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Chapter 7

Outlook

Two phase cameras are operational at AdV. They have been shown to work according to design, and

first data used to characterize the interferometer has been taken and analyzed. The next big step

is to incorporate the PCs in a control loop with the TCS. To do so, the effect of the interferometer

state on the phase camera images needs to be understood better. This can be achieved by comparing

phase camera data and simulations. A few suggestions for measurements with the current system

are discussed in Section 7.1. Then some possible improvements for the currently installed cameras

are listed in Section 7.2.

7.1 An outlook on measurements to be performed with the

installed phase cameras

So far it has been confirmed that changes in the input mirror curvatures are observable with the

phase cameras (see Section 6.18 and [133, 134]). Furthermore, misalignments alter the intensity

maps [135], and the the DAS influences the phase camera data [136, 137]. However, the observed

effects have not yet been compared in detail with simulations.

The attentive reader will have noticed that in Fig. 2.13 the location of SFPs are given. However,

there is no section showing the comparison of SFP data with phase camera data. This is because

the comparison of SFP and PC data has not been finalized yet.

In Section 5.2.1 the effect of the image point dependent angle between the reference beam and the

interferometer beam on the images has been described. No data are presented, as the effect has not

yet been observed. The theoretical prediction has been used for design constraints of the optical

setup. An experimental confirmation of the calculation would ensure that the amplitude images are

not affected by the scanning process. Such a test can be performed with carrier intensity images at

the prototype setup.

7.1.1 DAS tests

The double axicon system consists of two intensity rings that are projected onto the compensation

plates in front of the input mirrors (see Section 3.6.2). The arm cavities are thus not affected if
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7.1. AN OUTLOOK ON MEASUREMENTS TO BE PERFORMED WITH THE INSTALLED
PHASE CAMERAS

the intensity on the compensation plates is adjusted. However, the resonance condition for the

sidebands and the mode matching of the carrier in the PRC with the arms is affected.

The two compensation plates of AdV do not have the same focal length [138]. For over a year

there was confusion about which of the two compensation plates was installed in which location

[139, 140, 141]. The confusion was resolved after the NI payload was dismounted [142]. If the effect

of the compensation plates on the phase camera images had been understood at that time, the

confusion might have been resolved earlier [143].

It is still valuable to better understand the effect of the compensation plates on the phase camera

data. An example is given in Fig. 6.28, where the sidebands are reduced in size with the locking

steps. Even though it would be reasonable to assume that this change in focus is caused by the

compensation plates, it is not known whether this is true nor how to adjust the focal length to

improve the situation. Neither is it known whether the rings in the dark port images are caused by

the focal power of the compensation plates.

A dedicated effort to first simulate the effect of different focal lengths of the compensation plates

with the aim to compare the simulation with (phase camera) data is in progress. The comparison

of the simulation with data would benefit the understanding of the phase camera data and the

interferometer working point.

7.1.2 Arm mirror curvatures

The input mirror curvatures can be controlled with the ring heaters. Changes in the phase maps on

the B4 beam have been discussed in Section 6.18. A first simulation to understand the configuration

has been carried out in Section 3.7. However, the simulation and the data are not yet ready for a

final comparison. The simulation models the effect of the ring heater as a change in curvature of the

HR side of the mirror, which is a good approximation for the sidebands but not for the carrier (see

Section 3.5.2). The data was taken before the installation of the monolithic suspensions. Therefore

a vertical misalignment caused by the heating of the steel suspension by the ring heater is present

[132]. Moreover, the data of the Hartmann sensors was not recorded at the time, as the ring heaters

were switched on to check the alignment and not for the comparison of data with simulations. A

dedicated test could confirm if the phase camera images, the simulations and the Hartmann sensor

are in agreement.

Besides influencing the phase of the fields resonating in the PRC, the carrier intensity distribution

at the dark port was altered by the change in input mirror curvatures [133, 134]. In particular, the

effects caused by the curvatures of IMX and IMY were different. This indicates that different modes

resonate in the two arm cavities. Hence, tuning the curvatures of the arm cavities might reduce the

higher order mode content at the dark port. Rather than tuning the input mirrors, which affect the

sidebands, the end mirrors are tuned [144]. The data obtained with the phase cameras has not yet

been fully analyzed. A useful plot for commissioning would be the evolution of the mode content

of the carrier at dark fringe for different end mirror curvatures.
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7.1.3 Comparison to alignment signals

The beams observed by the phase cameras are as well observed by quadrant photodiodes. In

principle the phase camera should be able to reconstruct the signals from the quadrant photodiodes.

First efforts to reconstruct these signals have been made [145]. However, the signals have not yet

been compared to the quadrant signals.

7.1.4 Comparison with the SFP

Both on the B4 and the B1p beams scanning Fabry Perot cavities are installed. These sensors can

measure the intensity of the 56 MHz sidebands and the carrier using a Fabry Perot cavity whose

length is scanned. The finesse of the cavity is not high enough to distinguish the 6 MHz sidebands

from the carrier. However, a comparison of the unbalance of the 56 MHz sidebands as seen by the

SFP and as seen by the PC can be made [146]. Such a comparison has been used to check the

frequency response correction of the phase camera, as shown in Fig. 7.1. After observation run O2

the frequency response correction was added to the acquisition chain of the phase camera. It is

currently applied during post processing of the demodulated signals, just before the data are stored.

The implemented frequency response is composed of two contributions: the frequency response of

the ADC board and of the cable between photodiode and ADC board. The comparison of the SFP

data and the frequency response corrected phase camera data still needs to be done, to ensure no

mistakes were made in the implementation of the frequency response.

7.1.5 Observation of fringe averaging over diode aperture

In Section 5.2.1 it is shown that the amplitude reconstructed with the phase camera can suffer from

fringe averaging over the diode area. This effect has never been measured. One way to observe fringe

averaging is to take images at different scanner to photodiode distances, as shown in Fig. 7.2. The

measurement must be done without sidebands, such that the DC image and the carrier intensity

distribution should be equal if no fringe averaging occurs. Moving the photodiode towards the

scanner requires bigger angles to acquire the image points at the edges of the maps. Hence for these

points it is expected that the fringe visibility is reduced, and it is expected that the RF image starts

to show dips that are not observable in the DC image. For the test to succeed, the beam should be

broad, to have sufficient power at the edges for clear effects. Furthermore, it should be collimated

for easier comparison of the images at different scanner to photodiode distances.

7.2 Potential improvements for the phase cameras

During the commissioning of the phase cameras at the site some flaws in the design were found.

Here potential improvements are listed.
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Fig. 7.1. Both the phase camera and the scanning Fabry Perot can measure the relative strength of

the 56 MHz sidebands. The plot shows the distribution of the 56 MHz sideband power between upper

and lower sideband. Raw phase camera data – before corrections of the frequency response – show

a much bigger unbalance between the sidebands than the SFP. Taking into account the noise floor

(NF) increases the unbalance. If on top of the noise floor the correction for the frequency response

of the ADC board is taken into account, the unbalance reduces. However, the phase camera still sees

a non–negligible unbalance. This can be repaired by taking into account a correction for the cable

between photodiode and ADC board. A more quantitative comparison of the remaining unbalance

seen by both the SFP and the PC is ongoing.

7.2.1 Scanning pattern

Currently an Archimedean spiral is used as scanning pattern (see Section 5.6.5). With this pattern

each position of the image points in each image is the same, i.e. the pattern returns to the same

point after 1 s. Thermal effects are much slower than 1 Hz. Thus by using slightly different image

points for the different images, the coverage can be improved by combining the information from

several images. Individual images will remain available at a 1 Hz frequency. Hence faster processes

– such as changes in the images due to the alignment – can still be observed. Furthermore, currently

not the full second is used to take an image, in the first half of the second the scanner moves the

beam over the diode while data are acquired. In the second half the beam is moved back to the

center position and no data are acquired. In principle this time could be used to acquire more data.

7.2.2 Dynamic range

With the current setup the required phase resolution for the 6 MHz sideband is not reached (see

Sections 6.7 and 6.8). The main reason is that the modulation index of the 6 MHz is lower than

expected by almost two orders of magnitude. If it is not possible to increase the modulation index

one can increase the power in the reference beam. However, the reference beam power necessary for
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Fig. 7.2. Fringe averaging on the phase camera photodiode might happen for large enough angles

between the reference beam and the interferometer beam. Hence, by placing the photodiode close to

the scanner and comparing the DC image (which does not suffer from fringe averaging) with the

carrier intensity, fringe averaging should be observable. The beamsplitter for the recombination with

the reference beam is indicated but not drawn.

the 6 MHz signal to reach the required noise level is so high, that the carrier will clip at the ADC.

Increasing the dynamic range would solve this problem.

Alternatively the carrier signal could be attenuated with a notch in the photodiode electronics.

Attenuating the carrier would allow for similar signal strength in carrier and sidebands. In this way

the signal to noise ratio of all fields can be optimized simultaneously.

7.2.3 Reference beam stability

With the current reference beam it is not possible to take absolute phase images at the required

resolution. If it is desirable to have absolute phase images, then the phase of the reference beam

needs to be stabilized. Most of the phase noise is due to the long fiber from the injection bench

to the phase camera locations. A possible scheme to stabilize the phase noise in a fiber is given in

[147].

7.2.4 Acquiring phase information for the determination of the higher

order mode content

One motivation for absolute phase images is to ensure the fitted mode content is not degenerate.

It is however not necessary to measure absolute phases for this purpose. Instead one can place a

second photodiode at the unused port of the beamsplitter that recombines the interferometer beam

with the reference beam (see Fig. 7.3 for the optical setup). This photodiode has to be placed at a

different distance from the beamsplitter than the photodiode that is already present, such that the

acquired Gouy phase for the two diodes is different. If we are interested in HG modes up to mode
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7.2. POTENTIAL IMPROVEMENTS FOR THE PHASE CAMERAS

order n +m + 1 = N , then we can choose the distances from the photodiode to the beamsplitter

such that for the mode of order N the Gouy phase at the photodiodes differs by π/2. This choice

ensures that no two modes with mode number ≤ N are degenerate. Alternatively one could choose

to optimize the length for N = 5, as thermal effects are to first order affecting the curvature of the

fields [34].

Both photodiodes observe the same mode content. Thus instead of fitting the Gouy phase of each

mode separately, only the difference in distance from the waist needs to be taken into account. The

expression to be minimized for such a configuration is

γ = γ1 + γ2, (7.1)

γj =

� �
|Ij(x, y)− |ij

�

lm

αlm · Ulm(x
�
j, y

�
j)e

−i(1+l+m)Φj |2|2dxdy,

x�
j = (x · cosΘ+ y · sinΘ) · sj,
y�j = (y · cosΘ− x · sinΘ) · sj,

where the index j indicates whether the data are obtained with photodiode 1 or 2. The term ij

takes the phase shift due to the reflection at the BS into account. Either Φ1 or Φ2 can be chosen

to equal zero in the fit (only the relative Gouy phase between the two images matters, because αlm

are complex valued). Parameters without an index j are equal for the two images.

Fig. 7.3. Configuration to acquire phase information for the higher order mode fit without improving

the phase stability of the reference beam. A second photodiode can be placed at the unused port of

the beamsplitter. The distance from the BS to the photodiode should not be the same for the two

ports. This allows to eliminate the degeneracy in the mode content fit described in Section 6.14.

7.2.5 DC channel – noise and stability

So far the focus was on stabilizing the RF signal as it is used for the intensity and phase maps. The

DC channel was initially not expected to be of much use. It turns out that the channel is useful

to check that the RF channels are working properly. Furthermore, the signal can be compared to

the main diodes and the infrared cameras. It might be worthwhile to reduce the noise in the DC
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channel (see Fig.6.6e for an example of a noisy DC image) and to improve the stability for better

use of the channel.

7.2.6 Flip mirror

At times it is useful to block the interferometer beam such that it cannot reach the phase cameras.

With the current configuration someone needs to go to the phase camera benches to check that

no scattered light is affecting the images, or to monitor the noise floor. In particular for the B4

phase camera such a physical intervention affects the working point of the interferometer because

the bench is only accessible by stepping onto the base of the tower from which the beamsplitter

is suspended. A remotely controlled flip mirror in the interferometer beam path could dump the

beam when needed without having to access the phase camera location.

7.2.7 Adjustable reference power during lock acquisition

The power in the interferometer beam changes drastically during the lock acquisition, while the

power in the reference beam is fixed. If it is desirable to determine the mode content during lock

acquisition, or for a dedicated scan of the MICH degree of freedom, then one would want to tune

the reference beam power to optimize the SNR of the images. A solution would be a scanner wheel

with different neutral density filters. Such a wheel is installed for the B1p phase camera, but it has

not yet been configured to adjust to the MICH offset nor to be remotely controllable.

7.2.8 Scattered light

With improved interferometer sensitivity it becomes more and more important that no scattered

light from the phase camera reflects back to the interferometer. Additionally, scattered light can

affect the phase camera images. A better understanding of how the light scatters from the photo-

diode and the window in front of the photodiode might help to improve robustness of the phase

camera for scattered light. For example, one could check whether there is scattering at the inside of

the brass box that affects the images by covering the box from the inside with a different material.

One could also try to remove the window in front of the photodiode.
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