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Chapter 4

Deciding on a wavefront sensor for AdV

Sensors are required for AdV to determine the mode content of carrier and sidebands at the dark

port and in the PRC, and to measure the thermal aberrations in the mirrors. Information from

these sensors is used to suppress HOMs arising in the PRC by incorporating them in a control

system to regulate thermal effects. In particular a sensor that can measure amplitude |E0(x, y, z)|
and phase φ(x, y, z) of a field E(x, y, z) = |E0(x, y, z, t)|ei·2πfsigt+iφ(x,y,z) with optical frequency fsig
is required. Such a sensor is realized at AdV with the phase camera (PC). We first explain the

working principle of several wavefront sensors to motivate the choice of the phase camera, and then

we summarize the requirements of the phase camera.

4.1 Overview of wavefront sensors

Several wavefront sensors have been considered by the gravitational wave community to gather

information on thermal effects. The wavefront sensors can be divided into two general categories.

The first category measures the mirror surface using a probe beam, while the second category

determines the mode content of the interferometer beam. Next the studied wavefront sensors will

be discussed briefly.

4.1.1 Shearing interferometer

There is a wide range of shearing interferometers. All of them have in common the comparison of

a wavefront with itself. The basic setup is shown in Fig. 4.1a, where an incident field �E(�x) is split

by the shearing interferometer into two identical intensity distributions with optical axes translated

from one another by the amount of shear �s. The two sheared fields are denoted �E1(�x) ∝ �E(�x) and
�E2(�x) ∝ �E(�x + �s). The intensity distribution on a camera perpendicular to the two sheared fields

is given by

|E1(�x) + E2(�x)|2 = |E1(�x)|2 + |E2(�x)|2 + 2|E1(�x)E2(�x)| cos(φ1(�x)− φ2(�x)) (4.1)

= |E(�x)|2 + |E(�x+ �s)|2 + 2|E(�x)E(�x+ �s)| cos(φ(�x)− φ(�x+ �s))

≈ |E(�x)|2 + |E(�x+ �s)|2 + 2|E(�x)E(�x+ �s)| cos(∇φ · �s).
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4.1. OVERVIEW OF WAVEFRONT SENSORS

Fig. 4.1. Panel a) shows the basic setup of a shearing interferometer. The beam whose wavefront

is to be determined is divided into two beams slightly separated from one another by the amount

of shear, �s. The resulting interference pattern is then observed with a camera. Panel b) shows the

setup used for the measurement of thermal aberrations in mirrors with a shearing interferometer

[75]. The shear is introduced by a Beta Barium borate crystal (BBO), for which the refraction angle

is polarization dependent. The beam polarization is indicated along the path of propagation with the

blue arrows. Details are given in the text.

It is seen that the interference term carries information on both the phase and amplitude of the

beam.

Several examples of shearing interferometers can be found in [76]. A shearing interferometer de-

signed for the observation of thermal effects is described in [75]. A sketch of the setup is shown

in Fig. 4.1b. The shear is introduced by an uniaxial birefringent crystal for which the refraction

angle depends on the polarization at the input of the crystal. A half–waveplate and a polarizing

beamsplitter (PBS) are placed after the crystal to align the polarization of the sheared fields for

interference. To distinguish the interference term from the DC component the laser light is phase

modulated with an EOM with a modulation frequency of fm = 0.3 Hz and modulation depth β.

The resulting interference pattern

I(�x) ≈ |E(�x)|2 + |E(�x+ �s)|2 + 2|E(�x)E(�x+ �s)| cos(∇φ · �s+ β cos(2πfmt)),

is recorded with a CMOS camera with a frame rate of 15 Hz. The phase gradient ∇φ · �s and the

amplitude 2|E(�x)E(�x + �s)| are obtained by demodulating typically about 30 s of data. Only the

change in phase with respect to a reference time is obtained. To get the complete wavefront the

beam needs to be sheared once in the horizontal and once in the vertical direction. In the example

the two directions are measured by tilting the crystal used to introduce the shear by 90 degree

around the optical axis. An alternative would be to build two shearing interferometers, one for the

horizontal and one for the vertical direction. For details of the analysis see [75].

The sensitivity reached is λ/160 with a HeNe laser with a wavelength of 632.8 nm. This corresponds

to surface defects of 4 nm.
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CHAPTER 4. DECIDING ON A WAVEFRONT SENSOR FOR ADV

Fig. 4.2. Basic setup of a Hartmann sensor (HWS). In panel a) the beam path of the probe beam

is shown. Panel b) presents a sketch of the Hartmann plate and the beam spots on the CCD for a

curved and for a flat impinging wavefront.

4.1.2 Shack-Hartmann sensors

Hartmann sensors were originally developed for the alignment of spectrographs and this has evolved

to a standard method for the detection of aberrations in mirrors of gravitational wave detectors

[77, 78, 79]. A Hartmann sensor consists of a probe beam whose wavefront is altered by the optical

component of interest (see Fig. 4.2a). The probe beam is then analyzed with a Hartmann plate

and a light sensitive detector (typically a CCD). The Hartmann plate features several holes through

which the laser light can reach the CCD resulting in a pattern of bright spots. These spots will

wander if the wavefront is altered due to for example thermal effects (in Fig. 4.2b depicted as

the blue lines). A well adjusted Hartmann sensor allows to measure a wavefront change Δφ by

numerically integrating

∂Δφ

∂x
=

Δx

L
. (4.2)

However, the change in phase has to be measured with respect to a reference measurement. There-

fore, only changes of the wavefront and no cold defects can be observed. Equation (4.2) is only

valid for sufficiently short distances between the Hartmann plate and the CCD (typically 1 cm).

The sensitivity of the Hartmann sensor is temperature dependent but can achieve an accuracy of

λ/2000 in stable conditions [79].

4.1.3 Time of flight camera

Time of flight cameras are used in a wide variety of applications - from high precision surface

measurements to drone navigation [80]. The camera is used in these applications to provide a 3D

image of its surrounding. Moreover high frame rates are achieved (above 100 Hz).
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4.1. OVERVIEW OF WAVEFRONT SENSORS

Fig. 4.3. Working principle of a time of flight camera. A source emits amplitude modulated light,

that reflects from a surface and is back–scattered to the camera where it is sampled with a pixel array.

From the samples the phase of the wavefront is inferred which allows to reconstruct the surface to be

imaged. Panel a) shows the macroscopic setup and panel b) the microscopic phase difference due to

the path length and the sampling time. Red always represents the emitted light while blue represents

the back–scattered and subsequently sampled light.

A sketch of the basic principle of a time of flight camera is given in Fig. 4.3a. A source emits

modulated light that scatters from its surrounding back to the receiver of the time of flight camera,

where it is sampled with a pixel array. The sampling frequency fs is exactly four times the modu-

lation frequency fm. The sampling frequency and the modulation frequency are phase locked. The

emitted light is described by

s(t) = A · sin(2π · fmt), (4.3)

where A is the amplitude of the modulated field. The emitted wave is depicted in red in Fig. 4.3b

with the dark gray lines indicating the sampling times. The intensity of the back–scattered light at

these sampling points is given by

si = A� · sin(π
2
· i+ φ) + A0, with i ∈ {0, 1, 2, 3}, (4.4)

where φ represents the additional phase due to optical path length differences, A0 a DC offset due

to background light and A� the detected amplitude. This is a set of four equations with three

unknowns. In the absence of noise the phase and the amplitude of the back–scattered light are

reconstructed as

φ = arctan

�
s0 − s2
s1 − s3

�
and A� =

�
(s0 − s2)2 + (s1 − s3)2

2
. (4.5)

For AdV the source would be replaced with the light coming from the interferometer, i.e. the

amplitude modulated beam of the ToF is replaced with 11 beat signals that need to be demodu-

lated. This requires to increase the sampling frequency to about 500 MHz to avoid aliasing effects.
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CHAPTER 4. DECIDING ON A WAVEFRONT SENSOR FOR ADV

Furthermore, commercially available time of flight cameras use pixel arrays made of thin layers of

silicon. This makes them inefficient for laser light of 1,064 nm, for which the absorption length α

is about 1 mm [81]. The amount of optical power transferred to photo electrons ηphoto for a silicon

layer of depth d is given by

ηphoto = 1− e−
d
α . (4.6)

The photo signal thus increases with the silicon layer thickness. However, the drift time of the

electrons in the silicon increases with d, too. In order to follow the signal in time, thin diodes

are preferred, while thick diodes are favored to increase the signal amplitude. As a consequence it

is difficult to fulfill both requirements with a silicon based chip. However, in principle one could

increase the power in the interferometer beam or design a chip based on a different sensor material.

A natural choice is InGaAs which has a higher drift velocity and lower absorption length for light

with a wavelength of 1,064 nm. The design of such a chip is costly, as it would need to be custom

made.

As a conclusion, a time of flight camera can be used as a wavefront sensor. Tests with a PMD

CamCube 3.0 camera were carried out at Nikhef to determine whether a commercial available time

of flight camera could be used [34]. The main drawback of the commercially available devices is,

that no cameras sampling at 211 MHz are available, and that it is not possible to demodulate

several frequencies simultaneously with one device.

4.1.4 Spatial Light Modulator based phase camera - joint detection of

image points

Recently a new approach for the acquisition of the wavefront by a single photodiode and a spatial

light modulator (SLM) has been developed [82]. In Fig. 4.4a a sketch adjusted from [82] for the

application at AdV is shown. The beam coming from the interferometer is first reflected from

an SLM and then recombined with a reference beam. The reference beam is assumed to have a

much larger width than the beam coming from the interferometer, and has a flat phase front1. The

interferometer beam has a curved phase front which is phase modulated by the SLM. The SLM

consists of N mirrors arranged in a grid. Each mirror can be moved individually to alter the optical

path length between photodiode and SLM which effectively adds a phase modulation. This allows

to encode the spatial position on the phase.

In [82] a proof of principle is given. We are preparing a test setup to investigate the use of this

method for AdV (see Fig. 4.4b). An advantage of the method over the currently in use phase camera

discussed in the next section is that all pixels are measured simultaneously. Moreover, the SLM

contains no macroscopic moving parts, hence the device is expected to cause less vibrations on the

bench. In contrast to the scanning phase camera discussed next, the image points are determined by

the number and positions of the micromirrors. A disadvantage of the SLM based phase camera with

1In [82] only the phase of the field and not the amplitude is of interest. Therefore, the magnitude of the reference

beam is not discussed. However, for the determination of the mode content at AdV the amplitude information is

needed. The easiest solution would be to have a constant reference amplitude and phase over the entire diode to

omit systematic uncertainties
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4.1. OVERVIEW OF WAVEFRONT SENSORS

Fig. 4.4. Panel a) shows the working principle of the SLM based phase camera. The SLM consists

of a grid of controlled micromirrors. The beam coming from the interferometer is reflected from an

SLM, and the mirrors of the SLM are controlled in such a manner that a position dependent phase

modulation is added to the beam. The interferometer beam is then recombined with the reference

beam, sensed with a single photodiode and sampled with an ADC. The demodulation is performed

digitally with an FPGA. Panel b) shows the setup for the characterization of the SLM based phase

camera at Nikhef. The laser beam is split at the beamsplitter (BS). The light reaching the SLM is

phase modulated depending on the actuation pattern of the micromirrors. The light leaving the BS

through the other port is reflected back by a mirror to provide a reference beam. Reference beam and

SLM beam are recombined at the BS and detected by a photodiode (PD). Setup prepared and picture

taken by D. Pascucci.
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CHAPTER 4. DECIDING ON A WAVEFRONT SENSOR FOR ADV

respect to the scanning phase camera is the spatial resolution. A dedicated study of the behavior

of such systems has still to be carried out.

4.1.5 Scanning Phase Camera

The phase camera was initially developed at LIGO to aid commissioning [83, 84]. A similar sensor

is needed to gain information on the beam in the AdV PRC. Hence a phase camera based on the

LIGO design was operated at Virgo to gain experience with the device [85, 86]. During the upgrade

from Virgo to AdV the phase camera has been improved using this experience.

The LIGO phase camera

Initial gravitational wave detectors used the beat signal of sidebands and carrier to read out the dark

port. A bad overlap of the sidebands with the carrier did thus not only affect the controls but also

the signal used for the detection of gravitational waves. Therefore, the overlap between sidebands

and carrier at the dark port had to be as high as possible. The first phase camera was designed to

study the overlap of the sidebands with the carrier at the dark port of the LIGO detectors. For this

purpose the phase difference between carrier and sidebands as well as the amplitude of carrier and

sidebands were needed. It was already anticipated that the camera would serve as a more general

tool for commissioning. In particular thermal effects in the sidebands were observed [83, 84].

The basic principle of the phase camera is to scan the beam coming from the interferometer over a

small photodiode and then to demodulate the signal for the different pixels sequentially. In order to

differentiate between upper and lower sidebands, the signal is recombined either before or after the

scanner with a frequency shifted reference beam. Initially the setup was made in such a way that

per scan only one frequency component could be demodulated. However, the phase of the reference

beam at the LIGO site was found to drift on minute scales [83], thus in order to reduce the effect of

the reference beam on the comparison of the fields the demodulation process was adjusted to allow

for four simultaneous demodulations.

In Fig. 4.5a a sketch of the first setup at LIGO including the reference beam2 is given. The

reference beam is picked up from the main laser at the input of the interferometer. The beam

from the interferometer is picked up at a location of interest such as inside the PRC. The two

beams are recombined on a beamsplitter and scanned over with a position scanning galvanometer

(GSI Lumonics Model 000-3008539). The galvanometer moves the beam in a spiral pattern over a

pinhole with a diameter of 150 µm, such that within 0.5 s the whole wave front is scanned. Behind

the pinhole is a photodiode (New Focus 1811A RF). The photo current is analog demodulated by

a local oscillator with a frequency equal the frequency difference of the reference and the field of

interest, a mixer and a low pass filter. The obtained quadratures, the DC readout and the read back

position of the galvanometer are digitized (National Instruments model PCI 6052E) and passed on

to a computer. The read back position of the galvanometer is used to determine the pixel location.

From the DC readout and the quadratures phase and amplitude of the interferometer beam are

reconstructed (see [83] for details).

2Also tests of the phase camera without reference beam were performed at LIGO [83].

105



4.1. OVERVIEW OF WAVEFRONT SENSORS

The Virgo phase camera

Figure 4.5b shows how the camera has evolved for the use at AdV. The basics of the optical setup

are the same as for the initial phase camera. However, the galvanometer is replaced by a Piezo

scanner which has a better accuracy (5 µrad versus 15 µrad) and requires less space (roughly 2 cm

by 2 cm versus 8 cm by 8 cm on the table top). The photodiode is replaced by a smaller one with a

custom made board to increase the bandwidth by about a factor 10. The diameter of the photodiode

is 55 µm, such that in the AdV version the spatial resolution is determined by the diode size and

not by the pinhole size. The pinhole is replaced with a diaphragm to shield against background

light and to reduce scattering. The recombination of the reference beam and interferometer beam

is moved from before to after scanning. The advantage is that the reference power is constant over

the full image, such that no postprocessing is required to correct for the reference beam shape,

and that the beat signal at the edges of the image is stronger, which improves the sensitivity. The

disadvantage is that absolute phase images are contaminated by geometrical effects of the scanning

due to the position dependent interference angle between the reference beam and the interferometer

beam (see Section 5.2.1). These systematic effects do not compromise the current use of the phase

camera at AdV; the overlap is constructed with relative phase maps, see Eq. (3.19), and the mode

content can be inferred using the amplitude images only, see Section 6.14.

Another improvement of the system is the switch from analog to digital demodulation. Digital

demodulation allows to easily adjust demodulation frequencies and to have an exact 90◦ angle

between the quadratures. In particular during the commissioning phase of the phase camera it was

useful to check the behavior at various demodulation frequencies (see Section 6.5). With the switch

to digital demodulation the speed of the camera increased such that 10k pixels are provided for 11

demodulation frequencies in a scan time of 0.5 s.

In conclusion, the phase camera at LIGO was designed and tested to acquire similar information as

needed at AdV. The setup was adapted at a reasonable cost to fulfill all requirements set for the

use at AdV. Currently two phase cameras are operational at AdV. Characterization of the sensor

is described in Chapter 5.
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CHAPTER 4. DECIDING ON A WAVEFRONT SENSOR FOR ADV

Fig. 4.5. Panel a) shows a sketch of the setup of the first phase camera at LIGO. The reference

beam is picked up at the input of the interferometer and recombined with a pickup beam from the

interferometer on a beamsplitter. The interference pattern of reference and interferometer beam is

scanned over a pinhole with a diameter of 150 µm by means of a position scanning Galvanometer

(GSI Lumonics Model 000-3008539). After the pinhole the beam is sensed with a photodiode (New

Focus 1811A RF). The DC photocurrent is immediately sampled while the RF photocurrent is analog

demodulated before sampling. The sampling frequency is about 300 kHz (National Instruments model

PCI 6052E), per image 4000 pixels are acquired. Panel b) shows a sketch of the phase camera

currently in use at AdV. Similar to the LIGO phase camera the reference beam is picked up at

the input of the interferometer and the interferometer beam is obtained from a pickup within the

interferometer. Only the interferometer beam is scanned over (with a Piezo scanner S-334 by PI),

while the reference beam is kept fixed. The beat of the two beams is measured with a photodiode (FCI-

InGaAs-55 by Optical Communications) whose photocurrent is split in a DC and a RF component

(for details see Section 5.8). The DC component is sampled by the AdV realtime system [87] while

the RF component is digitized with an ADC (ISLA214P50 by Intersil) and digitally demodulated by

an FPGA (Virtex-7 XC7VX485 by Xilinx) before it is incorporated in the AdV realtime system. The

pixel locations are recorded using the strain gauge read back of the scanner by the realtime system.
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4.2. CHOOSING THE SENSORS FOR ADV

4.2 Choosing the sensors for AdV

In this section we compare the different wavefront sensors, and explain why at AdV the phase

cameras and the Hartmann sensors are installed.

First we compare the typical phase resolution of the different options summarized in Table 4.1.

Note that the obtained phase resolution depends on the available power, and the values given in the

table are therefore rough estimates. The Hartmann sensor has the best phase resolution but cannot

distinguish between carrier and sidebands. Therefore, Hartmann sensors are used to measure the

surface of the main mirrors with a probe beam at AdV. Details of the setup are described in [79].

Note that only wavefront changes can be measured, hence a reference wavefront is needed.

Next we focus on the devices that are able to measure all sidebands and the carrier simultaneous.

There are two options: the phase camera and the SLM based phase camera. With the SLM based

phase camera the image points are acquired simultaneously, but the number of image points is low.

As there are less image points the image acquisition is faster. The conventional phase camera has

more image points with a lower frame rate. One could argue that the conventional phase camera

is better suited for the observation of slow thermal effects. However, an additional reason that

the conventional phase camera is installed at AdV, is that the SLM based phase camera has only

recently been thought of [82].

In conclusion, phase cameras provide information on the wavefront of carrier and sidebands of the

interferometer beam at AdV, while the Hartmann sensors measure changes in the surfaces of the

mirrors with a probe beam. The information gathered with the two sensors is thus complementary.

The Hartmann sensor was chosen over the Shearing interferometer due to its superior properties.

The time of flight camera could be used in place of the phase camera, but requires substantially more

power. In principle one could custom make a time of flight camera that requires less power, but this

would be expensive. The phase camera technology is proven to provide the required information,

while the SLM base phase camera is still in development.

Table 4.1. Summary of the typical characteristics of wavefront sensors considered for gravitational

wave interferometers. Note that for all sensors the phase resolution depends on the available laser

power, and not enough information was available to correct for this. For both the phase camera

and the SLM based phase camera the resolution, the number of image points and the frame rate

depend on one another.

sensor phase resolution sensitivity for sidebands image points frame rate

Shearing interferometer λ/160 cannot distinguish 0.04 Hz

Hartmann sensor λ/2000 cannot distinguish 1,024×1,024 ≥ 57 Hz

Time of flight camera λ/500 [88] one field at a time 200×200 kHz

Phase camera < λ/500 all fields simultaneously ≥16,384 Hz

SLM based phase camera < λ/500 all fields simultaneously 12×12 200 Hz [82]
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CHAPTER 4. DECIDING ON A WAVEFRONT SENSOR FOR ADV

Fig. 4.6. Sketch of parameters used for the discussion of the requirements of the wavefront sensor.

The beam from the interferometer Ein interferes with a reference beam Eref. The interference pattern

is recorded at a grid of n × n pixels. The span of the grid is d. The beat signal for each pixel is

sampled with a sampling frequency fs during a time T . The amplitude is digitized with an ADC

of nADC bits with a range of VADC. The signal is subsequently demodulated, after passing a Hann

window. The acquisition time for each image Timage is given by the number of pixels n × n and

the sampling time for one pixel T . For a detailed discussion see the text, the requirements are

summarized in Table 4.3.

4.3 Phase camera requirements

The requirements for the design of the AdV PCs are summarized in [89]. Here these specifications

are reviewed, extended and motivated. Figure 4.6 shows the parameters that can be tuned for the

phase camera. Two beams are used in the setup, the signal beam Ein of which we have to know

amplitude and phase and a reference beam Eref. The signal beam coming from the interferometer

consists of the carrier with optical frequency fc and the sidebands. The optical frequency of the lower

sideband is flsb = fc−fsb while the optical frequency of the upper sideband is given by fusb = fc+fsb.

The reference beam is frequency shifted with respect to the carrier by the heterodyne frequency fh,

such that the resulting optical reference beam frequency fref is fref = fc+ fh. The frequency shifted

reference beam is necessary to distinguish upper and lower sidebands, as can be seen by considering
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4.3. PHASE CAMERA REQUIREMENTS

the interference for one pair of sidebands only

I(x, y, t) = |Ec(x, y, t) + Eusb(x, y, t) + Elsb(x, y, t) + Eref(x, y, t)|2 (4.7)

= DC-term + PDH-term + 2fsb-term + PC-term,

DC-term = |Ec(x, y)|2 + |Eusb(x, y)|2 + |Elsb(x, y)|2 + |Eref(x, y)|2, (4.8)

PDH-term = Ec(x, y, t)E
∗
usb(x, y, t) + E∗

c (x, y, t)Eusb(x, y, t)+ (4.9)

+ Ec(x, y, t)E
∗
lsb(x, y, t) + E∗

c (x, y, t)Elsb(x, y, t)

= 2|Ec(x, y)||Eusb(x, y)| cos(2πfsbt+ (φusb − φc))+

+ 2|Ec(x, y)||Elsb(x, y)| cos(2πfsbt+ (φc − φlsb)),

2fsb-term = Elsb(x, y, t)E
∗
usb(x, y, t) + E∗

lsb(x, y, t)Eusb(x, y, t) (4.10)

= 2|Elsb(x, y)||Eusb(x, y)| cos(4πfsbt+ (φusb − φlsb)),

PC-term = Ec(x, y, t)E
∗
ref(x, y, t) + E∗

c (x, y, t)Eref(x, y, t)+ (4.11)

+ Eusb(x, y, t)E
∗
ref(x, y, t) + E∗

usb(x, y, t)Eref(x, y, t)+

+ Elsb(x, y, t)E
∗
ref(x, y, t) + E∗

lsb(x, y, t)Eref(x, y, t)

= 2|Ec(x, y)||Eref(x, y)| cos(−2πfht+ (φc − φref))+

+ 2|Eusb(x, y)||Eref(x, y)| cos(2π(fsb − fh)t+ (φusb − φref))+

+ 2|Elsb(x, y)||Eref(x, y)| cos(2π(−fsb − fh)t+ (φlsb − φref)),

where the time dependence of the field is separated from the spatial dependence by

E(x, y, t) = E(x, y) · ei2πft+iφ. (4.12)

If there were no reference beam, the intensity would consist of the DC-term, the PDH-term and the

2fsb-term. In all of them the contributions of upper and lower sideband are mixed, i.e. they appear

at the same beat frequencies. In the PC-term on the other hand, the upper and lower sideband have

distinct frequencies for a reference beam with fref �= fc, i.e. fh �= 0. This is because in frequency

space upper and lower sideband lie at different distances to the reference, as is schematically shown

in Fig. 4.7. Note that even though the signal beam is recombined with a reference beam, the beat

signals used for the interferometer control (PDH–term) are still present in the beam and can be

used for commissioning purposes (see Section 6.5 for an example).

Figure 4.6 shows that after combination of the reference beam and the signal beam on the beam-

splitter, the two beams interfere on an active area which is assumed to be square with equally

spaced pixels. The span of the area is denoted by d, and the number of pixels along the span

is n. The carrier is described by a Gaussian beam with width ω and the modulation index for

sideband frequency fsb is β(fsb). The reference beam intensity is assumed constant over the grid

Iref(x, y) ≈ Iref. Before demodulation, the signal is digitized with an ADC with resolution nADC,

range VADC and sampling frequency fs. A total of Ns samples are used for the demodulation. Next

the different requirements for the wavefront sensor at AdV are discussed.

4.3.1 Number of frequencies to demodulate

Advanced Virgo makes use of five sidebands for interferometer control (see Section 2.5.1). This

means that including the carrier, eleven fields of interest need to be observed at the same time. It is
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CHAPTER 4. DECIDING ON A WAVEFRONT SENSOR FOR ADV

Fig. 4.7. In blue the frequency content of a beam with carrier frequency fc and sidebands is shown.

The upper sideband is at fc + fsb, and the lower sideband at fc − fsb. The beat signal of the carrier

with the sideband is at fsb, hence the beat of upper and lower sideband with the carrier cannot

be distinguished. By adding the reference beam frequency fref, three additional beat signals become

available: the heterodyne frequency fh = fc − fref can be used to probe the carrier, fsb + fh can be

used to probe the lower sideband, and fsb − fh can be used to probe the upper sideband.

essential to evaluate phase information for different fields simultaneously in order to cancel common

noise between the phase of the sidebands and the carrier in the computation of the overlap; see

Eq. (3.19). Examples of common noise sources are bench movements and refractive index changes

along the path (for example due to air movements or temperature changes).

The currently installed PCs demodulate 11 frequencies in parallel, and this number can be increased

if required.

4.3.2 Image size

The AdV mirrors are coated over a region with diameter d = 34 cm [34]. The beam has a width of

ω0 = 4.8 cm in the PRC [34]. Thus expressed in beam widths the area to be imaged is

d =
34 cm

4.8 cm
≈ 7 · ω0. (4.13)

4.3.3 Spatial resolution

The spatial defects of the mirrors have a power spectral density PSD(f) = 0 ∀f > 50 m−1 [34]. To

avoid aliasing the image needs to be sampled at a spatial frequency of at least 100 m−1. In order

to cover the entire coated area the minimum number of samples along the diameter of an image is

n =
34 cm

100 m−1
= 34. (4.14)

The currently installed cameras take images with n = 100, to ensure all effects of interest are well

within the required spatial resolution.
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4.3.4 Sampling frequency

The ADC sampling frequency needs to be at least twice the highest beat frequency in the beam to

avoid aliasing. The sideband with the highest modulation frequency is at 131 MHz, therefore the

highest frequency is fh+131 MHz. Thus the sampling frequency needs to be fs > 2 ·(fh+131 MHz).

For the AdV PCs fh = 80 MHz and fs = 500 MHz > 422 MHz, hence the sampling frequency is

within requirements.

4.3.5 Amplitude and phase noise

The noise on the amplitude and the phase caused by white noise on the sampled signal are related.

First the relation is derived, then the required levels are determined. Amplitude and phase can be

expressed in terms of the quadratures Q and I as

A2 = I2 +Q2 and φ = arctan

�
Q

I

�
. (4.15)

The noise on amplitude σA and on phase σφ in terms of quadratures is given by

AσA = IσI +QσQ and σφ =
1

I2 +Q2
· (IσQ +QσI) . (4.16)

As the noise in the two quadratures is the same3 σQ = σI, the noise on the phase can be related to

the noise on the amplitude by

σφ =
σA

A
. (4.17)

The precision with which the phase needs to be measured comes from the limitations set by the

controls as described in [34]. For the controls to perform within requirements the gain of the

fundamental mode in the sidebands should remain above 50% of the nominal gain. Simulations

show that a reduction by 50% corresponds to optical path length differences with an RMS of 2 nm

on the central part of the optics in the PRC [34]. The central part of the optics has a radius of

7.5 cm. The corresponding RMS requirement on the acquired phase of the 6 MHz sideband is

2π · 2 nm/1064 nm ≈ 2π/500 ≈ 0.01 rad within 1.5 beam widths. As the effects of interest have an

RMS larger than 0.01 rad this is set as phase resolution for the phase measurement of the central

beam area using the 6 MHz sideband, which is most sensitive to PRC aberrations.

The maximum tolerable amplitude noise of the carrier and the sidebands depends on the modulation

index at the input of the interferometer and on which beam is observed. The modulation index β

is required to be of order 0.1 for all sidebands and information from the wavefront sensor is needed

for the symmetric and the asymmetric port [34]. The beam at the input of the interferometer is

expressed as

Ein ≈ E �
in · ei2πfct ·

�
J0(β)

5 +
�

fsb

iJ1(β)e
i2πfsbt − iJ1(β)e

−i2πfsbt

�
, (4.18)

3This holds only if I and Q are uncorrelated.
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Table 4.2. Amplitudes of sidebands and carrier for the B4 and B1p beams for a modulation index

β for the sidebands and an input power to the interferometer of |Ein|2. Note that the modulation

index is not the same for all sidebands at AdV. However, assuming them to be equal simplifies the

notation and the results can be rescaled at the end of the computation for different modulation

indices. The interferometer is considered at MICH = 0, hence the amplitudes of upper and lower

sideband are equal.

B4 B1p

Carrier ∼ 6.7 · J0(β)5 · Ein 0

6 MHz SB ∼ 8.8 · J1(β) · J0(β)4 · Ein ∼ 0.3 · J1(β) · J0(β)4 · Ein

56 MHz SB ∼ 3.6 · J1(β) · J0(β)4 · Ein ∼ 1.0 · J1(β) · J0(β)4 · Ein

131 MHz SB ∼ 1.0 · J1(β) · J0(β)4 · Ein ∼ 0.6 · J1(β) · J0(β)4 · Ein

8 MHz SB ∼ 0.2 · J1(β) · J0(β)4 · Ein ∼ 0.01 · J1(β) · J0(β)4 · Ein

23 MHz SB ∼ 0 ∼ 0

where fc is the carrier frequency, fsb is the sideband frequency, Jn are Bessel functions, the modula-

tion index β is assumed to be equal for all sidebands and only the first order sidebands are included.

The expected amplitudes of sideband and carrier for MICH = 0 at the B4 and B1p beams can be

computed with Eqs. (2.53) and (2.54). The result is given in Table 4.2. The expected peak am-

plitude levels normalized to the total beam power are shown in green in Fig. 4.8a for the B4 beam

and in Fig. 4.8b for the B1p beam.

The requirement of σφ < 2π/500 needs to be met within 1.5 beam widths, which results in an

acceptable amplitude noise of

σA = e−1.52 · Apeak ·
2π

500
. (4.19)

The acceptable noise on the measurement of the amplitudes in Fig. 4.8 is shown in red.

4.3.6 Acquisition time

The aquisition time affects the resolution in the frequency domain (see Appendix A.6). The longer

the acquisition time, the better the frequency resolution. As a consequence, less signal from other

frequency bands affects the measurement at the frequency of interest. Hence, increasing the acqui-

sition time reduces σA and σφ.

The minimum acquisition time for one pixel is determined by the allowed amount of leakage from

one signal frequency to another, which in turn is determined by the windowing function and the

amplitudes at the signal frequencies (see Section A.2).

The acceptable amount of leakage is estimated by the amplitude requirement derived in Sec-

tion 4.3.5. In Fig. 4.8 one can see in green the amplitudes of the signal and in red the required

resolution. In order not to systematically deteriorate the measurement, the leakage is required to

be below the amplitude resolution by a factor 10. The most critical signals are the 6 and 8 MHz

sidebands. They are separated by only 2 MHz while the RMS level is a factor 40 below the expected
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Fig. 4.8. Expected amplitudes of carrier and sidebands in the B4 and B1p beams are shown in

green. The total power in the beam is normalized to 1 W. In red the requirement on the accuracy of

the amplitude measurement with the wavefront sensor is shown. The requirement is that the phase

resolution for the 6 MHz sideband is above 2π/500 for the image range of interest.

amplitude of the 6 MHz sideband. Therefore we need a window function that drops by a factor of

400 within 2 MHz.

The Hann window is frequently used in signal processing due to its side lobes dropping rapidly

in power (see Section A.2.3). A drop by a factor 400 is achieved within 4 sidelobes of the Hann

window. The width of one sidelobe measured between zero crossings is 1/T while the width of the

main lobe is 4/T . Thus the distance between the peak of the main lobe and the sidelobe for which

the drop by 400 is achieved is 6/T . We want the drop to occur within 2 MHz, and this limits the

acquisition time for one pixel to

T >
6

2 MHz
= 3 µs. (4.20)

For the phase cameras currently in operation at AdV T = 33 µs. Leakage should therefore not be

a problem.

4.3.7 Image rate

The time needed to acquire a full amplitude and phase image is denoted Timage. It is inversely

proportional to the frame rate fimage = 1/Timage. The requirement on the acquisition time and the

spatial resolution gives Timage > 3.5 ms. The features of interest are due to thermal effects and

therefore slow with typical time constants above several minutes and do not require frame rates

in the millisecond regime. The lowest frame rate is set to 1 Hz by the AdV DAQ infrastructure.

The signal over noise ratio (SNR) of the images can be improved by averaging images during

postprocessing.
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4.3.8 Dynamic range and ADC resolution

The analog to digital converter (ADC) digitizes the signal before demodulation. Figure 4.9 shows

a sketch with the parameters used to describe the ADC. The input signal is shown in blue, the

digitized signal in red. The signal at the input of the ADC is proportional to the signal of interest

given by Eq. (4.7). It has a peak to peak amplitude Vsignal, and the peak to peak input range of

the ADC is VADC. Signals with Vsignal > VADC are clipped. An input signal with Vsignal = VADC is

sliced in 2nADC levels; where nADC is the ADC resolution in bits. The voltage difference between

two levels of the ADC (least significant bit) is

LSB =
VADC

2nADC
. (4.21)

To make optimal use of the ADC, we require that LSB/
√
12 = σsignal. For LSB/

√
12 < σsignal

no additional information is gained, because the increased resolution is used to sample noise. For

LSB/
√
12 > σsignal the LSB dominates the resolution of the measurement.

Amplitude and noise of the ADC input signal are related to the requirement on the amplitude A

derived in Section 4.3.5 by

σA

A
=

σsignal

Vsignal

, (4.22)

as shown in Appendix B.

With Eqs. (4.19) and (4.21) we can rewrite Eq. (4.22) with the additional requirement LSB = σsignal

as

σφ · e−1.52 =
VADC√

12Vsignal · 2nADC
. (4.23)

The factor e−1.52 takes into account that the amplitude of a Gaussian beam decreases towards the

edges of the image, where Vsignal is the voltage given by the pixel at the center of the image, where

the signals are the strongest. In order to make optimal use of the ADC we assume that the full

ADC range is used to sample the amplitude at the center of the image. This means that the sum

of all signal peaks in green in Fig. 4.8 is equal to VADC. The signal for which we want to meet the

phase requirement is the 6 MHz signal, as it has the highest gain at dark fringe and is therefore

most sensitive to thermal effects (see Sections 2.5.4 and 6.17). Hence we have Vsignal ≈ 0.05 · VADC.

This gives the necessary number of bits of the ADC

nADC = log2

�
VADC

Vsignal

· e
1.52 · 500
2π

√
12

�
≈ log2

�
1

5 · 10−2
· e

1.52 · 500
2π

√
12

�
≈ 12. (4.24)

This value is higher than the requirement in [89] but lower than the resolution in use (14 bit).

Usually an effective number of bits (ENOB) is given in the data sheet of an ADC. This effective

number of bits takes into account non-linearities of the ADC [90]. The non-linearities of the ADC

are treated as a noise source at the input of the ADC (see Section 5.10.3).
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Fig. 4.9. Sketch with the definitions to describe the digitization. The input signal has a peak to

peak amplitude of Vsignal. The amplitude is sampled with an ADC with a dynamic range of VADC and

resolution nADC. Any input signal with a larger peak to peak value than the dynamic range is clipped.

The resolution indicates the voltage level difference for digitization given by LSB = VADC/2
nADC.

4.3.9 Device size

The phase camera needs to be installed on the benches of AdV. Per device about one A3 sheet of

area is available (430 mm × 280 mm).

4.4 Summery of phase camera requirements

Two phase cameras are installed at AdV. They will be characterized in subsequent chapters. In

Table 4.3 we summarize the requirements. These requirements are based on a modulation index of

0.1.
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Table 4.3. Summary of the requirements derived in this section for a modulation index of 0.1. For

details see text.

parameter requirement

Number of demodulation frequencies ≥ 11

Number of pixels along span n ≥ 34

Image size along span d ≥ 7 · ω0

Sampling frequency fs ≥ 2 · (fref + 131 MHz)

Phase resolution σφ 0.01

Sampling time for one pixel T ≥ 3 µs

Frame rate fimage 1 Hz

ADC resolution nADC ≥12 bit

Device size 430 mm by 280 mm
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