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Foreword

The main goal of this note is to describe the methods and tools used for the evaluation of the frequency noise
budget of the injection system. The performances of the injection system will be also shown. Since at the
time of writing the integration of the injection system is not concluded, these performances will evolve, but the
methods and tools will be still valid.

1 Introduction

In order to deliver a beam whose frequency noise meets the requirements necessary to acquire interferometer
arms lock (< 1 Hz RMS) [1] two stabilization loops with different bandwidth are used (See Fig.1)[2][3]:

e a first fast pre-stabilization loop (~ 200 kHz bandwidth) which locks the laser frequency on the input
mode cleaner (IMC) length.

e a second loop (~ 80 Hz bandwidth) which locks the laser frequency on the resonance frequency of a rigid
Fabry-Pérot cavity called reference cavity (RFC)

In this way the suspended IMC, which is very stable at high frequency (above ~ 10 Hz), is used in that region as
a length reference while at low frequency the RFC is used. The error signal for the first loop is generated using
the Pound-Drever-Hall (PDH) technique on the beam reflected by the IMC. In the second loop the frequency
of the IMC transmitted beam is compared with the RFC length and the PDH signal in reflection is used to
control the IMC end mirror and thus the IMC cavity length.
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Figure 1: Optical scheme of the two frequency stabilization loops

In Fig.2 a scheme of the two loops is shown. Once the interferometer is locked, a second stage of frequency
stabilization (SSFS) is engaged. In this configuration the error signal is provided using the arm as reference.
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However our noise analysis is performed on the injection system running in stand-alone configuration. In order
to measure the frequency stability of the laser to be sent to the interferometer we measure the PDH error signal
in reflection from the RFC which is the result of a comparison between the laser frequency and the RFC length.
In this note the noises which affect the RFC error signal are investigated in order to produce a noise budget for
the frequency noise of the beam delivered by the injection system to the ITF.

2 Model of the IMC and RFC loops

As a first step we have computed analytically the loop equations to find the projection of each noise on the
RFC error signal.

VEREE
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Figure 2: Block scheme of the two frequency stabilization loops

We use the following notation:

o Noises

— Utreo L/%} Free running laser noise

Hz

— VR [ JFZ] RFC length noise (converted to equivalent frequency noise) !

UM [ fHLJ IMC length noise (converted to equivalent frequency noise)

sny [V] sensing noise in the IMC reflection error signal
— sng [V] sensing noise in the RFC error signal
e Transfer functions
— Ay [%] laser actuator transfer function
— v [%} IMC electronic filter transfer function
— Agr [%] RFC actuator transfer function

— Fr [%] RFC electronic filter transfer function

1When comparing cavity length with laser frequency, length and frequency noise are put on an equal footing. Frequency noise
can be transformed in the equivalent length noise and viceversa using dv/v = 0L/L. The conversion factor from m to Hz is
v/L=2-10"2
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— Tw [#] optical transfer function for the IMC transmission

— Ry [75] transfer function between the noise entering IMC [Hz] and the PDH demodulated error
signal [V]. It includes the optical response of the cavity and the PHD calibration factor [%]

- Rp [%} transfer function between the noise entering RFC [Hz] and the PDH demodulated error
signal [V]. It includes the optical response of the cavity (which can be considered flat for the RFC in
the frequency region of interest) and the PHD calibration factor.

e E [V] RFC error signal

From the block diagram 2 the following equations can be deduced.

FE = snr + RR(VR + TMVzn) (21)
Vip = l/free-l-AMFM(STLM—‘r—RM(VM'FVin'FARFRE)) 22)
then .
Vin = | =5 | Wiree + AnrFrrsnn + Ay FayRyvy + Ay Fyy Ry ARFRE)
1-— AMFMRM
and
Tr Ay Far Ry ArFrRR] ™
EF=|1- 2.3
[ 1 — Ay FarRas (23)
T RR
- |snr + Rrvp + (—)(Vfree + A]V[FMSTLM) + AMFMRMVM) (2.4)
1—AynFy Ry

By defining Gy = A Fpr Ry the pre-stabilization open loop transfer function and Gg = AgFrRg the RFC
open loop transfer function, we find

Ty Rr 5 Ty RrG s 4+ Ty RrG oy
1-Gy free (1—GM)RM M 1—-Gy
Assuming a very high gain for the pre stabilization loop in the frequency region of interest (f < 10 kHz ), that
is, considering Gp; — oo the previous relation becomes:

-1
E = {1 — } (sng + Rrvr + VM)

1 TyRr
EF=|——72— R TuR 2.5
[1+TMG'R] (snr + Rour snm + Rrvr + Ty Rrvm) (2.5)
From Eq.2.5 we read how each noise contributes to the total frequency noise measured by RFC error signal and
how the RFC loop affects their projection on the RFC error signal.

2.1 Signal calibration

This calibration factor needed to convert the RFC error signal from Volt to Hz or meter can be obtained
measuring the PDH error signal generated during a scan of the laser frequency. It is known that the frequency
interval between the two extrema of the PDH signal corresponds to the FWHM of the resonance peak. The
FWHM is known and it depends on the cavity length L and on its finesse F:
¢ 5

FWHM = 5IF = 5.26 - 10°Hz
with L = 0.31 m and F = 920 [5].
This correspondence can be used to convert the error signal acquired as a function of time to a function of
frequency.
Since the PDH signal is linear in a small region around the point where it crosses zero, the calibration is found
measuring its linear slope(see Fig.3). Another method to find the signal calibration is to measure the open-loop
transfer function and compare it with the modeled one, where we have the electronic filter, the actuator and
the only free parameter is the optical gain which can be computed from the comparison. The values obtained
with these two methods are in agreement within 3%.
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Figure 3: PDH signal and its linearization used to calibrate the RFC error signal

2.2 Transfer functions

The open loop transfer function the RFC, G, has been measured by means of a noise injection between 10 Hz
and 500 Hz. It has been compared with the modeled one which, as already said, is composed by the electronic
corrector filter Fj; , the mechanical response of the actuator Ay, the optical gain Rj; and a pure delay.

Corrector filter?: Unity Gain Frequency: 83 Hz

Freq | Q
real zero 1 0
real zero 5 0
complex zero | 11 0.7
complex zero | 11 0.7

complex zero | 20.5 | 2

complex zero | 28.4 | 2
real zero 240 0
real pole 0 0
complex pole | 2 2
complex pole | b 3

complex pole | 20.5 | 20
complex pole | 28.4 | 20
real pole 800 |0

complex pole | 2000 | 0.8

Actuator mechanical response: gain 16 - 107%m/V in DC

Freq | Q
complex pole | 0.667 | 10

2Corrector filter transfer functions are likely to be modified and improved during commissioning activity. Here we reported an
example of filter used in the RFC loop which is not the definitive one.
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Delay: 800-1076 s

The comparison between the modeled transfer function and the measured one is shown in Fig4d. The two curves
agree above 10 Hz where the noise injection has been performed.
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Figure 4: Comparison between the RFC transfer function measured and the theoretical model

3 Sensing noise

The sensing noises of the photodiodes used to lock the reference cavity and the mode-cleaner affect the RFC
error signal in the following way (see Eq.2.5):

o [1} (snp + MBR (3.1)

1+ TMGR M
since the optical gain Rp of the reference cavity is much smaller than the optical gain of the mode-cleaner Ry,

and the two sensing noises are comparable, only the contribution of sng (the sensing noise of the photodiode
used to lock the reference cavity), has been taken into account.

3.1 Shot noise

Shot noise is a fundamental noise which stems from the discrete nature of the photons causing an uncertainty
in their arrival time on a photo-detector. Being a counting noise, it is governed by Poissonian statistic and, for
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a DC signal, it has a frequency-independent spectral density given by[6]

w

Sunorbe: — /2 P e [ﬁ} (32)

where P, pc is the DC power impinging on the photodetector. Shot noise is normally observed in the photo-
current at the output of the photodiode and its value in terms of optical power can be recovered knowing the
photodiode responsivity.

We are mainly interested in computing shot noise for a modulated signal. An estimation for it can be found
considering a white noise in time with a known spectral density amplitude. If we multiply it by a cosine in the

time domain, the spectrum of the noise will remain flat and its amplitude will result reduced of a factor —=.

V2
Thus the shot noise for a demodulated signal can be approximated as [6]

w

Sshot,Ac = \/WPin pc [\/E} (3.3)

We used this formula to estimate the shot noise of the demodulated RFC error signal. The optical power P;;, pc
has been found measuring the DC signal in Volt and converting it to Watt using the appropriate calibration
kpc which is the product of the photodiode responsivity o = 0.63[%] and the resistance Rpc = 7€2. Once we
have found P;, pc we put it in (3.3) to find the shot noise for the demodulated signal. In order to compare
it with the RFC signal itself it has to be converted in Volt. This has been done using the calibration factor

kac = a- Rac with Rac = 120Q. For an impinging power of 14 mW we have Sgpot, ac =4 - 1079 {\/%}

3.2 Dark and ADC noise

The demodulated signal is digitized by means of an analog-to-digital converter (ADC) which introduces a white
noise. This noise has been measured looking at the RFC error signal where the ADC was disconnected. We
found

~ . _7 V
napc ~2-10 |:\/ﬁTz] (3.4)
The dark noise of the photodiode is due to the random generation of electrons and holes in the junction region
of the photodiode which causes a small current to flow even if there is no light impinging on it. We measured
the sum of the dark noise and the ADC noise looking at the RFC error signal when there was no light reaching
the photodiode, under the assumptions that these noises are independent of the amount of light reaching the
photodiode. The noise measured was Ngym =~ 4.5 - 10*7\/%. Assuming that dark noise and ADC noise are

independent noise, the first can be obtained from the total measured one, knowing the ADC noise:

/ _ |4
Ndark = ngum - n.»24DC ~4-1077 [@] (35)

The different contributions to the sensing noise and their sum are plotted in Fig.5 along with the RFC error
signal.

4 Classical radiation pressure noise

Light impinging on mirrors exerts on them a force known as radiation pressure force. Classical fluctuation in
the beam power cause a fluctuation in the radiation pressure force which, moving the mirrors, results in a cavity
length noise. Classical radiation pressure has been computed considering that a beam of power P exerts on a
mirror a force given by F = %; thus the fluctuations in the force are connected to the ones in the power by
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Sensing Noises
gps = 1116260659 (2015-05-21 16:24:03 UTC)
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Figure 5: Different contributions to sensing noise and their sum compared with the RFC error sinal

AF = MTP. From the mirror equation of motion in frequency domain M (727r 2+ w02) # = F we can deduce
a relation between the spectral density of the mirror motion and the radiation pressure force:

2
(27f)? = (27/0)?)

where S, is the spectral density of the intensity fluctuation of the laser, M is the mirror mass and fy is the
pendulum resonance frequency.

In order to estimate the fluctuations of the power inside the cavity S, we made the assumption that the laser
relative intensity noise (RIN), that is the laser spectral density divided by its mean power, is the same inside
and outside the cavity. Therefore we measured the RIN on the IMC transmitted beam and multiplied it for the
estimated value of the power inside the cavity to find S,. Using the approximated formula P.q, = % - Py,
for a IMC finesse around 1000 [7] and an input power P, = 7.6 W, P, ~ 2.8 kW.

Since radiation pressure is inversely proportional to the mass, only its effects on the mode cleaner end mirror are
taken into account. Its spectrum, compared to the RFC error signal, is plotted in Fig.6. It has been computed
using a M = 3.4 kg ® and fy = 0.669

5 Quantum radiation pressure noise

Fluctuations of the power impinging on the mirror can also be due to the quantum fluctuation in the number
of incident photons. As the shot noise, this is another manifestation of the particle nature of light and this two
noises can be shown to be interdependent. An estimation for the contribution of this noise can be done starting

from the formula for the radiation pressure AF = # where this time the power fluctuation is determined by

3logbook entry 31302
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Figure 6: Classical and quantum radiation pressure noise compared with the RFC error signal

the uncertainty on the photon arrival time
hv P;

T
where T is the observation time. Thus the fluctuating force will be

g \% hVPcav

c T

AP =

AF =

and its spectral density

Sk (f) = %\/m (5.1)

As in the classical case, we can use the mirror equation of motion to find the spectral density of its displacement.
It is found inserting the spectral density of the fluctuating force 5.1 in 4.1:

2
) = g o) VT

Quantum radiation pressure noise spectrum is compared to the classical one in Fig.6

6 Thermal noise

Thermal noise is due to the fact that each vibration mode of the mirrors and of their suspension is randomly
excited with an energy proportional to the temperature T of the system. This motion results in a cavity length
noise.

The fluctuation-dissipation theorem [8] can be used to deduce the power spectral density of a dissipative force
Fyj, acting on a system where x(t) is the position of a mass and & (t) = v (t) is the velocity. The equation of
motion for the system in frequency domain can always be written as

Fip, (w) = Z (w) 0 (w) (6.1)
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where Z (w) is the impedance. By defining the admittance of the system as Y (w) = Z~!(w) and recalling that
in frequency domain ¥ (w) = iwz (w) the relation above can be rewritten as

Fth (LU)

z(w) =Y (w) o

(6.2)

According to the fluctuation-dissipation theorem, power spectrum of the thermal fluctuation force S (w) is
given by

Sr (w) = 4kyT Re [Z (w)] (6.3)

where k;, is the Boltzmann constant and T is the temperature of the system.

This relation, together with Eq 6.2 allows us to compute the power spectral density for the mass position:

S 4kyT
8. = Y| 25 = 5 Re[Y(w)]

In our systems, the dissipative forces causing thermal noise are mainly due to internal damping of the material
composing the mirrors and their suspensions. An effective model to describe this effect is an extension of Hooke
law [9]:

F=k[1+4+ip(Q)]z (6.4)

where the imaginary coefficient ¢, the loss angle, accounts for the dissipation of the system, introducing a delay
between the force applied and the displacement. The corresponding spectral density is:

B 4k Tk (6.5)
82k 4w (k- Mw?)? .
which, above the resonance, can be approximate as
4k T puw
S, = %’50 (6.6)

where wy is the angular frequency at resonance.

6.1 Pendulum thermal noise

We used this model to compute the pendulum thermal noise spectrum for the suspended injection bench (SIB1)
and the end mirror mode cleaner (MC). The elastic constant of the pendulum is the sum of the lossless constant

provided by gravity
_ My

L
(where M is the mirror mass and L is the wire length) and a smaller constant which originates from the wire
elasticity and is affected by losses
Ny vTwEI .
kel = T (1 + ’Ld)w)

with V,, number of wire, E wire material Young module, L wire length, I moment of inertia of the wire cross
section, Ty, tension of each wire and ¢,, is the loss angle of the wire. Since kg > k¢; we have

kg

ke
ktot ~ kg (1 + Zkld)w)
9

The loss angle is
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Figure 7: Pendulum thermal noise contributions of SIB1 and MC compared with the RFC error signal

ket N VT WEI

¢p:?g¢w: 2gLM ¢u)

The ratio %l usually referred to as dilution factor is a measure of the loss reduction achieved using a pendulum
g
instead of a spring made of a material with the same loss angle ¢,, of the pendulum wire. The thermal spectrum

above resonance is obtained by putting the pendulum loss angle ¢, in Eq. 6.6:

4k T pwi
We computed the square root of this quantity for both the mode cleaner end mirror and the injection bench to
find the amplitude spectral density of the displacement. We used the following parameters:

SIB1 MC
Weight M 198 kg 3.4 kg
Number of wires Nw | 3 2
Wire length L 0.7048 m 0.555 m
Wire’s cross section moment of inertia | I 5.153- 10~ 13 m*%; 2.485-107 1" m?*
Wire material Maraging steel 250 | C40 steel
Wire material modulus of elasticity E 2.1-10"Pa 2.2-10"Pa
Wire’s losses Ow 6-107° 1.9-1074

The dilution factor of the SIB1 and the MC are respectively 9.2 - 1076 and 7.3 - 10~%. By multipling them for
the respective material loss angles we find qﬁII,B =6-10" and rj);,” ¢ =1.4-107". The two contributions and
their incoherent sum are compared with the RFC error signal in Fig.7.



VIR-0369A-15

N . ] 01
({@}/\/| RG ) Injection system frequency noise budget st;;e: September 2, 2015
page : 12 of 21

gps = 1116260659 (2015-05-21 16:24:03 UTC)

— closed loop RFC error
— pendulum thermal noise
...| 7 coating thermal noise

10

@

Hzisqri{Hz]
=

1} 1 z 3
10 10 10 10
frequency [Hz]

Figure 8: Pendulum and coating thermal noise spectrum compared with RFC error signal

6.2 Coating thermal noise

Starting from the fluctuation-dissipation theorem, the mirror thermal noise can be computed by means of a
direct approach [10] in which the observable affected by thermal noise x(t) is defined as the displacement of the
mirror surface u(r,t) as sensed by the impinging laser beam whose intensity in our case has a Gaussian profile

I(x).
x(t) = /I(r)u(r, t)dS (6.8)

To compute the thermal noise spectrum we could imagine to apply on the mirror, for each frequency, a sinusoidal
force F(r,t) with the same intensity distribution of the laser beam. The admittance of this system Y is

iwzr(w)  v(w)
Y= Fw) T Fw)

its real part will account for the dissipation of the system

v(w)F* } _ Waiss(w)
F(w)? F(w)?

&m:m[

Thanks to the fluctuation dissipation theorem, the spectrum of the mirror surface motion induced by thermal

mm—%f@ﬁ@ (6.9)

where Wy, is dissipated energy. For a mirror with loss angle ¢ the dissipated energy is given by:

noise is found to be
g 4k T

w?

Wdiss = W¢Umaz (610)

where U4, is the maximum energy stored in the mirror during an oscillation. This corresponds to:

U = =7 ()2 (6.11)
mar = 5 Fow ‘
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where o is the Poisson ratio, Fy the mirror Young modulus and w the laser beam radius.

Finally we can find the mirror thermal noise spectrum

_ AkyT (1-02)

Sz —
w 2y/mTEyw

(6.12)

It has been observed that the main contribution to the mirror total thermal noise is due to the tiny reflective
coating layer on the mirror surface. In fact when a gaussian force is applied on a mirror most of the stored
energy is concentrated on the surface and the losses of the coating material which has to be highly reflective are
quite lager than the one of the substrate. The coating thermal noise is given by the following expression [13]:

_ 8kyT (14 0)(1—20)t
T ow T Eqw?

Sa

e

We computed the square root of this quantity for both the mode cleaner end mirror and the injection bench
to find the amplitude spectral density of the displacement using : o = 0.17, Ey = 7 - 10'°Pa, w;p = 0.005
m, wye = 0.01 m, ¢55 = 51074, e =5+ 10, coating thickness t;p = 1.8 - 1076 m, coating thickness
tve = 6.5-1076 m. The total coating thermal noise is compared with the pendulum thermal noise and the
RFC error signal in in Fig.8

7 RFC length noise

..... e e e T e
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il i i 1 0
10 10°
frequency [Hz]

Figure 9: Theoretical estimated RFC length noise (red line) is compared with two different experimental mea-
surements

The rigid reference cavity, used to stabilize the laser at low frequencies, is affected by a length noise which
projects on the RFC error signal. An upper limit for this noise has been obtain in [12](Bondu ’96). Two RFCs
have been used: a laser was locked to one of them and the other was used as a reference to measure the frequency
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stability. The error signal spectrum of the measurement cavity in Fig.9 (blue line) is the sum of the two RFC
cavity noise. Another measurement of the RFC noise has been performed using as reference a very stable laser
obtained by means of the VIRGO second stage of frequency stabilization [3](Bondu ’'08). The spectral density
is plotted in Fig.9 (green line) and seems to be in agreement with the first measurement.

A theoretical estimation of the RFC length noise has been done in [11](Numata)assuming that the noise orig-
inates from thermal fluctuations. The contribution of the spacer and the mirrors (coating and substate) has
been numerically evaluated. The thermal noise has been found to be

n _ 107! Hz
=T VHz

This estimation is plotted in Fig.9 (red line) together with the two measurements. The theory shows a good
agreement with the floor of both experimental results. We will use the estimation given by Numata as RFC
length noise in our noise budget. The projection of this noise on the RFC error signal is shown in Fig.10 and
it seems to be the limiting noise in the frequency region between 50 and 120 Hz.

(7.1)

o : : — i ' " ;
: : — closed loop RFC error
— rfc noise

frequency [Hz]

Figure 10: RFC length noise projection on the RFC error signal.

8 Angular control noise

In order to keep the IMC aligned with respect to the laser, the angular degrees of freedom of the MC end
mirror and the suspended injection bench are controlled using two different techniques. The Local Control uses
optical levers as position sensors referred to the ground. It provides information only on the position of one
single mirror and not on the laser beam position with respect to it. Moreover, using the ground as reference,
it can be affected by seismic noise. The automatic alignment, on the other hand, uses the fact that a cavity
misalignment generates higher order modes. The amount of higher order modes produced is measured, using
modulated light and quadrant photodiodes, and provides information on the cavity alignment. Three quadrants
are used: two placed in reflection with a Gouy phase shift of 90 deg, modulated at 22 MHz and a DC quadrant
placed in transmission of the MC end mirror. The sensitive degrees of freedom to be controlled are 0, 8, 6, for
the SIB1 and 0., 6, for the MC. The relation between their values and the quadrant signal is expressed by the
optical matrix. This is measured by means of sinusoidal noise injections at 2 Hz on the actuators which allows
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to measure the transfer function between each degree of freedom of the mirror position and the quadrant signal.
The correction matrix is found inverting the measured optical matrix. Then it is filtered and the corrections
are sent to the actuator.

Local controls are used to stabilize the mirrors during the lock acquisition and to reduce their angular dis-
placement below some tenths of microradians in order to reach the linear regime of the Automatic Alignment
error signals. Two different control schemes are possible: a fast control which uses only global signal with a
bandwidth of tens of Hz and a drift control where the global control are used with a control bandwidth of few
mHz while at higher frequency local control are used. In order to measure the noise contribution of the angular
control noise to RFC error, we measure the transfer function between the correction applied to the marionetta
and the RFC error signal. This has been done by means of a noise injection on the marionetta. The transfer
functions for the three injection bench degrees of freedom 6, 8, 0. are shown in Fig.11

10°
—1 1B tx

—ifIBty
—ifIBtz

-

magnitude
=]

coherence

e
'S

phase [rad]

frequency [Hz]

Figure 11: Transfer functions between the correction applied to the marionetta and the RFC error signal for
the 3 degree of freedom of the injection bench

The contribution of the angular control noise of the injection bench to RFC error signal is found by multiplying
the spectrum of the correction signal in normal condition with the absolute value of the measured transfer
function.

Nproj(f) = |TF<f)‘withnoise : |ASD(f)|nonoise (81)

As it can be seen in Fig.12 the IB angular control noise represents the limiting noise in the RFC error signal up
to 40 Hz.

9 Jitter noise

The beam pointing noise, usually referred to as jitter noise, consists in a shift or a tilt of the input beam axis
with respect to the IMC cavity axis. A jitter of the beam which enters the interferometer couples with a possibile
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Figure 12: Injection Bench angular control noise projection

asymmetry between its arms causing a phase noise. For that reason the injection system has to deliver a beam
with specific requirements in terms of jitter. A sensing system composed by two quadrant photodiode is used to
monitor the shift and the tilt of the beam at the IMC input [14]. A beam pick-off is taken before the IMC and
it is sent to two quadrants which are placed at a distance producing a Gouy phase shift of 90 deg. In this way
each quadrant is sensitive only to one degree of freedom: the pure shift for the so-called Near Field quadrant
and the tilt for the Far Field one. These signals are used as error signals in a feedback loop, the Beam pointing
control (BPC), active in the frequency range up to 10 Hz. The correction obtained filtering the error signal, is
sent to the actuators: two tip/tilt piezo mirrors placed as in Fig.13.

Piezo Tipy tilt Mode
@ acuator Gearn'mty
Splitter L Towards
H / rrF
2b, Ia w [ ] e
hy — i 3
™ B B3 Quacrantphotodiodes

Figure 13: Beam pointing control scheme from [14]

Above the bandwidth of the Automatic Alignment loop ( ~ 1 Hz) the IMC acts as a filter for the beam jitter.
The jitter, seen as a misalignment by the cavity, produces higher order modes which cannot resonate in it and
are weakly transmitted. On the other hand in the region where the Automatic Alignment is active the cavity
is kept aligned following the beam position fluctuation which are transmitted almost unchanged.

The projection on the RFC error signal has been found, as usual, injecting noise on the BPC actuators and
measuring the transfer function between the jitter and the RFC error signal for all the degree of freedom: shift
in x and y and tilt in 6, and ;. The transfer functions have been than multiplied for the jitter signals in normal
condition to find the noise projections that are shown in Fig.14.

The mechanism through which the jitter noise affects the RFC error signal is not straightforward. For example,



VIR-0369A-15

. . ] 01
{(@}/\/| RG ) Injection system frequency noise budget qug: September 2, 2015
17 of 21

page :

10 ¢ o R 5 DR R i s | 7 RFC error j
5 —jittertx ||
T T jitter ty
7 —jitter x

& R IS0 Bp T B BB i G it G o i R i B i B At — itery

Hzisqrt[Hz]

P : : : : }
10 F e G

2 3
10 10 10
frequency[Hz]

Figure 14: Jitter noise projection on the RFC error signal

in the RFC error curve there are peaks around 10 Hz explained by the noise projection of the angular control
of the input bench and also seen by the BPC sensors. We found them to have a high coherence with the
seismometers of the external injection bench (EIB). Since the AA quadrants on the EIB are supposed to be
insensitive to seismic noise at the first order, we suppose that motion of the EIB causes a real jitter of the
beam which is seen as a misalignment from the AA quadrant and then re-injected as angular control noise by
their control loop. However this coupling mechanism through the AA control loop is unlikely to acts at high
frequency (for example at 100 Hz where the jitter seems to be a limiting noise) because the AA loop is not
active at these frequencies.

From the argument above it is evident that at low frequency, angular control noise and jitter noise can not be
considered independent. For that reason they can not be summed in quadrature to obtain the total noise. A
solution to avoid an overestimation of the total noise is to take into account in the sum the jitter noise projection
obtained from a transfer function measured under local control.

10 Automation and total noise budget

In order to quickly compute up-to-date noise budget a MATLAB script* to automate the procedures described
above has been implemented . It takes as input the GPS at which we want to calculate the noise budget, collects
data, and produces a complete noise budget for the RFC error signal as the one shown in Fig.15.

The plot of the total noise budget gives an overview on the contribution to total frequency noise of the different
noises taken into account in this analysis. Some of them are so small that it is not worth considering them
for commissioning purposes. In Fig.16 and Fig.17 the frequency noise budget is shown for the low and high
frequency region, respectively and only the relevant noises have been plotted.

In this note we just plotted a particular frequency noise curve. It is interesting to notice how frequency noise
has been decreased in the past months thanks to the commissioning activity until it reached the requirement of
1 Hz RMS. The improvement of the noise in the past months is shown in Fig.18

Noise transfer function, needed to project angular and jitter control noise are likely to change during com-
missioning and should be often re-measured. The noise injection process to compute such transfer functions
has been also automated. A dedicated Photodiode Readout (PR) process [15], CaNoise, is used to generate

4The MATLAB script can be found in /olusers/virgorun/RFC_NoiseBudget/RFC_NoiseBudget.m



VIR-0369A-15

1

({@}}\/| RG ) Injection system frequency noise budget fj}ffswtember 2, 2015
page :

18 of 21

Total Noise Budget
gps = 1116260659 (2015-05-21 16:24:03 UTC)

10 Tt FEPPTP O PN ST

LT R P T

= \A-’ _p.r,{,‘_,q,.m‘.‘ ‘(f

Hz/sqrifHz]

| — y jitter noise

W4 IBtz ctrl noise

— closed loop RFC error
— tx jitter noise
Tty jitter noise
— x jitter noise

IBtx ctrl noise
— IBty ctrl noise

— dark noise
ADC
— class rad pres noise
— shot noise
quantum rad pres
pendulum therm noise
— coating therm noise
—rfc noise

~incoherent sum

3

0 1
10 10 10 10

frequency [Hz]

Figure 15: Example of a noise budget produced using the MATLAB script
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Figure 16: Noise budget of the RFC error signal at low frequency where only the most relevant noise are plotted
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Figure 17: Noise budget of the RFC error signal at high frequency where only the most relevant noise are plotted

and shape the noise which is then sent to the various DSPs by cm commands. A Python script® handles this
procedures and records the GPS of the injections in a logfile. Such gps are then inserted in another MATLAB
script to work out up-to-date transfer functions.

5The Python script can be found in /virgoData/NoiseInjections/INJ/inject.py
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Figure 18: Improvement of the RFC error signal up to the requirement of 1 HZ RMS
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