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Introduction

The purpose of this document is to describe thdiesuthat have been done so far on AdV INJ
subsystem that should motivate the choices mad&d@rINJ baseline design.
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ANALYSIS AND
SENSING

In section 1, the principle of Electro optical méation is presented as well as the possible ciystal
that can be used for AdV (withstand high laser pou@av thermal effects). Some elements on
modulation scheme and possible noise sources sygaien.

A power adjustment system, will be used in ordetutee ITF input power (important for ITF lock
acquisition). The principle of operation of thisgm is given in section 2.

Some preliminary considerations on input beanrjdate given in section 3.

In section 4, a study of IMC cavity gives some ¢desations to be taken into account for the AdV
IMC cavity choice in term of shape, length and Ese
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Section 5 explores the possibility to remove thierence cavity from the suspended injection
bench.

Particularly critical optical paths such as ITF dMLC reflection sensing setup are introduced in
section 6 in terms of back-scattering noise anétgatsue due to the high laser power used in
AdV.

Section 7 describes the kind of in-vacuum Faradalaior that should be used in AdV and the
progresses made on this topic from the designlaméxperimental point of views.

Finally, since INJ should also provide a way to mtmmlaser beam properties in different points of
INJ subsystem a general study of the effects toitmoand some possible tools to characterize it
are presented as well as some possible ways toaswage for thermal effects on INJ.

Design study

1. Electro-optic Modulation system (EOM)

DC detection is baseline for Advanced Virgo. Nelveleéss, RF modulation will be used for the
control of the interferometer, both for longitudirend angular controls. The main difference
between the EOM to be used in AdV and Virgo residdblat the power that the EOM system will
have to withstand will be almost 10 times highé30:200 W instead of 20 W).

Thermal effects will become more significant [1]dathe choice of the appropriate material
becomes crucial.

Requirements in AdV for EO modulation will also bdferent. Many of these parameters will
affect the driving electronics and signal generatboice. Indicative numbers for the single
sideband noise requirements (modulation phase ho&e be found in [2], and for modulation
index noise (amplitude noise) in [3]. More than anedulation frequency will likely be used in
AdV (probably three for ITF control and one for IM@vity), either for control and for monitoring.
The increased sensitivity and complexity of thelfgrometer will make it important to address the
problems of sidebands on sidebands generation.s®hsion of this problem could imply novel
EOM topology (see for example [4]) or new modulatigeneration techniques (see for example
[5]), which have still to be fully tested and asssh

In the following paragraphs, the principle of EOdutation is described, the problem of generation
of sidebands on sidebands is addressed and posaifiiidates as EO crystals are presented and
their characteristics are given. Finally, the polesmodulation schemes for AdV are presented.

1.1. RF Modulation Requirements

The requirements on optical modulation, includingdumation frequencies, modulation
depths, and relative stability of the modulatioeginency and amplitude, for AdV should be defined
by the ISC subsystem and will depend on the IMQtgdength. Since the modulation frequencies
used to control the ITF have to pass through th€, llhey have to satisfy the following equation
f =nc/2L,,, wheren is an integerg, the light velocity, andL,,., the IMC cavity length. We

will assume in this document that the maximum matioih depth required is about 0.2.
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1.2. Principle of operation: phase modulator.

1.2.1.Phase modulator.

V()

Laser beam phase
modulated at /;
»

[.aser beam

E77 7T

Figure 1:Phase modulation of the light using the Pockelsatff
The laser beam electric field at the input of thedolator can be written as EsExp(iwt).

When we apply a voltage modulated at frequefagythe electric field of the light at the output of
the modulator is expressed as follows:

Eou = B, exp{27£t) exp(Ssin(27t,t)) (1)
Considering that. = 27f and w, = 27f,, we can rewrite Eq. 1 as:
Eou = Eo explat) exp(Ssin(at)) ()

The complete development can be written as follow:

Eoue = EoeXpat) explBsin(at))

- - 3
= E,explat] 9,0)+ 3, Mexplat) +3- (3 (Aexpt k)| ©

Considering thaps is small we can write Eq. 2 as a Taylor expansionsidering only the first
term of the expansion. Eq. 2 becomes then:
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That can also be written as:

Ene =E, exp(ax)(1+ﬁ(exp<w1t) expCic))) (5)

= E, exp(at)(1+iBsin(wt)) (4)

We can also do the same job for 2 modulation frages. The beam is phase modulated twide at
andf,. In this case, Eq. 4 becomes:

E o = Ey xpUa)(1+ 22 (explea) - exp-ian)) L+ 2 (expfe) ~expiw )  (6)

£ = Ex(expiat) + 2 expi(wr ) -expi(@- ) + 2= (expi(c+ ) -expi(@- )

+ B2 (exp(eo+ a1+ ) + expl(@= o = 2)0) ~exp((@-V+ a2)0) ~exp((w+ &1 =)

(7)

This is a very simplistic evaluation of the sidethaamplitude and the sidebands on sidebands
amplitude, nevertheless, we can see very well slitbands on sidebands are generated so when
we are modulating a beam (carrier frequencf),=we are creating sidebands at+ f,, f - f,,

f+f,, f-f,, f+f+f,, f+f-f, f-f-f,, f-f+f,.

1.2.2. Amplitude modulator.
Amplitude modulators basically consist of an elegiptic modulator followed by a polarizer. If the
input polarization is oriented at 45° to the cristees, the applied voltage will produce a variable

phase delay between the ordinary and extraordifi@ld/components, simulating a voltage-tunable
waveplate. Thus, the modulation of the intensity &juare sine function.

Polarizer

Laser beam T T T

JEIN

Polarizer

]
= >
\?[ Amplitude modulated

Laser beam

Yerrra
Figure 2 Amplitude modulation of the light using the Pockeffect.

Birefringence variations due to temperature chanigesn issue for this kind of modulator
especially in the case of AdV since the laser popassing through the crystal should be of the
order of 180-200 Watts. In order to suppress thigisus effect, we can use two matched crystals

7
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arranged in series with their applied electricdgebriented at 90° relative to each other. Inway,

we suppress thermally-induced birefringence whileulding the electro-optically induced
polarization rotations by reversing the crystalsagach that both polarization components see the
same optical paths in the ordinary and extraorglinaentations (see Figure 2). If needed, this item
will have to be further studied (TBD by ISC).

1.3. Electro optic material selection

1.3.1.Optical and Electro-optical Properties

Three kinds of crystals are considered in thisirieary study. The first one is KTP (currently
used in Virgo as phase modulator), the second iB,RfAat seems to be promising in terms of
absorption and damage threshold compared to KT tfam third one is lithium niobate doped
MgO that could fulfil AdV requirements [6].

Properties Units/conditions RTP KTP MgO-LiNbQ
Damage Threshold MW/cm >600 >600 >280
(10ns, 1064 nm (AR coated) (AR coated)
Ny 1064nm 1.7652 1.7403 2.2238
Ny 1064nm 1.7751 1.7478 2.2238
n, 1064nm 1.8536 1.8296 2.1456
Absorption coefficient | cm™ (1064 nm) < 0.0005 < 0.0005 <0.001
a
I3 pm/V 39.6 36.3 32
Iz pm/V 17.1 15.7 10
Mz pm/V 12.5 9,5 ?
ra2 pm/V ? ? ?
I's1 pm/V ? 7,3 ?
r2z pm/V ? 9,3 ?
N, I3z pm/V 252.2 222.3 316.08
Dielectric const.ges 500 kHz, 22°C 13 13
Conductivity,o, Q'em? ~10"-10" 10°
Thermal conductivity W.m.K™* k=3 tx=§-8 5.6
ki=3.3
Thermo-optic /K dn/dT=? dn/dT=1.1x10° dn/dT=5.7x10°
coefficient dn/dT=0.279x10¢ | dn/dT=1.3x10> | dn/dT=3.9073x10
dn,/dT=0.924x10 dn/dT=1.6x10°
Thermal Expansion /°C 0x=1.01x10° Ox=1.1x10°
0,=1.37x10° 0,-0,9x10°
0,-4.17x10° 0,-0,6x10°
Density g/cm3 3,6 3.03
Specific Heat Cal/g.°C ? 0,1737

Table 1: Parameters of KTP (from Cristal LasefPRerystals (from Raicol) and MgO-LiNkQ@literature survey).
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The largest EO-coefficient i3 (see Table 1). The optimum configuration is a pgation of the
beam along y-direction and applies the electrieddl fin the z-direction.

1.3.2.Modulation depth estimation
In these conditions, the modulation depth can btesmras:

AD =m= % rn’ % (8)

wherel is the length of the crystal; the voltage across the crystal, ahthe thickness in the
direction. The modulation depth of= 0.2 leads to:

Z% -_m 5 = 2686V for RTP, VZ% =304.7V for KTP and VZ% =2143v for MgO-LiNbGs.
7T33N

z

For typical dimensiond, = 20 mm andl = 4 mm,V,; = 53.7 V for RTP, 60.9V for KTP and 43 V
for MgO-LiNbO; .

A resonant circuit, with the RTP crystal as theamafor, reduces the required input voltage by the
Q of the resonator as currently done in Virgo f@65.8.35 and 22.38 MHz modulation frequencies.

1.3.3.Halfwave voltage

The halfwave voltage is the voltage we have toyapplthe electro optic crystal in order that the
phase modulator behaves as a halfwave plate. Téassim = /7and as a consequence:

dA
Lryn

V. =

m

=8437V for RTP ;V, =95726V for KTP ;V, =673.2/ for MgO-LINbG:.

3
4

1.3.4.Thermal lensing measurements

It is important to select the right material innter of thermal focusing; not only to limit wavefront
aberrations but also because it is a proof of Idedting of the material that can induce slow
variation of the modulation index (this creates RIFAoise).

As part of the HPIO R&D program, we have carried some measurements of thermal lensing
with a Shack-Hartmann wavefront sensor on diffesarmples of KTP, RTP and MgO-LiNbO3.
These samples were tested with a laser beam ofV1@Ad a beam size of about 1mm. We selected
the right polarization and crystal orientation®nder to get an electrical field along.r

A telescope placed close to the Shack-Hartmannlenéd tune a flat beam on it. Then by placing
the sample close to the sensor, we measured girthetithermal lensing created by the material.
Here are the results obtained with the differentdas:

- We have tested two KTPs coming from different osdaaced with Cristal Laser (France).
The tested crystals are 5x5x12mm x-cut (correspuntlh the actual Virgo EOMs). The
first one gave3m of thermal lensing and the secdm (see Figure 3).
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- We have also tested a RTP from Cristal Laser (Fejarix5x12mm y-cut. We measurgd
m of thermal lensing. A RTP crystal from another seuwas also tested (a 4x4x20mm
crystal from Raicol (Israel)). Being slightly snel] this crystal was tested with an other
setup. With a beam of 0.8 mm of waist and 40W af¢xo no lensing was measured.

- The last material tested was a MgO-LINbO3 crystatut 5x5x10 mm provided by Prof.
Mio (University of Tokyo, Japan). At 100W we coutteasure along z ax@n.

From these preliminary results we can concludekid& crystals could be good candidates (one is
measured at 23m). According to literature, it wolbi&@ possible to obtain even better results with
RTP crystals. Some tests should go on with RTPtais/from Raicol that were successfully tested
at LIGO (no noticeable lensing obtained at 60W hbuth a less sensitive measurement).

Nevertheless, even after identification of the beaterial/manufacturer, it seems clear that it will

be necessary to set up a process of selectionddlie better crystals.

Wave front measured by the Shack Hartrmann (in lambda)

20
40
B0
S

100

120

Figure 3: Results of measurement of one of theKB crystals tested. Left picture: wavefront measuny the
Shack-Hartmann sensor. From it, we can extraatsing of about 8 m. Right picture: heating of thatenial seen with
a thermal camera.

1.3.5.Damage threshold

The intensity distribution in a Gaussian mode wattal powerP, is:

e
() =p,2%
T W

(10)

10
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For a gaussian beam, we have 86% of the beam poveeBv diameter; this gives a mean power
density about086P/7/m? =21.9kW/cm? for a 0.5 mm waist beam for a 200 watts laser beam
which is much lower than the damage threshold giwethe manufacturer.

In any case we plan to test RTP and KTP crystalls 200 W (they have already been tested with
100 W and we couldn’t see any damage). We havadjirsome experience in Virgo concerning
KTP; we have also destroyed a crystal instantlymthe 20 W beam touched one of the electrodes.
We will have to take particular care to not senel\tery high power beam onto the electrodes. This
can be very easily avoided by installing some ntietdlaphragms in front of crystal to protect the
electrodes from the laser beam.

1.3.6.Selected material
Among the three electro optic crystals that hasenbconsidered in this study, KTP and RTP could
be used as part of the Electro-optical Modulatigsteam for AdV. These materials have lower
thermal lensing effect and higher damage threslaold are permitting to work with 200 W
continuous laser power. Laboratory tests have shbamit will be necessary to carefully select the
crystal to be used for AdV since crystal propertias change significantly from one manufacturer
to another.

1.3.7.Performances in term of Phase noise and RF a mplitude
modulation

1.3.7.1. Phase noise
Fluctuation in the modulation frequency due to kesttir phase noise can spoil the interferometer
performance. In this section, we will give an uppenit of Virgo oscillator phase noise that has
been measured.
Of the many methods available for measuring thes®INoise of a given source, each one has its
own pros and cons, we have used the so calledlésehannel measurement method” for our tests
in VIRGO, and with this method we have been ablechharacterize the VIRGO main signal
generator’s phase noise.

11



(@

ouT

Y
Selecled Selected CALIERA
ble Iy - FFT ANALYZER

wer Filler %lput L_b_

REFERENCE.
@ . on/olf
VO gort PLL 4 .
. _F_ 3$PLL Gain

oo = Roil Select  PLU |

Phase Noise Detector

o

G g
(s ReNaiyaige
00000

0000
C0000

|
]

Figure 4: Single Channel Phase Noise Measuremeup Se

The single channel measurement system refers téattehat only one channel comes out to the
FFT or spectrum analyzer. Figure 4 illustrates saslystem. This system topology typically refers
to a two-source system where one signal is phadedbto the other. This technique is generally
used when two sources, at the same frequencynaodved. This approach works over a large
frequency range and has a reasonably low phase m@asurement floor.

This is one of the simplest systems to set up &t $sing, but one disadvantage of this method is
that one cannot separate the noise in the referieane that in the DUT (Device Under Test).
Multiple measurements may be required to determimeh source dominates the noise floor. If the
reference is 20 dB below the noise of the DUT, ttienreference can be ignored and the DUT is
the main contributor. If the DUT and reference atr¢he same level (as we have in VIRGO), then
we have to divide the noise between the two sousegstiract 3 dB).

Relying on the fact that the generators for whiah want to measure the phase noise are quite
stable over time (the internal reference is a higtability Oven-Controlled Crystal
OscillatorOCXO0), we have decided not to “phase 'labke Reference in quadrature: in our case the
long term stability of the S.G.s is so high thatea@ have both in quadrature for minutes, allowing
a sufficiently precise measurement.

A preliminary measurement produced an Upper Lifiéttis very close to the declared Signal
Generator’'s Phase Noise as you can see on Figure 5.

12
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Figure 5: Upper Limit noise measurement (green&yr8DI declared noise at 6 MHz (black dashedeurv

Phase noise from Hameg HM 8130 (blue curve) usethé&asurement calibration check.

As visible in the plot, the limit of the used setap

Frequency offset (Hz) Phase noise upper limit (dBc)
10 -113
100 -138
1000 -145
10000 -145

A link to the documentation for the SDI signal gexter used in Virgo is given in [LNFS100].

Going further down with the resolution call for reagophisticated techniques, not available at the
time of writing. We are evaluating the purchaséhefneeded instruments.

With this method we have been able to find an Uit for the VIRGO main signal generator’s
phase noise, and using this Upper Limit it is naggble to evaluate the projection of this noise
into the AdV sensitivity curve. At the same time Wwave demonstrated the feasibility of this
measurement technique that can be used to testREhsources.

1.3.7.2. RFAM (Radio frequency amplitude modulation )

According to measurements perform on Virgo intenieeter (see logentry 22358, this noise is
far from limiting the sensitivity nevertheless tlism will have to be further investigated once the
AdV optical configuration has been chosen.
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1.4. Possible modulation schemes

For AdV, we should provide an EOM system that ie @b phase modulate the beam at 4 different
modulation frequencies (see ISC documents for @daeg). It is likely that we keep the same
modulation frequency for the IMC cavity lock asvingo (f = 22.38 MHz).

1.4.1.Serial configuration (Virgo-type)

This configuration is already used in Virgo with@xperiencing any problems (see Figure 6). Two
KTP based EOMs are used to apply 3 modulation &eqges (6.26, 8.35 and 22.38 MHz). In AdV,
three modulation frequencies should be used for d&ksing and control (see note [8]) and one
should be used to control the IMC cavity.

This means that we have to apply 4 modulation feeqgies at the high power laser output and a
multiple of sidebands on sidebands will be gendrabe the past, we have already made some
simulations on this problem and the conclusion thas we could get rid of this problem by phase
locking the modulation frequencies sued to contifué Interferometer. Nevertheless, some
simulations by the ISC subsystem on the effecidglmnds on sidebands on the ITF error signals
are needed to check if this configuration is su&ais not.

Figure 6: Virgo+ serial configuration to phase miatkei the laser beam at 6, 8 and 22 MHz.

1.4.2.Parallel configuration

This parallel configuration that consists of usiagMach-Zehnder interferometer to avoid the
sidebands on sidebands generation problem is thentuaseline solution for Advanced LIGO [4].
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1.4.2.1. Principle of operation

We need some input from ISC subsystem to see whiad cbe the impact of sidebands on
sidebands on the AdV ITF control. The principleopkration of this EOM system is quite simple.
A principle scheme is given in Figure 7. ¢

2

LASER EOM 2 %

fy

S5

Figure 7: Parallel (Mach-Zehnder) electrooptic matian system.

EOM 1

EOM_1 and EOM_2 are two phase modulators that navelthe beam phase at the frequendies
andf,. In this way, we are sure that we avoid creatidglsands on sidebands. The main drawback
of this kind of modulation is that we need to cohthe optical path length of the two arms in order
to avoid additional phase noise coming from the ma@m motion of the two arms and amplitude
noise coming from the differential motion of thenst Some estimation of the contribution of each
noise source will be given in the next paragraph.

1.4.2.2. Noise coupling
The Mach-Zehnder output field can be written as:

. =Eo exp(at)(expdkL, +im, sin(Q,t)) + exp(ikL, +im, sin(Q,t))) + c.c.

out — 7
(11)
E, = %exp@ax) expik(L, +L,)/2)(explk (L, - L,)/2+im sin(Q,t)) + expik (L, — L,)/2+im,sin(Q,t)))

+CC
(12)

From Eq. 12, we see that the Mach-Zehnder (MZ) wufield depends on two quantities
L=(L, +L,)/2 andAL = (L, —L,)/2. It becomes then possible to evaluate the coriiobwf the

MZ arm common length motiorLY and MZ arm differential length motiod\l() on phase and
amplitude noise at the output of the EOM system.
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1.4.3.Complex modulation configuration

Finally, there is a second way to phase modulaebttam avoiding the problem of sidebands on
sidebands. The modulation scheme is explainedLiG® note [3] and has not been considered for
the moment since it would require a major efforR&D in that direction that seems not possible
considering the current manpower working on EOMgteand test for AdV.

1.4.4.Conclusion

For the moment, it is not possible to select theluhation scheme that should be chosen for AdV.
Some input from the ISC subsystem is needed (rexpaints in terms of phase and amplitude noise,
how the generation of sidebands on sidebandsastaffy the ITF control system?,...).

2. Input Power Control (IPC)

INJ system should provide a way to change thefer@meter (ITF) input power keeping the
INJ system elements (IMC cavity, Reference caviRFC)) under control with the same
performances in term of noise level at each power.

The configuration that seems more reasonable Wvas to save commissioning time, consists
in having a system where one can adjust the laseepbefore the IMC cavity and after all the
optical elements that are experiencing thermalceffafter the Input Mode-Cleaner and suspended
Faraday, in other worak the I TF input port.

2.1. IPC principle

In order to adjust the power, the most convenigatesn consists of a half wave plate placed
between two polarizers. This system, already usédirgo to adjust the power at the output of the
IMC matching telescope, is presented in Figure 8.

As this system should handle both light and badleeted by the interferometer, the two
situations are treated here. Light going to theerietometer (S-Pol) goes through P1, its
polarisation is turned b§ by the wave-plate and after crossing P2 goes tisvidne interferometer
with S-polarisation with an attenuated powePg{1-cos(6)). Reflected light by P2 should go to a
high power beam dump. No specific requirements atisfused light are necessary for this beam
dump, as its back reflections cannot re-entertimanterferometer.
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System with incoming light

BD1 Beam BD2 Beam | Pg = P, (1-co$(6))
Dump Dump
A2 axis
turnedby 6/2 Linearly polarized
output beam
Linearly polarlzed\ |
input beanPy Pout = Po coS(0)
Polarlzer Polarlzer

System with back-reflected light

Dump

BD1 Beam | Pg = Pyaey (1-c0$(6))

A2 axis
turnedby 6/2

BD2 Beam
Dump

Linearly polarized

back reflected beam,

I:>bac:k

\

-

Pret= Pbackcosz(e) Polarizer

Polarlzer

Figure 8: Input Power Control system: principleopkration.
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Nommalized power transmitted through the IPC system
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Figure 9: Normalized power transmitted by Input Bo@ontrol system

function of half wave plate axis respect to polariaxis.

On Figure 9, one can see that turning the half wdate by 7 /4radians, the power transmitted
can drop down to 0. This value is only theoretiaald depends obviously on the extinction
capability of the polarizer. Tests done in laboratshowed that even with high power we can
expect up to 40 dB extinction for thin film Brewsimlarizers. Since we will need to go down to
several watts for locking purpose, we are not etipgcany problem from the IPC system with
these kind of polarizers.

Back reflected light coming from the interferomestrould go through P2, its polarisation is

turned byd by the wave plate and therefdPgack CO§(9) is going back towards the laser system
after crossing P1. The P-Polarized light refledsydP1 should go to another high power beam
dump. Diffused light on this beam dump can recoupl¢he interferometer and therefore, a low
diffusing system should be used on this beam.

2.2. |PC technical realisation.

2.2.1. Thermal effects in polarizers and waveplat es.

The first main issue of the IPC system is that itstnnot exhibit thermal effects that could
impact beam quality or polarisation at its outptiis is critical as one of these IPCs would be
placed directly at the ITF input port.

Many tests were performed as part of the “high gromput optics R&D” in order to determine
suitable half wave plates and polarizers. Concegrpiolarization quality, it turns out that the best
polarizers tested were Thin Film Plate Polarizeosnf EOT technology that could achieve more
than 40 dB of extinction. This type of polarizeralseady used for the Virgo suspended Faraday
isolator. Unfortunately these polarizers exhibibstantial thermal lensing due to the use of BK7
substrates. Some custom Fused silica items weegartdind will be tested soon.

Nevertheless it is still possible to use opticalytacted cubes in Fused Silica (for example CVI
PBS0-1064-100) that were tested up to 100W witheanb waist of 1mm and showed no
absorption. The drawback is the polarization quahat is slightly worse (31dB) with comparison
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to the TFPP, but for the IPC system this should beta problem since we could add another
polarizer in series if a better polarization quai#t needed.

Concerning waveplates the performed tests showatdhthtandard optically contacted waveplate
from CVI is compliant with 40 dB of extinction. Beges no absorption could be measured on these
components.

2.2.2. High power, low diffusing beam dump.

The other main concern of the IPC is the way lighttumped on P1. As stated before a low
diffusing beam dump should be used in this casgedd, noise hunting on Virgo showed that
diffused light on optics could spoil the ITF sensty. This is due to the fact that seismic noige o
the optical bench creates some direct and up-cted/eonise measurable on the dark fringe through
the phase-modulation of diffused light re-introddiaeto the interferometer [9].

Tests were made in the EGO optics lab [10] to altarzze the diffusing properties of common
beam dumps used in Virgo. It turned out that thet lerformances could be achieved with
absorbing glass. The value of total diffused lifdoim this material (integrated over the whole
hemisphere) is in the 10 ppm range, very closén¢ovhlues obtained with super polished optics.
Much care should be given to the selection of #enib dump, as some tested items (razor blades or
commercial high power bean dumps) were worse iy 8drder of magnitude in terms of amount
of diffused light.

Nevertheless, the problem of absorbing glass isitha only suitable for low-medium power
beams as it was shown to break at only 2 W for anlbeam waist. This is due to the low
conduction coefficient of glass that makes it locaielt.

To realize a high power, low diffusing beam duntp¢an be foreseen to use super polished
metals or water [4]. In both cases, it is diffictdt practical reasons to design a compact, easy to
use, and possibly UHV compatible beam dump for 208%€r power. Therefore we propose to use
layers of Silicon originally made for semiconductaroduction. Silicon is a very interesting
material as it has a good conductivity (about 156nWK™ which is close to aluminum: 237), and
it can be polished with an optical quality. Its atpgion at 1064nm is also quite high: 45% for 1mm
length, and increases with temperature. This nateas tested in the EGO optics lab, and it was
shown that it breaks at about 20-30W for 1 mm bsam®. Values of total diffused light are at the
same level as absorbing glass.

We were able to increase this breaking limit bylie@pdown the layer of Silicon with a Copper
radiator (see prototype on Figure 10). With thisigethe Si beam dump prototype worked properly
up to 80-100W, at which point it broke. Even ifslevel is already satisfactory, it could be furthe
enhanced by improving the cooling system.
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Figure 10: Silicon layer placed between two coppates that evacuate heat.

In conclusion Silicon seems to be a very promisiragerial to realize this type of beam dump.

2.2.3.IPC system before the IMC cavity

BEAM
IMC MATCHING STEERING

TELESCOPE IPC CONTROL

MODULATION BEAM
MONITORING

v
BEAM
ANALYSIS

Figure 11: Possible position of the Input Power @ursystem before the IMC cavity.

First, we propose to install such a system jusbigethe IMC cavity in order to be able to change
its stored power, while keeping the rest of thegtipn system at the same power level.
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Therefore we chose to place this IPC just afteith@ mode matching telescope. The Injection
system control loops will be then kept in the saraedition while changing the IMC power. The
beam mode will also not experience any changeeat@ is installed after all the elements that are
experiencing thermal effects in the injection sys{&araday isolators, EOM system) as it is shown
on Figure 11.

Figure 12: Virgo+ like Input Power Control systbefore the IMC cavity.

On Figure 12, one can see the Virgo+ IPC systemighastalled before the IMC cavity.
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IPC system after the IMC cavity

VACUUM

REFERENCE
CAVITY

ITF MODE MATCHING
TELESCOPE

FARADAY

BEAM
ANALYSIS

IMC LOCKING PSL INTENSITY

AND ALIGNMENT  STABILIZATION ITF C/?N“SROL

SENSING

Figure 13: Possible position of the Input Power @@arsystem after the IMC cavity.

We also propose to install a second IPC systembgfetre the ITF, placed after all the elements
that are potentially experiencing thermal effe¢k8Q cavity, Faraday isolator) (see Figure 13). In
this way, we can avoid the change of thermal effectthe beam sent to ITF, while going from low
to high power. This will minimize the change of ktking and alignment loops with ITF input
power.

The use of this IPC modifies the way the reflectadrthe ITF is picked up for alignment and
control of the ITF with respect to Virgo. For thet@al Virgo, the reflected power is picked-off afte
passing again through the Faraday Isolator on wkspesnded bench which provides a beam quite
distorted.

With the use of this IPC, the beam coming backhwfaraday isolator will be much attenuated
when the wave plate is turned in order to work vaittow power inside the ITF. On Figure 14, we
plot the power back reflected by the ITF and pickédoy the Faraday as a function of power sent
to ITF. When the ITF is working under 20W, lesstB®0mW would be available on this beam.

Then we propose to use for control and alignméreteam coming from the ITF and reflected
on the P1 polarizer of the IPC. This method wilbygde a cleaner beam. In this case for power
sent to the ITF between 2 and 178W (i.e. betweerahé99% of the full power), more than 500
mW would be available.
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The only point that has to be clarified is the wag dump the laser power rejected by the

attenuation system on BD2 (see Figure 8).

100
Picked up by the
Farad
s Picked up b ]
=0 IPRC BD1 il
g - a .
3 L7 S
b 7 pd = L7
5 / /,/ 500 mW limit N
g / / \
Aé, Fi Vi 1
@ A
J
/
/
0,1 W
s 50 100 150  47gw 200

Power sent to ITF (W)

Figure 14: Back-reflected power picked up from IBQ1

and by Faraday as a function of power sent to ITF.

For convenience, we propose to place this itencdyren the Suspended Injection Bench (SIB).
As said before, it is highly improbable that saatelight from this beam dump can re-couple to the
ITF. Nevertheless, as commercial beam dumps produts of diffused light that can affect
photodiode signals or could recombine to the ITileulgh reflections on the vacuum chamber, a

special, low diffusing beam dump should be used laése.

It remains to clarify if such power (could be higltean 100 W) can be dumped under vacuum

without generating substantial thermal effects o bench. In fact, the temperature elevation of

BD2 will be quite high when dumping up to 200W. Téfere some investigation should be done to

know if we can cool it down easily under vacuum.

Besides, since we will have a lot of things to atisbn the suspended bench (Faraday isolator
IMC input and output mirrors, PR cavity PRM1 andNPRmirrors) it is not obvious if it can be

placed there.

Another possibility would be to install the beanngu outside the injection tower and tilt the

viewport enough to avoid sending back part of #jeated beam into the interferometer.

2.4. Conclusion

In order to save commissioning time, we are corednthat we should install two optical
systems that can be used to adjust the laser p@winst one has to be installed before the IMC
cavity, the second one at the ITF input port aftérthe optical elements affected by laser beam

heating such as the in-vacuum faraday isolator.
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3. Beam Jitter

3.1. Current status and noise projections

New quadrant diodes have been produced recently have been installed in March 2009 and
provide a good measurement of the input beam jigpeio several hundred Hz.
Figure 15 is a plot of the current input beamjjitte
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Figure 15: Virgo+ beam jitter.

The input beam jitter is known to be due to the iorotof the optical table from 1-3Hz (full
coherence between beam jitter and seismometer emtical table). Below these frequencies,
many experiments pointed out the problem of airenis. This has been improved in the past by
improving the baffling of the beam path. There egigrently 2 baffles: the acoustic enclosure and
an additional Plexiglas cover.

Some tentative jitter noise projections have bemredn the past. The most conclusive ones are the
projection of the seismometer signals placed onogitecal table (calibrated with a shaker placed
also on the bench). Here is the most recent norsgeqiion (see Figure 16). Direct noise
corresponds to input beam jitter while the up-cotede noise corresponds to some other noise
coupling mechanism (backscattered light).
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Figure 16: EIB noise projection onto Virgo sensftivcurve.

The peaks at 18Hz and 42Hz come from the optidaé taself (demonstrated by measuring the
mechanical TF between the ground and the benclg.ctuld be fixed in the future by improving
the stiffness of the optical table. At that poimé fporojection of input beam jitter noise expressed

h would stand just a factor 2-4 below the Virgossavity.

One must add that the main source of beam jittdfreseismic motion of the bench, although this is
not the only source. There are also a few peakievathundred Hz which corresponds to the
mechanical resonance of some optics on the inpumiegath, in particular the optics mounted on
PZT to control the pointing of the beam. This hadbé further studied but could be improved by
having lighter optics/mounts.

3.2. Requirements after IMC

One cannot base entirely the requirements for Adthe current noise projections. There are 3
reasons for that: the coupling of the input beaterjito the dark fringe will be different in AdV
because the optical layout of the recycling cawitly be different and because AdV will have a DC
detection scheme instead of an AC detection scherhe. third reason is that the power
stabilisation system may need higher requiremestsia usual the main limitation is coming from
bema jitter coupling with sensor non-homogeneity.

The coupling of the input jitter to the dark fringdl also depend on the tilt motion of the recndi
cavity mirrors.

A serious study with dedicated simulation toolsegded to establish the requirements [11].
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IMC filtering

The IMC cavity can filter part of the input beanttgr. It depends on its finesse, length and
alignment accuracy. One has to underline thattdits geometry, the IMC will filter in a different
way the 4 degrees of freedom of the input beaer jithese attenuation factors have to be carefully
computed.

Because higher-order modes are suppressed by thg mode cleaner, beam jitter is also
decreased. The amplitude of the suppression is:

AS:\/Tmn: 1

T 2
1+ [2 F sin (Zmum“ LD

where Au,,, = z—i(m+ n)iarccos\/a and g =1-L/R.; R. is the end mirror radius of curvature.
T

Umn

The filtering efficiency depends on the fact%rF sin( 27
T c

for the lower-order modes in order to minimize bigam jitter.
See section 4.7 for more details.

j and has to be as high as possible

3.4. How to meet the requirements?

Depending on the final requirements for the 4 degref freedom, there are various options to
improve the current input beam jitter.

First, the location of the Mode Matching Telescdpethe IMC and its design has to be carefully
studied. Indeed, as it expands the beam by a fag¢tidralso multiplies the shift coupling of the
bench where is located the telescope by the sameranBesides, the shift/angle, angle/shift and
angle/angle coupling depends on the design ofdlesdope.

Of course, the optical tables could be suspendddadrocal Control system could be implemented
to control the bench position as it is already dimmehe optical tables suspended in the towers. Th
complexity of the suspension will depend on theunegnents for the jitter and for the
backscattering.

It is more delicate to deal with the air currersiuis. Obviously, the baffling could be improved and
the source of heat could be removed from thesersofeit it is difficult to make projections. It is
also important to say that the laboratory wheradthese optics need to be kept in over pressure
for obvious cleanliness issues which make diffitiut fixing of air currents.

4. Input Mode Cleaner cavity (IMC)

The input laser light of the interferometer mustfleguency and spatially stabilized. The IMC
provides active frequency stabilization throughdfesck to the laser system, passive frequency
noise and power fluctuation suppression above agty pole frequency, and passive spatial
filtering at all frequencies. In particular, ageduces higher order modal content of the lasét,lig
the IMC suppresses part of the input beam jitteareHare discussed the main design choices: the
geometry, the length and the finesse with respettid various issues.

4.1. The IMC geometry

The current geometry (triangular cavity) is, of sm one of the 2 possible configurations
discussed here. The other possible configuratian‘mow-tie” one.

26



(@)=

These 2 configurations comply with the main desigpuirement: they separate naturally the input
beam from the reflected beam and the transmittesnb@ing cavities). They are also compliant
with the astigmatism requirements.

There are mainly 2 differences between these cordigpns: they have different properties for
what concerns the backscattering issue and the lcGB®liance.

Bow-tie configuration
Figure 17IMC cavity possible geometries.

In the triangular configuration, the problem is Wkhown. Let's describe it again. The light
reflected by the interferometer goes back to th€ Idhd is then transmitted back towards the laser
system. The problem is that part of this lightdattered by the end mirror and, because the arigle o
incidence on this mirror is very small (around 3*1ad for a 150 m long triangular cavity), a non-
negligible amount of this scattered light is thesanant again in the same direction as the input
beam. In patrticular, this light reaches all thesses placed in reflection of the cavity and intezfe
with the light reflected by the IMC. This interfeiee is due to the length fluctuations between the
interferometer and the IMC and consequently siailsignals used to control the IMC [12].

The principle is similar for both configurationshow-tie” and triangular configurations. But,
actually, it is worse for the bow-tie configuratj@ince the incident angle is small on all 4 msror
meaning one has to take into account the lighteseat by all 4 mirrors.

Concerning LG33 modes, it has been shown thatigmegular cavity does not transmit properly the
LG33 mode ([13]). As this mode is an option foruiiet upgrade of AdV, it would be worth looking
at which kind of ring cavity could transmit in aoper way this LG33 mode. The Bow-tie ring
cavity may be a good candidate since having an euember of mirror is necessary to transmit
properly LG33 mode. But, no detailed studies hasenbcarried out until now.
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4.2. The low pass filtering effect

The IMC cavity behaves as a first order low-paksrffor amplitude and frequency fluctuations of
the input laser beam.

1
1+ (fj
fo (14)

where f, is the IMC cavity pole €, = c/4LF , L : cavity half round-tripF : cavity finesse).
A length of 150m with a finesse of 1000 correspaiads pole at 500Hz.

H(f)=

4.3. The astigmatism issue

The triangular shape introduces some astigmatisthérbeam transmitted by the cavity. This is
directly linked to the length of the cavity. Butis actually negligible. For a 15m long cavity thvi

a triangular base of 9 cm, the discrepancy betwewizontal and vertical beam waist is of the
order of 0.01%.

4.4. The thermal effects issue

The most critical thermal effects are located i ithput and output mirrors of the cavity due to the
absorption of the coating. Some computations shbeldnade to know if thermal effects affect
more or less a long or short cavity for the sameay3uhase propagation.

4.5. The compliance with the frequencies of modulat  ion

The sidebands of the frequencies of modulation usedontrol the interferometer have to be
resonant into the IMC. So these frequencies of rabidm have to be a multiple integer of the IMC
FSR. For a 150 m long cavity, that means that ailtiples of around 1 MHz can be chosen as
frequencies of modulation. If the cavity is onlyrifong, only multiples of 10 MHz can be chosen.

4.6. The back-scattering issue

Due to the small angle of incidence on the IMC endor, some light is scattered by this mirror in
the opposite direction inside the IMC cavity. Thiack scattered light can create some control
problems at the level of the IMC cavity (generatajrfringes). This effect can be easily explained
by the fact that the IMC cavity is behaving as aromi of definite reflectivity and we have an
uncontrolled cavity that consists of the IMC andwnpo recycling mirror. This is illustrated in
Figure 18.
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Figure 18: Cavity IMC-PR- IMC cavity can be seeraagmple mirror of reflectivitiRy; ¢ -

One can estimate in a simple way the effectiveectiftity of the IMC cavity as function of
Riack-scattering[21] Which is the power coupling coefficient of theck-scattered light in the cavity

mode (estimated to be about’ibthe beam is centered on the IMC curved mirrarjalows:

— 2
Reff_IMC =G I:\)back—scat’[ering

whereG = F/ris the cavity gain (F is the cavity finesse).
In past experience of Virgo, the effective refleityi of the IMC has been measured to be 300 ppm
[15] with the Faraday corresponding to some fluttus of the IMC transmitted power of 10%
amplitude when there was no faraday isolator betwibe IMC cavity and the Power Recycling
mirror.

The reflectivity of the IMC has also been evaluad@éctly from the wavefront map of the mirror
[16]. For the old IMC end mirror, this reflectivityas evaluated to be 1:1(n intensity, that is to
say an effective reflectivity of the IMC of 1200mdor a finesse of 1100. The difference with the
measurement is quite high (300 ppm) and can beamqu partially or completely by the
depolarization effects in the Faraday which arengivay the spatial distribution of the light
transmitted by the Faraday so that the residulat tignsmitted by the Faraday does not couple well
inside the IMC (which explains the additional igaa).

Recently, some computations have been performédikiyael Pichot (Artemis group) using DarkF
software in order to evaluate the current backsdat we have with the new IMC end mirror and
the part of back-scattered light that is re-coupl®d the IMC cavity and that is travelling in
reverse way respect to the beam coming from thex.Id$e result of this work is given on Figure
19.
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Figure 19: Amplitude of back-scattered light comfram IMC end mirror re-coupled in the TRlmode and
travelling backward in IMC cavity.

As can be seen on Figure 19, the back-scatterbt rggcoupled into the IMC cavity mode for a
beam centered on the curved mirror is about % ihOamplitude (see color bar in the figure), so
2.510" in intensity (for a beam radius of 11mm) thabisay an effective reflectivity of 30000 ppm
for a finesse of 1100, so a factor 25 worse witipeet to the old mirror.

As already said, if the effective reflectivity dfg IMC is of the order of a few hundred ppm, all
IMC controls are spoilt by the cavity formed by tAR and the IMC. After the installation of the
faraday isolator, this problem was fixed thanksthie additional attenuation of a factor 1000,
leading to an effective reflectivity of 0.3 ppm {withe old IMC end mirror). The Faraday has been
then further upgraded to compensate for some depati@n effects reaching an isolation of 50 dB
(logbook # 21182) which was actually useful since tIMC end mirror was changed at the same
time and found to be much worse in terms of sdatjewith respect to the old one. Even if the real
effective reflectivity has not been measured, it ba assumed to be less than 1ppm.

This experience can help us to set requirementh@effective reflectivity of the IMC end mirror.
We can assume that an effective reflectivity lotian 1ppm is a good requirement.

So, the effective reflectivity of the IMC depends the square of the finesse of the IMC, on the
square of the RMS roughness of the IMC end mirt8t pnd on the Faraday isolation.

For a finesse of 1000, and a back-scattered rifigcof 10°, there is the need for a Faraday
isolation of 30dB.

According to the performance study of UHV faradaglator [17], the maximum isolation ratio
could be a bit higher than 40 dB with AdV laser gow

If the finesse is 100, and if the back-scatterefiectvity is 10° (corresponding to a better
polishing: roughness RMS < 1nm), there is no need fraraday isolator (but there is no margin).

30



(@

4.7. The High Order Mode filtering effect

Because higher-order modes are suppressed byghenmode cleaner, beam jitter, in particular, is
also decreased. The amplitude of the suppressigings in equation 13.

(2 . .
The filtering efficiency depends on the fac{ZQF sm(% Lj and has to be as high as possible
T

for the lower-order modes in order to minimize ti@am jitter.
To satisfy this conditiorr has to be as high as possible and the IMC hag toob-degenerated,

i.e., (m+n) arccos/E # nsr (nis an integer).

Considering that the AdV power recycling cavity wile non-degenerate, this cavity will also
contribute to beam pointing filtering as well as iMC cavity. This optical configuration will put
less stringent requirements on the IMC jitter filtg efficiency. Advanced LIGO specifications in
terms of beam jitter has been used to give a pmedirg requirement for AdV [2]. Beam pointing

noise specifications for AdV are not known but dtdwe of the order of It radi/Hz forf > 10
Hz after the input mode cleaner (factor of 10 lyetian for Initial Virgo)[24].

Considering that the beam jitter after the PMC washould be of the order of 0.01 urchE
from 10Hz (see&/irgo+ presentation on beam jitt€k0/2007)) the required filtering factor from the
optics between the PMC and PR cavity should beenigti 100. As seen in equation 13, the
filtering efficiency of the IMC is about E/and if the beam expanding telescope between thé PM
and the IMC has a magnification factdr(=3 for example). The output beam will not only &~
times the beam radius, but alsdlthe r.m.s. value of angular fluctuations.

Considering that the input mode-cleaner controésstable enough to not reintroduce beam jitter
noise due to Suspended Mode-cleaner motion. The jINMEE suppression factor should be at least
30, if we want to fulfil the requirements meanihgtF should be higher than 30.

This should enable us to decrease IMC cavity fime®vn to probably 100 but further detailed
investigations on beam jitter are needed to confims statement because for this estimation we are
not taking into account laser and external injectienches residual seismic motion that could
contribute in a non-negligible way to input beatteji (it is likely that in-air benches will have be
suspended).

4.8. IMC throughput and IMC losses

The throughput of the cavity depends directly am lhsses and on the finesse of the cavity. So the
choice for the finesse is limited by the amouniogkes if 90% of throughput is required.

The throughput can be estimated using the folloviamgula:

4T,T,
(Ty+T2+LRT)?

IMCThroughput = (15)

whereTy is IMC input mirror transmissionl, is IMC output mirror transmission argsy, IMC
cavity round-trip losses. For the IMT, = T, =T =2450 ppm.
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Figure 20: IMC throughput vs Finesse and roundiogses.

On Figure 20, we have plotted the IMC cavity thiopigt as a function of the Finesse and the
round-trip losses of the cavity. As you can setulfil the requirements, we need to get round trip
losses lower than 300 ppm if the finesse is 1000.

Some simulations with DarkF have been carried guiMikhael Pichot (From Artemis group)
starting from the simulation results given in agdirinternal note [45] to compute round-trip losses
using IMC mirror maps provided by LMA.

NB: mirror maps of the Virgo + IMC mirror have beesed in this work (C08009).

Mirrors C08009 with In/Out mirror C08009 with In/Out
rms 1nm mirror rms > 7 nm

IMC transmission 93.58% 84.27%

Round-trip losses 104ppm 371 ppm

Table 2: DarkF simulation results considering ViegMC end mirror and for 2 different roughnessesIfdC flat
mirrors.

Table 2 gives the results using the mirror mapsmivy LMA-Lyon.

The roundtrip losses are presently of the orde&7&f ppm and the transmission of the IMC should
be around 84%. It is very close to what has beessared in Virgo [32].

The losses are due to the fact that mirror impédes, at the level of a few nm RMS, modify the
beam shape and spread some energy out of thetireflpart of the coatings.
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As you can see in Table 2, round-trip losses arg ssall if we reduce the roughness of IMC flat
mirrors.

These round-trip losses could be even better bydwuipg the roughness of IMC curved mirror that
is for Virgo+ around 2.8 nm.

4.9. The thermal effects issue

The most critical thermal effects are located im ithput and output mirrors of the cavity due to the
absorption of the coating (the power absorbed bystibstrate is considered negligible with respect
to the power absorbed by the HR coating). A prelary study has shown that thermal effects in
the IMC cavity are not depending on the cavity tengnd, to the first order, on the cavity beam
waist. This study has also shown that it is baftéhe beam waist is located on the cavity input
mirror.

It turned out that thermal effects become non-gdgk for an absorbed power higher than 100
mW. For example, if we consider a coating absompéibs= 1 ppm,P aser= 200 W and a finesse
F=1000, the power absorbed by the coating is abbu\é/.

However, astigmatism will become an issue if weehthermal lensing due to absorption in input
mirrors as it is shown by Barriga et al. [14] arsdd@monstrated on the Virgo interferometer [32].
We will need to take particular care to select IM@ut and output mirrors with as little absorption
as possible in order to reduce this effect andmbinit the beam matching onto the Interferometer.

Substrate and coating absorption of the IMC mirmitslead to changes in the radius of curvature
of the 3 IMC mirrors [19], and in particular to Eng effects in the input and output mirrors.
Evaluation of the output beam characteristics basetgiven in order to foresee a compensation of
this thermal effect is necessary. Depending orptissible compensation to recover the beam, the
finesse of the cavity may be limited by these affec

4.10. The radiation pressure issue

The IMC and ITF mirrors will be subjected to incremtal radiation pressure changes as the input
power is changed. An internal Virgo note, Salem iHE0] has demonstrated that it should be
possible to lock the IMC with an incident powerl®0 watts with a IMC end mirror mass at least
of 900 g. Thus, one should understand that takmgVeC end mirror heavy enough, there should
not be any problems to lock the IMC even the presef the radiation pressure.
Nevertheless, it is interesting to take a look iorendetail at what we can expect according to the
cavity finessd= and laser power coupled in the cavity.
Hereafter only the static radiation pressure efif@cbnsidered.
A laser beam incident on a mirror applies a forievemgyby:

F = 2Pstored/C (16)

rad

wherec is the speed of light arféleq the power stored in the IMC cavity.

Pstored = FPLaser / T (17)
We can write eq.16 as:
2FP,
Frad - Laser (18)
c
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The radiation pressure force on the IMC mirrors hasn computed as a function of the cavity
Finesse and laser power coupled in the IMC cauvity.

Radiation pressure force {ul)
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Figure 21: radiation pressure in the 144m triangEC cavity respect to

laser input power and cavity finesse.

At maximum, we get about 80N for a finesse of 2000 and a laser input power8ff W (see
Figure 21).

It has been shown in a recent Virgo internal n@® fhat a radiation pressure foree= 400 /N
(Finesse = 1000, Laser power =180 W, IMC length4mi}tinduces a frequency shift = 35 MHz
(Finesse = 1000).

If we use the same locking strategy as Initial ¥jrthe actuation range should be large enough to
deal with the radiation pressure effect (the mdsisgr piezo actuator actuation is 1.75 MHz/V and
we are able to apply +/-100 V).

In any case the lock could be acquired at low pomlegre the radiation pressure is negligible and
then we could keep the IMC cavity locked up to fatlwer by using the Input Power Control
system that will be installed before the IMC cay@ge section 2.2 for more details) and will enable
us to slowly ramp up the power up to 180 W.

The only point that needs to be further investigatencerns the angular control of the cavity.

In fact if the beam is not well centered on the IM@ved mirror, the radiation pressure will
generate a torque that will have to be compenshyethe IMC alignment sensing and control
system.

This servo loop will have to be fast enough to kbepIMC cavity aligned. Some further checks on
this topic are needed but we think that if the IB®Gtem is slow enough we shouldn’t have any
problems with this specific point.
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Nevertheless, the effect of radiation pressureneriMC end mirror angular degrees of freedom has
been studied. A note has been released on this 2811
The radiation pressure effects in the IMC cavitywendoeen studied using both analytical and

numerical approaches for ti#& mode. The results show that also with Virgo+ agunfation (IMC

end mirror mass = 1.4 kg) the effects of radiagmwassure will modify the mechanical transfer
functions but the unstable configuration will netteached with AdV laser power (see Figure 22).
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Figure 22: left plot:8, resonant frequencies change (due to radiation ymeswith IMC curve mirror mass and IMC cavity
Finesse; right plot: Frequency change due to radigtressure foF=1100 and Myccurvedmiro=1-4 Kg.

For the & mode the situation is more critical since it canp@tmodeled by the present simulation tools and

it is complex to solve it analytically.

Some measurements have been recently performekeoxitgo IMC and it has shown that the resonant
frequency of the IMC end mirror suspension for this.f increases with power starting from 1.315 Hz.
From 0 to 12 W, the frequency increases by abduHa. and it is expected to increase by more thhiz 1
for 200 W laser power.

It would be better to raise the mirror mass, upliout 3 kg, in order to have a larger safety mairgiorder

to face with easier angular control strategies.

Radiation pressure noise could also be responfblfequency noise since it can affect the lengjthhe
IMC cavity and the angular control of the IMC endnar if the beam is not well centered on this muirr

In “linear regime”, it has been shown that radiatipressure noise is not an issue for Initial Virgo
sensitivity[22]. Since it has been demonstrated fiiaVirgo we are already 4 orders of magnitudéobe
the sensitivity meaning that this noise shouldb®tn issue for AdV since this noise is proportidoghe
power stored in the IMC cavity. Considering thensdinessd- and a 144 meter long cavity, this noise is at

maximum about 4. I8 /+/Hz over the whole sensitivity bandwidth meaning tat are well below the
AdV sensitivity that should be about 3. %0+/Hz at 300Hz §].

4.11. Conclusion

There are no mature studies for the bow tie casatyfiguration. Besides, the scattering issue wdndd4
times worse and the alignment/longitudinal contsauld be far more complicated. This option would
require a huge design study effort and consequeshibuld be reconsidered only when LG33 will be a
serious option for an upgrade of AdV.

The scattering from end mirror issue can be oveecanthout shortening the IMC. So there is no strong
motivation to change the Initial Virgo IMC length.

There are 2 options for the finesse....
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First option: the finesse has to be as high asilplesand its choice is limited by the losses of dawity

(constraint on throughput), the thermal effectsp@eling on corrective system efficiency) and raolmat
pressure effect. To be conservati¥e1000 should be ok according to what has been sksclin the
previous sections but further studies are required

Second option: the finesse has to be low enoudtetable to remove the Faraday isolator, but sighh
enough to filter sufficiently the beam jitter noisePreliminary considerations seem to show that adcc
lower the IMC finesse down to 100. A detailed stiglgieeded to confirm this statement.

5. Reference cavity (RFC)

A reference cavity (RFC) is used to pre stabileel laser frequency during the lock acquisitioggbthe
frequency stability that is small enough to loc& tbng arms (typically, it should be of the ordéAd1z rms

for AdV[24]). The frequency pre-stabilization isetu®d only as long as the Second Stage of Frequency
Stabilization is not engaged.

The reference cavity according to the INJ bloclgchan should be installed after the IMC cavity opick-

off beam just before entering the Interferometer.

Since we will probably have limited space on thepsuinded injection bench to integrate all the corepts
needed for AdV, due to the fact that the SIB of Actild accommodate many big and heavy components
(high power compliant Faraday isolator, Power réogccavity mirror PRM1, IMC input and output
mirrors), the real need of placing the RFC suspetdow the SIB should be reconsidered.

5.1. Why the RFC is presently suspended?

The decision to suspend the RFC, under the Sligjnaies from the evaluation of VIR-NOT-LAL-1380-
051 [25]. There is essentially no subsequent coatiout about this subject.

After the first decision to suspend the RFC, argri@etup assumed this configuration. The reasa wa
based essentially on the fact that the suspendeddl IiRfel worked, there was no reason to change this
configuration, it seemed in any case to benefinfitbe SIB seismic isolation, and it was possiblgheut

any major drawback, to attach the RFC to the SIB.

At that time the frequency pre-stabilization wastedifferent from the one currently used in VIRGIhe
requirements on the frequency pre-stabilizationeweat quite clear.

There are several reasons for reconsidering tluside:

- The actual seismic noise in the injection area (@gches in the laser laboratory) is now knowd, an
could be different from that used for the first lexsdion in 1993.

- The frequency pre-stabilization topology has chdrgignificantly.

- The needs for the frequency pre-stabilization &téeb known.

- The needs for AdV could be different

- Itis difficult to find space and available weidght the RFC in the SIB of AdV.

In addition to that, it should be taken into acdaimat in LIGO the RFC has also been positionedidatthe
interferometer vessel, in vacuum on an externatihémthe laser area. There is no major drawbgotrted
as a consequence of this choice. This configuratitiroe adopted also in Enhanced LIGO and in Adeh
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LIGO. Specifications on RFC frequency control fod\A are reported in AdV INJ design requirement
document [24]

According to that, at present it should be assumed:

Av < 4 Hz RMS integrated down to 10 Hz.

5.2. New computation

5.2.1.Vibrations

We assume that in VIRGO the level of the pre-sizdul laser was at about 0.2 Hz/sqrt(Hz) betweerafdL
10 Hz, and an RMS of about 3 Hz (smaller than THedavity line width). Figure 23 shows a measureimen
of the frequency noise of the pre-stabilized |las&fIRGO before the closing of the SSFS loop.
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Figure 23: Frequency noise of the pre-stabilizeddabefore closing SSFS.

The measured frequency noise satisfies the regammesreported in VIR-NOT-LAL-1380-051 between 0.1
and 10 Hz, and has been sufficient for the VIRGEkilog. The computation in VIR-NOT-LAL-1380-051

exceeded this value above 5 Hz.
The main reason for suspending the RFC resideldeireffect of the block vibrations, when the silidack

was subjected to the (horizontal) seismic noise.
We have performed again the same computation ofNAIR-LAL-1380-051, using the horizontal and

vertical accelerometer spectrum measured on the EIB
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The assumptions are the following (same as VIR-N®@IL-1380-051):

mass of the silica block of the RFC M =13 Kg

length of the silica block L = 300 mm

effective radius of the section of the silica block | R = 100 mm (section: S=0.013)m
Young modulus of silica Y= 6.7x 10"°Pa

According to L. Chen et al.[26] the fractional Iémghange of a cavity in the shape of a cylindrimdatk (in
this case subjected to gravitational force) is gilg:
AL

L
— ==X X— 19
C T TPXOX (19)

where Y=Young modulus, L=cavity lengtb=material density, and where it is assumed thawiheation
force is uniformly distributed on the silica blodakoss section. This expression holds for vibration
wavelengths longer than the cavity in the vibratiinection. Given the material dispersion relation:

w=_|—k (20)

where k=2v\ is the sound propagation constant inside the iahtgpace, for ULE (Y=6.% 10° Pa), if
f=w/2r<1 kHz, we have thak>3.9 m. Therefore, for the frequency of interdstlQ0 Hz) and a cavity
length of the order of 30 cm, the vibration wavelénis much longer than the cavity, and the exoiabf
the microscopic oscillators of the material carcbesidered collective.

The former expression is essentially the same usediR-NOT-LAL-1380-051. In addition, this note
assumes a relative offset of the force applicatiomt of Offs=0.02, which should take into accoohthe
force application point. This offset is directly hplied to the vibration coefficient connecting vty
elongation and acceleration. Already in the notéhal former assumptions are considered pessimistic

The formula used in VIR-NOT-LAL-1380-051 was thenef:

AL F x Offsx
L Y

L = Max Offsx 1 (21)
x S Y

~

The frequency noise spectrum for a wavefront loakedhe cavity length L is given by:
v _AL
v L
(22)

5v:vx&:vxF><Offsx L = Max Offsx 1
L S Y xS
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The frequency noise spectrum obtained in this vgayng method as in VIR-NOT-LAL-1380-051 is shown
in Figure 24.

Yertical

F'] —— RMS vertical
_ Horizontal :
F-{ —— RMS harizontal |-

Hz/sqrt(Hz)

Figure 24: Frequency noise of a wavefront lockethéoreference cavity on which the seismic noisasueed on the EIB is
active: between 0.1 and 10 Hz the frequency jitsults to be lower than 0.1 Hz/sqrt(Hz). Red: zumtal accelerometer (cyan:
RMS), Blue: vertical accelerometer (green: RMS).

Figure 24 shows that the frequency jitter, compuretthe same way as in VIR-NOT-LAL-1380-051, would
therefore be, in the bandwidth of interest (bel®\Hk), the theoretical frequency jitter of a bedmaked on

a cavity, on which the seismic noise as measureith@ikIB were active, should lay close to the fergry
noise of the pre-stabilized laser used in Virgoiclhs achieved with the suspended RFC. In pddide
RMS up to 10 Hz, if the major peaks between 10 a@dHz (EIB table mechanical resonances) were
damped, would be in the range of the AdV specss Waiuld mean that if the cavity were placed onBHg,
given a damping of the present mechanical resosarthies could be acceptable for the frequencyrjitte
performance of the Virgo pre-stabilized laser.

It should be noted that the computation method w@wd®n/e is performed in pessimistic conditions (@orc
acting uniformly on the surface, application foredative offset of 0.2), and it is likely that thération
action on the silica is overestimated. A reliabdenputation of the cavity elongation due to the B#ssmic
vibration would need a FEM simulation. We thinktttiee results above, however, would justify consice
the possibility of moving the cavity outside of tiieetower to the EIB, and a more precise evaluatibthe
real frequency noise in these conditions.

NB: Estimations of frequency noise given above rat@ble only below 200 Hz since episensors used to
measured EIB motion have a limited bandwidth ofdrger of 200Hz.

5.2.2.Comparison with RFC leaning on ground

Placing the RFC on the EIB has some advantagesregiiect to simply placing it on ground. Figure 25
shows the comparison between the frequency noiseceéed from the RFC on the EIB and on the ground
(vertical ground seismic spectrum measured closleetdMC tube between EEroom and Laser lab).
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Figure 25: Blue curve: frequency noise with the RifCthe EIB; red line: RFC on ground.

5.2.3.Misalignments

The equivalent displacement noise for an opticaltgaas measured with the Pound-Drever demodulated
signal, is taken from the Calloni et al. paper [27]

_ & (=, n7) | 2sina) _ sin@+g,) _ sinl@-6,) | AL( . .=
&(f)_SVOFZ(g'“ﬂ'ﬂ) [1—00&(0') 1-coda+6,) 1-coda-6,) * Ve (g,ﬂ+,8|g)f 23)
=gz (8 +ABRlaa,)+ R A7)
where:

e=a/w,,B8=i6/6, , coda/2)=./1-L/R)1-L/R,) ; 8,=20QL/c, a=displacement cavity-beamy
= beam waistg= cavity-beam misalignment angi&,=beam divergencé, = radius of curvature of cavity
mirrors, ,g=low frequency cavity-beam displacemeat,= high frequency displacement spectruh¥ low

frequency angular misalignmer{i = high frequency misalignment spectrum.
The corresponding frequency noise of a beam lookea cavity having this length noise is:
ov = gvo (24)
X

x being the cavity length ang the laser frequency, with the RFC parameters:

x=0.15m
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Reun=0.5m
Wo=285um

We can assume thaf is given by the accelerometer measuremehis given by the accelerometer
spectrum divided by a few meters (distance betwkser and RFC, corresponding to the relative
displacement between EIB and LB). We can assunpsence of an automatic alignment so that 1

mm andqd is 1 mrad

In these conditions the corresponding frequencgenis shown in the Figure 26.
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Figure 26: Estimated frequency noise coming fromitganisalignment.

It is well below the vibration level and the RF@duency stabilization requirements.
5.2.4.Doppler

The fluctuation in frequency given by the cavitpnations is described as a fluctuation in the plugbe
light coming from the laser source to the cavity:

o = 2/]—" & (25)
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wheredz is the optical path. The change in frequencyesefore:

o7 =20 9 (%)= 20 57 = 270 vel (26)
c ot c c

where vel = Laser-cavity speed. It is therefore equivalentatdoppler effect. The spectrum of this
expression is in Figure 27.
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Figure 27: Estimated frequency noise putting th€RR the EIB.

The "Doppler effect" could therefore be non nedligi(TBC).

5.2.5.Suspended cavity

If the cavity is suspended to a simple pendulurmgesi®=0.6 Hz, Q=1000, TF as in Figure 28 below), the
resulting frequency noise on the RFC, in the saomglitions as in Figure 24 is shown in Figure 29.
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Figure 28: TF of a single stage suspensigr0.6 Hz, Q=1000.
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Figure 29: Blue: frequency noise as in fig.13, saepended cavity; red: frequency noise with theeseawity

suspended to a single stage suspension.
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The strong peak at 0.6 Hz is the result of the Enapplication of the pendulum TF to the noiserarbn

the RFC. In real conditions this peak would be dadnipy the pendulum damping control. On the otlok,si
the 40 Hz peak is much lower than the 0.01 Hz tiokels These results show two things: first, that a
suspended cavity should fulfill the requirements tlee pre-stabilization of Virgo, and so far for YAd
Second, that the expected noise, above 1 Hz, chriawer than the effectively measured noise of the
suspended RFC in Virgo: if the red curve of FigR®els compared with the curve of Figure 23, theard

is in fact much below the measured one above 1llt4znot clear, so far, which is the origin of this
apparently excess noise.

5.3. Conclusion

The decision to suspend the RFC from the SIB ssperwas taken more than 10 years ago, before any
real experience in VIRGO beam stabilization, whiea pre-stabilization topology was different frone th
one actually implemented. The assumptions on tisenge noise were also different from the ones dbtua
measured, and the used mechanical model was venpglitséd, probably pessimistic. If the same
computations as performed in 1993 are performed inathhe VIRGO measured environmental conditions,
the results could lead to the conclusion that itasnecessary to suspend the RFC. LIGO experi@graseng
similar frequency pre-stabilization requirementgras to confirm this, and also in Advanced LIG ot
planned to put the RFC suspended into the intarfeter vessel. The suspended RFC solution has been
maintained in VIRGO because it was possible wittamy significant drawback.

On the other hand, in AdV the INJ tower and the @IBlikely accommodate many more large components
with respect to the present. The SIB will be crov@md heavy. The possibility to remove some of the
components (namely the RFC) from the INJ tower utside the ITF vessel would largely simplify the
optical and mechanical design of the injection exystas well as its alignment and control, thus owiny

the performance of the system.

Even if the solution to suspend the RFC from the, &fter the IMC, would be still the preferred aptj for
this reason the possibility to move the RFC from 81B to the EIB should be carefully evaluated. FEM
simulation of the cavity placed on the EIB leanmy ground, in order to evaluate the real effecthef
seismic vibrations, and computation of the othessilile noise sources, such as beam jitter, shoaild b
performed. The possibility to design a small suspmnfor the RFC, to be installed on the EIB, sdaalko

be evaluated, taking as a reference the alreadiemgmted LIGO RFC mount. If the simulation showed
that the level of vibration noise would be accefgathe advantage of having more free space intohér
would be significant. Furthermore, the possibititysuspend the whole EIB, on which the RFC would be
placed, should also be taken into account.

6. ITF and IMC reflection sensing setup

6.1. The issues

These 2 setups have to be compliant with high poWeey need to be equipped with low scattering and
high damage threshold optics. A safe setup shaelldelsigned in case the high power beam reflectetdey
IMC or by the interferometer is highly misalignedtiwrespect to the setup. The backscattered lggid
should be taken into account. Finally, the setupukh provide large dynamic power tuning capability
(lambda/2 + polarizers).

The diodes/camera/electronics specifications aréreated in this document.
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6.2. Safety precautions

The light reflected by the interferometer and thput Mode Cleaner can be up to 200 W. So the optics
these paths have to be qualified for high powerleandthermal effects. Moreover, the beam refledigdhe
IMC or by the ITF will potentially reach the extatroptics in a different position than the one etpé (for
instance, if the Local Controls of the SIB are agrthe beam reflected by the IMC can reach thevEtB
a position different by 10cm with respect to thenmwal one). In order not to damage anything onEHg,
there is the need to install a large metallic p&téhe input of the EIB with just the necessarieldor the
beams reflected by the IMC and by the ITF when #reyin the nominal positions.

6.3. Power tuning capability

The system has to be capable of running with lowigh power at the input of the IMC/ITF. So the @/
in reflection of the IMC and ITF have to be adjldta We propose putting a half waveplate in these 2
setups followed by a polarizer. The waveplate basetremotely adjustable to vary the polarizateong so,
to change the power transmitted by the polarizkis $etup allows, as well, to set the polariza{ehbefore
all the optics as it could be not in right polatiaa (as it is the case right now in reflectiontioé ITF after
the Faraday Isolator periscope).

This setup should be followed by a beam-splittflecéing typically 95% towards the longitudinal sérg
diodes, and transmitting 5% towards the angulasiagrdiodes. The telescopes for adjusting beans sind
possibly Gouy phases will be located after thisaalitter.

This order of things is preferred for 2 reasonsedtricts the back-scattered problems to the wateepnd
the polarizer (all other optics see less power)d Arallows to have independent telescopes foryesensor.

6.4. Backscattered light current status

Currently, there are good models for assessingstiattered light issue but they often don't refldc
overall complexity of the system. But there ex@inge measurements and noise projections. The clonent
(done by I. Fiori) can be seen in Figure 30.
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Figure 30: backscattered light noise projectioNiigo current sensitivity.

As it can be seen, the scattering from the ElBoislimiting the current sensitivity but could betwal for
AdV. So, special care has to be taken for thecalitoptical components: wave-plate, polarizer aedni
dump. In case, this is not enough, a Faraday motatuld be added.

Right now, it is difficult to derive specificatiorm the bench motion attenuation to cope withigsse. It is

a bit the same for the specifications on the banokions derived from the input beam jitter requiesns.
The best effort for the quality of the optics, iarficular the beam dump, is recommended. Mechanical
solutions to attenuate bench motions are undey stuNIKHEF.

Some tests are under progress in the EGO optictotatbesigning a beam dump with very low scattering
properties and high damage threshold. Currently,haxe succeeded in developing a beam dump with
damage threshold of around 100W (for a 1mm beam),sand with a total integrated scattered light of
around 10ppm (see section 2.2.2 for more details).
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7. Faraday isolator

7.1. High power Faraday isolator

Light back reflected by the ITF towards the IMC leh®ady been an issue in Virgo (see sectiok4d!
Reference source not foundfor more details). This problem will be more sigrant with the higher power

of AdV. The solution for this problem has been tise of an in-vacuum Faraday isolator placed betvleen
IMC and the ITF.

With the higher AdV laser power (180-200 W inpuiyao), standard Faraday isolators will exhibit lo$s
optical isolation, due to thermally induced bire§fence, and very high thermal lensing. In ordeetxh a
good level of optical isolation (more than 40 dB)xuastom designed Faraday isolator has to be used,
including depolarization compensation and a passore=ction of its thermal lensing. A design depeld
during many years of extensive experimentationdigsady been adopted by LIGO, and should fit abso t
AdV needs.

The in vacuum Faraday isolator properties necesea@dV should be to:

- withstand high average power (300 W) over longaaks,

- provide enough optical isolation,

- be compensated in terms of depolarization anchtakelensing (residual focal length> 100 m),
- provide good transmission and reflection,

- not to be too big and heavy.

Optical isolation performance, according to LIGQperience (which has been carried out in collabonati
with Novgorod IAP group), strongly depends, aetagower level typically exceeding 50 W, on thermal
depolarization effects in the TGG crystal. Depdation has to be ascribed mainly to the temperature
dependence of the Verdet constant and to the plastaeeffect [30]. Many years of extensive expecein

the Novgorod group [31] have lead to an opticaligitesf a Faraday isolator which compensates thermal
depolarization effects. The optical isolation pamd by the Faraday isolator prototype should bldrighan

40 dB with laser power higher than 250 W (AdV reqment) [17].

The schematic of the candidate Faraday isolatoA&)M is described in detail in [31]: it comprises aput
polarizer, a half waveplate, two TGG crystals rotthe polarization by 22.5°, separated by a %7.5
polarization rotating Quartz Rotator, and an enldnmer. A difference, with respect to LIGO, coudd the
use of a larger free aperture TGG crystal: the LiG&@ator has a free aperture of 20 mm. In Ad\thé
beam coming out from the IMC will have a diameted @m, a 25-30 mm aperture Faraday isolator should
be more convenient, in order to avoid beam sizeatsmh (in case we use a marginally stable recgclin
cavity). In the case of the Non-degenerate recgctiavity, a 20 mm clear aperture Faraday should be
enough.

The candidate polarizers are Calcite Wedged p@exi@bout 4.3° wedge) or Brewster Thin Film paks
(tests have been done within High power input gp®&D program EOT polarizers are very promising for
high power).

A motorized half waveplate is used to compensatehi® drop in optical isolation that appears gdnagn

air to vacuum (about 10 dB in Initial Virgo). Theslution is already used in Virgo+ and its effiagrhas
been confirmed [32].

Thermal lensing in the in-vacuum Faraday isolatas hlready been experienced in Virgo. The induced
thermal lensing results in a mismatching of thenb&ath respect of the ITF. The thermally induceddb
length in Virgo, with 10 W input power in the Faggdisolator (almost 20 W considering the reflectadn
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the unlocked ITF) was of the order of 100 m. Irstbase, the induced mismatching is of the orddr %,
thus not affecting the ITF performance. Scalingidahirgo situation to the AdV higher power (200)\whe
computed resulting induced focal length is of akii®iim, thus yielding an unacceptable mismatch d¥#37
Passive compensation will use most likely a DKDEufdrated potassium dihydrogen phosphate;FCL)
calibrated rod mounted after the Faraday isolaibee thickness of the rod is critical for exact legs
compensation, the exact dimensions depending on[D&®RI TGG parameters. These parameters are not
exactly known a priori, this making it difficult tout exactly the slice with the right length. THeeet of the
DKDP slice could be changed by changing the crysaiperature: a remote temperature modification
should be implemented. The DKDP should be contaitiesd heater/cooler (e.g. a Peltier placed belav th
thermally conductive mount of the DKDP), thus aliogvto tune the lens compensation (see sectio2.8.5.
for further explanations).
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Figure 31: High power UHV compatible Faraday ismlatompensated in term of thermal lensing, deprdéion and with
remotely adjustable isolation.

The dimensions of the Novgorod-lIAP Faraday isolat@ quite big compared to the initial Virgo Fanada
isolator. The weight is about 12 kg. The clear aperis 20 mm. The possibility to have a largeracle
aperture has also been evaluated (25-30 mm). Dior@ng is given in the IAP report [17].

The accommodation of this large device in the inpench vacuum vessel of Virgo could be an issue. A
solution will have to be found once the ITF opticahfiguration has been decided.

7.2. High power isolator tests

In order to perform these tests a high power |&sality was set-up in the EGO optics lab. It relien a
commercial 200W ytterbium laser from IPG photor{gxse [33] for more details).

We have focused on the understanding of the theefifetts happening in faraday isolators. When lieate
up, the thermal effects created in a TGG crystagneto-optic material used in faraday isolatorg) ar
responsible for thermal lensing, depolarizationtte# light and modification of the polarization ribb@
angle. All these effects are spoiling the perforoganf the isolator and can be different if the asof is
placed in air or in vacuum, since it changes sigaiitly the thermal conditions.

These three effects will be explained and charaeerin the following sections.

7.2.1. Thermal lensing effect

7.2.1.1. Thermal lensing effect measurements

To study the thermal lensing effects, we have ped test bench that can be seen in Figure 32. \&¢hes
200W pump laser to heat up Faraday componentseldcata test area. The lensing effects are evaluate
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looking at the modifications of a low power singt®de laser (JDS Uniphase 100mW NPRO laser) used as
a probe beam. This laser is sent to the elemen¢ tested in the opposite direction and polarisadiothat
of the pump beam. The probe laser is then analytbca Shack-Hartmann wave front analyser.

TFP : Thin Film Polariser
FI : Faraday isolator
SM-PM fibre : Single mode polarisation maintaining fibre

JDSU 100 mW laser
IPG 200W laser [}

S-polariz
S-polarized probe beam

f=60mm

Figure 32: High power input optics test bench sahiem

Figure 33 gives the results of these measurementa laser power going from 10 to 125 W for two
different TGG crystal rods from the same manufaat(@lorthrop Grumann). These samples are actuadly t
same kind as those installed in initial Virgo SEdday. In order to understand the measured effeets
developed a finite element model analysis codetopute the thermal heating of the TGG samples.rEigu
33 also shows the simulated focal length for défervalues of absorption of the crystal. The sithoihes are
in good agreement with the measurements, with pbearvalues close to that of the manufacturer ¢abo

1500 ppm).
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Figure 33: Thermally induced lensing in TGG. Triasgand circles are experimental results. Lines
correspond to results obtained with the finite edatrmodel code.

All these measurements have been carried out.ihna&r vacuum, as only the radiation is cooling ddahe
samples, the heating of the crystal is very difier&levertheless we could show with the simulattwat the
thermal lensing is quite similar, due to the fdwttthis is depending primarily on the radial terapgre
gradient inside the crystal and not on its avetaggerature.

7.2.1.2. Thermal lensing effect compensation

We can see in these measurements that alreadgragavpower, we are experiencing a significantimgns
effect (13 m is reached at 125W for TGG crystall2YGG crystals. It is clear that the current desij
faraday isolators has to be modified in order ttuce this effect when going to high power. One bigy

is to include in the rotator an element realizingaasive compensation of these geometrical distwtiFor
example it is possible to include a crystal of DKi@Rich exhibits a large negative thermo-optic coefht
(dn/dTokpp=-4.4.10° K™* to compare with dn/digs=1.9.10° K™%).

With the same setup used for TGG measurement, stedtea few plates of this material provided by
different manufacturer. On Figure 34, we can ssalte of negative thermal lensing created in a 4imok
plate bought from Leysop Ldt (UK). With our simudat tool, we could derive an absorption of thistglaf
about 800ppm.
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Thermal focal length created by a 4mm DKDP plate
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Figure 34: Thermal focal length created by a 4mnDIPK Simulations agree for an absorption of 800ppm.

Then is is also possible to compute the lengthkDB necessary to correct for the TGG distortions.

As an example, the simulation of the thermal effach Faraday of 1800ppm has been performed with a
power of 40 W, which corresponds to an inducedntiaé¢ focal length of about 60 m. We used the finite
element model simulation in order to estimate #mgth of DKDP necessary to compensate for thisrtaer
lensing. In order to optimise the DKDP length w@euimposed the absolute phase shift induced by TGG
and DKDP and adjusted DKDP length to match thea@dwe as best as possible. The result is given in
Figure 35, we got a good superposition for a 3.4 lemgth DKDP rod in this case.
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Figure 35: Passive compensation for a Faradayt@gadeossed by 40 watt power laser beam (an exgmple

In order to validate our model, we used experimeadta from the Virgo interferometer and experinaént
measurements [28] that have been performed on itige ¥uspended injection bench Faraday isolatoe. Th
investigation into the TGG physical parameters hasn done and an absorption coefficient has been
evaluated. We got 1600 ppm/cm for the Initial Virg&G crystal. Experimental tests are planned in the
near future with the 200 W laser as part of theGHRE.D.

7.2.2. Depolarization effect

The second spurious thermal effect impacting Farétdators is the depolarization inside the TGgstal.
This effect was characterized with the 200 W puaget by placing a TGG crystal between two crossed
polarizers. By measuring the small fraction of tigfansmitted B,,,) by the second polarizer, it is possible

to evaluate the depolarization defined by= P,,./ P, for different laser powerR,,) (cf. Figure 36).
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Figure 36 Depolarization (dB) in a TGG crystal as a functidrihe incident laser power (V

We can see from these results thata power higher than about 70 W, is proportional tcP? (see also
[31]).

This depolarization inside the TGG crystal canretbmpensated and directly affects the isolatiotofeof
the Faraday. One strategy can be to tune the way &G is cut with respect to its crystallographes
According to Khazanov [JQthis parameter haslarge influenceon the amount of depolarization. Taki
into account this property, it seems more conventendesign faraday isolators with depolarizat
compensation[304s described in secti(7.1 which, by design, depolarize lessd alscare less sensitive to
TGG crystallographic orientation.

In order to design such an isolator that fulfilld\Arequirementsa collaborationhas recently started with
the Novgorod-IAP. Sme results are given [17].

7.2.3. Verdet constant temperature dependence

The third thermal effect spoiling isolator propestiis the modification of the rotation angle of theaday
isolator when the TGG crystal is heated. This is ttuthe temperature dependence of the VerdetamV
and can be derived from:

do=2N ot (27)
vV dT
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wheredT is the temperature change of the Faraday crya&ltallaser heating anél= nLVB (n is the TGG
refractive indexL, the crystal length anf, the magnetic field).

This effect results in the loss of isolation obgerwhen increasing the power inside a Faradayt@mo/e
could measure this loss of isolation using the M0@ump laser heating a spare of Initial Virgo Fanad
isolator. By retro reflecting a small amount of thewer transmitted by the faraday (about 4%), wadto
measure the isolation, shown in Figure 37, for poyaeng from 2 to 48 W. These tests were done hinty
the isolation at low power (2W) and by measuring tatio between back transmitted light and totgthtli
sent back into the isolator when the power is iaseel.

As we can see, the isolation change is much difteire air and in vacuum, due to the different tharm
conditions.

In order to check these measurements, we measoreal jower of 37W the temperature change of the
crystal and used this value to compute the isalatltange using equation 27. We found isolatiorsboiut
34 dB and 37 dB in vacuum and in air respectiwalyich is in good agreement with the measurements.

Faraday Isolation change

44
42
Isolation ch in ai
% 40 Fe) ELLD = olation change in air
G o “dn
2 38 o= OO0
L O O |
o 36 O— O
L O OO
O L3
34 ®
Isolation change in vacuym O 5
32 mEEe=
30
0 10 20 30 40 50 60

Power inside the Faraday (W)

Figure 37: Experimental measurement: Faraday isal@hange vs laser pumping power (W). in air (sgsjg in a vacuum
(circles).

In order to compensate for this effect, it is pbksito introduce a half wave plate inside the iswla
(between the Faraday rotator and a polarizer) topemsate for the rotation change due to the teryera
This solution has been tested under vacuum fosexr lpower of 38 W. By turning the waveplate by dbou
0.7°, the isolation can be improved from 32.8 to43@B. The limit of isolation is then probably dtee
depolarization inside the TGG.

These measurements, together with the simulatianis téthat have been developed, permitted the
understanding of thermal effects in the Faradalaiscs.

The next step will consist of designing and buip{during 2009) a prototype that fulfils AdV regerinents

in collaboration with Novgorod-IAP group.
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7.2.4. Prototype design (Institute of Applied Physics,
Novgorod, Russia)

The report on the design activity of IAP (which leagensive expertise in the field of high power ptiamt
Faraday isolators) was delivered at the end of Mag99 [17].
The IAP group reports on the design activity thas been carried out in Russia on possible schemags t
could be compliant with AdV requirements that hbeen listed in section 7.1.
Four different kinds of Faraday isolators (FI) hémezn considered in this study:

- Traditional FI (see Figure 38.a) with and withoeihforced magnetic field

- Fl with depolarization compensation (see FigurdB®&ith and without reinforced magnetic field.

a g F = — ===

I%I I 3 I 4 _ straight pas
1 /1
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Py | I —
b 2 F— == ==
1 15 6 51 4 .
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Py —= [|_ —A
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Figure 38: Traditional FI scheme (a) and a schehf@ with compensation of depolarization (b). 1+ #olarizers; 2 A/2-plate, 3
— 45-degree magnetooptical element, 5 — 22.5-deguesgnetooptical element, 6 — 67.5-degree reciprpokdrization rotator.
Dotted line shows the magnetic system of FI.

Having a reinforced magnetic field enables the cédn in length of the TGG crystal to be used.His tvay

we can lower the total absorption of the TGG artlice thermal effects that are appearing in thetarys
(thermal lensing, depolarization and verdet coristdiange with temperature (see previous sections fo
more information and IAP report [17].

On Figure 39, depolarization in different kinds lefraday isolators is reported. The best result were
achieved with a Faraday isolator compensated fpoldezation with a reinforced magnetic field (whit
circles). In this case the depolarization is lowean 40 dB for 200W meaning that we should be #ble
fulfil AdV requirements with this kind of isolat@hoosing the right TGG crystal (good quality).
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Figure 39: Depolarization versus heating radiatiower in traditional FI without compensation (blaziuares, curve 1) and with
compensation (black circles, curve 2, 3) of theatfization; in FI with reinforceti with compensation (white circles) and
without compensation (white squares) [4]. Curve? Were plotted by formulas, 3 — numerical compatatesult.

On Figure 40, there is a picture of the Faradatatoo that could be used in AdV. It is about 130 homy
and 130 mm diameter and weighs about 12 kg. Pessiéhr apertures are in the range of 20 mm to @7 m
without change of dimension and weight and for egjent isolation ratio of the whole device.

Figure 40: Photo of the FI magnetic system in g cas

The study showed that it is possible to build dh@at fulfils AdV requirements. The second step ¢sissn
building a prototype (HPIO R&D program). The protian of the pieces should start once the specifinat
have been delivered to IAP and the strategy to sidloe appropriate TGG crystals have been defiwed (
have the possibility to buy the crystals in Russifrom Northrop Grumman).
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8. Thermal effects monitoring and compensation

This part deals with the thermal effects that w#l present in the AdV INJ and their possible flatitans
depending on the ITF use (commissioning, scienceéendfter listing the various sources of thesertrad
effects, we will see that it is necessary to cdnthem. This can be achieved by using differentnibea
monitoring associated with active or passive corspBon systems. Various possibilities can be faese
and will be discussed there.

8.1. Thermal effects in AdV INJ

The experience acquired during Virgo and Virgo+ pussioning showed that the main parts of the
injection system subject to thermal effects arelM€ cavity, the suspended bench Faraday isolatdr a
some various elements on the external injectiorchbeim this part we will give precise numbers caonogy

the Virgo case and will extend this to AdV.

8.1.1. Thermal effects in the IMC
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Figure 41: Left :Contrast defect of the RFC forivas powers inside the Faraday, with and withoutahtghed. The difference
between the two curves is a proof of thermal effécside the IMC. Right : FEM simulation of the tieg of one of the flat
mirrors of the IMC

This effect was first noticed by observing the atian of contrast defect of the RFC cavity (locaater the
IMC) while power is increased. To discriminate beén thermal effects inside the IMC and the suspknde
Faraday, the measure of RFC mismatching was datfieand without PR aligned (Figure 41, left). We see
here that for the same power inside the Faradaycdtimtrast is worse when the PR is misaligned. This
means that the IMC is suffering from thermal eféect

A FEM model was done to simulate the thermal effeiciside the input mirrors starting from their
absorption. This simulation enabled to calculagetttermal focal length created and also the astigmaof
the beam which is resulting from the 45 degreedece on the input mirror (see Figure 41, rightith
this code we obtained:

58



(@

which means that the output beam of the IMC shawite @n important thermal astigmatism [37].

I:Horiz = ]/ O,O?X I:)abs
Fer =1/0,046x P

abs

(28)

Using this simulation in combination with contralfect measurements on the IMC reflection, we could
derive a mirror surface absorption4f ppm for the flat mirrors of the dihedron) [36].

As the beam arrives at 45° incidence with respetté mirror, the tilt of the output beam of the@Nk also
modified when power is increased. As an examplesnwpassing from 11 to 25W of output power we
measured 1furad of tilt modification.

It is difficult to adapt these measurements towdetine AdV case. Indeed, the absorption of thenfliator of
AdV IMC should be close to the actual Virgo onefobe their installation (which was 2 ppm). As wesse
some aging or pollution effect may have deteriatateese values and this seems difficult to prenfict
advance. In any case, we can estimate that withVii&f incoming power on the IMC, the thermal focal
length would go from 250m to 6m for absorptionsyir ppm to 40 ppm.

8.1.2. Thermal effects in the suspended bench Faraday Isol  ator

When heated up, the thermal effects created in TBGtal used in isolators are responsible for tlaérm
lensing, modification of the polarisation rotatiand depolarization. All these effects are degradimey
performance of the isolator. In this part we witlyptreat the problem of thermal lensing.

The measurements done as part of the R&D prograigh“idower input optics for AdV” showed TGG
absorptions of about 1600ppm/cm [34]. These valum® cross checked directly on the ITF by measuring
the mismatching on the 3km FP cavities when thatippwer is increased [35].

As an example, for 40W of power inside the Fara@ayich corresponds to the maximum input port power
for Virgo+) the measurements done in laboratorywat a focal length of 70m due to thermal lensing
created by the Faraday itself. As we said, thisitencreates mismatching on the FP cavities. Oargig2,
we can see simulations realized with Finesse antbXdhat computes this mismatching as a functiahef
lensing created inside the Faraday. We can thenluds that at 40W, the mismatching induced is ef th
order of 5%.

We see from this simulation that it is mandatorkeéep thermal lensing in the Faraday quite smakrfaf
it can be partially compensated by the ITF modechiag telescope). Up to 50m of focal length seems a
reasonable value at full power for Virgo.

For AdV, this sensitivity will be different due tbe different optical configuration . What we cay $s that

taking into account a power of up to 250W inside fraraday, a compensation of this effect should be
foreseen (see section 7.2.1.2).
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Figure 42: Mode matching on the 3km Virgo FP casitas a function of the thermal focal length crkdtside the Virgo SIB
Faraday Isolator.

The Faraday Isolator developed by the Novgorodtiristof Applied Physics for AdV should provide buc
a compensation (see section 7.2.1.2) and thexefioe residual focal length should be much smétien
that of Virgo+.

8.1.3. Thermal effects on the External Injection Bench

A few optical elements on the external bench caildd suffer from thermal effects:

» Commercial Faraday isolator on the EIB: such ameld should be used before the laser system
to further improve the isolation of light comingdikafrom the ITF. Measurements made during Virgo+
commissioning showed a thermally induced focal fleraf up to 2 meters [38] at full power .

» Commercial polarizers. It was shown in the fram¢éhefR&D program “High power input optics
for AdV” that much care should be given to theilesdon. The different polarizers of the actual gér
injection system were tested and showed thermall feagths from 2m to negligible for a power of Y00
and a beam waist of Imm. It was possible to idgrsifitable polarizers for AdV taking into accouruthp
EIB and SIB constraints with negligible thermaleetfs.

* EOM (see section 1): The remaining lensing aftexcs®n should be negligible at full power.
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As we see, we will be able to select suitable etgmen the EIB to get small residual thermal efedn the
case of the Faraday, it should be placed beforéMi@zmode matching telescope where its lensing by
compensated. Moreover, it should be noted thaha#ie elements will be placed before the EIB IP@wh
will keep the effects constant when changing th€ liMput power.

In this part, we listed all the elements that coaudfer from thermal effects in the AdV INJ. We tbsee
that even if much care will be given to the setattand design of these different elements, theluesi
effects are not necessarily negligible. This jiesithe development of a monitoring and controtesyis

8.2. Impact of the INJ thermal effects depending on ITF use

In this section, we study the impact of the preslguisted effects on the functioning of the ITF both
science and commissioning modes to point out ne@edsrms of compensation and monitoring of these
effects.

Science mode:

In this mode the power should remain constant @IEIC-SIB. The power that should be sent to the ITF
can be adjusted using the 2nd IPC system (se@s&t). This enables to keep thermal effects emsh
the injection. Nevertheless, it can be interestingnonitor the beam sent to the ITF.

A few transients can still modify the beam charasties in case of:

. Lock-unlock of the IMC: this creates a transientIBC matching, a transient on the beam coming
out of the IMC and a transient at the output offaeaday.

. Lock-unlock of the ITF: while the PR is aligned ohgr the lock acquisition the power inside the
faraday on the SIB changes (about 25% in the \iage).

. Lock-unlock PMC: transient on the IMC matching, INGtput, SIB Faraday output.

We see here, that even in the case of science msode time dependent thermal effects can impact the
functioning of the interferometer. It would be tefare very convenient to get a way to monitor thém.
addition, some passive (or active compensationlddoeip reduce transients and therefore help ITkitg.

Commissioning mode:

In this mode, we have all scenarios of science mbdaddition, it will be also needed to change pow
inside the first IPC on the EIB in order to stutgrmal effects in the IMC. This changes thermat@ in
the IMC and the Faraday. Therefore, it seems peagtical to get a second monitor of the beam dlffter
IMC.

In commissioning mode, it would also be interestimgvork in the following configuration: IMC lockeat
low power-ITF locked at low power. This means tvat have to keep absolute thermal effects in the,IMC
IMC output and Faraday limited (because in thisecdme amplitude of the effects would prevent a full
compensation by simply adjusting the benche’s teless).
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As a whole, we think that taking into account thagmitude and the numerous thermal effects thatdcoul
impact the INJ, we strongly recommend to develoway to monitor these effects (exact place to be
discussed further) and a way to compensate thehis cbmpensation is not totally mandatory in sagenc
mode as the IPC can be used to keep the injectizaya in the same thermal conditions. It is nevalgbs
highly recommended for convenience in commissiomrmage and would also help to reduce transients in
both modes.

8.3. Beam Monitoring

A beam monitoring system is an essential part @ INwill allow to assess the quality of the beatrall
stages of the injection and to monitor thermalgrants providing the necessary error signals fgraative
compensation.

8.3.1.Beam Parameters to measure

The main aberrations that are caused by thermattsffin AdV INJ are tilt, focus and astigmatism. In
addition to measuring aberrations due to thermfaicesf it will be important to measure also highedten
modes, as it is the global quality of the beam thedines the efficiency with which it is coupledarthe

IMC and FP cavities. Therefore, in order to haveomprehensive understanding of the system and the
necessary error signals to compensate, it is n@gegshave a complete picture of the amplitude @imase

of the beam.

An additional complication is the fact that the tmeeontains several different fields, namely theiearthe
upper sidebands and lower sidebands. These tlelels tould be modified differently. This could et
case at the level of the EOM where the modulatiomade. Otherwise this may occur for each cauvity; t
IMC and of course the ITF itself. There is therefar need to measure the amplitude and phase @& thes
fields individually.

8.3.2.Location of beam monitoring devices

In order to decouple the various different effqmtsviously described in chapter 8.1, it will be eggary to
place beam monitors at various stages of INJ. Therdour points in the injection system where rtmimg
would be useful:

- Output of the EIB. This will allow the monitoring of thermal effeci{gresent on the External
injection bench. This will be of particular use ithgr commissioning showing the quality of the beam
entering the IMC and giving an error signal forustinents on the EIB. The beam could be picked
off after the first polarizer of the EIB IPC (segure 8).

- Transmission of the IMC. This will allow the direct monitoring of thermaffects induced by the
IMC. It will be necessary to pick off a beam anddé to the EIB.

- Input of the ITF. The quality of the carrier and sidebands defines well they will be coupled
into the FP cavities and recycling cavity respetiv Therefore it is important to measure their
properties individually at the input of the ITF. @paring the measurement here with that in
transmission of the IMC will give information abatlte thermal effects in the Faraday. The beam
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could be picked off after the first polarizer oétBIB IPC (see figure &nd then sent to the EIB for
measurement.

- Reflection of the ITF. Measurement of the carrier, upper and lower siddlbeams in reflection of
the ITF will give a wealth of information concergithe alignment and thermal effects in the ITF.

Individual monitoring for each of these places NJIcould prove to be expensive and cumbersome. A
possible solution would be to have just one of eacdmitoring device and to switch between the défifeer
beams when the need arises. Figure 43 shows arpéxafrthis setup that would be placed on the EIB.

EIB IMC ITF ITF
out out input reflection

|

W2 I shutter I [ shutter I | shutter I [ shutter ]

I ‘kés 0% 5; BS 50% :‘: BS 50% ‘.

Qu

.Jl Steering mirror BS

Monitor 1

adrant

BS

Monitor 2 f
BS @

Figure 43: Setup of the proposed beam monitoristesy. The four beams to analyze are combined W&am splitters. A
combination of controllable mirrors and quadramtgtdes to preserve alignment on monitor systems.

H

sl

The four beams are combined with beam splitterenTdnset of shutters is used to select a singléhaas
adjusted for tilt and translation using motorizedrars and reference quadrants. This beam is setitet
beam monitoring system which could be one or mexecgs.

Of course this proposed setup is suitable for noomigy applications, however if the monitoring isedsn a
closed-loop compensation then a dedicated monisyr e required.

8.3.3.Existing beam monitoring systems in Initial Virgo

The available beam monitoring systems in the igecsystem of Virgo+ are relatively basic. Tilt and
translation of the beam at the output of the exemjection bench and suspended injection beneh ar
efficiently characterized using near field andffald quadrant diodes as this is vital for alignihg beams
with respect to the IMC cavity and ITF. Howevertreg order aberrations are only indirectly estimdigd
looking at the camera images in transmission afelcteon of the IMC and RFC cavities and by measgiri
mode matching efficiency. The only tool for measgrihe carrier, upper and lower sideband indepeahden
is the Scanning Fabry-Perot which measures theivelantegrated intensity of each. In order to éett
understand and control thermal effects in AdV therdearly a need to find new beam monitoring sohs.
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8.4. Beam monitoring solutions

There are a large number of techniques availablenieasuring the amplitude and phase properties of a
beam. This section will briefly describe them.

8.4.1. Interferometers

8.4.1.1. Homodyne Interferometer

This technique interferes the beam to be measuntd avreference beam of the same frequency on a
photodetector. The measured intensity will be egldb the phase shift between the two beams. Asgta
DC detection then a CCD detector array may be tsedeasure the interference over the whole beam.
Typically to reconstruct the phase and amplitudehef beam three images are required where the phase
between reference and signal is changed by 90 elegfecommercial device is sold by ESDI [39] giving
the following specifications:

Image Resolution 768 x 576

Relative wavefront measurement accura¢$000

Frame rate: 30 Hz

8.4.1.2. Heterodyne Interferometer — “Phase Camera”

This technique interferes the beam to be measurddaweference beam that has been shifted in aptic
frequency. The resulting beat frequency betweertwioebeams is demodulated yielding directly thesgha
and amplitude information of the beam being meabuféhis technique is of particular interest for
gravitational wave detectors as it allows the meament of amplitude and phase of the carrier amth ea
sideband independently. The phase camera was egestalled for Virgo+ on the external detectioanich

[40] with the goal of measuring the effect of inputrror heating on the sidebands. Figure 44 shows a
schematic setup of the phase camera.

64



@)

Laser

80 MHz

CO S |

»>

EOM

A\
AOM oz @
N

Demodulation

Board ::Vp >
80MHZ
E>
6MHz

Figure 44 : Schematic setup of the phase cametaledson Virgo.
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The beam to be measured, containing the carrietwadsidebands at +6MHz is scanned over a pinhole
detector using a mirror mounted on a 2-axis pideotec actuator. At the detector the beam is miwétl a

reference beam which has been sampled from thetimjebench before the 6MHz phase modulation and
then shifted in optical frequency by 80MHz usingaousto-optic modulator. The mixing results intbea
frequencies of 74, 80 and 86MHz corresponding sy to the lower sideband, carrier and upper

sideband. Each of these signals is demodulatediyieh signal in phas¥fand a signal in quadratu?@.
From these signals the amplitufleand phasé‘ of the three fields may be directly calculated by

Vo
_hr2.,,2 warctalﬁ—j
E=VVr"+\Vo and Ve (29)

The phase camera is a valuable tool for understgrttiermal effects in the interferometer. Figureshbws
the field amplitude distribution for the carriercatwo sidebands when the interferometer is lockestep
12.
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Figure 45: Amplitude images for carrier (left), lemsideband (middle) and upper sideband (rightyebutput of the hot
interferometer.

We see clearly how thermal effects in the inteni@gter can affect the overlapping of the three &eldn
addition the phase camera may be used to measimetidins of the wavefront due to thermal effecgs b
looking at the phase image. Figure 46 shows thdiamde and phase Image of the carrier field inaetion
of the input mirror while it is being heated at trenter with a CO2 beam of 144mW.
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Figure 46: Amplitude (left) and phase (right) Imadearrier in reflection of input mirror being hed by the CO2 central spot.
Color scale for phase in radians.

We see clearly the distortion at the center ofvila@efront due to the thermal modification of theice

path length in the mirror substrate. The relativ@vefront measurement accuracy was determined to be
A/300. This accuracy is mainly limited by the stepibf the optical setup and with optimization coule
improved to abouk /1000.

The main disadvantage of the phase camera is tb@ toescan the beam to be measured. Scanning can
generate unwanted vibrations, introduce noisetimomeasurement and limits the frame acquisitite @
about 1Hz. The logical solution would be to useaamy of detectors instead of just one. Howeveheac
individual pixel will require frequency demodulatiovhich could result in complicated and expensive
electronics development. Fortunately much work hasn done in the field of sensor arrays for the
application of time-of-flight range finding [41These devices demodulate an RF optical signalctefiieoff

a target. The phase measurement is proportiondietdarget distance. Application of this type ofide
could give wavefront measurement accuracies obwy1000 with a frame rate of around 50Hz.
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8.4.2.Wavefront sensors

The term wavefront sensor is normally applied tstriiments used for measuring the aberrations of an
optical wavefront that do not require an unabedatference beam to interfere with, such is the das
interferometry. Consequently they can also measumecoherent sources and are commonly used in
adaptive optics systems, lens testing and incrghsim ophthalmology. They are also becoming
increasingly popular for measuring the charactessof laser beams. One of the main advantages of
wavefront sensors is that they measure locallytither curvature of the wavefront rather than #iesolute
phase. This makes them much more insensitive toatim. Here we will list the different available
techniques.

8.4.2.1. Shack-Hartmann sensor
A schematic diagram for the Shack-Hartmann wavéfsensor is shown in Figure 47.

Microlenses CCD sensor
array

Distorted Wave front

Figure 47: Principle of operation of a Shack Harmmaave front sensor. The local wave-vector dioects measured by the
displacement of the focal spot of each micro lens

It consists of an array of lenses of the same flecajth. Each is focused onto a sensor array ssiehGCD.
The local tilt of the wavefront across each lens iteen be calculated from the position of the fagait on
the sensor. Any phase aberration can be approxintat@ set of discrete tilts. By sampling an arody
lenslets all of these tilts can be measured anavttede wavefront approximated. There is a large Ioemof
companies selling this type of device namely: ImagOptic, Wavefront Science, OKO, Metrolux,
Optocraft and Thorlabs. All of these companies g®®/ similar specifications:

Detector size: ~ 6.1x4.9 mm

Number of lenslets: ~ 40x32

Relative wavefront measurement accuracy(150

Focus measurement accuracy = b0' (i.e. 10% accuracy on 100m of focal length meadur

Frame rate: ~ 20 Hz
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The accuracy is a little lower than that of theerfédrometer techniques. However we note that thecdeas
much simpler and is easily calibrated to give altgomeasurements. Furthermore the accuracy is thane
satisfactory to measure changes in focal lengtless than 100m that have been predicted for the IINJ
addition software is available with such a devieeorder to break down the aberrated wavefront itsto
Zernike polynomials and use this information in@sed-loop compensation system.

A Shack-Hartmann from Imagine Optic is currently the R&D “High Power Input Optics” in order to
characterize the thermal effects due to absorpinooptics to be used for AdV (see Figure 48).
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Figure 48: Image of the wavefront distortion thrbwgpolarizer when transmitting 100W beam at 106t a waist of 1mm.
Color scale in waves.

8.4.2.2. Hartmann sensor

The Hartmann sensor works on the same principtee@$hack-Hartmann. Instead of an array of lenslets
plate is used with an array of small holes. Thetmesof the light spots on the CCD behind the plat
measured to determine the local wavefront tilt. Tritensic design of the Hartmann sensor makesss |
efficient at light gathering than the Shack-Hartmakowever this is not a problem for our applicatio
Aidan Brooks developed a Hartmann sensor for measgtinermal distortions in the mirrors of gravitatal
wave interferometers to be used in a closed-logppamsation [42], claiming an accuracyAd1050. The
combination of simplicity, high accuracy and potaih low cost makes the Hartmann sensor an appgali
option.

8.4.2.3. Curvature sensor

This device is similar to the Shack-Hartmann budtead of measuring the position of the spots, the
curvature sensor measures the intensity on eitider a¢f the focal plane. If a wavefront has a phase
curvature, it will alter the position of the focapot along the axis of the beam, thus by measuhag
relative intensities in two places the curvature ba deduced. No commercial devices appear to esiisy

this technique.
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8.4.2.4. Multiwave Lateral Shearing interferometer

In this technique, a 2D diffraction grating splifse incident beam into four identical waves, which
propagate along slightly different directions. Anerference pattern is generated a short distagicid the
grating. Where aberrations are present in the ibanmterference grid is distorted. The grid defations
directly relate to the gradient of the phase aheqamint of the optical beam. This technique all@wsiuch
higher lateral resolution compared to the HartmanShack-Hartmann technique. The technique has been
commercialized by Phasics who offer the followipgafications

Detector size: ~ 4.8 x 3.6mm

Image Resolution 160x120

Relative wavefront measurement accuracy/350

Frame rate: ~ 10 Hz

8.4.3.Conclusion

The best monitoring system is one which gives tmpldude and phase distribution for the carrier and
sidebands individually. The only device that is aalp of offering all of this information is the E®a
camera. This type of solution has already been ldpgd within the collaboration and is now up and
running in Virgo+.It therefore appears necessary to include the phasamera in INJ.

Although commercial wavefront sensors cannot sépdin@ three fields, in most situations of thereféct
characterization and monitoring this is not neagssa hese wavefront sensors are simple, have adequ
accuracy, they are silent, insensitive to vibratéonl give absolute measurements. The wavefronbsens
that we have looked at all have similar specifmadi Howevethe Shack-Hartmann sensor is by far the
most mature and versatile device for which we havieands-on experience

The phase camera and Shack-Hartmann wavefrontrsisnao ideal combination for measuring all aspects
of beam quality and thermal effects in the AdV INJ.
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8.5. Thermal Compensation

In Chapter 8..we saw that thermal effects in the injection systemAdV are sufficiently large to cause
problems with the normal functioning of the intedmeter both during commissioning and science runs.
The problem is partially alleviated by the use dfv® stage input power control system that allohe t
changing of output power while keeping thermal @Hen critical components constant.

Nevertheless a compensation system will be ineldtaballow for a versatile use of the instrumend &o
adapt to changing conditions over time. In thisptBawe will highlight areas where compensationid¢de
necessary and discuss the possible solutions.

8.5.1.Location of compensation system and correcti ons to apply

In this section we will discuss the compensatioadsefor different points in INJ.

1. Output of the EIB. We have seen that there will be important thereffdcts modifying the
characteristics at the output of the EIB. However first stage IPC will insure that these effects
remain constant. Therefore it would seem that mlamtervention on the bench to compensate
for these effects would be sufficient.

2. Transmission of the IMC. The magnitude of the thermal effects in the IMCdifficult to
predict and could change over time. In additioniyurcommissioning it will be necessary to
work with different powers in the IMC. It is thecgE essential to have an adaptive compensation
of these effects which are principally focus antigasatism. The tilt can be compensated using
other actuators already present in the system.

3. Output of the SIB Faraday. The thermal effects are very strong in the Fayaofathe SIB
although they will be easier to predict and mom@bl& over time than the IMC. A thermal
compensation principally in focus will be essent@l working at different powers in the IMC
and patrticularly to compensate for the thermaldiemts when the PR cavity is locked.

8.5.2.Compensation solutions

The most obvious way to correct for thermal effegtaild be to tune an adjustable telescope asdoie
currently for Vigo. But this method has numerouavdvacks as it modifies both the waist size and its
position. It also has a limited correction rangel almes not enable to correct any aberrations dtizer
focusing. It is also adapted only for DC correctand requires a separate tuning for each powerABwr
this solution has to be kept, as it can still pésome fine-tuning. Nevertheless it is mandatorijrtd other
systems. Here we will list the most relevant makiefgrence to how they may be applied to our palgic
problems.

8.5.2.1. Compensation plate
The optical path length through a substrate dependss temperature. This is of course the oridinhe
thermal lensing effect. A compensation plate isoptical element added to the system which will have
temperature distribution such as to cancel outathezrations caused by the thermal effects of thé Evd
Faraday.
The dependence of the optical path length on tealupxer,)(, is given by

—dn —
X—ﬁw(lw)(n 1) (30)

70



nced

(@)

where drydT

is the refractive index temperature coefficiefiis the thermal expansion coefficiet,is the

Poisson ratio andlis the refractive index. Table 3 shows that thememeters will change dramatically

according to the substrate used. Therefore sefeofithe right substrate for the job is paramount.

Parameter Fused silica] TGG DKDP SF57 BK-7
n 1.45 1.94 1.49 1.81 1.5
drydT (1g6 8.7 19 -48 6.8 1.5
Thermal conductivity (W mK™) |1.37 7.4 2.1 0.62 1.11
a (10°K™ 0.55 9.4 44 9.2 8.3
Absorption Coefficient (ppm cif) [0.7 1500 ~1200 200 1000
o 0.17 ? 0.119 0.248 0.206
X (10°K™ 8.99 27 -23.9 16.1 6.5

Table 3: typical values for commonly used subssrate

8.5.2.1.1.

Passive compensation

The absorption of transmitted light in most sulissajenerates a positive lens due'tobeing positive. The
insertion of a compensation plate made of a sulesstach as DKDP having a negatP?fecreates a negative
lens. The power of the lens will not only depend)6but also on the absorption coefficient of the stabst

If the correct thickness of the DKDP compensatitatepis chosen, then the positive thermal lenshef t
optical element to be compensated and the negldive of the DKDP will cancel. As the lenses are
generated by the transmitted laser then the comagienswill be insensitive to alignment and will vkoat all

laser powers.

Experimental tests have been carried out on 10maok thcut samples of DKDP provided by MolTech
GmbH. Figure 49 shows the thermally induced lerslftength as a function of transmitted laser power
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Figure 49: Experimental measurements of negativgig in DKDP as a function of transmitted lasewpn Comparison with
simulation yields an estimated substrate absormfd?00ppm

These results show good agreement with thermallatrons using an absorption coefficient of 1200 pjtm

is estimated that a DKDP thickness of 4.8mm wowdddquired to compensate for the thermal lensing in
the TGG crystal of the SIB Faraday isolator. Figb@eshows a simulation for the DKDP compensation of
the TGG crystal as a function of time after thesraitted power is switched on.
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Thermal lensing transient of TGG and DKDP after switch on of 200W transmitting power
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Figure 50: Simulation of thermal lensing as a fiorcof time for TGG (green), DKDP (blue) and TGG+DR (red) when
switching on 200W of transmitted power.

Both the TGG and DKDP have similar lensing time stants of the order of a few seconds. We see that
even during these fast transients the residuainigrd the compensated system does not exceed 288é o
steady-state TGG lensing. A passive compensatigtesy therefore seems ideal for compensating for
thermal effects in the SIB Faraday isolator. Tsigart of the R&D work done by Novgorod Institute o
Applied Physics as part of the High Power Inputi@pfHPI10) R&D program [17].

Passive compensation has the advantage of beirggyasimple and efficient setup. However the exact
combination of thickness and absorption must besehdo have an ideal compensation. Afterwards there
are no means to fine tune. In addition the systeaidcnot be used to correct for astigmatism. A pass
compensation would therefore not be suitable fonpensating effects in the IMC.

8.5.2.1.2. Active compensation

For the passive compensation it is the transmligsain that is absorbed by the compensation plaédirge

the compensating lens. For the active compens#t®icompensation plate is actively heated or cobied

an external device in such a way as to create ¢éseeatl compensation. An active compensation may be
done on the DKDP of a passive compensation plateder to fine tune the compensation. Otherwise any
other type of suitable substrate may be used iardalcreate the desired lens. The advantage ©fythe of
compensation is the possibility to compensate $tigmatism or other higher order aberrations byngivay

the distribution of heating on the plate. There amumber of possible solutions for heating or icmpthe
substrate:
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» Peltier: The plate could be heated or cooled at its edgesyla peltier or resistive heater. This
system could be used principally to compensatéofmus and astigmatism.

* Scanning CO2 A more exotic method of heating the plate woutdtb use a scanning CO2 laser
beam. A CO2 laser would be scanned in two direstigging two crossed acousto-optic modulators
placed one after the other. This technique endaks2D scanning using a modulation frequency
around the modulator’s carrier. A few MHz scannoan be foreseen. By correct shaping of this
modulation frequency, it is possible to generatetsgpe of pattern that would allow the correctidn o
higher order aberrations. By modifying the ampléwd the RF field sent to the modulator, it is also
possible to easily modify the magnitude of the @figenerated. In addition, this scanning would be
vibration-free. This type of solution would be extrely effective and flexible but relatively
expensive and complicated to develop.

* Centrally heated double pass plateThe laser beam would pass twice through the cosgi®n
plate by reflecting off an HR coating on the backface. The plate would be heated at the centre
using an array of heating resistors placed behiredHR coating. Depending on the number of
heating resistors in the array this solution callow the correction of higher order aberrations.

Table 4 shows the results of thermal simulations tfeermal lensing due to YAG absorption itself,
peripheral peltier heating and central CO2 lasatihg.

YAG absorption lens | 1W Peltier lens | 1W CO2 central heating lens
Substrate (102 dioptres) (102 dioptres) (102 dioptres)

11.4 -15.1 677.4

SF57
DKDP -46.9 11.8 -484.1
Fused Silica 0.0 -4.8 198.8
TGG 12.6 -2.7 106.1
BK7 11.8 -3.4 144.8

Table 4: Comparison of passive and active lensifegts in different substrates of diameter 26mm timickness 4mm.

This result shows very clearly that creating a lepseating the centre of the compensation pldaterahan
heating the edges is more efficient by more th&ctor 40. In addition we see in Figure 51 thaipiesral
heating has a time constant which is about 10 timgdser than that of central heating.
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Thermal lens generated by switch on of 1% peripheral heating in DKDP
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Figure 51: Simulation of thermal lensing as a fiorcof time for 4.8mm thick, 26mm diameter DKDP watgwitching on 1W of
peltier peripheral heating.

For the example of fine tuning the passive compénsaf the Faraday isolator, 1W of Peltier heating
would give a tuning range of just 20% but will iaase the crystal temperature by more than 100°C.
Realizing the same tuning using a central heatysgesn (by heat resistors or CO2) would only reqaire
few tens of mW.

In conclusion, an active compensation would be # sweted solution for the compensation of thermal
effects in the IMC and fine tuning of the Faradaynpensation. Peripheral Peltier heating is the k&gip
solution, however may only be used for relativetyall and low order corrections. An adaptive central
heating solution such as the scanning CO2 or heddatlle pass plate would be necessary to compensate
larger and higher order aberrations.

8.5.2.1.3. Deformable mirror

Another possibility to compensate for thermal asstgons of the input beam is to use deformable msrro
Useful mirrors for Virgo [43] could be piezoelectror bimorph mirrors [44], widely used in high pawe
laser control. This type of solution is extremetiractive giving the possibility of high speed (tgpKHz)
correction of large and high order aberrations. ddst would be around 20 Keuro. The main risk ésftct
that the device would be mounted on the suspengedtion bench after the IMC. It is not known iigh
technology could be made vacuum compatible. Intemidany control noise on the mirror actuators wioul
be directly injected into the interferometer. A gjreleal of research is necessary to validate teeofis
deformable mirrors in a gravitational wave detec®ince there is currently no R&D activity on thapic, it
seems unlikely that a solution would be ready fdWvA
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8.6. Conclusions

Taking into account the complexity and numerousntiaé effects that could impact optical componerits o
INJ, it is highly recommended to foresee a systémanitoring and a mean of compensation.

A convenient monitoring system would be the comtxamaof two reliable devices: a phase camera system
(already used and commissioned for Virgo+) and mmercial Shack Hartmann wavefront sensor. The
phase camera would give access to precise infawmathout sidebands and the Shack Hartmann would be
used for its accuracy, ease of use and convenigilable software that can give complete infornratio
about beam aberrations.

The compensation system would be a mix of passiveponents (such as the DKDP crystal that will be
included inside the SIB Faraday) and active comptmenade of centrally heated DKDP, or preferably
Fused Silica substrates. The experimental invdstigaf these active systems still remains to beeddut
simulations have given promising results.
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