nite, which makes it
autodi�ract. An ideal laserwill createa beamwith a gaussianpro�le, while defectsand misalignmants will
intro duceasymetries. Generally speaking, a laser beam propagating along the z axis can be decomposed
into Hermite-Gaussianmodes(gaussianpro�le modulated by a Hermite polynomial), forming an complete
orthogonal set of functions:

E l;m (x; y; z) = E0
w0

w(z)
H l

� p
2

x
w(z)

�
Hm

� p
2

y
w(z)

�

exp
�

� ik z + i (l + m + 1)� (z) � i
k(x2 + y2)

2q(z)

�
(1)

= E0
w0

w(z)
H l

� p
2

x
w(z)

�
Hm

� p
2

y
w(z)

�
exp

�
�

(x2 + y2)
w(z)2

�

exp
�

� i
�

kz � (l + m + 1)� (z) +
k(x2 + y2)

2R(z)

��

where w0 is the waist (spot sizeat the narrowest point of the beam, de�ned as the radius at which the
amplitude has fallen to 1/e of its peak value) and z is the distance to the waist. H m and H l are m and l
- degreeHermite polynomials :

H0(x) = 1
H1(x) = 2x
H2(x) = 4x2 � 2
Hn +1 (x) = 2xH n (x) � 2nH n � 1(x)

The beam is characterized by

� its width (spot size) w(z) = w0

q
1 + z2

zR

� its radius of curvature R(z) = z
�

1 +
� zR

z

� 2
�

, characterizing the divergence(e� i k ( x 2 + y 2 )
2R is the phase

factor of a spherical wave with a radius R),

� its Guoy phase� (z) = (l + m + 1)tan � 1
�

z
zR

�
, additional phaseshift depending on the transverse

mode.

where zR = � w 2
0

� is the Rayleigh range, characteristic length of beam expansion.
Here are a few low-order Hermite-GaussianPro�les:
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The radius of curvature and the waist can be grouped into one complex parameter q(z):

q(z) = z + izR (2)

1
q(z)

=
1

R(z)
� i

2
kw(z)2 (3)

Thus, free propagation by a distance d only changesthe real part of q:

q2 = q1 + d; (4)

whereasthe propagation through a lens (or the re
ection by a mirror) a�ects the real part of 1=q:

1
q2

=
1
q1

�
1
f

(5)

This parameter allows to easily propagate the beam through optics. The most common way to do it is
to use matrix representations of the equations above. Indeed, the propagation of q through any optical

system can be represented by a matrix M =
�

A B
C D

�
such as q2 = Aq 1 + B

C q1 + D . For free propagation (4)

leads to M =
�

1 d
0 1

�
, whereasfor propagation through a lens M =

�
1 0

� 1=f 1

�
where f is the

focal length.

2.2 Simulation soft ware

The characteristics of the beam are important for mode-matching, propagation through optics and sens-
ing. During the commissioningof the 40m IFO thesecalculations neededto be done on a regular basis,
and was decided to develop a MATLAB program (\Beam") with a graphic user interface to accelerate
and simplify them.

Sincenumerical step-by-step calculations are required to make a graph in Matlab, it was decided to
useformulas (4) and (5) instead of matrices to acceleratecomputation (most stepsare free propagation,
which requires only one addition with (4)). The code can be found in App.2.

To get the characteristics of the beam at a particular point, the parameter q is propagated through
the n optics betweenthe presetwaist position and the checkpoint with 2n+1 steps(n+1 intervals for free
propagation and n propagations through optics).

To plot the spot size and the Guoy phase q is propagated from the preset waist to the �rst point
of the plotted area (2n+1 steps), then propagated step-by-step to the right (the number of steps m is
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adjustable, 500 is approximately the minimal number to get the best resolution on a standard screen,a
better resolution is useful only if the data is to be exported and analyzed separately). Partial stepsare
usedwhen it crossesan optic.

Optical layouts can be easily created,modi�ed, saved and recalled. The spot sizeand the Guoy phase
are plotted directly on the graphic interface screen,graphs can be saved and/or printed. The program
can also calculate many other characteristics of the beam at a particular point: size,radius of curvature,
Rayleigh range, Guoy phase,position and size of the closestreal or virtual waist. To make a complete
analysis of the beam in the region of interest, the data used for creating the graphs can be exported in
Matlab or ASCII format (the exported data is a 2D-array with m + 1 rows [z q(z) � (z)], z and q(z) in
meters, � (x) in radians).

The program has been used for several tasks since February 2003 (mode matching, Guoy phase
telescopesadjustments,...) and has beendebuggedand optimized.
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3 Optical sensing beamlines

In addition to sensingthe signal from an eventual gravitational waveat the dark port of the interferometer,
several signalsare used for controlling the di�eren t degreesof freedom of the interferometer in order to
keep it in lock and optimize the performance. These signals are detected by optical sensingbeamlines
installed on 8 optical tables around the IFO. The optical layout was made by M.Smith.

3.1 List of sensing beamlines

Most of the beamlineslisted below wereassembled by me, with help from other membersfrom the 40meter
team.

� Input Mo de Cleaner Re
ected port : main port to control the suspendedMC. Reassembled in
May 2003.
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� Input Mo de Cleaner Transmitted port : auxiliary port to control the suspended MC, also
features the Intensity Stabilization photodiode. Was assembled before 2003.

� Ouput Mo de Cleaner Re
ected : main port to control the Output MC. Not assembled (no
OMC has beenimplemented yet).

� SPS: Symmetric (\brigh t") port, recieving the light re
ected by the IFO back to the laser and
deviated by the Faraday Isolator. Controls the main IFO. Assembled in Feb.2003(with L.Goggin).

� AP1 : Asymmetric (\dark") port 1, recievingthe light transmitted by the IFO beforeit goesthrough
the OMC. Controls the main IFO. Contains the gravitational wave signal (un�ltered). Assembled
in Jan.2003(with O.Miy akawa).

� AP2 : Asymmetric (\dark") port 2, recieving the light transmitted by the IFO and the OMC.
Contains the gravitational wave signal (�ltered). Features the gravitational wave detector. Not
assembled (no OMC).

� BS, ITMX and ITMY pic ko� ports : analyze the beams re
ected from the wedgesof the
beamsplitter and the input test masses.The light from ITMX and ITMY is analyzedby the same
sensing track, a mirror must be moved to switch from one to another. Control the main IFO.
Assembled in Feb.2003(with L.Goggin)

� ETMX and ETMY transmitted ports : recieve the light transmited through the end test
masses.Control the main IFO. Assembled in Feb.2003.

3.2 Equipmen t installed on the optical sensing beamlines

� Mec hanical shutter : EPICS-controlled shutter that an operator can close to block the beam
going to the sensingtrack.

� Electro-Optic Shutter : fast automatic system to block the beam if the power going to the port
becomessuddently too high (seesection 5).

� Length Sensor : RF photodetector usedby the Length Sensingand Control systemwhich controls
the positions of the optics.

� W avefron t sensor : Split RF photodetector with four quadrants, usedby the Wavefront Sensing
system for controlling the angular alignment of the suspendedoptics (seesection 6).

� Quad photo dio de (QPD) : Detects the position of the beam

� Camera : IR-sensitive video camerafor visualizing the position of the beam.

� Optical Spectrum Analyzer : analyzesthe spectrum of the light and detects, for example, the
presenceof the sidebandsusedfor controlling the optical cavities.
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I M CR I M CT OM CR SPS AP 1 AP 2 B SPO I TM PO ETM X T ETM YT
M ech:Shtr 1 1 1 1 1 1 1

EOS 1 1 1 1 1
LS 1 1 2 2 1 1

W F S 2 2 1 2 2 2
QPD 1 1 1 1 1 1 1 1 1 1

Camera 1 1 1 1 1 1 1 1 1 1
Spec:Anal: 1 1 1 1 1

Other I SS PD GW PD

Table 1: Optical sensingbeamlines' equipment

3.3 Example: Input Mo de Cleaner Re
ected port

3.4 Missing parts

The list of parts missing in July 2003is presented in App.6.
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4 Mo de cleaner length and �nesse measuremen t

All the quantities used in this section are de�ned in App.1.

4.1 Length measuremen t

The Pound-Drever-Hall lock technique for a dual recycled Michelson interferometer usesthree pairs of
sidebands. One of them must be antiresonant in the mode cleaner, the two others are transmitted to
control the interferometer itself. To be transmitted, the modulation frequency of these sidebandsmust
be a multiple of the free spectral range (3*FSR and 15*FSR at the 40m). By measuring precisely the
optimal transmission frequencyof the secondsidebandonecan calculate � � F SR and measurethe length
of the cavit y.

The presenceof the sidebandsand the modulation depth havebeenmeasuredwith an optical spectrum
analyzer. Then, the transmission of the secondpair of sidebands(33.1 MHz = 3*FSR) was optimized
by adjusting the modulation frequency of the RF oscillator (Marconi 2032) in order to minimize the
corresponding peak on the power spectrum of the re
ected light (signal from the IMCR RF photodiode).

Optimal transmission frequency: � = 33:194709M H z � 10H z

Half-length of the mode cleaner: L = c
� � 3

2 = 13:547m � 2�m
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4.2 Finesse measuremen t

There are many ways to measurethe �nesse of a cavit y, for example:

� Change the length of the cavit y to scan at least one FSR and take enough data points to resolve
the width of the peak

� Measurethe light storagetime of the cavit y by blocking the incident beam very rapidly

� Modify the frequency of the laser to measurethe cavit y pole frquency

For the Mode Cleaner, the mirrors couldn't easily be moved at a constant speed to go through one
FSR, and the beam couldn't be blocked fast enough to measurethe storage time. On the other hand,
the light produced by the MOPA could be intensity-modulated using the current shunt, which transfer
function was
at up to 20KHz, high enoughto observe the cavit y pole of the MC, whosedesignfrequency
was 3.575 kHz. The cavit y pole frequency of the PMC was much higher (488kHz), so the sidebands
produced by the MOPA wouldn't get �ltered before arriving to the mode cleaner.

Intensity modulation at a frequency� ! is equivalent, to the �rst order in modulation depth � (always
low, < 1%), to an addition of two sidebandsoscillating at ! 0 � � ! :

<
h
cos(! 0t) + �

4 f cos(( ! 0 + � ! )t) + cos(( ! 0 � � ! )t)g
i 2

> 1
� ! � � � 1

! 0

= 1
2 + �

2 < [cos(! 0t)cos(( ! 0 + � ! )t) + cos(! 0t)cos(( ! 0 � � ! )t)] > 1
� ! � � � 1

! 0
+ O(� 2)

= [1 + � cos(� ! t)] < cos2(! 0t) > + O(� 2)
= 1

2 [1 + � cos(� ! t)] + O(� 2)

The measurement is done by taking the transfer function of the cavit y (transmitted power / incident
power, as a function of frequency) between 0 < � ! < 100K H z. The swept sine produced by the
spectrum analyser is injected into the current shunt. Two high-bandwidth photodetectors (Thorlabs
PDA255) detect the input and output light power. The spectral component oscillating at the frequency
of the swept sineis due to the interferencebetweenthe carrier and the sidebands.During the measurement
the cavit y is locked to the carrier. Therefore, the measuredtransfer function correspondsto the amplitude
transmissioncoe�cien t of the sidebands(multiplied by a constant transmissioncoe�cien t for the carrier):

Tmeas (� � ) =
t1t2

1 � r1r2

t1t2e� 2i� � � L=c

1 � r1r2e� 4i� � � L=c
(6)

Amplitude:

a = j Tmeas j / j
1

1 � r1r2e� 4i� � � L=c
j /

1
q

1 + ( 2F
� )2sin 2(2� � � L=c)

(7)

Phase:

� = arg(Tmeas ) = arg(e� 2i� � � L=c � r1r2e2i� � � L=c ) = arg
�

� 2isin (2� � � L=c) + Te2i� � � L=c
�

= � arctg
��

2
T

� 1
�

tg(2� � � L=c)
�

(8)

� � arctg
�

2F
�

tg(2� � � L=c)
�

(9)

with 2
T � 1 � 2

T � 2F
� (the transmissionsof MC1 and MC3 are the same,the transmission of MC2 is

negligeable,so r 1r2 = RM C 1=3, and TM C 1=3 � 2000ppm � 1, which justi�es the approximations above).
The transfer function wasmeasured3 times to decreasethe noiseby taking the average,which was �t

using formulas 7 and 9 (the measuredamplitude wasscaledto 1 at � � = 0). The precisionwasestimated
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by plotting curves following the lower and upper limits of the 
uctuations between 200Hz and 20KHz,
where the noisewas low.

The valuesgiven by the amplitude and the phaseare consistent. The result is

F = 1430� 30 (design: F = 1550)
� � pole = 3:870� 0:080kH z (design: � � pole = 3:575kH z)

� s = 20:6 � 0:5�s (design: � = 22�s )

The discrepancywith designprobably comesfrom a small misalignment of the cavit y (it hadn't been
realigned very carefully when the measurement was done). Since the design visibilit y has been reached
later, a contamination of the optics' surfaces is improbable. If the lossesin the mirrors per design
(37.5 ppm), the measured�nesse corresponds to a transmissivity T = 2200� 50ppm for MC1 and MC3
(design: T = 2000ppm). On the other hand, if the transmissivity is equal to the designvalue, the losses
are L = 200� 50ppm.
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5 Electro-optic shutters

5.1 Principle

When the interferometer loseslock, the light accumulated in the cavities goesto the detection ports. The
power going to IMCR, AP1, AP2 and SPS is then orders of magnitude higher than usually, and would
normally damagethe photodetectors (other ports are picko�s which get only a fraction of the main laser
beam). They are therefore protected by fast-responseElectro-Optic Shutters (EOS).

The main active device of the EOS system is a
Pockels cell [5]. The Pockels e�ect describes the
phase changes produced in polarized light passing
through certain uniaxial crystal materials (in our
case, Lithium-Niobite LiN bO3) which are under
stressof electric �elds. With no �eld applied, these
crystals have one axis (z) such that the refraction
index in the orthogonal plane does not depend on
the direction: an electromagnetic wave will propa-
gate along the z axis with the samespeed indepen-
dently on the polarization. If we apply a stationary
electric �eld parallel to the z axis using two elec-
tro des attached to the surface of the crystal, a dif-
ferencein optical index will appear betweenthe axes
x' and y' making an angle of 45� with the crystal-
lographical axes x and y. The relative phase shift
� between the components Ex 0 and Ey 0 of the elec-
tric �eld is proportional to the applied voltage and
the frequencyof the incident light: � = 2� n3

0V r ij =� ,
wheren0 is the ordinary refractive index, V is the ap-
plied voltage, r ij is the electro-optic coe�cien t and
� is the wavelength. With an appropriate voltage
(\half-w ave voltage", V1=2 = �

2n 3
0 r ij

, 3.8 kilovolts in
our case)the orthogonal components of the electric
�eld get a 180 degreesphasedelay. If the x' and y'
components are equal (i.e. the �eld is polarized 45
degreesto the axes), the e�ect on the polarization is
a 90 degreesrotation.
If a polarizing prism, which transmits only the hor-
izontal polarisation for example, is placed after a
Pockelscell in this con�guration, the voltage applied
to the cell controls the amount of light transmitted
through the polarizer. In an idealized electro-optic
shutter system, the Pockelscell rotates the polariza-
tion of the incident light by 90 degrees,from vertical
to horizontal, so that it is fully transmitted through
the polarizer. If the incident power becomestoo
high, the applied voltage goesdown to 0V, the light
going through the cell stays vertically polarized and
is re
ected by the prism into a beam dump.

The generaldependenceof the transmission on the voltage is described in App.3. The cosinelaw has
beenveri�ed experimentally with the cells installed on IMCR and SPSports (The measurement wasdone
with the �rst model of pulse generator, which couldn't go up to the half-wave voltage, see\T echnical
points").
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Transmission through the EOS system

5.2 System description

In the actual IMCR EOS system the minimal transmission is 2:5 � 10� 4 (very alignment-sensitive, see
[6]), still too low to let the mode cleanerget back in lock, so some\lo w high voltage" has to be applied
to the cell when the EOS is closed. If we consider that the power required to get back in lock is roughly
the sameas the power re
ected by a locked MC, which has a 90-95%fringe visibilit y, the transmission in
the \closed" state has to be adjusted to 5-10%,which corresponds to an applied voltage of 200-300Vfor
the IMCR EOS. The \high high voltage" (applied when the system is open) can also be adjusted, but
should be kept if possibleat the half-wave value, where its 
uctuations have only a second-ordere�ect
on the transmitted power. Of course this noise could also be minimized by having identical incident
and transmitted polarizations and applying a null voltage in the \op en" state, but for safety reasonsthe
system should closein caseof an electric power shortage.

The maximal transmission through the system is 98%.

EOS system

In the four systemsinstalled at the 40m(IMCR, SPS,
AP1 and AP2), the incident power is detected by a
Thorlabs PDA225 fast-responsephotodiode, getting
a small amount of light upstream of the Pockels cell
(� 10� 3 of the incident power). The signal is com-
pared to a threshold value by the EOS controller [7],
located in a small rack near the optical table. If the
power is too high, a gating TTL signal is sent to
a fast high-voltage pulse generator (DEI PVX4130,
6kV max absolute and di�eren tial HV, < 60ns rise-
time with a 50pF charge), which switches the volt-
ageapplied to the Pockelscell (Lightwave3903-1064)
from \high" to \lo w". The two DC high voltage
power supplies (HHV and LHV) are located in the
EOS controller box, and the pulse generator is used
as a fast high-voltage transistor.

When the cavit y gets back in lock, the EOS opensafter a 100msdelay to prevent multiple triggering.
As tested with the IMCR EOS system, this sudden increase in the power hitting the length sensing
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photodiode doesnot destablilze the mode cleaner.

EOS Duty Cycle

The systemis remotely controlled by EPICS (rack 1X1, XYcom220#1, VMIC3113 ##1&2, VMIC4116
#1, MEDM screenioo/C1IOO MC EOshutter.adl). The MEDM screenis similar to those used in Liv-
ingston:

EPICS controls:
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� \EOS state": indicates whether the EOS is open or closed.

� \EOS Power": switcheson and o� the EOS controller.

� \Mechanical Shutter": opensand closesthe mechanical shutter before the EOS.

� \T rigger PD Monitor": signal from the triggering photodiode (incident power).

� \T rigger PD threshold": threshold adjustment.

� \V oltage Adjust": HHV and LHV adjustments.

� \Shutter Transmission": HHV and LHV valuesand corresponding transmissions.

� \Half-w ave voltage": half-wave voltage of the Pockels cell, usedfor calculating the transmission

5.3 Technical poin ts

5.3.1 Installation

The half-wave voltagesmeasuredon the cells, 3.6 and 3.8 kV, are higher than those calculated using the
data provided by Lasermetrics(� 2:5kV). The original DEI pulsegenerators(PVX 4140)werelimited to
3.5 kV, and had to be replacedby another model, PVX 4130,which can stand up to 6kV. The risetime is
slightly longer (60ns instead of 25ns), but still much faster than the responsetime of the EOS controller.
The sameproblem has been resolved on the sites by upgrading their pulse generators(di�eren t model,
the PVX4140 couldn't be upgraded).

5.3.2 Op eration

A few remarks basedon the documentation provided by the manufacturers (DEI, Lasermetrics) and on
my experience:

� DEI pulse generator:

- The high voltagesshould be set to 0V (using sliders on the EPICS screen)before the pulse
generator is disabled or enabled.

- Once the power is on, the output can be enabledby pushing the \Output Enable" button
on the front panel of the pulse generator.

- An error signal may appear on the front panel of the pulsegeneratorwhen too much current
(10A) is driven 1 or the gating signal is \dirt y" (it happenswhen the TTL input cable is connected
or disconnectedduring operation). The output is then disabled. The error can be suppressedby
pushing twice the \Output Enable" button.

The absolute and di�eren tial high voltage should be kept under 6kV. It is automatic with the
current version of EOS controller : the power supplies are limited to 4.3kV for HHV and 2kV for
LHV.

- LHV should be kept lower than HHV

� Pockels cell: the document describing the alignment procedure can be found in App.4. The elec-
tro desare fragile and can be burnt by the laser, so the power should be minimized when the cell is
not aligned.

1and considering the huge capacitors inside, the pulse generator can really provide 3kV*10Amps without pumping all
the power from the lab. Be careful with it!
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5.4 Possible impro vements

The IMCR EOS system proved to be very reliable during my work on the wavefront sensingsystem.
However, it has a weakness: if the triggering photodiode is blocked, switched o� or broken, it will send
no signal to the EOS controller, and the system always will stay open. To prevent this, the triggering
photodiode could be moved to the mode cleanertransmitted port, and the gate signal - logically inverted,
so that the EOS closeswhen the transmitted power is too low. It is impossible to keep the gate signal
as-isand invert the roles of HHV and LHV (make LHV > HHV): the LHV power supply is limited to 2kV
instead of 4, and the DEI pulse generator requires LHV to be lower than HHV.
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6 IMCR Wavefron t Sensing system

The wavefront sensingsystemis usedfor controlling the angular degreesof freedomof the interferometer:
to achieve the maximum strain sensitivity, the angular orientation of the optics must be kept within 10� 8

radian rms of the optical axis. This system detects misalignment signals already provided by the PDH
lock system: it doesn't needany additionnal laser beam and it usesthe samesidebandsthat those used
for locking the cavities. A wavefront sensingsystemfor the whole interferometer is very complex (see,for
example,[8]), but when this work wasaccomplishedthe only opreational cavit y at the 40m wasthe input
Mode Cleaner, much easierto control. The IMCR WFS system has been installed and commissionned,
and the �rst results presented below are quite encouraging. Numeroustechnical problems created delays
which didn't leave me enoughtime for optimization.

6.1 Principle

The misalignment of a cavit y is detected with the same principle that is used for locking it. The an-
tiresonant sidebandsare rapidly re
ected by the front mirror, whereasthe carrier sensesthe back mirror.
Their relative displacement shows a misalignment.

To the �rst order of approximation, a misaligned
gaussianbeam can be consideredas a superposition
of a TEM00 mode with �rst-order Hermite-Gaussain
modes centered on the optical axis. Let's consider
the re
ection of an aligned TEM00 mode on a mirror
tilted by an angle � in yaw. The amplitude remains
the same(second-ordere�ect in 1=cos(� )), and the
vector ~kinc = (0; 0; k) becomes~kr ef l � (2k�; 0; k),
with k ~kr ef l k= k ~kinc k= k (the orientation of
the z axis changesafter re
ection to keep kz > 0).
Therefore, the only modi�cation in formula (2) is
e� ik z ! e� i (kz+2 �k x ) � e� ik z (1 � i 2�k x), so that we
get

E00(x; y; z; t) ! E00(x; y; z; t)
�

1 � i�
2x
w

2� w
�

�
= E00(x; y; z; t) � i�

2� w
�

e� i� E10(x; y; z; t); (10)

both modespropagating along the z axis.
Notice that the TEM01 mode is created by the mirror with a � � =2 geometrical phaseshift. Starting

from this point, the Guoy phasesof the two modes will evolve di�eren tly , the one of the TEM10 mode
increasing two times faster. By measuring their di�erence one can locate the misaligned mirror. Of
course,the propagation through optics betweenthe mirror and the detector must be taken into account.

Let's suppose the back mirror is misaligned in yaw. A TEM10 mode at the the frequency of the
carrier ! 0 will appear at the re
ected port. It will beat at the modulation frequency� ! with the TEM00
modesof the sidebands(! = ! 0 � � ! ). The sum of their electric �elds is

E(x; y; z; t) = E10(car) + E00(sb+) + E00(sb� )

= E00(car)(2� 0kxei� 0

+ � 0 � 2cos(� ! t � � kz)) (11)

where � 0 is the misalignmant angle propagated from the mirror to the detector, � 0 is the extra Guoy
phaseaccumulated by the TEM10 mode and � 0 accounts for the modulation depth.

The power density will have an interferenceterm oscillating at the modulation frequency:

P� ! (x; y; t) = � 0cE �E j � !

= 8� 0! 0 j E00 j2 � 0� 0xcos(� 0)cos(� ! t � � kz) (12)
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The result is the samefor the TEM10 of the sidebandsbeating against the TEM00 of the carrier.
These two terms are proportional to x, all the other terms oscillating at � ! (E00(car) � E00(sb) and
E10(car) � E10(sb)) have a dependencein x0 or x2. If we center a split RF photodetector on the nominal
optical axis and substract the signalsintegrated over opposite quadrants, we keeponly the terms in x (the
others are symmetrical by x ! � x). The signal demodulated at the frequency � ! is then proportional
to the misalignment angle.

The signal is also proprotional to the cosineof the Guoy phaseaccumulated betweenthe misaligned
mirror and the detector: a wavefront sensorcan be \fo cused" on a particular mirror by adjusting the
Guoy phasewith a telescope.

6.2 System
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The system operates with two sensorheads,situated on the IMCR port and protected by an EOS: the
light power hitting a photodetector must be of the order of 1-5 mW, a higher power might burn the
photodiode or damagethe electronicsby driving an excessive current from the high voltage power supply.
A sensorhead contains a quad RF photodiode, and for each of the four channels a tunable resonating
circuit, a four-stage attenuator (2, 4, 8 and 16 dB) an RF preampli�er and a DC current picko�. The
four channelsstay independent until the data is digitized.

The RF signalsare demodulated by the demod boards. The RF generatorthat createsthe modulation
of the laser beam at � ! = 29:485M H z provides the local oscillator signal (LO). It is demodulated in
coicidenceand in quadrature of phase(i.e. multiplied separately by cos(� ! t) and sin (� ! t)), and the
two components are recombined (\phase-rotated") during the computation. The I and Q oscillators are
createdby the demod board using the LO and sent to 2*4 mixers which demodulate the four RF channels.
The circuit also has adjustable gain stagesfor the DC current signals(*1, *10, *100). The demodulated
signals are processedby the whitening boards before being digitized by the Penteks. O�set, gain and
phaseadjustments are done on the digitized data.
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The Guoy phase telescopes are designedto have 90� and 180� Guoy phase from the waist inside
the mode cleaner, in the middle of MC1 and MC3 (which are very close to each other and can't be
distinguished using the Guoy phase).

        
0

5

10

15

20

B
ea

m
 s

iz
e 

(m
m

)

0 2000 4000 6000 8000 10000 12000 14000
0

20

40

60

80

100

G
uo

y 
ph

as
e 

(d
eg

)

Position (mm)

1 23

       
0

1

2

3

4

B
ea

m
 s

iz
e 

(m
m

)

1.265 1.27 1.275 1.28 1.285 1.29 1.295

x 10
4

85

86

87

88

89

90

91

G
uo

y 
ph

as
e 

(d
eg

)

3

Beam propagation between MC waist and WFS 90 (right: zoom on the detector area)
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The WFS90 is therefore insensitive to angular motions of MC1 and MC3, whereasthe WFS180 has
its maximal sensitivity there. The matrix describing the sensitivities of the detectors to di�eren t motions
of the mirrors is inverted to determine the origin of the misalignment. There are two ways to compensate
for it:

� Feed the signal back to the PZT mirrors M1 and M2 at the end of the PSL table. The mode
cleaner is used as a reference,and the pointing of the beam is adjusted to pump its eigenmodes
with the maximal e�ciency . Another couple of in-vaccuum PZTs compensatesfor the movements
of the output beamand steersit into the IFO. In that casethe WFS90 sensesthe position, and the
WFS180 - the angle of the beam pointing into the mode cleaner.

� Control the suspended optics. In this case one may try to diagonalize the matrix by making
WFS90 sensitive only to the movements of MC2, and WFS180 - to MC1/3. Since these mirrors
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have a 60� Guoy phaseshift, each detector will sensethe movements of the corresponding mirror
with a cos(60) = 86% e�ciency . However, the mode cleaner is a triangular cavit y and the Guoy
phasesof the TEM01 and TEM10 modes due to pitch and yaw misalignmets of the samemirror
are di�eren t: the TEM10 mode gets an extra 180� geometrical phase shift after a round-trip in
the cavit y. It is therefore impossibleto optimize the diagonalization for pitch and yaw at the same
time.

The system was originally designedfor controlling the PZT steering mirrors only. The e�ciency of
this servo, installed on the sites, turned out to be limited by the low bandwith of the PZTs (< 1H z),
their hysteresis,and the di�cult y to follow the suspended optics' oscillations which produced intensity

uctuations of the transmitted light. A group in Livingston (J.Kovalik, V.Frolov) showed that the
performance was better if the actuation was done on the suspended optics [9]. Since 2*2 signals can't
completely control their 2*3 angular degreesof freedom,an extra signal for pitch and yaw is required. One
could use the IMCT quad photodiode for example. I didn't have the time to implement this signal into
the loop, the systemwas tested with feedback signalscontrolling MC2 and MC3. This con�guration was
chosenfor its simplicit y during the tests (the feedback signalsa�ect the carrier only, not the sidebands).
Considering how little optimization was done, the performanceis rather promising.

6.3 First results

The feedback loop wasclosedfor the �rst time only oneweekbeforeI left Caltech, all the results presented
below comefrom the very �rst measurements, and can probably be optimized by orders of magnitude.

All the data has been taken with a fully operational system (pitch and yaw feedback from two
wavefront sensorsto MC2 and MC3).

6.3.1 Realigning the mo de cleaner

If the mode cleaner is misaligned \b y hand" (by changing the o�sets on MC2 & MC3, pitch & yaw),
enabling the four ASC feedback loops gradually realigns it, and the transmited signal becomesmore
stable (left �gure). Then, if the feedback loops are switched back o�, one can seehow they modify the
Q of the suspensions(right �gure).
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6.3.2 Keeping the mo de cleaner aligned

During the night the transmission changessigni�can tly becauseof thermal variations. Typically, the
transmission in the morning is at least 25% lower than the maximum, and misalignment signals are
visible on the ASC output. Enabling the ASC feedback increasesthe transmission to lessthan 4% from
the maximum. I made this experiment several times during my last weekat the 40m.
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The next graphs show the transmission through the mode cleanerduring two consecutive nights (6th
and the 5th of July 2003),when the ASC feedback wasrespectively o� and on. The X-axis correspondsto
8 hours, from midnight to 8am. The vertcal scaleis from 0 to 1.60V, the best observed signal was1.52V.
Unfortunately , the gain of the LSC loop had also been modi�ed 2, but according to the results of the
previous experiment onecan believe that the ASC systemgivesa major contribution to the stabilization
of the transmission.

ASC o� ASC on

6.3.3 Decreasing the noise

This is the main purposeof the ASC system,and the performancecould certainly be better (see\P ossible
improvements" below). This is the spectrum of the signal from the MC transmitted photodiode (DC
output):
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2Several people using the same system for di�eren t purp osesand working late nights end up by interfering...
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Note the large peak at 0.6-1 Hz, due to pendulum motion in position, pitch, and yaw, is substantially
reduced with the ASC system on. Secondarypeaks appear in the 2-3 Hz range. We expect that this
servo noisecan be eliminated through suitable �ltering, yet to be implemented.

6.4 Op erating instructions

This sectiondescribesthe proceduresI wasusing during my work on wavefront sensing.All of them were
basedon my intuition only, and someconsultation with experiencedpeoplefrom the sitesshould be very
pro�table before any attempt is made to optimize the system.

Screenshotsof various EPICS screensusedfor installation and operation are available in App.5.

6.4.1 Hardw are

For more details about di�eren t points discussedin this section, see[10].

Hardw are DC gains measuremen t
The DC signals are used for alignment and one must correct for di�erences in their gains. The

measurement was done using a 6V light bulb placed 20cm from the photodiode. The aperture of the
detector was covered with a pieceof frosted Scotch tape for better light uniformit y. The gain stagesin
the demod boards controlled by C1IOO MC IOWFS.adl were set to � 100. The relative gains presented
below are scaledto 1.

W F S1 Quad 1 Quad 2 Quad 3 Quad 4
Gain 1:0094 1:0094 1:0015 0:9797

W F S2 Quad 1 Quad 2 Quad 3 Quad 4
Gain 1:0027 1:030 1:0027 0:9644

The DC signalsare extremely sensitive to the centering of the spot on the photodiode and, as far as
alignment is concerned,thesegains may be consideredas equal.

Tuning of the resonan t circuits
The resonant circuits (4 in each WFS head) present a resonanceat 29.5 MHz and a notch at 59MHz.

The positions of the resonanceand of the notch are adjusted by two tunable coils. This tuning was done
using an AM-modulated laser (Wilson house).

Guo y phase adjustmen ts

� Before installation, the Guoy phasetelescopeshave beensimulated with \Beam" (Section 2), which
can be found in sirius:/cit40m/ Alexei/m at /g uid e/ (beam.mat and beam.�g). Start it by typing
\b eam" in Matlab, go to \optical layout", \op en", and load \Wfs90.mat" or \Wfs180.mat" (they
are in the same directory as \b eam"). Then you can move the last lens and check the beam
propreties at the position of the WFS head. Since the IFO has been vented and modi�ed, the
actual beam pro�le should be rescanned(before the vent, the position of the last waist was � 5cm
further than designed).

� Position the lens at a test point. It largely determinesthe Guoy phase,which doesnot changetoo
much after it.

� Position the heads: their position has little e�ect on the Guoy phases,but the radius of the spot
(1/e of the maximal power) has to be of about 2mm according to the design. Center roughly the
spot on the PD.

� Movethe mirrors and look at the signalson C1:IO WFSx SETTINGS (in cvs/cds/caltech/medm/io o).
Don't forget to look at I and Q signals.

� Maximize the signalsby repeating this procedure.
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Alignmen t
The alignment can be done by equalizing the signals from opposite quadrants of a photodiode. The

EPICS screenC1IOO MC IOWFS.adl shows the DC signalsfrom the quadrants of the WFS heads. It is
also usedfor adjusting the RF and DC electronic gains.

� Mark the positions of the last lens and the head, take them out.

� Bring the mode cleanerout of lock by disabling MC2 o�sets to have a nice TEM00 beam.

� Make the beam parallel to the table and to a row of holes,4 inches from the table.

� Put the head in place, as well centered as possible on the beam (equalize the signals from the
opposite quadrants by moving the head, and the mirror for the last �ne adjustments if necessary.

� Put the lens in place, adjust the position to equalize the signals from the opposite quadrants. It
is extremely sensitive, but this way you know that the beam is centered on the lens and the PD.
Once again, usethe mirror only for the last extra-�ne adjustments.

O�est adjustmen ts
A coarseadjustment of the o�sets of the demodulated signalswasdoneusing 8 potentiometers on the

demod board. Fine adjustments are done on the digitized data (seebelow).

Phase adjustmen ts

� The phasebetweenthe I and Q clocks wasadjusted to 90� by a potentiometer (R129) on the demod
board.

� The overall I/Q phase(phasedelay of the LO) can be adjusted by a potentiometer on the demod
board, accessiblefrom the front panel. It can alsobe adjusted on the digitized data for each channel
individually (seebelow).

� Relative phasesbetween channels have been adjusted by matching the lengths of the RF cables
running from the heads to the demod boards within 1cm. Fine adjustments have been done by
slightly detuning the resonancecoils (the adjustment must be small, not to disturb the resonance
gain). The phasebetweentwo channelswas measuredby demodulating the 29.485MHzRF signals
with a secondMarconi RF generator at 29.484MHz. The demodulated signalsoscillating at 1KHz
were monitored through the cross-connectors.

Hardw are RF gain measuremen t
The relative gains of the headshave been measuredduring the tuning of the resonant circuit. The

EPICS-controlled attenuation (C1IOO MC IOWFS.adl) was set to zero.
The relative gains of the demod boards have been measuredby injecting the signal from the RF

distribution box (29.485MHz) in the RF inputs, and measuringthe amplitudes of the demodulated (DC)
signals through the cross-connects(all the measurements have been made with the samecable to keep
the samephasebetweenthe LO and the RF inputs).

Their product gives the total relative gains of the analog circuits. The table below presents these
gains, scaledto 1.

I 1 I 2 I 3 I 4 Q1 Q2 Q3 Q4
W F S1 0:893 0:961 1:139 1:008 1:060 1:030 0:908 0:959
W F S2 0:900 0:985 1:025 1:054 1:123 1:064 0:794 1:038
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6.4.2 Soft ware

Once the hardware is assembled and tuned, digital data must be pre-processedto optimize the signal,
and a matrix must be built and inverted in order to control the mirrors.

O�set adjustmen ts
Since the purposeof a mode cleaner is to transmit the TEM00 and reject higher order modes, the

MC re
ected beam is very \dirt y" even when the mode cleaner is perfectly aligned. It createsspurious
misalignment signals, which must be cancelled by adjusting the o�sets of the digitized demodulated
signals(C1:IO WFSx SETTINGS) to averageeach of them to zero. Of course,this operation de�nes the
current con�guration of the Mode Cleaner as \optimally aligned", so this should really be the case!

WFS Gain adjustmen ts
I didn't optimize the di�eren t gains, but I made the gain stageson the C1:IO WFSx SETTINGS

screenscompensatefor the di�erences in analoghardwaregains,simply inverting the valuesin the previous
table:

I 1 I 2 I 3 I 4 Q1 Q2 Q3 Q4
W F S1 1:120 1:041 0:878 0:992 0:943 0:971 1:101 1:043
W F S2 1:111 1:015 0:976 0:949 0:891 0:940 1:362 0:963

Phase adjustmen ts
Only \I" signals are used by the control matrix. They should therefore be maximized by adjusting

the phasemixers (\phase rotation") on C1:IO WFSx SETTINGS screens.
Misalign a mirror in pitch or yaw, and look at the signal from the corresponding quadrants (1&3 for

yaw, 2&4 for pitch) on the WFS supposedto detect this misalignment. Rotate the phaseto minimize
the Q signalsand maximize the I signals in absolute value, with opposite signsfor the two quadrants (it
is useful to always keep the sameconvention). On the mixers, only the R angle has to be adjusted (see
the rotation matrix in the upper right corner of the screen).

Build a matrix in C1:IO WFS BASIS
Misalign a mirror in pitch or yaw by a known amount (I usedto changethe o�sets of the suspensions

by 20mV), write down the output signals from C1:IO WFSx SETTINGS screens. Misalign it by the
same amount the other way from the aligned position. Divide the di�erence in the output signals by
the misalignment (in my case,� 2 � 20mV , the sign is important), it givesthe sensitivity of each channel
to each degreeof freedom of the optics (in arbitrary and meaninglessunits). Invert this matrix, change
the sign, and scalethe norm to a reasonablevalue (in my case,to keep the mirrors stable the order of
magnitude was � 0:1 for the matrix norm and for the mirror gains, but I have the feeling that it should
normally be much higher, so the gain is too high somwhere else).

Close the lo op
Open the C1:SUSMCx.adl screens.You should normally seesignals on the ASC input. Enable the

ASC feedback. That's all!

6.5 What could be impro ved

Here are someof the numerouspoints requiring optimization.

6.5.1 Hardw are

I spent weeks�xing broken or misassembled electronicsand I didn't have the time to deal with oneminor
problem:

In the heads, the op-amps in the DC current picko� circuits use � 15V (all the others use � 5V),
which is supplied in parallel with 4:7�F capactiors. Thesecapacitors should normally stand 20V, those
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originally mounted were limited to 10. One of them burned one day, I changedall of thesecaps in that
head (SN 319) but I didn't have the time to changethe others. It was working �ne when I left, but it's
worth changing them before realigning everything.

6.5.2 Alignmen t

When I left, the beam was � 4:1 inches from the table when it arrived to the WFS system. Aligning it
to 4 inches (height of the quad photodiode, not adjustable) should decouplepitch and yaw better. The
EO Shutter and the LSC photodiode will have to be realigned.

6.5.3 Suspensions' output matrix diagonalisation

When I enabled only the MC2 yaw feedback loop with a su�cien tly big gain (mirror gains = 0:20, all
others sameas previously), I could seean oscillation in pitch. Since no pitch feedback was enabled, it
came probably from a bad suspension output matrix diagonalization and not from pitch/y aw coupling
on the WFSs.

6.5.4 Filters

I usedno �lters when I took my data. Appropriate �lters should signi�can tly improve the noisesuppres-
sion.

6.5.5 Implemen tation of an third signal and feedbac k to MC1

See\System" section.

6.5.6 Feedback to the PZT mirrors

The PZT mirrors have beencontrolled with a signal generator plugged into the back of the PZT driver,
but never with EPICS. They had a signi�can t hysteresis.
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7 Minor contributions

During the 6 months of my internship I also learned a lot by helping other people with their tasks. It
included, for example, the alignment of the Faraday isolator with Mik e Smith. The procedure and the
results are described in details in [11].

7.1 Faraday Isolator alignmen t: brief summary

The Faraday isolator prevents the beamre
ected by the IFO to return back to the laser. The main active
device is the Faraday Rotator, a crystal with a very high Verdet constant. A longitudinal magnetic �eld
~B is applied to the crystal by high strength permanent magnets to produce a uniform 45� polarization
rotation for a beam propagating in the samedirection. Since ~B is a an axial- or a pseudo-vector, in a
mirror-imaged situation the light will propagatein the oppositedirection but the direction of the magnetic
�eld will stay the same: the rotation of the polarization will be non-reciprocal. Thus, the polarization of
the light re
ected by the IFO can be rotated by 45+ 45 = 90� with respect to the incident light and the
returning beam can be re
ected by a polarizing prism.

The Faraday Isolator installed at the 40m and the alignment procedurewere designedby M. Smith.

Alignment setup

After the �rst alignment, described in [11], the Faraday isolator wasdisassembled, cleanedand baked.
The results of the last alignment, just before the installation in the vaccuum chamber, are:

Transmissionof the light going to the IFO: 97%
Extinction ratio of the light re
ected by the IFO: 4:7 � 10� 4.
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8 Future perspectiv es for LIGO

During the last century , the spectrum of the electromagneticwavesusedfor astrophysicalobservations was
extendedto twenty ordersof magnitude in frequency. It allowed fanastic discoveries,but all observations
were constrained by the physical nature of electromagnetic radiation. Gravitational interferometers will
detect a fundamentally di�eren t kind of signals. Their sensitivity is improving at a constant speed,and
soon the detection of gravitational waveswill open a new window on the Universe.

For more information...

More developments about the scienti�c aspect of LIGO can be found in The physics of LIGO by Kip
Thorne.

A very clear explanation of the fundamental ideas in Special and General Relativit y was done by
Einstein in his original works [1].

Most of the technical information about LIGO can be found on www.ligo.caltec h.e du.
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APPENDIX 1: Optics in cavit y

General considerations

Let's consideran electric �eld E inc incident on a Fabry-Perot cavit y. We'll use\ph ysicists'" convention
here: re
ection and transmission coe�cien ts are real, and re
ection on a higher-index medium inverts
the sign of the �eld. Conservation of energy corresponds to r 2

i + t2
i + L i = 1, where r i and t i are

amplitude re
ection and transmission coe�cien ts and L i is the power losscoe�cien t of the mirror i . The
continuit y of the �eld at a mirror givesthe re
ected, transmitted and circulating �elds E r ef , E tr an and
Ecir (notations of the �gure above):

Ecir = t1E inc + r1r2e� 2ik L Ecir =
t1

1 � r1r2e� 2ik L E inc (13)

Er ef = r1E inc + t1r2e� 2ik L Ecir =
r1 � r2(1 � L 1)e� 2ik L

1 � r1r2e� 2ik L E inc (14)

E tr an = t2e� ik L Ecir =
t1t2e� ik L

1 � r1r2e� 2ik L E inc (15)

The corresponding powers are:

Pcir = j
t1

1 � r1r2e� 2ik L j2 Pinc =
t2
1

(1 � r1r2)2

1
1 + 4r 1 r 2

(1 � r 1 r 2 )2 sin 2(kL )
Pinc (16)

Ptr an =
t2
1t2

2

(1 � r1r2)2

1
1 + 4r 1 r 2

(1 � r 1 r 2 )2 sin 2(kL )
Pinc (17)

Pr ef =
�

r1 � r2(1 � L 1)
1 � r1r2

� 2 1 + 4r 1 r 2 (1 � L 1 )
[r 1 � r 2 (1 � L 1 )] 2 sin 2(kL )

1 + 4r 1 r 2
(1 � r 1 r 2 )2 sin 2(kL )

Pinc (18)

= Pinc � Ptr an � L 1Pinc � L 2Pcir c � L 1r 2
2Pcir c

When 2kL = 2� n, i.e. 2L corresponds to an inte-
ger number of wavelengths,the transmissionand the
circulating power are maximal: the cavit y is in reso-
nance. Their dependenceon the length of the cavit y
or on the frequency, given by the previous formulas,
show a series of peaks. The frequency separation
betweenthem is the Free Spectral Range:

� kF SR L = � = 2� � � F SR
L
c

) � � F SR =
c

2L

The width of the peak at its half-height is such as 2
p

r 1 r 2

1� r 1 r 2
sin ( � kw

2 L) = 1. Usually 1 � r i � 1, and we
can make the following approximations:
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r i =
q

1 � t2
i � L i � 1 �

TI + L i

2
(19)

� � w =
c

� L
Ar csin

�
1 � r1r2

2
p

r1r2

�
�

c
2� L

1 � r1r2
p

r1r2
�

c
4� L

(T1 + T2 + L 1 + L 2) (20)

The �nesse of the cavit y is the ratio betweenthe FSR and the width of the peak:

F =
� � F SR

� � w
=

�
p

r1r2

1 � r1r2
�

2�
T1 + T2 + L 1 + L 2

(21)

The cavity pole frequency is:

� � pole =
� � w

2
=

c
4F L

(22)

The probabilit y for a photon to remain in the cavit y after one round-trip, which lasts 2L
c seconds,

is R1R2. Therefore, the probabilit y to �nd the photon in the cavit y decreasesexponentially with time:
pin = e� t=� s , where � s is the light storagetime:

e� 2L=c� s � 1 �
2L
c� s

= R1R2 � 1 � (T1 + T2 + L 1 + L 2) (23)

) � s =
2L
c

1
T1 + T2 + L 1 + L 2

=
F L
� c

(24)

The cavity gain is the ratio betweenthe maximal circulating power and the incident power:

Gcav =
�

t1

1 � r1r2

� 2

(25)

The visibility is V = 1 � Pmin
Pmax

where Pmax ; Pmin are the powers transmitted through the mode
cleaner in and out of lock.

Gaussian beams

To avoid unnecesarycomplication, the previous considerationshave beenmade with plane waves. For a
hermite-gaussianpro�le:

� After oneround-trip in the cavit y, the geometricalphase� must be addedto the propagation phase
2kL in all previous considerations. Since� dependson the mode, a cavit y can be usedto transmit
one of them, usually TEM00, and re
ect the others (\Mo de Cleaner").

� The geometry of the beam must be adjusted, or \mo de-matched", to the cavit y. Its length and the
radii of curvature of the mirrors de�ne a unique position and sizefor the waist.
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APPENDIX 2: \Beam" code

function varargout = beam(varargin)
% BEAMApplication M-file for beam.fig
% FIG = BEAMlaunch beamGUI.
% BEAM('callback_n ame', ...) invoke the namedcallback.
% author : Alexei Ourjoumtsev, Ecole Normale Superieure, Paris
% Last Modified by GUIDEv2.0 27-Jun-2003 00:52:36

if nargin == 0 % LAUNCHGUI

fig = openfig('beam.fig ',' re use') ;

% Use system color scheme for figure:
set(fig,'Color', get(0 ,' def ault Uicontro lB ackgr oundCol or' )) ;

set(fig,'Name','B eam') ;
% Generate a structure of handles to pass to callbacks, and store it.
handles = guihandles(fig);

handles.table = [0 0 Inf Inf];
handles.flu = 0.001;
handles.mflu = 0.001;
handles.adu = 0.001;
handles.mdu = 0.001;
handles.swpu = 0.001;
handles.swsu = 0.001;
handles.chpu = 0.001;
handles.addtype = -1;
handles.modtype = -1;
handles.lambda = 1064e-9;
handles.setpos = 0;
handles.setsize = 0;
handles.zr = 0;
handles.setcompnb r = 1;
handles.waistsize = .001;
handles.totlength = 1;
handles.tablefile name= 'empty';
handles.graphfile name= 'empty';
handles.graphdata fi len ame = 'empty';
handles.xdat = [];
handles.ydat = [];
handles.zdat = [];
handles.ax1 = 0;
handles.ax2 = 0;
handles.outputfig = 999;
handles.left = -.5;
handles.right = .5;
guidata(fig, handles);

if nargout > 0
varargout{1} = fig;
end
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elseif ischar(varargin{ 1}) % INVOKENAMEDSUBFUNCTIONORCALLBACK

try
if (nargout)
[varargout{1:nar gout} ] = feval(varargin{ :} ); % FEVALswitchyard
else
feval(varargin{: }) ; % FEVALswitchyard
end
catch
disp(lasterr);
end

end

%handles.table is the main optical table layout matrix,
% with an 'invisible' element at the infinity, to solve boundary problems.
% It is easier and faster to manipulate then a cell structure, but doesn't
% allow to mix text and numerical data, the displayed optical table layout
% is a string built using handles.table.
%All distances used for calculations are in meters

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = addtype_p_Callbac k( h, eventdata, handles, varargin)
%type of added component
adtyp = get(h,'Value');

switch adtyp
case 1
handles.addtype = -1;
case 2
handles.addtype = 1;
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = focaldistunit_p_C al lb ack(h , eventdata, handles, varargin)
%focal distance unit
flun = get(h,'Value');

switch flun
case 1
handles.flu = 0.001;
case 2
handles.flu = 0.0254;
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = focaldist_e_Callb ack( h, eventdata, handles, varargin)
%focal distance value
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% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = adddist_e_Callbac k( h, eventdata, handles, varargin)
% distance to reference component value

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = adddistunit_p_Cal lb ack(h , eventdata, handles, varargin)
% distance to reference component unit

adun = get(h,'Value');

switch adun
case 1
handles.adu = 0.001;
case 2
handles.adu = 0.0254;
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = addcompnbr_p_Callback(h, eventdata, handles, varargin)
% reference component number

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = add_b_Callback(h, eventdata, handles, varargin)
%adda component

%get relative parameters
fd = eval([get(handle s. foc al di st_ e, 'St ri ng'), '* handl es. fl u' ]);
reldist = eval([get(handle s. adddi st _e, 'S tr ing ') ,'* handl es.a du' ]) ;
ref = get(handles.addco mpnbr _p,'V al ue' )- 1;
%define global position
s = size(handles.tabl e, 1);
if (ref == 0) | (s == 1)

absdist = reldist;
else

absdist = handles.table(re f,4 )+ rel di st ;
end
handles.table = sortrows([handles .t abl e; [0 handles.addtype fd absdist]],4);
handles.table(:, 1) =[1 :s +1] ';
%construction of the displayed optical table layout
c1 = num2str(handles. ta ble (1 :s ,1) );
c2 = [];
for i = 1:s

if handles.table(i, 2) == 1
c2 = [c2;'Mirror'];

else
c2 = [c2;'Lens '];

end
end
c3 = num2str(handles. ta ble (1 :s ,3) *1000);
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c4 = num2str(handles. ta ble (1 :s ,4) *1000);
space = ' ';
c0 = space(ones(s,rou nd((5 0- si ze( c1,2) -s iz e(c 2, 2)- si ze( c3,2 )-s iz e(c 4, 2) )/3 )) );
set(handles.comp li st, 'S tri ng', [c1 c0 c2 c0 c3 c0 c4],'Value',1);
%settings of size-variable popup menus
set(handles.addc ompnbr_ p,' Stri ng' ,n um2st r( [0: s] '), 'V alu e' ,1 );
set(handles.remv compnbr _p, 'S tr ing ', num2str ([1 :s ]') ,' Value', 1);
set(handles.modi fy compnbr_p, 'S tri ng',n um2str( [1 :s] ') ,'V al ue',1 );
set(handles.modi fy dis tc ompnbr_ p,' Strin g' ,n um2st r([ 0: s]' ), 'V alu e' ,1) ;
set(handles.setw ai stc ompnbr_ p, 'St ri ng' ,n um2st r( [0: s] '), 'V al ue' ,1 );
set(handles.chec kpoin tc ompnbr_ p,' Strin g' ,n um2st r([ 0: s]' ), 'V alu e' ,1) ;
set(handles.remv compnbr _p, 'E nable ', 'on ') ;
set(handles.modi fy compnbr_p, 'E nable ',' on') ;
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = remvcompnbr_p_Callb ack(h , eventdata, handles, varargin)

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = remv_b_Callback(h , eventdata, handles, varargin)
i = get(handles.remvc ompnbr_ p, 'Va lu e') ;
s = size(handles.tabl e, 1);
if s>1
%build new optical table layout
handles.table = [handles.table(1: i- 1,: ); handl es.ta bl e(i +1:s ,:) ];
handles.table(:, 1) =[1 :s -1] ';
%build the displayed optical table layout
c1 = num2str(handles. ta ble (1 :s -2, 1) );
c2 = [];
for i = 1:s-2

if handles.table(i, 2) == 1
c2 = [c2;'Mirror'];

else
c2 = [c2;'Lens '];

end
end
c3 = num2str(handles. ta ble (1 :s -2, 3) *1000);
c4 = num2str(handles. ta ble (1 :s -2, 4) *1000);
space = ' ';
c0 = space(ones(s-2,r ound( (5 0- siz e( c1, 2) -s ize (c 2,2 )- siz e( c3,2) -s ize (c 4, 2)) /3 ))) ;
%settings of size-variable popup menus (Value=1 is to prevent errors when the
%last element is removed)
set(handles.comp li st, 'S tri ng', [c1 c0 c2 c0 c3 c0 c4],'Value',1);
set(handles.addc ompnbr_ p,' Stri ng' ,n um2st r( [0: s- 2]' ), 'Va lu e' ,1) ;
set(handles.modi fy dis tc ompnbr_ p,' Strin g' ,n um2st r([ 0: s-2 ]' ), 'Va lu e', 1) ;
set(handles.setw ai stc ompnbr_ p, 'St ri ng' ,n um2st r( [0: s- 2]' ), 'V alu e' ,1) ;
set(handles.chec kpoin tc ompnbr_ p,' Strin g' ,n um2st r([ 0: s-2 ]' ), 'Va lu e', 1) ;
%to prevent error message when the optical table is cleared
if s == 2

set(handles.remvc ompnbr_ p, 'En able' ,' of f') ;
set(handles.modif ycompnbr_ p,' Enabl e' ,' off ') ;

else
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set(handles.remvc ompnbr_ p, 'St ri ng' ,n um2st r( [1: s- 2]' ), 'V alu e' ,1) ;
set(handles.modif ycompnbr_ p,' Strin g' ,n um2st r([ 1: s-2 ]' ), 'Va lu e', 1) ;

end
guidata(h,handle s) ;
end

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = modifyfocaldist_e _Cal lba ck(h, eventdata, handles, varargin)
%modified focal distance value

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = modifyfocaldistun it _p_Call back( h, eventdata, handles, varargin)
%modified focal distance unit
mflun = get(h,'Value');
switch mflun
case 1
handles.mflu = 0.001;
case 2
handles.mflu = 0.0254;
end
guidata(h,handle s) ;
% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = modify_b_Callback (h , eventdata, handles, varargin)
%modify an element

%get relative parameters
i = get(handles.modif ycompnbr_ p,' Value ') ;
s = size(handles.tabl e, 1);
fd = eval([get(handle s. modif yf ocald ist _e,' Str in g') ,' *handle s.mfl u'] );
reldist = eval([get(handle s. modif ydist _e,' Str in g') ,' *handle s.mdu']) ;
ref = get(handles.modif ydi st compnbr _p, 'V al ue' )- 1;
%define global position
if (ref == 0) | (s == 1)

absdist = reldist;
else

absdist = handles.table(re f,4 )+ rel di st ;
end
%build new optical table layout
handles.table = [handles.table(1: i- 1,: ); handl es.ta bl e(i +1:s ,:) ];
handles.table = sortrows([handles .t abl e; [0 handles.modtype fd absdist]],4);
handles.table(:, 1) =[1 :s ]';
%build the displayed optical table layout
c1 = num2str(handles. ta ble (1 :s -1, 1) );
c2 = [];
for i = 1:s-1

if handles.table(i, 2) == 1
c2 = [c2;'Mirror'];

else
c2 = [c2;'Lens '];

end
end
c3 = num2str(handles. ta ble (1 :s -1, 3) *1000);
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c4 = num2str(handles. ta ble (1 :s -1, 4) *1000);
space = ' ';
c0 = space(ones(s-1,r ound( (5 0- siz e( c1, 2) -s ize (c 2,2 )- siz e( c3,2) -s ize (c 4, 2)) /3 ))) ;
set(handles.comp li st, 'S tri ng', [c1 c0 c2 c0 c3 c0 c4],'Value',1);
guidata(h,handle s) ;
% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = modifydist_e_Call back(h, eventdata, handles, varargin)
%modified relative distance value

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = modifydistunit_d_ Call back( h, eventdata, handles, varargin)
%modified relative distance unit
mdun= get(h,'Value');
switch mdun
case 1
handles.mdu = 0.001;
case 2
handles.mdu = 0.0254;
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = modifydistcompnbr _p_Call back( h, eventdata, handles, varargin)
%reference component for modified distance

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = modifytype_p_Call back(h, eventdata, handles, varargin)
%modified type
modtyp = get(h,'Value');
switch modtyp
case 1
handles.modtype = -1;
case 2
handles.modtype = 1;
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = modifycompnbr_p_Cal lb ack(h , eventdata, handles, varargin)
%modify component number...

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = wavelength_e_Call back(h, eventdata, handles, varargin)
%wavelength

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = setwaistposition_ e_Callb ack(h , eventdata, handles, varargin)
%waist position relative value

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = setwaistpositionu ni t_ p_Cal lba ck(h, eventdata, handles, varargin)
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%waist position unit
swpun = get(h,'Value');
switch swpun
case 1
handles.swpu = 0.001;
case 2
handles.swpu = 0.0254;
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = setwaistcompnbr_p _Cal lba ck(h, eventdata, handles, varargin)
%reference component for waist position

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = setwaistsize_e_Ca ll back( h, eventdata, handles, varargin)
%set waist size

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = setwaistsizeunit_ p_Callb ack(h , eventdata, handles, varargin)
%set waist size unit
swsun = get(h,'Value');
switch swsun
case 1
handles.swsu = 0.001;
case 2
handles.swsu = 0.0254;
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = set_b_Callback(h, eventdata, handles, varargin)
%set waist properties

%get settings
reldist = eval([get(handle s. setwais tpo si ti on_e, 'St ri ng' ), '* handl es. swpu']) ;
handles.waistsiz e = eval([get(handl es. setwais ts ize _e,'S tr in g') ,' *handle s.s wsu'] );
handles.lambda = eval([get(handle s. wavel ength _e,'S tr ing ') ,' *10^- 9'] );
ref = get(handles.setwa ist compnbr_p,'V al ue')- 1;
%define absolute position
if ref == 0

handles.setpos = reldist;
else

handles.setpos = handles.table(ref ,4 )+ rel di st;
end
%get number of first component after the waist
i = 1;
try
while handles.table(i,4 )<handl es. setpo s

i = i+1;
end
end
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handles.setcompn br = i;
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = checkpoint_e_Call back(h, eventdata, handles, varargin)
%get complete characteristics at that point

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = checkpointunit_p_ Call back( h, eventdata, handles, varargin)
%checkpoint relative distance unit
chpun = get(h,'Value');
switch chpun
case 1
handles.chpu = 0.001;
case 2
handles.chpu = 0.0254;
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = checkpointcompnbr _p_Call back( h, eventdata, handles, varargin)
%checkpoint relative component number

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = get_b_Callback(h, eventdata, handles, varargin)
%get beamcharacteristics

%define absolute checkoint position
reldist = eval([get(handle s. checkpoint _e,' Str in g') ,' *handle s.c hpu'] );
ref = get(handles.check poi nt compnbr _p, 'V al ue' )- 1;
if ref == 0

absdist = reldist;
else

absdist = handles.table(re f,4 )+ rel di st ;
end

%find first element after checkpoint
n = 1;
try
while handles.table(n,4 )<absdi st

n = n+1;
end
end

%qat the defined waist
q=i*handles.wais ts ize ^2*pi /h andle s. lambda;

if n>handles.setco mpnbr
%propagate q to the right

d=[handles.table( handl es.s etc ompnbr+1: n-1 ,4 )
-handles.table( handl es.se tc ompnbr: n-2 ,4 );a bsdis t- handl es.ta bl e( n-1 ,4 )];

q=q+handles.table (h andle s. set compnbr ,4 )-h andle s. set pos;
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g = atan(real(q)/im ag(q) );
for j = handles.setcompnb r: n- 1

q1 = q*handles.table(j ,3 )/ (handles .t able( j, 3)- q) ;
q = q1+d(j-handles. set compnbr+1);
g = g+atan(real(q)/ imag( q) )-a ta n(r eal( q1) /i mag(q 1)) ;

end
elseif n<handles.setcom pnbr
%propagate q to the left

q=q-handles.setpo s+handl es.ta bl e(handl es. setco mpnbr -1 ,4 );
g = atan(real(q)/im ag(q) );
d=[handles.table( n, 4)- absdist ;h andle s. tab le (n+1: handl es.se tc ompnbr- 1,4 )

-handles.table( n:h andl es. setco mpnbr-2 ,4 )];
for j = handles.setcompnb r- 1: -1: n

q1 = q*handles.table(j ,3 )/ (handles .t able( j, 3)+q) ;
q = q1-d(j-n+1);
g = g+atan(real(q)/ imag( q) )-a ta n(r eal( q1) /i mag(q 1)) ;

end
else
%propagate q if no component between waist and checkpoint
q = absdist-handles.s et pos+q;
g = atan(real(q)/imag (q ));
end

%define optical parameters
w = sqrt(-handles.lam bda/( pi *i mag(1 /q) )) ;
set(handles.size outpu t_ t,' Stri ng' ,n um2st r( w*1000)) ;
set(handles.phas eoutp ut _t, 'S tr ing ', num2str (mod( g*180/pi +180,36 0) -180) );
set(handles.wais tp osout put _t ,' Str in g', num2str (( absdi st- re al (q) )* 1000) );
set(handles.dist checkwaist outp ut_ t, 'St ri ng',n um2st r( (-r eal( q)) *1000)) ;
set(handles.wais ts ize outpu t_ t, 'St ri ng' ,n um2st r( sqr t( imag( q) *handles .l ambda/p i)* 1000) );
set(handles.rayl ei ghrangeout put_t ,' Str in g' ,nu m2str (i mag(q )* 1000) );
set(handles.curv at ureoutpu t_ t, 'St ri ng' ,n um2st r( rea l( q)* (1 +( imag( q)/ re al (q) )^ 2)* 1000) );

guidata(h,handle s) ;

function partgraph

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = refresh_b_Callbac k( h, eventdata, handles, varargin)
%plot waist size and Guoy phase

%size of the plot
handles.left = eval([get(handl es. le ft_ e, 'S tri ng'), '* .00 1' ]) ;
handles.right = eval([get(handles .r igh t_ e, 'St ri ng' ), '*0 .0 01']) ;
nbrpts = eval(get(handles. nbrp ts_ e, 'St ri ng')) ;
vl = handles.right-ha ndles .l ef t;
stp = vl/nbrpts;
%define list of points to plot
x = handles.left:stp: handl es.r igh t;
y = x;
z = x;
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%find first component after the left-hand side of the plot
n = 1;
try
while handles.table(n,4 )<x (1 )

n = n+1;
end
end
%define q at the waist
q=i*handles.wais ts ize ^2*pi /h andle s. lambda;

if n>handles.setco mpnbr
%propagate q to the right to get q at x(1)

q=q+handles.table (h andle s. set compnbr ,4 )-h andle s. set pos;
g = atan(real(q)/im ag(q) );
d=[handles.table( handl es.s etc ompnbr+1: n-1 ,4 )

-handles.table( handl es.se tc ompnbr: n-2 ,4 );x (1 )-h andl es. ta ble (n -1 ,4) ];
for j = handles.setcompnb r: n- 1

q1 = q*handles.table(j ,3 )/ (handles .t able( j, 3)- q) ;
q = q1+d(j-handles. set compnbr+1);
g = g+atan(real(q)/ imag( q) )-a ta n(r eal( q1) /i mag(q 1)) ;

end
elseif n<handles.setcom pnbr
%propagate q to the left to get q at x(1)

q=q-handles.setpo s+handl es.ta bl e(handl es. setco mpnbr -1 ,4 );
g = atan(real(q)/im ag(q) );
d=[handles.table( n, 4)- x( 1) ;ha ndles .t able( n+1:h andle s. setco mpnbr -1 ,4 )

-handles.table( n:h andl es. setco mpnbr-2 ,4 )];
for j = handles.setcompnb r- 1: -1: n

q1 = q*handles.table(j ,3 )/ (handles .t able( j, 3)+q) ;
q = q1-d(j-n+1);
g = g+atan(real(q)/ imag( q) )-a ta n(r eal( q1) /i mag(q 1)) ;

end
else
%propagate q if no components between waist and x(1)
q = x(1)-handles.setp os+q;
g = atan(real(q)/imag (q ));
end
y(1)=sqrt(-handl es.la mbda/ (p i* imag( 1/q )) );
z(1)=g;

%propagate q from the left to the right side of the area to plot
k=2;
m = n;
while k<=size(x,2)

%free propagation
while x(k)<handles.tab le (m,4)

q = q+stp;
y(k)=sqrt(-handl es. la mbda/ (p i*i mag( 1/q )) );
z(k)=z(k-1)+atan (re al (q )/i mag(q )) -a tan (r eal (q -st p) /i mag(q -st p) );
k = k+1;
if k == size(x,2)+1
break
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end
end
%propagation through an optic
if k >= size(x,2)

break
end
g=atan(real(q)/im ag(q) );
q = q+handles.table (m,4) -x (k- 1) ;
g=z(k-1)+atan(rea l( q)/ imag(q) )- g;
q1 = q*handles.table(m ,3 )/ (handles .t able( m,3)- q) ;
q = q1+x(k)-handles .ta bl e( m,4);
z(k) = g+atan(real(q)/im ag(q) )- ata n( re al( q1)/i mag(q1) );
y(k)=sqrt(-handle s. lambda/ (pi *i mag(1 /q ))) ;
m = m+1;
k=k+1;

end
%usetop axis for size, bottom axis for phase
ax=findobj('Type ', 'ax es');
p1 = get(ax(1),'Posit io n') ;
p2 = get(ax(2),'Posit io n') ;
if p1(2)>p2(2)

handles.ax1=ax( 1);
handles.ax2=ax( 2);

else
handles.ax1=ax( 2);
handles.ax2=ax( 1);

end
%plot spot size
axes(handles.ax1 );
plot(x.*1000,y.* 1000) ;
set(handles.ax1, 'X Tic kLabel' ,' ','XGrid','on',' YGrid ',' on', 'XL im',
[handles.left*10 00 handles.right*10 00] );
if get(handles.siz escal ety pe_p,'V al ue' ) == 2

set(gca,'YLim',[e val(g et (h andle s.s iz escal ebott om_e, 'S tr ing ') )
eval(get(handle s.s iz escal et op_e, 'St ri ng')) ]) ;

else
set(gca,'YLimMode ', 'au to ') ;

end
ylabel('Beam size (mm)');
%plot Guoy phase
axes(handles.ax2 );
plot(x.*1000,mod (z *180/ pi+ 180, 360)- 180);
set(handles.ax2, 'X Gri d' ,'o n' ,' YGrid ',' on', 'XL im',
[handles.left*10 00 handles.right*10 00] );
if get(handles.pha sescalet ype_p,' Value ') == 2

set(gca,'YLim',[e val(g et (h andle s.p hasescale bot to m_e,' Strin g' ))
eval(get(handle s.p hasescale top _e,'S tr in g') )] );

else
set(gca,'YLimMode ', 'au to ') ;

end
ylabel('Guoy phase (deg)');
xlabel('Position (mm)');
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%showpositions of components on the plotted area
xs=get(handles.a x2,'X li m') ;
ys=get(gca,'Ylim ') ;
ve=find((handles .t abl e( :,4 )* 1000>xs(1) ) & (handles.table(:, 4)* 1000<xs(2 ))) ;
for n=ve(1):ve(size(v e, 1))

text(handles.tabl e( n,4 )* 1000, ys(2) ,n um2st r( ve( n- ve( 1) +1)), 'Colo r' ,' r',
'HorizontalAlignm ent' ,'c enter ', 'V ert ic alA li gnment' ,'b ot tom') ;

end

handles.xdat = x;
handles.ydat = y;
handles.zdat = z;

guidata(h,handle s) ;
% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = left_e_Callback(h , eventdata, handles, varargin)
%define left limit of the plot

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = right_e_Callback( h, eventdata, handles, varargin)
%define right limit of the plot

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = complist_Callback (h , eventdata, handles, varargin)
%shownlist of components

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = opentable_m_Callb ack( h, eventdata, handles, varargin)
%load an optical table layout
handles.tablefil ename= uigetfile('*.mat ') ;
eval(['load ',handles.tablef il ename]);
handles.table = t;
s = size(t,1);
%configuration of size-variable popup menus
set(handles.addc ompnbr_ p,' Stri ng' ,n um2st r( [0: s- 1]' ), 'Va lu e' ,1) ;
set(handles.modi fy dis tc ompnbr_ p,' Strin g' ,n um2st r([ 0: s-1 ]' ), 'Va lu e', 1) ;
set(handles.setw ai stc ompnbr_ p, 'St ri ng' ,n um2st r( [0: s- 1]' ), 'V alu e' ,1) ;
set(handles.chec kpoin tc ompnbr_ p,' Strin g' ,n um2st r([ 0: s-1 ]' ), 'Va lu e', 1) ;
if s == 1

set(handles.remvc ompnbr_ p, 'En able' ,' of f') ;
set(handles.modif ycompnbr_ p,' Enabl e' ,' off ') ;

else
set(handles.remvc ompnbr_ p, 'En able' ,' on',' Strin g' ,nu m2st r([ 1: s-1 ]' ), 'Va lu e', 1) ;
set(handles.modif ycompnbr_ p,' Enabl e' ,' on' ,' Str in g', num2str ([ 1:s -1 ]' ),' Value ', 1);

end
%construction of the displayed optical layout
c1 = num2str(handles. ta ble (1 :s -1, 1) );
c2 = [];
for i = 1:s-1

if handles.table(i, 2) == 1
c2 = [c2;'Mirror'];

else
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c2 = [c2;'Lens '];
end

end
c3 = num2str(handles. ta ble (1 :s -1, 3) *1000);
c4 = num2str(handles. ta ble (1 :s -1, 4) *1000);
space = ' ';
c0 = space(ones(s-1,r ound( (5 0- siz e( c1, 2) -s ize (c 2,2 )- siz e( c3,2) -s ize (c 4, 2)) /3 ))) ;
%set displayed values
set(handles.comp li st, 'S tri ng', [c1 c0 c2 c0 c3 c0 c4],'Value',1);
set(handles.wave le ngt h_e,' Stri ng' ,n um2st r( l*1 0^9)) ;
set(handles.setw ai stp ositi on_e,'S tr ing ', num2str (wp*1000)) ;
set(handles.setw ai stp ositi onunit_ p, 'Va lu e' ,1) ;
set(handles.setw ai stc ompnbr_ p, 'Va lu e', 1) ;
set(handles.setw ai sts iz e_e,' Strin g' ,nu m2st r(w s* 1000) );
set(handles.setw ai sts iz eunit _p,'V al ue' ,1 );
handles.setpos = wp;
handles.waistsiz e = ws;
handles.lambda = l;
guidata(h,handle s) ;
% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = opttable_m_Callba ck(h , eventdata, handles, varargin)
%optical table menu
try
if handles.tablefi len ame == 'empty'

set(handles.savet able_ m,'E nable ',' of f' );
else

set(handles.savet able_ m,'E nable ',' on') ;
end
catch

set(handles.savet able_ m,'E nable ',' on') ;
end
guidata(h,handle s) ;
% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = savetable_m_Callb ack( h, eventdata, handles, varargin)
%saveoptical table using the same name
t = handles.table;
l = handles.lambda;
wp = handles.setpos;
ws = handles.waistsiz e;
eval(['save ',handles.tablef il ename,' t l wp ws']);

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = saveastable_m_Cal lb ack(h , eventdata, handles, varargin)
%saveoptical table using a new name
handles.tablefil ename= uiputfile('*.mat ') ;
t = handles.table;
l = handles.lambda;
wp = handles.setpos;
ws = handles.waistsiz e;
eval(['save ',handles.tablef il ename,' t l wp ws']);
guidata(h,handle s) ;

50



% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = graph_m_Callback( h, eventdata, handles, varargin)
%graph menu
try
if handles.graphfi len ame == 'empty'

set(handles.saveg ra ph_m,'E nable ',' of f' );
else

set(handles.saveg ra ph_m,'E nable ',' on') ;
end
catch

set(handles.saveg ra ph_m,'E nable ',' on') ;
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = savegraph_m_Callback( h, eventdata, handles, varargin)
%savegraph using the same name

%plot graph on a separate figure
figure(999);
subplot(2,1,1);
plot(handles.xda t. *1000,ha ndle s.y dat.* 1000);
set(gca,'XTickLa bel', ' ','XGrid','on','Y Grid' ,' on' ,' XLim',
[handles.left*100 0 handles.right*1 000]) ;

if get(handles.siz escal ety pe_p,'V al ue' ) == 2
set(gca,'YLim',[e val(g et (h andle s.s iz escal ebott om_e, 'S tr ing ') )

eval(get(handle s.s iz escal et op_e, 'St ri ng')) ]) ;
else

set(gca,'YLimMode ', 'au to ') ;
end
ylabel('Beam size (mm)');
subplot(2,1,2);
plot(handles.xda t. *1000,mod( handl es.zd at *180/ pi +180, 360)- 180);
set(gca,'XGrid', 'o n', 'Y Gri d' ,' on' ,' XLim',[ handl es. le ft* 1000 handles.right*10 00] );
if get(handles.pha sescalet ype_p,' Value ') == 2

set(gca,'YLim',[e val(g et (h andle s.p hasescale bot to m_e,' Strin g' ))
eval(get(handle s.p hasescale top _e,'S tr in g') )] );

else
set(gca,'YLimMode ', 'au to ') ;

end
ylabel('Guoy phase (deg)');
xlabel('Position (mm)');
xs=get(gca,'Xlim ') ;
ys=get(gca,'Ylim ') ;
ve=find((handles .t abl e( :,4 )* 1000>xs(1) ) & (handles.table(:, 4)* 1000<xs(2 ))) ;
for n=ve(1):ve(size(v e, 1))

text(handles.tabl e( n,4 )* 1000, ys(2) ,n um2st r( ve( n- ve( 1) +1)), 'Colo r' ,' r',
'HorizontalAlignm ent' ,'c enter ', 'V ert ic alA li gnment' ,'b ot tom') ;

end
%save
eval(['saveas(99 9, ',' handl es.g raphf ile name',' ); ']) ;
delete(999);
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% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = saveasgraph_m_Callb ack(h , eventdata, handles, varargin)
%savegraph using a new name

%plot graph on a separate figure
figure(999);
subplot(2,1,1);
plot(handles.xda t. *1000,ha ndle s.y dat.* 1000);
set(gca,'XTickLa bel', ' ','XGrid','on','Y Grid' ,' on' ,' XLim',
[handles.left*100 0 handles.right*1 000]) ;

if get(handles.siz escal ety pe_p,'V al ue' ) == 2
set(gca,'YLim',[e val(g et (h andle s.s iz escal ebott om_e, 'S tr ing ') )

eval(get(handle s.s iz escal et op_e, 'S tri ng')) ]) ;
else

set(gca,'YLimMode ', 'au to ') ;
end
ylabel('Beam size (mm)');
subplot(2,1,2);
plot(handles.xda t. *1000,mod( handl es.zd at .* 180/p i+1 80,36 0) -1 80) ;
set(gca,'XGrid', 'o n', 'Y Gri d' ,' on' ,' XLim',[ handl es. le ft* 1000 handles.right*10 00] );
if get(handles.pha sescalet ype_p,' Value ') == 2

set(gca,'YLim',[e val(g et (h andle s.p hasescale bot to m_e,' Strin g' ))
eval(get(handle s.p hasescale top _e,' Str in g') )] );

else
set(gca,'YLimMode ', 'au to ') ;

end
ylabel('Guoy phase (deg)');
xlabel('Position (mm)');
xs=get(gca,'Xlim ') ;
ys=get(gca,'Ylim ') ;
ve=find((handles .t abl e( :,4 )* 1000>xs(1) ) & (handles.table(:, 4)* 1000<xs(2 ))) ;
for n=ve(1):ve(size(v e, 1))

text(handles.tabl e( n,4 )* 1000, ys(2) ,n um2st r( ve( n- ve( 1) +1)), 'Colo r' ,' r',
'HorizontalAlignm ent' ,'c enter ', 'V ert ic alA li gnment' ,'b ot tom') ;

end
%define new file nameand directory
handles.graphfil ename= uiputfile('*.fig ') ;
%save
eval(['saveas(99 9, ',' handl es.g raphf ile name',' )' ]);
delete(999);
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = printgraph_m_Call back(h, eventdata, handles, varargin)
%print graph

%plot graph on a separate figure
figure(999);
subplot(2,1,1);
plot(handles.xda t. *1000,ha ndle s.y dat.* 1000);
set(gca,'XTickLa bel', ' ','XGrid','on','Y Grid' ,' on' ,' XLim',
[handles.left*100 0 handles.right*1 000]) ;

52



if get(handles.siz escal ety pe_p,'V al ue' ) == 2
set(gca,'YLim',[e val(g et (h andle s.s iz escal ebott om_e, 'S tr ing ') )

eval(get(handle s.s iz escal et op_e, 'St ri ng')) ]) ;
else

set(gca,'YLimMode ', 'au to ') ;
end
ylabel('Beam size (mm)');
subplot(2,1,2);
plot(handles.xda t. *1000,mod( handl es.zd at *180/ pi +180, 360)- 180);
set(gca,'XGrid', 'o n', 'Y Gri d' ,' on' ,' XLim',[ handl es. le ft* 1000 handles.right*10 00] );
if get(handles.pha sescalet ype_p,' Value ') == 2

set(gca,'YLim',[e val(g et (h andle s.p hasescale bot to m_e,' Strin g' ))
eval(get(handle s.p hasescale top _e,'S tr in g') )] );

else
set(gca,'YLimMode ', 'au to ') ;

end
ylabel('Guoy phase (deg)');
xlabel('Position (mm)');
xs=get(gca,'Xlim ') ;
ys=get(gca,'Ylim ') ;
ve=find((handles .t abl e( :,4 )* 1000>xs(1) ) & (handles.table(:, 4)* 1000<xs(2 ))) ;
for n=ve(1):ve(size(v e, 1))

text(handles.tabl e( n,4 )* 1000, ys(2) ,n um2st r( ve( n- ve( 1) +1)), 'Colo r' ,' r',
'HorizontalAlignm ent' ,'c enter ', 'V ert ic alA li gnment' ,'b ot tom') ;

end
%define printer, options, and print
printdlg(999);
delete(999);

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = quit_m_Callback(h , eventdata, handles, varargin)
%quit Beam
delete(handles.f ig ure1) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = graphdata_m_Callb ack( h, eventdata, handles, varargin)
%graph data menu
try
if handles.graphda taf il ename== 'empty'

set(handles.saveg ra phdat a_m,' Enabl e' ,' off ') ;
else

set(handles.saveg ra phdat a_m,' Enabl e' ,' on' );
end
catch

set(handles.saveg ra phdat a_m,' Enabl e' ,' on' );
end
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = savegraphdata_m_Cal lb ack(h , eventdata, handles, varargin)
%savegraph data using the same name
position = handles.xdat;
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beamsize = handles.ydat;
guoyphase = handles.zdat;
eval(['save ',handles.graphd at afi le name, ' z size gphase']);

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = saveasgraphdata_m_Cal lba ck(h, eventdata, handles, varargin)
%savegraph data using a new name
handles.graphdat af ile name= uiputfile('*.mat' );
position = handles.xdat;
beamsize = handles.ydat;
guoyphase = handles.zdat;
eval(['save ',handles.graphd at afi le name, ' z size gphase']);
guidata(h,handle s) ;

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = sizescaletype_p_C al lb ack(h , eventdata, handles, varargin)
%Vertical scale auto/manual for size
type = get(h,'Value');
if type == 1

set(handles.sizes calet op_t ,'V is ibl e' ,' off ') ;
set(handles.sizes calet op_e,'V is ibl e' ,' off ') ;
set(handles.sizes calet opunit_ t, 'Vi si bl e', 'o ff' );
set(handles.sizes caleb ot to m_t,' Vis ib le ',' of f') ;
set(handles.sizes caleb ot to m_e,' Vis ib le ',' of f') ;
set(handles.sizes caleb ot to munit _t, 'V is ibl e' ,'o ff ');

else
set(handles.sizes calet op_t ,'V is ibl e' ,' on' );
set(handles.sizes calet op_e,'V is ibl e' ,' on' );
set(handles.sizes calet opunit_ t, 'Vi si bl e', 'o n') ;
set(handles.sizes caleb ot to m_t,' Vis ib le ',' on');
set(handles.sizes caleb ot to m_e,' Vis ib le ',' on');
set(handles.sizes caleb ot to munit _t, 'V is ibl e' ,'o n' );

end
% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = sizescaletop_e_Ca ll back( h, eventdata, handles, varargin)
%size max if manual

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = sizescalebottom_e _Cal lba ck(h, eventdata, handles, varargin)
%size min if manual

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = phasescaletype_p_ Call back( h, eventdata, handles, varargin)
%Vertical scale auto/manual for phase
type = get(h,'Value');
if type == 1

set(handles.phase scale to p_t,' Vi sib le ', 'of f' );
set(handles.phase scale to p_e,' Vi sib le ', 'of f' );
set(handles.phase scale to punit _t ,'V is ib le' ,' off ') ;
set(handles.phase scale bott om_t, 'Vi si bl e', 'o ff' );
set(handles.phase scale bott om_e, 'Vi si bl e', 'o ff' );
set(handles.phase scale bott omuni t_t ,' Vi sib le ',' of f') ;
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else
set(handles.phase scale to p_t,' Vi sib le ', 'on ') ;
set(handles.phase scale to p_e,' Vi sib le ', 'on ') ;
set(handles.phase scale to punit _t ,'V is ib le' ,' on' );
set(handles.phase scale bott om_t, 'Vi si bl e', 'o n') ;
set(handles.phase scale bott om_e, 'Vi si bl e', 'o n') ;
set(handles.phase scale bott omuni t_t ,' Vi sib le ',' on');

end
% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = phasescaletop_e_C al lb ack(h , eventdata, handles, varargin)
%phasemax if manual

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = phasescalebottom_ e_Callb ack(h , eventdata, handles, varargin)
%phasemin if manual

% ---------------- --- -- --- -- -- --- -- --- -- -- --- -- --- -- --- -- -- --- -- --- -- -
function varargout = nbrpts_e_Callback (h , eventdata, handles, varargin)
%numberof points on the graph
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APPENDIX 3: E�ect of a Pockels cell on the inciden t electric
�eld

The results establishedhere are valid for any birefringent medium.

q

X

Y

y'

x'

z'

Z

E

E

in

out

Let's consideran electromagneicwave ~E in polarizedalong the axis
X and propagating in the Z direction, incident on a crystal which
optical indexesalong the axesx' and y' are di�eren t. The axesx'
and y' form an angle � with the axesX and Y (rotation around
the axis Z=z'), so that

~E in = E~uX = E [cos(� )~ux 0 � sin (� )~uy 0] (26)

After propagation through the crystal, the y' component gets an extra phase� compared to x' due
to the di�erence in optical indexes.

~Eout = E
�
cos(� )~ux 0 � sin (� )ei� ~uy 0

�

= E
�
cos(� ) (cos(� )~uX + sin (� )~uY ) � sin (� )ei� (� sin (� )~uX + cos(� )~uY )

�

~Eout = E
�
�
cos2(� ) + ei� sin 2(� )

�
~uX +

1
2

sin (2� )(1 � ei� )~uY

�
(27)

A few particular valuesof � and � must be considered:

� � = 45� :
~Eout = E

�
1 + ei�

2
~uX +

1 � ei�

2
~uY

�
(28)

The amplitudes of the X and Y components are equal, and the phase between them is � . If a
polarizer transmitting the Y polarization only is placed after the crystal, the transmitted power
becomes:

Ptr an = � 0E 2 1 � cos(� )
2

(29)

For a Pockelscell � increaseslinearly with the applied voltage, the dependenceof the transmission
through the polarizer on the voltage V is:

T = 1 � cos
�

�
2

V
V1=2

�
(30)

where V1=2 is the half-wave voltage.

� � = 45� and � = 90� : The phase between the X and Y components is 90� . The system is a
quarter-wave plate (quarter-wave retardation between the axes x' and y'), transforming a linear
polarization into a circular one, and vice-versa.

� � = 180� :
~Eout = E [cos(2� )~uX + sin (2� )~uY ] (31)

The X and Y components are in phase,the polarization remains linear and is rotated by an angle
2� : the systemis a half-wave plate (half-wave retardation betweenthe axesx' and y'). For � = 45� ,
the polarization is rotated from vertical to horizontal and vice-versa.
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APPENDIX 4: EOS cell alignmen t pro cedure
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APPENDIX 5: WFS sceenshots

C1 : I OO M C I OW F S:adl
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C1 : I O W F S1 SETTI N GS:adl
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C1 : I O W F S B ASI S:adl
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C1 : SUS M C2:adl
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APPENDIX 6: Optical sensing beamlines: missing parts
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