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In this paper a simple and very effective control system to monitor and suppress the beam jitter noise
at the input of an optical system, called Beam Pointing Control (BPC) system, will be described
showing the theoretical principle and an experimental demonstration for the application of large scale
gravitational wave interferometers, in particular for the Advanced Virgo detector.
For this purpose the requirements for the control accuracy and the sensing noise will be computed
by taking into account the Advanced Virgo optical configuration and the outcomes will be compared
with the experimental measurement obtained in the laboratory. The system has shown unprece-
dented performance in terms of control accuracy and sensing noise. The BPC system has achieved
a control accuracy of ∼ 10−8 rad for the tilt and ∼ 10−7 m for the shift and a sensing noise of
less than 1 nrad/

√
Hz resulting compliant with the Advance Virgo gravitational wave interferometer

requirements.

OCIS codes: 000.0000, 999.9999.

1. Introduction
The beam pointing noise is an issue impacting the
performance of various optical systems. Complex-
ity of high power lasers systems usually creates
rather unstable pointing performance which can be
a major issue for their applications [1–3]. Point-
ing stabilization can be necessary in many areas
of physics such as atom optical trapping [4], mi-
croscopy [5] or free-space laser communication [6].
It can also be a major source of technical noise in
km-scale interferometric gravitational wave (GW)
detectors. Indeed, it was identified at an early
stage that in case of geometrical asymmetries be-
tween the arms of the interferometer (ITF), cre-
ated by spurious misalignments of ITF optics, the
input beam jitter in the detector frequency band-
width (10Hz-10kHz) creates a phase noise directly
affecting detector sensitivity [7, 8]. In order to mit-
igate this effect, the input beam jitter is filtered out
by means of a mode cleaning cavity. Despite this
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precaution, the commissioning of the first genera-
tion of GW detectors showed that the input beam
fluctuations can be a limiting technical noise espe-
cially for frequencies around 100 Hz. This could be
even worse for the second generation of detectors
[9, 10] where jitter specifications at low frequency
become even more stringent because of the radia-
tion pressure effects [10]. In addition, the fluctu-
ations of beam pointing at low frequencies (DC-
10Hz) can impact the ITF lock accuracy, which in-
directly degrades the detector sensitivity [11]. In
this paper the specifications of input beam jitter
over the whole frequency band of the 2nd genera-
tion detector Advanced Virgo (DC-10kHz) will be
evaluated. A system to monitor the input beam jit-
ter and to estimate the compliance of measured jit-
ter noise with respect to the specifications will then
be described. Finally the control system, the Beam
Pointing Control (BPC) system, used to deal with
the low frequency large fluctuation of the pointing,
due to air flux and thermal drift will be detailed,
showing also the control performance.



2

2. Beam pointing requirements for the input
beam of GW interferometer experiments
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Fig. 1. Scheme of advanced laser interferometer GW
detectors.

Figure 1 shows the general scheme of the Ad-
vanced Virgo double recycled Michelson interfer-
ometer. The laser source and some part of the
input optics system are placed on a set of in-air
optical benches where they experience jitter noise
due to spurious electro-optical effects, vibrations,
thermal fluctuations and air flux variations before
being sent through the suspended in-vacuum opti-
cal system. After entering the vacuum system, the
beam passes through a triangular mode cleaning
cavity (IMC) and is then mode matched onto the
long arm Fabry-Perot cavities using a set of shaping
optics. The gravitational wave signal is obtained
from the dark fringe of the Michelson which is fil-
tered by means of an output mode cleaner cavity
(OMC).
The beam jitter at the input of the IMC impacts
the detector performance in different ways depend-
ing on the perturbation frequency. In this section,
the calculation of the jitter requirements in the de-
tection frequency band (from 10 Hz to kHz) and at
lower frequencies (DC-10Hz) will be carried out.

2.A. Calculation of beam jitter requirements for
Advanced Virgo in the detection frequency band.

In this section the method that has been used
to compute the beam jitter requirements for
Advanced Virgo at the interferometer (ITF) input,
i.e. at the level of the Power Recycling Mirror
(PR), will be described. The requirements at the
IMC input will then be determined taking into
account the IMC and the shaping optics properties.

The jitter of the ITF input beam couples into
the dark fringe signal through optical asymmetries

between the two arms of the interferometer and
therefore it mainly couples through the residual
RMS tilt motion of the core optics [8].

Degree of freedom Requirement (nrad RMS)

(+)-mode 2

(-)-mode 110

PRM 25

SRM 280

BS 35

Table 1. Angular requirements for Advanced Virgo for
the arm cavity modes (the (+) and (-) modes) and for
the central interferometer mirrors, Beam Splitter (BS),
Power Recycling (PRM) and Signal Recycling (SRM)
mirrors.

The jitter noise requirement can be obtained by
evaluating the power Transfer Function TFTEM01

between an Hermite-Gauss Transverse Electro-
Magnetic field of order 1 at the input of the interfer-
ometer and the fundamental Gaussian beam at the
output of the interferometer of the carrier field and
then converting this power noise into strain sensi-
tivity by modeling the response of the interferome-
ter TFh/W from Watt to h.

In this computation it has been assumed that
the main channel for the jitter coupling is the
carrier field. This is due to the fact that the carrier
field at the dark fringe is much more powerful with
respect to the sideband fields since they are drasti-
cally filtered by the Output Mode Cleaner cavity.
Moreover, the reason why only the fundamental
mode at the output of the interferometer can be
considered in the computation of the jitter noise
is because the Higher Order Modes will be filtered
by the Output Mode Cleaner, clearly assuming
a perfect alignment of the Output Mode Cleaner
with respect to the dark fringe field.

The Transfer Function TFTEM01 can be com-
puted analytically, as has been done in [12][13]
where the jitter requirements for Advanced LIGO
are derived, but it gets rather complicated when
all asymmetries have to be taken into account.
For this reason, a numerical calculation has
been carried out using the frequency domain
simulation tool Finesse [14] in order to compute
directly the transfer function TFTEM01 for any kind
of optical configurations and interferometer defects.

The reference interferometer configuration [10],
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for which the operating point has been optimized
for Binary Neutron Star detection, has then been
modeled by adding the static misalignments fore-
seen for the Advanced Virgo core optics, shown in
Table 1 [15], by choosing the combination which
yields the worst case scenario, i.e. the one which
maximizes the power transfer function.
The effect of the jitter noise will then be converted
into sensitivity by evaluating the response of the
interferometer TFW/h, from h to Watt, which has
been computed with the Optickle simulation soft-
ware [16] to take into account the radiation pressure
effect.
The requirement for the input beam jitter is then
computed as:

SJitter =
hAdV

10
×

TFW/h

TFTEM01

(1)

where hAdV /10 is the target Advanced Virgo strain
sensitivity taking into account a factor 10 safety
margin. The TFTEM01 is the outcome of the Fi-
nesse simulation and TFW/h is the response of the
interferometer obtained with Optickle.
It is worth noting that two different packages had
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Fig. 2. Advanced Virgo Jitter requirements at the in-
put of the interferometer, solid curves, for the tilt and
shift d.o.f.. The dashed curves represent the jitter re-
quirements in case the radiation pressure effects have
not taken into account in the modeling showing require-
ments much more relaxed at low frequencies, of about a
factor ∼30 at 10 Hz.

to be used for this computation since Finesse does
not take into account the radiation pressure effect
which plays a key role in the second generation
interferometers due to the high circulating power,

making the requirement more stringent at low fre-
quency. On the other hand Optickle does not al-
low to introduce asymmetries into the model, such
as the static misalignment of the optics, which is
the main coupling channel of the beam jitter to the
gravitational wave signal.
The calculation method presented here has been
validated in Virgo, by measuring accurately the in-
put jitter as well as the transfer function of the
coupling to the dark fringe [17].

The beam jitter requirements at the ITF input
are shown in Figure 2. It shows stringent levels
of a few tens of pm/sqrt(Hz) for shifts and a few
frad/sqrt(Hz) for angles at frequencies of about 200
Hz.

In order to then evaluate these requirements at
the input of the IMC, the filtering effect of the
IMC itself and the shaping optics effect have to be
taken into account. Indeed these stringent require-
ments are relaxed by the use of the IMC filtering
cavity [18]. For a linear cavity the transverse verti-
cal and horizontal modes have the same resonance
frequency. However, for a ring cavity, this is not
true. If the cavity has an odd number of mirrors,
as is the case for the Advanced Virgo Input Mode
cleaner, the modes TEMmn with an odd mode
number relative to the ring plane (m = odd) are
non-degenerate with respect to the modes TEMnm
having the same mode number relative to the plane
perpendicular to the ring [19]. Thus, vertical and
horizontal misalignment modes are filtered in a dif-
ferent way. In consequence, the vertical beam jitter
is filtered by the Advanced Virgo IMC cavity by a
factor of γv = 340 and the horizontal by a factor of
γh = 670.
The shaping optics effect can be taken into account
by using the ABCD matrix formalism. Considering
that [

A B

C D

]
=

[
14.36 −171.05

−0.2 2.46

]
(2)

is the ABCD matrix of the shaping optics [10], the
lateral and angular beam jitter at the IMC input,
xIMC and θIMC , can be calculated starting from
the jitter at the ITF input, xITF and θITF , as:

xIMC =
√
|A′xITF |2 + |B′θITF |2 · γh (3)

yIMC =
√
|A′xITF |2 + |B′θITF |2 · γv (4)

θyIMC =
√
|C ′xITF |2 + |D′θITF |2 · γh (5)

θxIMC =
√
|C ′xITF |2 + |D′θITF |2 · γv (6)
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where xIMC and yIMC are the horizontal and ver-
tical shifts, θyIMC and θxIMC are the tilts in the
yaw and pitch directions of the beam at the IMC
input. Moreover, the parameters of the optical sys-
tem A′B′C ′D′ have been obtained by the inversion
of the ABCD matrix of Equation 2. Figure 3 shows
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Fig. 3. Advanced Virgo Jitter requirements at the in-
put of the IMC (Input Mode Cleaner) for the shift and
tilt d.o.f.s, blue and black curves respectively. The re-
quirements for the horizontal and vertical directions are
different due to the fact that the filtering of the IMC
triangular cavity is different in the two directions.

the beam jitter requirements at the level of the IMC
input. It can be observed that pointing noise re-
quirement in the detector bandwidth is mitigated
by more than one order of magnitude for the shift
direction and of about four orders of magnitude for
the tilt direction at the IMC input with respect to
what has been computed for the ITF input.

2.B. Input Beam Jitter low frequency accuracy
requirements.
Low frequency fluctuations of the beam alignment
at the ITF input can impact lock accuracy and
therefore limit the sensitivity [11]. A tilted input
beam in the ITF introduces a mismatch with the
cavity mode. This mismatch is then compensated
by the angular control of the arm cavity modes, the
Automatic Alignment control system [10], which
acts on the cavity mirrors to re-align the cavity
axis on the input beam. This misalignment of the
cavity axis unfortunately leads to a displacement
of the beam on the cavity mirrors with respect to
their center of rotation thereby increasing the lon-
gitudinal/angular noise coupling and thus the con-
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Fig. 4. Scheme of the effect of a input beam shift and
tilt (x and θ) at the entrance of the Input Mode Cleaner
triangular cavity. The beam will pass trough the IMC
unperturbed thanks to the IMC Automatic Alignment
reaching the Input mirrors tilted and shifted after pass-
ing trough the shaping optics. The requirements of the
input beam shift and tilt have been set in order to have
a maximum displacement of the beam entering in the
North cavity of 10−4m.

tribution of the angular control noise to the sensi-
tivity. The Evaluation of the angular sensing noise
reveals that the maximum allowable displacement
on the cavity mirrors, both on the Input and End
mirrors, to achieve the Advanced Virgo sensitivity
requirements is 10−4m [15]. For the end mirrors
the centering of the beam is obtained thanks to the
implementation of a local control strategy, called
dithering already implemented in the Virgo con-
figuration [20], which maintains the beam centered
with respect to the End mirrors center of rotation
within the accuracy requirement. The net require-
ment on ITF input beam alignment then consists of
controlling the shift on the input mirrors to 10−4m.
In order to compute the accuracy requirement the
effects of the IMC and of the shaping optics have
to be taken into account in the beam propagation.
The beam exiting from the laser system is used as a
reference for the alignment of the wole interferome-
ter and of the Input Mode Cleaner (IMC). The low
frequency misalignments of the IMC input beam
are therefore compensated by a misalignment of the
IMC mirrors that simply follows the direction of the
input beam (see Figure 4) with a control bandwidth
of ∼ 1 Hz [21]. The low frequency fluctuations of
the beam alignment at the output of the laser sys-
tem therefore remains almost unchanged passing
through the IMC cavity. Calculating requirements
of low frequency misalignments at the IMC input
nevertheless needs to take into account the effect
of the shaping optics placed between the IMC and

ITF. If

[
xIMC

θIMC

]
represents the misaligned beam
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at the IMC input, the beam displacement at the
North cavity input mirror can be computed as:

xIM = [1 L]·

[
A B

C D

]
·

[
1 d

0 1

]
·

[
xIMC

θIMC

]
< 10−4m

(7)
where d is the distance between the first two mirrors
of the IMC, the ABCD matrix is given by Equa-
tion 2 and L is the distance between the PR mirror
and the input mirror (IM). The requirements on
the beam shift, xIMC , and beam tilt, θIMC , are
then [22]:

xIMC < 4.2µm

θIMC < 0.35µrad
(8)

These requirements are hard to achieve as large
pointing fluctuations are expected at low frequency
due to temperature variations and air flux.

In order to evaluate and to ensure that the jitter
of the beam at the IMC input port is compatible
with requirements calculated in the previous sec-
tions 2.A and 2.B, a system, to monitor shifts and
tilts in the frequency band 10 Hz - 10 kHz and to
mitigate the jitter at frequencies below 10 Hz, has
to be developed.

3. Beam Pointing Control system design and
experimental setup
The Beam Pointing Control system has been devel-
oped to reduce the input beam tilt and shift at fre-
quencies below 10Hz. The shift and tilt of the beam
are sensed by two quadrant photo-diodes placed at
the input port of the IMC and the beam is steered
to the IMC input by using a system of Piezo actu-
ators, as is shown in Figure 5.

opticalsetups

PiezoTip/tilt
actuator

Mode
Cleaner
Cavity

Towards
ITF

waistlocation
Andpositionwhereto
controltilt/shift

L1

L2

Splitter

NF FFa
2b

h3 h1

h2h4
Quadrantphotodiodes

Fig. 5. Principle of the Beam Pointing Control.

The beam going from the laser is mode-matched
onto the Input Mode Cleaner (IMC) cavity using a
telescope. A partially reflecting mirror is used on

the beam path to obtain a pick-off before the IMC
and to sense the shifts and the tilts at the input
of the cavity (named hereafter Near field (NF) and
Far Field (FF) respectively).

3.A. Sensing: analytical computation and ex-
perimental setup
The beam tilt and shift are converted by the optical
setup into displacements sensed by two quadrant
photo-diodes placed in a way as to get 90 deg of
Gouy phase difference between them. The quadrant
signals are then used in a feed-back loop using two
tip/tilt piezo mirrors as actuators.

3.A.1. Analytical computation
In this section the sensitivity of the NF and FF
sensing setup will be calculated. The first step is
to evaluate the quadrant sensitivity to the beam
displacement. Considering a beam, with a beam
radius w, which impinges the quadrant diode, the
intensity on the sensor can be written as:

I(x, y) =
2I0
πw2

e−
2(x+y)2

w2 (9)

Considering then that the quadrant is composed of
four distinct square zones of size a, separated by
a gap 2b (see Figure 5), the quadrant horizontal
output signal for a beam misalignment (xqd,yqd) in
the two directions can be written as:

S(xqd, yqd) = αI ∗ (h1(xqd, yqd) + h2(xqd, yqd)

−h3(xqd, yqd)− h4(xqd, yqd))

where α is the quadrant photo-diode responsivity
and the function hi describes the response of the
different zones of the sensor which can be expressed
using the heaviside function Θ:

h1(x, y) = Θ(a− x)Θ(a− y)Θ(x− b)Θ(y − b)
h2(x, y) = Θ(a− x)Θ(a+ y)Θ(x− b)Θ(−b− y)

h3(x, y) = Θ(a+ x)Θ(a+ y)Θ(−b− x)Θ(−b− y)

h4(x, y) = Θ(a+ x)Θ(a− y)Θ(−b− x)Θ(y − b).

After convolution using the Equation 9, it can be
found that:

S(xqd, yqd) =
αI0
4
U+(xqd)U−(yqd). (10)

where

U±(xqd) = erf

(√
2(a− xqd)

w

)
∓ erf

(√
2(a+ xqd)

w

)

± erf

(√
2(b+ xqd)

w

)
− erf

(√
2(b− xqd)

w

)
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In the following, for simplicity, only the horizontal
response S(xqd) of the sensor for a perfectly verti-
cally aligned beam will be considered:

S(xqd, 0) = S(xqd) =
αI0
4
U+(xqd)U−(0) (11)

with

U−(0) = 2erf

(√
2a

w

)
− 2erf

(√
2b

w

)
(12)

For xqd � w we obtain:

U+(xqd) ≈
4
√

2
π

w

(
e−

2a2

w2 − e−
2b2

w2

)
xqd (13)

and the response of the sensor can be linearized as:

Sh(xqd) = Sxqd (14)

with

S =
αI0

√
2
π

w
U−(0)

(
e−

2a2

w2 − e−
2b2

w2

)
. (15)

Figure 6 shows the variation of S/αI0 as a function

0 . 0 1 0 . 1 1 1 00 . 0 1

0 . 1
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Fig. 6. S/αI0 behavior as a function of w for a detector
gap of 2b = 200 µm and size a = 3.9 mm

of w for a detector gap of 2b = 200 µm and size
a = 3.9 mm. As expected the detector sensitivity
drops to zero when w � b and when w � a. For
a beam radius much larger than the gap, w � b,
and much smaller than the sensor size, w � a, the
normalized signal is:

SN =
S

αI0
≈

2
√

2
π

w
(16)

The second step is to design the optical configura-
tion of this setup. This optical system should be
designed in order to detect the pure shift of the
beam on the IMC input on the NF quadrant diode
and the pure tilt on the FF quadrant diode [23].

The beam shift and tilt at the input of the IMC

is described by the vector

[
xiMC

θIMC

]
, but in the fol-

lowing a more general notation will be used,

[
xin
θin

]
which defines a general input beam for which the
displacement must be sensed. When placing a lens
at a distance −d = −(L1−L2) from the FF and NF
position, the displacement of the impinging beam
on the quadrant will be:[

xqd
θqd

]
=

[
1 d′

0 1

][
1 0

− 1
f 1

][
1 −d
0 1

][
xin
θin

]
.

(17)
The displacement on the sensor is then:

xqd = xin

[
1− d′

f

]
+ θin

[
d′ − d

(
1− d′

f

)]
(18)

Then the FF can be sensed by placing a quadrant
at d′ = f and the NF by placing a sensor at d′ =
df
d+f . Since the quadrant sensitivity drops to zero

for small impinging beams, for which w2 � b2, the
one-lens setup cannot be used for the the FF since
it requires placing the quadrant in the lens focus.
For the NF the displacement xqd measured by the
sensor is independent of θin and becomes:

xqd = KNFxin (19)

where KNF is the displacement amplification fac-
tor:

KNF =
f

d+ f
. (20)

The quadrant signal, by using the eq. 14 16 19, can
be written as:

SNF (xin) = 2

√
2

π

KNF

wNF
xin (21)

where wNF is the beam radius at the position of the
quadrant sensor. The beam radius as a function of
the distance z from the lens can be written as:

w
′2(z) =

λ

π
z′R

[
1 +

(
z − z′0
z′R

)2
]

(22)
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where z′0 and z′R are respectively the waist position
and the Rayleigh range of the beam after propa-
gation though the lens. Using the ABCD matrix
propagation, it can be found: z′0 =

z2R(KNF d/f
2−1/f)

1/K2
NF+z2R/f

2

z′R = zR
1/K2

NF+z2R/f
2

(23)

wNF can then be calculated from eq. 22:

w2
NF = w

′2(KNFd) =
λ

π
z′R

[
1 +

z2R
f2

(
KNFd

f
− 1)2

]
.

(24)

With (KNF d
f − 1)2 = K2

NF , it becomes:

w2
NF =

λ

π
K2
NF zR = K2

NFw
2
0 (25)

and the quadrant signal can be written as:

SNF (xin) = 2

√
2

π

xin
w0

(26)

The sensitivity of NF sensing with a quadrant does
not depend on the optical setup but only on the
waist size of the monitored beam.

For the FF, a telescope formed by two lenses of
focal length f1 and f2 separated by a distance d12

is used to shape the beam on the quadrant diode,
i.e. to obtain the beam size which maximizes the
sensitivity for the given quadrant photo-diode pa-
rameters (a and b) as it is shown in Figure 6.

[
xqd
θqd

]
=

[
1 d′

0 1

][
1 0

− 1
f2

1

][
1 d12
0 1

][
1 0

− 1
f1

1

][
1 −d
0 1

][
xin
θin

]
(27)

The displacement on the sensor is then:

xqd = xin

− d′
f2
−
d′ + d12

(
1− d′

f2

)
f1

+ 1

+θin

d′ + d12

(
1− d′

f2

)
+ d

− d′
f2
−
d′ + d12

(
1− d′

f2

)
f1

+ 1


(28)

For a quadrant placed at a distance d′ =
f2(d12−f1)
d12−f1−f2 , the displacement xqd measured by the

sensor is independent of xin and becomes:

xqd = KFF θin (29)

with

KFF =
f1f2

f1 + f2 − d12
(30)

and the quadrant signal can be written as:

SFF (θin) = 2

√
2

π

KFF

wFF
θin (31)

where wFF is the beam radius at the position of
the quadrant sensor. In the same way as for NF,
the ABCD matrix propagation has been used to
calculate wFF :

w2
FF =

λ

π
K2
FF

1

zR
=

(
λ

π

)2 K2
FF

w2
0

(32)

and the quadrant signal can be written as:

SFF (θin) = 2

√
2

π

θin
λ/(πw0)

(33)

Similarly to what was obtained for the NF, the
FF quadrant sensitivity is independent of the setup
and only depends on the divergence λ/(πw0) of the
monitored beam.

3.A.2. Experimental setup
The tilt and the shift of the beam at the input of
the IMC cavity is monitored by the two quadrant
photo-diodes, NF and FF, placed at a Gouy phase
difference of ∆φGouy = φNF − φFF = 90 deg. The
two quadrant photo-diodes, S−078−QD provided
by EOS Inc.TM [26], are composed of four separate
sensitive elements with an active area of 7.8 mm and
they are separated by a gap of less than 200 µm.
Considering the gap and the dimension of the pho-
tosensitive zone, the beam impinging on the quad-
rant photo-diode should have a radius between 800
µm and 1mm.
The sensing is formed by two different optical paths:
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Fig. 7. Top picture: BPC Far Field setup showing
the beam and Gouy phase propagation; Bottom pic-
ture: BPC Near Field setup showing the beam and Gouy
phase propagation.

the NF sensing path, to sense the pure shift of the
beam entering the IMC, and the FF sensing path
to sense the pure tilt, as it has been described in
section 3.
The Near Field sensing path is composed of a sin-
gle lens, with a focal length of f1 = 0.5 m and a
quadrant at a distance d′ = 0.6 m from the lens,
such as to be in the image plane, as shown in Fig-
ure 7. The Far Field sensing path is composed of a
system of two lenses with focal length f1 = 0.356 m
and f2 = −0.0387 m. The distance between them
is optimized to d12 = 0.319 m in order to obtain a
telescope which is equivalent to a converging lens
with an effective focal length of feq ' 8 m. In or-
der to place the quadrant diode in the focal plane,
to be sensitive only to tilts of the input beam, the
distance between the quadrant and the second lens
of the telescope (l2) has been set to d′ = 0.85 m
yielding a Gouy phase shift between the two sens-
ing photo-diodes of 90 deg, as shown in Figure 7.

The two quadrants have been placed 90 deg apart
in order to perfectly decouple the two degrees of
freedom; the tilt and the shift of the beam. The
perfect decoupling of the sensing has been proved
by purely shifting the beam in the horizontal direc-
tion by inserting and rotating a glass window with
anti-reflective coating at 1.064 µm laser wavelength
in the beam path. As it is shown in Figure 8, the
effect is visible only in the horizontal signal which

Fig. 8. Shift measurement: BPC FF quadrant outputs
(top); BPC NF quadrant outputs (bottom).

detects the beam shift (on the Near Field quad-
rant).
The quadrant signals will be used at low frequency
as error signals for the beam pointing control, and
at high frequency, in the detection frequency band
10Hz-10kHz, to monitor the beam jitter.

3.B. Actuation experimental setup

In order to adjust the position of the beam on the
first mirror of the Input Mode Cleaner Cavity and
reduce beam jitter noise at low frequency, two steer-
ing mirrors are used. In particular, they are com-
posed of two systems in which mirrors and piezo-
electric actuators are fixed in the same mechanical
mount. Two different models of tip/tilt piezoelec-
tric actuators have been used: the S330 and S340
from Physik instrumente [27] shown in Fig. 9.

Fig. 9. Mirror mounted on the piezoelectric actuator PI
S330 on the left; Mirror mounted on the piezoelectric
actuator PI S340 on the right.
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4. BP Control System: calibration procedures
and control scheme
The Beam Pointing Control system is a feed-back
control loop aiming at suppressing the input beam
displacement at the level of the IMC first mirror, in
terms of tilt and shift, in the frequency range below
10 Hz. The implementation of the control requires
introducing well defined calibration procedures for
both the actuation and the sensing.

4.A. Actuation calibration procedure
The actuation system has been calibrated with
a very basic setup using a Position Sensor De-
vice (PSD) mounted on a micro-metric translation
stage, from Optosigma, placed in the focal plane of
a lens having the focal length f = 150mm.
The PSD will then only be sensitive to tilts and it
can be easily used to calibrate the two piezo actu-
ator (Pzt1/2). The result of this calibration is de-
picted in Figure 10 and shows a flat Transfer Func-
tion between the voltage applied to the second piezo
and the angular displacement induced on the PSD
up to a few hundreds of Hertz.

Fig. 10. Transfer function of pitch and yaw direction for
the PI S340 piezo actuator (Pzt2).

4.B. Sensing calibration procedure
The quadrant diodes have been calibrated apply-
ing known shift and tilt of the beam by using the
previously calibrated piezo actuators, as shown in
Figure 11.
The FF quadrant calibration is performed by in-
jecting a calibrated tilt (θ) using the calibrated
piezo actuator (Pzt2) and measuring the conse-
quent quadrant signal as output. The NF quad-
rant is calibrated applying the same amount of tilt
(θ) on both piezo actuators, obtaining a pure shift
and no signal on the Far Field quadrant taking
into account also the distance l = 1.392 m be-
tween the two piezo actuators. The calibration
procedure of the sensing yields a FF normalized
signal of SFFtx|meas=14045 [rad−1] for the verti-
cal d.o.f. and SFFty|meas=18182 [rad−1] for the

FF

NF

Input beam

IMC

l

FF

NF

Input beam

IMCFar Field quadrant
calibration

Near Field quadrant
calibration

Fig. 11. Sensing calibration procedure of the Far Field
quadrant, top plot, and the Near Field quadrant, bottom
plot.

horizontal d.o.f.. The calibration in the two di-
rections is slightly different due to the fact that
the beam size in the two directions is not equal
(wFFy = 800µm in the vertical direction and
wFFx = 627µm in the horizontal direction). These
results are in good agreement with the expected re-
sults SFFtx|teo=16166 [rad−1] for the vertical d.o.f.

and SFFty|teo=20626 [rad−1] obtained from the
eq. 33. In the case of the Near Field signal the mea-
sured value is SNFx|meas=492 [m−1] for the hori-
zontal direction and SNFy|meas=431 [m−1] for the
vertical direction, to be compared with the theoret-
ical result, using the eq. 26, of SNF |teo=398 [m−1]
for a beam waist of wNFx = 800µm. The good
agreement between the measured values and the ex-
pected results in addition to the validation of the
analytical computation could also allow to design
the control using only the theoretical calibrations.

4.C. Control scheme
The Beam Pointing Control scheme, whose block
diagram is shown in Figure 12, is composed of the
the Optical system (O), the Sensing part (S) and
the Control part (C).
The Optical system (O) represents the optical path
response from the piezo actuator tilts to the input
beam displacements. The Sensing (S) is the opto-
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Optical System

Quadrant
diodes

in,xin

C

Input beam 
displacement

Control
matrix

CorrectorsDrivingActuators

S

O

laser beam 
displacement

Fig. 12. Block scheme for the Beam Pointing Control
system.

electronic part of the system consisting of the two
quadrant diodes and the relative readout electron-
ics to extract the information about the input beam
displacements. The Control (C) is given by the

FFhor FFver NFhor NFver

θx 0 71.2 0 0

θy -55 0 0 0

x 0 0 2034 0

y 0 0 0 2319

Table 2. Control matrix in [µm] for the x and y direction
and in [µrad] in the θx and θy direction.

Control Matrix, the Correctors, the Driving ma-
trix and the Actuator transfer functions. The con-
trol matrix provides the relation between the set of
quadrant signals and the set of input beam displace-
ments. It’s entries are the low frequency limit of the
transfer functions between the input beam displace-
ments and the quadrant signals (see Table 2). The
BPC corrections are computed by filtering the error
signals with properly designed control filters (cor-
rectors) which are sent then to the driving matrix
to define the correction voltages to drive the piezo-
electric actuators. The control filters for the shift
and tilt are shown in Figure 13. The unity gain fre-
quency of the two loops is ∼ 20 Hz for the tilt direc-
tion (black curve) and ∼1 Hz for the shift direction
(red curve). The control filters, developed for the
BPC control, are very simple and robust. From the
open loop transfer function it can be seen that they
demonstrated a large margin of improvement, the
u.g.f. could be indeed increased to∼100 Hz for both
directions, which is not necessary for the purpose
of this study, since the system is already compliant
with the control accuracy and noise requirements,
but it could be useful for other applications.
The acquisition of the error signals and the gen-
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Fig. 13. BPC open loop Transfer Function on the top
plot, closed loop TF on the middle plot and the phase
on the bottom plot for the shift and tilt control filters
(red and black curves respectively). As it is shown in
the transfer function the unity gain frequency of the two
loops is ∼ 20 Hz for the tilt direction and ∼1 Hz for the
shift direction.

eration of the corrections is made trough a Digi-
tal Signal Processor (DSP) with a sampling rate of
10 kHz.

5. BPC performance
As discussed in the previous section the BPC sys-
tem has a dual purpose. The first is to mitigate
the jitter at low frequency in order to not degrade
the overall ITF alignment (see section 2.B). The
second is to monitor the beam jitter at the level
of the IMC. In this section the performance of the
experimental apparatus will be compared with the
Advanced Virgo requirements.

5.A. Low frequency performance: closed loop
signals
The low frequency performance of the control is
shown in Figure 14. The beam shift and tilt spec-
tra at the level of the IMC in the case of open and
closed control loop (red and blue curve respectively)
for all the four d.o.f. are shown. The spectra have
been computed with a statistical approach setting
a confidence threshold of 95% (meaning that the
beam displacement spectra will be below the shown
curve for the 95% of the time). The control devel-
oped for the BPC fully fulfills the RMS require-
ments, computed in section 2.B. As it is shown in
Figure 14, the closed loop RMS (the dashed blue
curve) is below the requirement (the dashed black
curve) for all four degrees of freedom. Moreover, the
fact that the open and closed loop curves start to
overlap above 1 Hz means that the re-introduction
of control noise can be considered negligible in the
detection bandwidth (above 10 Hz) as it will be de-
scribed in the following.



11

10−2 10−1 100

10−4

10−2

100

102

Frequency [Hz]

tx
di
sp
la
ce
m
en

t[
ur
ad

/s
qr
t(H

z)
]

10−2 10−1 100

10−4

10−2

100

102

Frequency [Hz]

ty
di
sp
la
ce
m
en

t[
ur
ad

/s
qr
t(H

z)
]

10−2 10−1 100
10−3

10−2

10−1

100

101

102

Frequency [Hz]

x
di
sp
la
ce
m
en

t[
um

/s
qr
t(H

z)
]

10−2 10−1 100
10−3

10−2

10−1

100

101

102

Frequency [Hz]

y
di
sp
la
ce
m
en

t[
um

/s
qr
t(H

z)
]

Closed loop
Open loop
RMS requirement

Closed loop
Open loop
RMS requirement

Closed loop
Open loop
RMS requirement

Closed loop
Open loop
RMS requirement

Fig. 14. Beam shift and tilt spectra at the level of the
input of the Mode Cleaner cavity in case of open and
close loop (red and blue curve respectively) for all the
directions. The open loop spectra have been computed
with a statistical approach setting a confidence thresh-
old of 95%, which means that the beam displacement
spectra will be below that curve for the 95% of the time.
The control accuracy RMS (the blue dash curve) fulfill
the requirement (the dashed black curve) for all the four
degrees of freedom.

5.B. Beam jitter monitoring: open loop signals

The open loop signals are used to monitor the ef-
fective displacement of the beam at the input of the
IMC above 10 Hz (see red curves in Figure 15) and
have been compared with the Advanced Virgo re-
quirements evaluated in section 2.A (black curves).
The sensing is limited by the quadrant sensor noise,
dashed red lines in Figure 15, and it is compliant
with the Advanced Virgo requirements for all the
four d.o.f..
It is worth noting that the displacement measure-
ments performed in the laboratory (red curves in
Figure 15) show structures related to the opti-
cal mount resonances excited by the environmen-
tal noise of the laboratory, mainly acoustic noise,
which is expected to be lower for Advanced Virgo
due to the implementation of acoustic enclosures
surrounding the optical bench.

6. Conclusion

In this paper a simple and very effective control
system to monitor and suppress the beam jitter
noise at the input of an optical system has been
described showing the theoretical principle and an
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Fig. 15. Beam jitter measurement and projection over
the detection bandwidth.

experimental demonstration for the application of
large scale gravitational wave interferometers. The
control system has shown unprecedented perfor-
mance in terms of control accuracy and sensing
noise. The BPC system has achieved a control ac-
curacy of ∼ 10−8 rad for the tilt and ∼ 10−7 m
for the shift and a sensing noise of less than 1 nrad
resulting compliant with the Advance Virgo gravi-
tational wave interferometer requirements.
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Frédéric Cléva from CNRS for his contribution on
the initial optical setup and to Richard Day from
EGO.

References

[1] T. Kanai, A. Suda, S. Bohman, M. Kaku, S. Ya-
maguchi, and K. Midorikawa, “Pointing stabiliza-
tion of a high-repetition-rate high-power femtosec-
ond laser for intense few-cycle pulse generation,”
Appl. Phys. Lett. 92, 061106 (2008).

[2] G. Genoud, F. Wojda, M. Burza, A. Persson, and
C.-G. Wahlström, “Active control of the pointing



12

of a multi-terawatt laser,” Rev. Sci. Instrum. 82,
033102 (2011).

[3] T. Yagi, Y. Matsumi, K. Ohta, J. Bachar, H. Saito,
M. Obara, and T. Fujioka, “Beam monitoring sys-
tem for simultaneous measurement of near and far
field patterns in high repetition rate KrF lasers,”
Applied Optics 28(17), 3775-3778 (1989).

[4] T. A. Savard, K. M. OHara, and J. E. Thomas,
“Laser-noise-induced heating in far-off resonance
optical traps”, Phys. Rev. A 56(6) (1997).

[5] P. Groß, L. Kleinschmidt, S. Beer, and C. Fallnich,
“Position stabilization for a confocal multiphoton
microscope”, Applied Optics 50(28) (2011).

[6] M. Toyoda, K. Araki, and Y. Suzuki, “Wave-front
tilt sensor with two quadrant detectors and its ap-
plication to a laser beam pointing system”, Applied
Optics 41(12) (2002).

[7] F. Barone, E. Calloni, L. Di Fiore, A. Grado, P.
Hello, L. Milano, G. Russo, “Effects of misalign-
mentsa and beam jitters in interferometric gravita-
tional wave detectors”, Physics Letters A 217, 90-
96(1996).

[8] P. Fritschel, N. Mavalvala, D. Shoemaker, D. Sigg,
M. Zucker, and Gabriela González, “Alignment of
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