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Figure 7.1.2: Locking sequence of the MCIR cavity, which is applied for all cavities in the setup. All
panels represent electric signals: controller output, error signal, and optical power on the photo-
detector in the transmission of the cavity, respectively. Background colors indicate the various
lock phases: red is unlocked, yellow is locking, and green is locked. Locking phase is divided in
calibration, recovery, and search steps [126].

7.1.2 Frequency Independent Squeezing Measurement

The squeezing measurement can be obtained once the optical bench has reached an optimal working
point, for which several ordered steps are required.

The two nonlinear cavities (SHG and OPO) and the two triangular mode cleaner cavities (MCIR
and MCG) are locked using the PDH technique [31]. Figure 7.1.2 shows a typical locking sequence
for the MCG (the sequence is identical for all cavities): top panel illustrates the piezoelectric
actuator driving signal, middle panel the error signal, and third panel the cavity transmission.

The cavity begins in an Unlocked state, then the locking acquisition starts manually: first phase
is Calibration, followed by a Recovery phase that avoids a rapid piezoelectric return to the center
of the dynamic range, and Search phase where the system tries to find the transmission peak; when
found, the cavity length is controlled and the system enters in a Locked status.

Figure 7.1.3 shows the measurement of shot noise reduction using squeezed vacuum, performed
at 1 MHz of detection frequency.

The estimated level of squeezing that the OPO can produce (in purple in the figure) is calculated
from the measured level of squeezing and taking into account the squeezing degradation due to
optical losses. The measured squeezing level is −5.7 dB and the anti-squeezing level is 14.72 dB.
The squeezing measurement has been made by changing the relative phase between the beam
produced by the OPO and the LO, by scanning the pump beam phase with a triangular ramp
signal.
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Figure 7.1.3: Squeezing measurement in the radio frequency band at 1 MHz of Fourier frequency
with 300 kHz of RBW and a time window of 20 ms is set on the spectrum analyzer. Orange curve
is the homodyne dark noise, green curve is the LO shot noise, blue curve is the injected squeezing
at different phases of the pump field, purple curve is the squeezing produced by the OPO [126].

7.1.3 Towards Frequency Dependent Squeezing

Figure 7.1.4 shows the optical layout for EPR generation.

The production of Frequency Dependent Squeezing with EPR entangled beams is achieved
through several steps. First phase aims to obtain the squeezing angle rotation using a test Fabry-
Pérot cavity.

During the first phase, the two signal and idler entangled beams are produced by a Non-
degenerate Optical Parametric Oscillator (NOPO); the signal beam has the same frequency ωs of
the interferometer laser beam, while the idler beam has a frequency ωi = ωs + ∆: this is obtained
by frequency shift the main laser of the EPR squeezer to ωp = ωs + ∆/2.

In fact, this laser will provide the pump beam for the SHG cavity, which in turns provides
the pump beam for the NOPO. The two entangled beams are injected in the Test Cavity: the
signal results to be resonant, while the idler experiences the squeezing angle rotation, being slightly
detuned.

The two squeezed beams, that have the same polarization, are separated by means of an etalon
designed to transmit the signal and reflect back the idler beam, and separately sent to the homodyne
detectors where they beat with LO beams at the same frequencies. By opportunely recombine the
detector outputs, it is possible to conditionally squeeze the signal beam in a frequency dependent
way, measuring the squeezing angle rotation experienced by the idler.

7.2 Ghost Beams Inspection on EQB1

As already introduced in section 3.5 and discussed more in detail in section 4.2.2, Ghost Beams
(GBs hereafter) are secondary beams generated by the main beam interacting with optical elements
that are not perfectly transmissive or reflective. If not stopped, ghost beams may originate stray
light when they hit reflecting surfaces, and the phase noise thereby generated gets enhanced if the
reflecting surface is not suspended.
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Figure 7.1.4: Conceptual scheme for the EPR optical layout. The main laser is doubled in frequency
by a SHG cavity; after that it gets power-stabilized by a Mach Zehnder interferometer and mode-
cleaned by a triangular cavity. Eventually, the beam is injected inside a degenerate OPO that
produces the two entangled beams: they are both injected in a test cavity and then separated and
sent to homodyne detectors for the squeezing measurement. Auxiliary beams for length and phase
control are frequency-shifted using Acousto-Optic Modulators (AOM) [148].

In general, GBs are stopped by means of dumps and baffles in the critical positions on the
optical benches and inside the Virgo vacuum tubes.

The EQB1 on-site GBs inspection followed the plan listed below:

• Check for the correct positions of the beam dumps and irises according to the simulations
performed with Optocad [143]

• If possible, detect the ghost beams on the bench and dump them consequently

• If the GBs are too faint to be detected, install the beam blocks according to their nominal
position resulted from the simulations

• Check for additional unforeseen GBs

We used IR cards, an IR visor, a Beam Profiler, and a Power Meter to identify the GBs.

7.2.1 Optical Layout

EQB1 is an in-air optical bench hosting the AEI squeezer and the sources of all the beams in the
squeezing system (Figure 7.2.1).

It’s a quite complex bench, as there are four beams that propagates through it:

• BAB/SQZ beam
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Figure 7.2.1: Optical scheme of EQB1, with all the four beams propagating.

• SC beam

• LO beam

• Green beam

The BAB/SQZ path comprises 8 regular mirrors plus 6 mirrors of a Delay Line (DL hereafter)
used to measure the squeezing directly on EQB1.

The LO path consists of only two mirrors, as it goes quite directly inside the Homodyne Detector
(HD hereafter).

The green line hosts 9 mirrors, one cube Polarizing Beam Splitter (PBS hereafter), and 3
Beam Splitters (BS hereafter). Some of these mirrors (GM7, GM6, GM5) take the reflection of the
green beam after its travel through all the other QNR benches and the Filter Cavity.

The SC path comprises 3 mirrors before the SC entering the FI, and the two mirrors of the
BAB path EQB1 M1 and EQB1 M2 that send the SC into the squeezer. After circulating inside
the squeezer, the SC exit co-propagating with the BAB and goes again on EQB1 M1.

7.2.2 Ghost Beam in Reflection from Mirrors

GBs in reflection from mirrors on EQB1 are traced via Optocad in [143]: we studied the best wedge
options for each mirror and chose the dumps and irises.

Best Wedge Options Studies

We studied he simulations, in which the GBs from reflection are traced based upon the wedge choice
for each mirror. All mirrors on EQB1 has wedges that are equal to 0.5°, so we need to decide if
it’s more convenient to set a positive angle (for which the GB propagates far from the main beam)
or negative (for which the GB propagates towards the direction of the main beam and eventually
crosses its path).
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Figure 7.2.2: GBs generated from M1 and M2 on BAB line for the two wedge choices [67].

The complete list of wedge choices in exposed in [67]: wedges have been installed according to
our choices except for LO M1 (installed with opposite wedge with respect to the document) and
the two mirrors EQB1 MT2 and EQB1 MT1, whose wedges couldn’t be determined as the GBs
thereby produced turned out to be too faint to be seen.

Here I’ll show only some of the studies we made to explain our procedure, and also because
during the on-site installation we were not able to install all the dumps foreseen (as discussed in
section 7.2.5).

Figure 7.2.2 shows GBs in reflection as generated by the two choices of wedge for EQB1 M1
and EQB1 M2: for the two mirrors there’s a wedge choice that causes the GB to get trapped inside
the mirror mount, namely a wedge = 0.5 and a wedge = −0.5 for M1 and M2, respectively.

Actually, this doesn’t correspond to reality, as all mirrors on EQB1 have the surface at the same
level of the mount; nevertheless, we can derive what happens in these cases by looking at the other
two results of the simulations: in both cases, the GB crosses the path with the BAB and thus in
the two cases not simulated properly the GB gets far from the BAB. Moreover, by setting wedge
= 0.5 for M1 and wedge = −0.5 for M2, the two GBs propagates towards the same direction with
respect to the BAB, thus they can be dumped with the same dump.

The best position of the dump for the two GBs originating from EQB1 M1 and EQB1 M2 is
right near the Faraday Isolator (FI hereafter, the light blue structure in the scheme of Figure
7.2.2) where the beams are more separated.

Figure 7.2.3 shows the GB in reflection as generated by the two choices of wedge for SC M1:
as one can see, a negative wedge ensures the GB to be more separated from the SC beam.

Therefore, we chose wedge = −0.5 and to put the dump near the FI, at the opposite side of the
BAB with respect to the EQB1 M1 and EQB1 M2 beam dump.

On the other hand, the two mirrors on the SC line before the FI (SC M2 and SC M3) are
critical, as the GBs thereby generated are likely to get trapped inside the FI due to small apertures
present inside the structure. Moreover, there is not enough room to put a dump before the SC
enters the FI, thus we didn’t take any actions (Figure 7.2.4).
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Figure 7.2.3: GB in reflection generated by SC M1 for the two wedge choices [67].

7.2.3 Ghost Beam in Transmission from Mirrors

By measuring the BAB+SC transmitted through EQB1 M1 (the first mirror the main beam en-
counters after exiting the squeezer box), we were able to have an order-of-magnitude confirmation
of the performance of the HR of the mirror: we detected a transmitted power of ' 3 nW with
about ' 1 mW of BAB power on the mirror and 11 nW with the addition of 2.5 mW SC power on
the mirror. Therefore in both cases T ' 3−6 (vs the nominal 10−5).

GBs in transmission are blocked by installing absorbing glasses on the rear part of mirrors.

7.2.4 Choice of Dumps and Diaphragms

In order to block the GBs in reflection, we procured some glass dumpers (which are 45 mm x 30
mm) to be place either horizontally or vertically on their posts.

In order to block the residual transmitted beams (GBs in transmission), we decided to install
absorbing glasses on the rear part of all mirrors; the glass support is half-circle designed to be
attached on the mirror mount not to affect the alignment and to perfectly fit on the various mount
models on the EQB1 (mainly Thorlabs-POLARIS-K1S5 for 1” mirrors and Thorlabs-POLARIS-K2
for 2” mirrors mounts, left picture of Figure 7.2.5).

The glass is installed inside its mount using a custom 3D printed support that ensures it is
tilted by 2.5° around the vertical axis with respect to the mirror (right picture of Figure 7.2.5);
the direction of the tilt is chosen in such a way that subsequent residual reflections between the
absorbing glass and the mirror, initially at 45° for most cases, are at even smaller angles, thus
ensuring the ghost beam is extinguished on the absorbing glass instead of quickly escaping out of
it and towards the metal mount.

7.2.5 On-site Installation of Dumps

We checked that the power detectable by the Power Meter was at the level of a few nW, while with
the Beam Profiler we can detect GBs of no less than a few hundred nW.
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Figure 7.2.4: The two mirrors on the SC path termed SC M2 and SC M3 send the SC beam inside
the FI: there’s not enough room to put a dump before the Faraday, moreover the GBs are likely to
get trapped inside the structure. (Left) Optocad simulation of the SC beam on M2 and M3 [143].
(Right) design of the Faraday Isolator [78].

The GBs in reflection from the mirrors results from the main beam being transmitted by the
HR face, reflected by the AR face and then transmitted again by the HR face; they are expected
to be of order 10−14 of the impinging power, and thus undetectable.

We therefore placed the beam dumps and irises based solely on the installation of mirrors (which
followed our wedge choices when possible), taking care to leave sufficient clearance for the main
beams (which of course are visible).

As for the BAB path, we identified a GB of about 10 nW leaving the squeezer BAB port at
about 15 degrees from the main beam line. We dumped it in the proximity of EQB1 M1, and it
didn’t occur to us to check if this beam originated from the BAB or the SC entering the squeezer.

Figure 7.2.6 shows the placements of beams dumps for the BAB line based on the sole simu-
lations: they are installed in proximity of the FI (left picture) and near EQB1 M3 (right picture).

We didn’t place any beam dump close to EQB1 MT2 (to dump GB form EQB1 MT1), since it
was not possible to see the GBs for neither the two mirrors so that the wedge is not known [77];
moreover, we note that the distance between the GB and main beam from the simulations is not
very big compared to the size of the beams anyway, and placing it without a precise reference
seemed at risk of either clipping the main beam or placing the beam-dump edge close to the center
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Figure 7.2.5: (Left) the absorbing glass is enclosed in a support to be attached on the mirror
mount in order to preserve the alignment. (Right) the absorbing glass is mounted by means of a
3D support with a tilt that according to the wedge of the mirror can assure that the ghost beams
undergo multiple reflections between the two mirror surfaces and eventually extinguished [66].

of the GB.

We could not place foreseen beam dumps close to the viewport to SQB1 (left and right of the
beam) since the space is all occupied by a Delay Line (DL hereafter) that wasn’t foreseen at the
time of the Optocad simulations, and with a temporary reference diaphragm that we were asked
not to remove.

As for the SC beam, we placed a dump near the FI to block the GB coming from the first
mirror on the SC path, based solely on the simulations (see left picture of Figure 7.2.6).

As for the LO line we did not place any beam dumps because dumping the LO M1 GB seems
risky from the point of view of clipping the main beam, while as for the GB coming from LO PBS
two problems arose: the DL restricts the available space, and the two lenses on the LO line are in
significantly different positions with respect to the simulations.

Finally, on the green line, we identified a GB a few mm below the green beam, leaving the
squeezer from the same port (see left picture of Figure 7.2.7). The GB is visible, but we didn’t
measure its power, nor we attempted to dump it for the moment.

Moreover, we noticed the reflected beam from the Green Rotator was ending up on the EQB1
box, so that we temporary blocked it with a beam block (right picture of Figure 7.2.7).

The forward beam reflected by the BS (rather than transmitted towards the AOM) is directed
to the side of the squeezer box with no dedicated beam dump: in this regard, a dedicated mount
for the BS with a proper beam dump was designed.

Finally, GBs in reflection from the waveplates and lenses are clearly visible and due to the
non super-polishing of the surfaces: these lenses and waveplates are planned to be replaced with
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Figure 7.2.6: (Left) dumps placed near the Faraday Isolator to block the GB on the SC (dump on
the left) and BAB (dump on the right) lines [56]. (Right) dump placed near EQB1 M3.

super-polished ones.
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Figure 7.2.7: (Left) Spurious green beam detected co-propagating with the main green beam a few
mm below it and leaving the squeezer box together with the main green beam [56]. (Right) reflected
beam from Green Rotator was hitting the EQB1 box, so we dumped it with a beam block [66].
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Conclusions

Gravitational Waves (GWs) are ripples in the fabric of space-time that arise as a result of
catastrophic events such as the explosion of supernovae and the collapse of binary systems of black
holes and neutron stars. Modern Gravitational-Wave astronomy is based on optical interferometry,
for which interferometric detectors are used: when the gravitational wave passes through the inter-
ferometer, arms lengthen/shorten with a relative displacement of just one millionth of the diameter
of a proton.

Such a high sensitivity can be achieved through extremely advanced technologies including
vacuum systems, suspensions, automation, quantum vacuum manipulation. The sensitivity of
the Virgo interferometer is limited by noises of various nature: at low frequencies, the greatest
contribution is thermal, gravitational and radiation pressure; at high frequencies dominates the
shot noise.

Quantum noise is ultimately produced by the interaction between the main laser field and
fluctuations in the vacuum energy entering the interferometer through the “dark” output port.
Through non-linear optics, quantum noise can be suppressed without significantly changing the
optical configuration; that is, squeezed vacuum states are injected through the dark port.

Squeezed vacuum states describe a quantum states of the electromagnetic (EM) fields in which
quantum vacuum fluctuations are reduced in one quadrature at the expense in the other, rather
than being evenly distributed among the two quadratures that describe the EM field.

In current interferometers, Frequency Independent Squeezed (FIS) vacuum states are injected in
the dark port with the aim of reducing the shot noise contribution (dominating the high-frequency
sensitivity), at the expense of an increase of the radiation pressure noise (which dominates at low
frequencies).

This approach is clearly not ideal since an improvement in high frequency sensitivity results in
a corresponding decrease in low frequency performance; in fact, both the Virgo and LIGO collab-
orations observed recently that large injections of FIS do not produce a significant enhancement in
sensitivity owing to the rise in radiation pressure noise, even though technical noises compete with
the latter in the low-frequency region.

This effect will be more evident for Advanced Virgo Plus, since a decrease in low frequency
technical noise and a rise in power stored in the arms are both expected. Under such conditions,
only a Frequency Dependent Squeezed vacuum source can provide an effective advantage in the
injection of squeezed states. This is achieved by reflected FIS vacuum off a detuned optical cavity
(termed Filter Cavity), which allows to manipulate the frequency-dependent amplitude and phase
response of the cavity to vary the squeezed state as a function of frequency.

Stray light injects additional noise into the interferometer, which is visible as bumps and peaks on
sensitivity at low frequencies, and while tapping and shaking tests help find mechanical resonances
and estimate mechanical coupling factors, stray light simulations can provide estimates of the
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fraction of stray light that couples back into the interferometer, its main sources, and clues for
mitigation strategies.

Surface roughness of optics and dust contamination are two main sources of stray light in
advanced GW detectors: stray light can not only contribute extra noise if it re-couples to the
main beam when reflected by vibrating surfaces, but can also spoil the control signals of the
interferometer.

Stray light simulations of the FIS subsystem indicated that the installation of two baffles
inside the Minilink connecting the squeezing and the detection benches are effective in blocking
most wide-angle stray light.

FDS simulations focused on the SQB1-SDB1 Minilink demonstrated that the addition of two
60 x 60 mm circular baffles reduces the light reaching SDB1 by 90%, while the light diffused
towards SQB1 and emerging from the viewport is reduced by 80%. The 60 mm hole not only lets
the squeezing vacuum states to propagate but also allows compensating for errors on the beam
positions or the mechanical construction; moreover, it allows a horizontal translation of SDB1 by
a few mm, and finally it shows the same clear aperture as the viewport.

On the other hand, simulations of stray light propagating inside the Filter Cavity demonstrated
that two 150 mm aperture intra-cavity baffles placed at 118 m from each End Mirror can block 99%
of the ghost beam’s light, but can reduce the stray light power generated by the mirror’s roughness
by roughly a factor 2-4 depending on the FC walls properties. Moreover, phase noise computed
for all the cases considered causes a length noise ∆L ' 2 · 10−3 pm in the worst scenario, which is
1/150 of the locking requirement and therefore negligible.

Given the marginal benefit coming from the addition of the filter cavity baffles and given the
work required for their production and installation, we proposed not to install the two intra-cavity
baffles

Dust contamination is projected to be the leading contributor to scattered light even in the
clean environment of Virgo, according to preliminary studies on projected BSDF.

Predicting dust contamination on the optics’ surface based on environmental measurements with
commercial particle counters has been proven difficult and prone to big uncertainties. Instead, we
have identified a procedure for determining surface particulate contamination in a Clean Room
by exposing silicon wafers as dust witness samples on different optical benches to the same local
environment and activities as the optics we want to monitor. We use a photographic setup to take
pictures of the exposed samples and thereby determine the amount of deposited dust as well as its
distribution as function of particle diameter: these values serve as input for inferring the BSDF of
the polluted optics and hence the amount of produced stray light.

We have shown that it is possible to choose generic, fixed camera and analysis parameters that
yield a good and solid estimation of the particle distribution: the analyses of calibrated metal
powders indicate that with aperture 5.6 and exposure time of 40 ms, a luminosity threshold of
80/256 causes few% error for Molybdenum and Titanium and below 30% error for Aluminum
images under inquiry.

TIS measurements with an Integrating Sphere underlined the critical issues, which are the
cleanliness of the environment plus cleaning procedures. The differences between TIS of commercial
and super-polished mirrors are not substantial, and in particular, Measured TIS of super-polished
mirrors are found greater than expected TIS from literature references.
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Appendix A

First Stray Light Analysis with FRED
Simulations

The aim of this exercise is to get a first comprehension of how the software FRED works and
which are the instruments it uses to perform the stray light analyses. In order to do that, I cross-
correlated the FRED simulation results with the analytic calculations, to check if we are able to
use the software correctly.

I created a rather simple setup characterized by two diffusers and a detector, and then started
to modify it and made it more complicated to analyze different cases of interest.

This exercise allowed us to get familiar with the software and with some of the scatter models
that we will use in further simulations of the squeezing benches for Advanced Virgo Plus.

A.1 General Layout

Let’s consider an optical setup as displayed in Figure A.1.1, with the scope to study how different
scatter properties and positions of the optics can affect the amount of scattered power reaching a
collector. The design comprises:

• One circular emitting source of an incoherent plane wave with 1 W of power, incident at
θi = 45°

• First diffuser is a plane with the reflective surface modeled as a Harvey-Shack scatter model
(BSDF1), with area A1 = 100 · 100 mm2

• Second diffuser is a plane with a reflective surface modeled as a Lambertian scatter model
(BSDF2), with area A2 = 100 · 100 mm2, placed at d1 (d1 � A1, A2) and at an arbitrary
angle θs

• Photodiode collector with APD = 50 · 50 mm2, placed at d2 = 1 m and θPD = 45°

The two diffusers are always kept parallel to each other along the entire simulation, and thus
the projected distance din remains constant as the scatter angle varies.

We can calculate the scattered power reaching the photodiode by applying the same formula
twice: first of all I compute the scattered power reaching the second diffuser, and then I compute the
scattered power reaching the photodiode. The equation is derived from the fundamental theorem
of radiometry, and it is an approximation of the differential one:
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Lambertian
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θsdin
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Figure A.1.1: Geometry for the stray light modeling with two diffusers. Red lines connect the
centers of the surfaces, and all the important physical quantities are indicated.

Φcollector = ΦsourceBSDF(θi, θs)Ωcollector cos θs,

where θi and θs are the incidence and scatter angle respectively.

A.2 Analytic/FRED Calculations

I wrote a python-based program and an embedded script to the FRED file, with the aim of gener-
ating a stray light analysis over different scatter angles. After that I compared the results of the
amount of power reaching the second diffuser with both methods. The only quantity that varies is
the scatter angle θs, and thus for the python script I considered four functions:

BSDF = b

[
1 +

(
| sin θi − sin θs|

l

)2
]s/2

sr−1 .

This is the formula for the BSDF of the first diffuser. For our simulations, it varies with the
scatter angle (the incident angle is fixed at 45°), and it has a maximum for θi = θs.

Φcollector = Φsource BSDF(θi, θs)Ωcollector cos θs. (A.2.1)

This formula is used to calculate the incident power reaching the second diffuser and the col-
lector.
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d1 =
din

cos θs
.

This is the formula used to calculate the variation of the distance between the diffusers, as it
changes with the scatter angle.

As for the solid angle, I took for the second diffuser:

Ω2 =
A2 · cos θs

d2
1

.

The collector’s solid angle has a fixed value derived from:

Ωcollector =
APD · cos θPD

d2
2

.

FRED Harvey-Shack model values:

bFRED = 0.1 sr−1

lFRED = 0.01

sFRED = −1.5

Fixed values:

θi = 45°
θPD = 45°
din = 2 m

d2 = 1 m

A2 = 10−6 · 1002 m2

fluxin = 1 W

APD = 10−6 · 502 m2

BSDFL = π−1

With these quantities at hand, I computed the BSDF and the power reaching the diffuser and
the collector (eq. (A.2.1)), and made a comparison with the FRED simulation results: from Figure
A.2.1, it is clear that the way FRED and the script calculate the Harvey-Shack BSDF is the same.

Major differences appear in the second plot (Figure A.2.2), which shows the power on the
second diffuser, as calculated by the script and by FRED. As the scatter angle approaches 45°
(maximum value of BSDF) the results become more different, with the maximum of difference at
θs = 45°: in this case, the results of FRED and the script have a relative difference of 73%.

The reason for this discrepancy can be found in the formula used for the analytic study in the
python script:

Φcollector = Φsource BSDF(θi, θs)Ωcollector cos θs.
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Figure A.2.1: Harvey-Shack BSDF plot as computed in both FRED and the python script. The
parameters used for the BSDF calculation are taken as: b = 0.1 sr−1, s = −1.5, l = 0.01. One can
see that for the incident angle of 45° the two curves are perfectly coincident.

This is an approximation of the differential equation, and thus one should consider:

Φcollector = Φsource

∫
BSDF(θi, θs)dΩcollectord cos θs.

By recalling the behavior of the BSDF curve of a Harvey-Shack model (for example Figure
4.1.4), note that the BSDF curve is a function that increases significantly as θi − θs tends to 0,
and so does the first derivative. At θi = θs, the first derivative changes its sign.

The use of a collector with finite (and not infinitesimal) dimension causes FRED to calculate
the stray light contribution as an average value in the neighborhood of θs. Since the neighborhood
is symmetric around θs, the value of the average is equal to θs where the second derivative is null
on the curve.

Where the second derivative is not zero, this is no longer true and the average is different from
the value in θs. The largest effect is at the peak of the function, in which the average is clearly less
than the punctual value in θs, since this is the maximum value in the interval.

Such a difference can also be seen with a milder effect at the shoulders of the curve as well,
around θs = 40°− 50°.

If one reduces the solid angle (i.e. either reduces the area of the collector or increases the
distance) the approximation works better. This discrepancy is of course less pronounced as one
broadens the peak of the BSDF curve: this can be done by increasing the parameter l, which defines
the width of the curve at θi − θs = 0.

A.2.1 Analytic/FRED Discrepancies: Increase l

At l = 0.001, the two methods result to be significantly different, showing a relative error at the
BSDF peak (scatter angle = 45°) of 1800% (left panel of Figure A.2.3).

As already mentioned, FRED uses as default a value of l = 0.01: in this case, the maximum
relative error is about 73% (Figure A.2.2).
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Figure A.2.2: Power reaching the second diffuser. The differences between the FRED simulation
and the script calculations increase as the scatter angle approaches 45°.
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Figure A.2.3: Power reaching the second diffuser placed at 2 m from the first diffuser, in both
the FRED simulation and the analytic study with different values of l. (Left) l = 0.001. (Right)
l = 0.1.

At l = 0.1, the plots are more similar (right panel of Figure A.2.3), and the relative error at
45° is about 1.2%.

It can be also noticed that, when l is larger, the peak of the curves enlarges; when l decreases,
so does the peak. This is due to the fact that l is responsible for the width of the peak of the BSDF
curve.
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Figure A.2.4: Power reaching the second diffuser in both the FRED simulation and the analytic
study with l = 0.01 and for three different values of the distance between the two diffusers. (Left)
din = 4 m. (Center) din = 8 m. (Right) din = 16.

A.2.2 Analytic/FRED Discrepancies: Reduce Ω

Another way to see if the models get more similar is to reduce the solid angle: for this reason, I
fixed the value of l = 0.01 and move the two diffusers farther from each other, to see how this can
effect the different stray light power reaching the second one.

Figure A.2.2 shows the result of the analysis with the distance between the two diffuser set
to the original 2 m; in this case, the maximum relative error between the two method reaches 73%
(corresponding to θi − θs = 0).

In the left panel of Figure A.2.4 the same analysis is presented, with the two diffusers placed
this time at 4 m of distance. One can see that the relative difference between the FRED calculation
and the analytic study is less important, having its maximum value at 24%.

The discrepancy keeps decreasing as the distance between the two objects increases: when
din = 8 m (central picture of Figure A.2.4), the difference at the peak is about 6.7%.

Finally, for din = 16 m (right plot in Figure A.2.4) the difference between the two methods at
the peak is only about 1.7%.

A.3 Complete Simulation: two Diffusers

This section is dedicated to the complete analysis of the system, in which I consider the light
reaching the detector after being scattered by both diffusers. Based on the analysis carried out in
the previous sections, I set din = 16.

The two diffusers have a Harvey-Shack and a Lambertian scatter model respectively, with:

BSDF1 = 0.1

[
1 +

(
| sin θi − sin θs|

0.01

)2
]−1.5/2

BSDF2 = π−1

The results of both the simulation and the analytical calculation are displayed in Figure A.3.1.
The two analyses show the same results; the only difference is again due to the approximation in the
analytical model and can be found at the peak of the two curves (corresponding to the maximum
of the Harvey-Shack BSDF at θi − θs = 0) and it is about 1.9%.
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Figure A.3.1: Power reaching the detector in both the FRED simulation and the analytic study at
l = 0.01 and din = 16 m.

A.4 One Curved Diffuser

So far, all simulations have been carried out by considering the diffuser being two plane surfaces
facing each other. As a final analysis, I considered the same setup as before (Figure A.1.1) with
the two diffusers placed at 2 meters of distance from each other. In this case, however, the first
diffuser has a curved surface with a Harvey-Shack scatter model, while the second diffuser has no
scatter properties so that it can be treated as a collector (see also Figure A.4.1).

The simulation has the same target as the previous ones to calculate the amount of scattered
power reaching the collector, with a varying angle of scattering θs.

I performed a series of simulations featuring a variable radius of the circular source a and then
a variable radius of curvature r.

A.4.1 A varying Source Size

I took three different cases for three radii of curvature and launched a simulation in order to analyze
how the size of the source of light has an impact on the amount of scattered power reaching the
collector as the scatter angle varies as before.

Figure A.4.2 shows what happens if the radius is very large (equal to -1 meter). a is the
radius of the circular emitting source, and the angle of scattering varies from −89° to 89°. It can
be noticed that all the curves have the same shape and values, and the main differences is at the
peak of the scattered power; this indicates that a small size of the source causes a more focused
light in the center of the diffuser, while as the dimension increases the light is more distributed on
the surface.

Two cases with a more curved surface are displayed in Figure A.4.3. The left panel is a plot
of the scattered power reaching the collector after being scattered by a diffuser with a radius of
curvature r = −100 mm (concave), while in the right case r = 400 mm (convex surface).

Both graphs indicate that a curved diffuser is responsible for a more distributed power, so that
the peak seen in Figure A.4.2 is larger here, especially for larger sources (a going from 20 to 40
mm).
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Figure A.4.1: FRED simulation of stray light reaching a collector placed at 2 meters from the
diffuser. The source is the right-bottom part of the scheme, and the incident rays are colored in
yellow, while the scattered light is the red one. Reflected rays are also visible (green rays).

By looking at the left panel, it’s interesting to notice that there is a substantial loss of power
at large scatter angles for small emitting sources (blue and orange curves).

I investigated the reasons for this behavior and noticed that, when the ratio between the di-
mensions of the diffuser and the radius of the source is very large, a shadow effect is present (see
Figure A.4.4) and the light gets blocked by the edges of the surface.

If we re-size the dimensions of the diffuser, the shadow effect disappears (see a comparison in
Figure A.4.5).

A.4.2 A varying Radius of Curvature

Let’s analyze the results of a first diffuser with a convex surface and varying radius of curvature.
For these simulations, the radius of the emitting surface is fixed at 20 mm.

We can see from Figure A.4.6 that an effect similar to the variable a case is present, that is
the light is more distributed over the curved surfaces as the radius of curvature increases; moreover,
the overall amount of scattered power is less.

For r = −50 mm, a shadow effect as the one discussed before is again present. These analyses
show that what matter is the ratio between the radius of curvature and the dimension of the source,
rather than the two parameters taken individually (Figure A.4.7). Left panel shows the plot of
the scattered power for cases with constant r/a, while in the right panel two different cases with
different parameters but the same ratio r/a = 10 is presented. The only difference between the two
curves in the right panel is the shadow effect already discussed for a big diffuser’s area.

A.5 Conclusions

FRED is a powerful software that will allow us to perform a complete stray light simulation for our
future works. In these rather simple exercises, I explored the way FRED deals with scatter prop-
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Figure A.4.2: Power reaching the second diffuser as a function of the dimension of the source (a is
the radius), with the first diffuser being a surface almost flat (radius of curvature = −1 m).

Figure A.4.3: Power reaching the second diffuser as a function of the dimension of the source (a is
the radius), with the first diffuser being a concave (Left) and a convex (Right) surface with radius
of curvature r = −100 and r = 400 mm respectively.

erties of the surfaces and how different setups lead to different results in computing the scattering
power reaching a photodiode.

While studying optical properties of the objects, attention must be paid to the various para-
meters used, in order to avoid shadow effects and over-approximations with differential quantities.

The comparison between the FRED simulation results and the analytical calculations pointed
out the need to analyze very carefully the experiment, and I demonstrated that a finer tuning of
some properties of the setup (e.g. the solid angle) can make the analytical approximation to work
better.

By modifying the distances, sizes, and surface properties, I was able to distinguish between
different cases and results, and we saw that the amount of scattered power reaching the detector
is deeply affected by the ratio between the radius of curvature of the diffuser and the dimensions
of the source. In particular, if this ratio is small the plots show a peak in correspondence of the
maximum of the BSDF, while it enlarges as the ratio gets bigger.
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Figure A.4.4: If the dimension of the diffuser is large with respect to the radius of curvature, the
incident light (in yellow) is blocked after the scattering at the edges of the surface (in red).

Figure A.4.5: Comparison between two cases with different diffuser areas: the shadow effect is no
longer present if the ratio between the side of the surface and the radius of the source is reduced
to 4.

I also noticed some shadow effects due to the dimensions of the diffuser with respect to the
source’s size: if the diffuser’s area is very large, the beam gets blocked by the surface’s edges and
the amount of scattered energy hitting the collector is less.

The main purpose of our further investigations is to simulate the matching telescope of the
squeezing benches for Advanced Virgo Plus, in order to study the impact of the stray light power
on the optics. These analyses will allow us to better understand some other FRED tools such as
the way FRED combines scatter properties with coatings when defining surfaces, how it performs
the raytrace analysis with the ray filter, which are the differences between the coherent and the
incoherent light and in general how different sources are simulated in FRED.

The work on the squeezing benches will be the chance as well to study scatter models of real
optical elements (lenses and mirrors, windows, Faraday Isolator, and so on).

224



A.5 Conclusions First Stray Light Analysis with FRED Simulations

Figure A.4.6: Power reaching the second diffuser as a function of the radius of curvature r, with
the size of the source fixed at a = 20 mm.

Figure A.4.7: Power reaching the second diffuser as a function of the ratio r/a (Left) and for a
constant r/a = 10 (Right).
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Appendix B

FRED Insights

B.1 Raytrace

The Raytrace Properties folder in FRED allows the user to determine if a ray will be traced or not
every time it encounters a surface. The default controls are Halt All, Transmit Specular, Reflect
Specular, and Allow All. The user can edit any one of these or create additional controls.

During the raytrace analyses, the raytrace controls are applied before the coatings, but both
together determine ray propagation: that is, to continue tracing a reflected/transmitted/scattered
ray, both the Raytrace Control and the Coating must allow the reflection/transmission/scattering.

The Raytrace Properties folder is found on the left-hand side of the main FRED document
window in the Object tree, and it contains the default and optional user entered raytrace control
settings that are applied to every surface in FRED (Figure B.1.1).

B.1.1 Analysis Surfaces/Detectors

To collect light and evaluate ray distributions on surfaces or sources, FRED uses two tools called
Analysis Surfaces and Detector Entities: they have both perks and drawbacks, for example the
Analysis Surfaces are not physical object so one can attach them on a surface to retrieve the surface
behavior, on the other hand being not physical they cannot exist independently so in some cases
one may prefer to use a detector entity, which has other benefits such as the possibility to collect
data as rays pass through during the raytracing, it has two sides and it comes with different shapes.

Analysis Surfaces are calculation grids that are (usually) overlaid on existing surfaces in the
model, they don’t interact with rays during a raytrace, rather they contain one or more ray filters
used select a subset of rays for analysis. Rays can be filtered and analyzed at any time and location
after they are created in the system, before or after raytracing.

Analysis Surfaces can only be used in conjunction with surface or source entities, though more
than one analysis plane can be attached to a surface or source.

A common misconception in the use of Analysis Surfaces is that they intercept rays during the
raytrace and will therefore include results from multiple ray passes through the geometric position
of the analysis plane: this is not the case. Consider Figure B.1.2 displaying an Analysis Surface
located between a source input ray and an output ray after retro-reflection.

In this case performing an analysis after the raytrace would show only results from the output
ray and will not include the first passage of the input ray, as each ray has an association with a
surface or source generally being the last surface of intersection: when the Analysis Surface filters
the rays, it sees that the output ray is associated with Surf 2 and the ray is projected along its
current direction until it intersects the Analysis Surface, where the calculation is performed.
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Figure B.1.1: The Raytrace Properties folder is located on the left side of the FRED document
windows and contains the raytrace settings that are applied to all surfaces in FRED.

Figure B.1.2: Analysis Surface located between a source ray and a output ray after reflection on
two surfaces [116].

If a calculation is desired such that the results include both the passages of the input and output
rays, then two separate analyses must be performed and the results combined.

On the other hand, Detector Entities are a hybrid between a physical surface and an Analysis
Surface; they come with different available shapes (planar, cylinder, sphere, and pyramid) and the
user can specify the type of calculation needed and the timing (collecting the ray information either
during or at the end of the raytrace). Moreover, the Sidedness (on which side(s) rays are analyzed)
can be set.

Figure B.1.3 summarizes the benefits and drawbacks of the two tools in detail.

B.1.2 Ray Summary

The Ray Summary command produces the ray count and total incoherent power for all rays asso-
ciated with traceable objects (sources and surfaces marked Traceable).

The data stored within a ray include its present location, power, direction, and associated
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Figure B.1.3: Differences between the Analysis Surfaces and the Detector Entities tool in FRED.

Figure B.1.4: FRED definitions of Ancestry Level Cutoff [116]

surface or source: a ray is associated with the last surface that it intersected, and if a ray has not
been traced or it did not intersect any surface, then it is associated with the source that defined it.

For incoherent raytraces, the Ray Summary is a convenient way to quickly see the amount of
power on each surface at the end of the raytrace.

B.1.3 Ancestry

When an input ray intersects a surface, the ray may be split into reflected and transmitted specular
components and a scatter component, or it can be absorbed; the number of times that a ray has
been split is called its ancestry : rays that have been split once (e.g. through ghost reflections or
scattering) have an ancestry of 1, and model first-order stray light.

In FRED, the ancestry levels are used to determine which rays are traced and which ones are
neglected: the Ancestry Level Cutoff refers to the scatter and specular components and the two
levels are independent from each other. In particular, the Specular Ancestry Level Cutoff sets the
maximum number of specular generations that can be split, while the Scatter Ancestry Level Cutoff
sets the maximum number of Scatter generations that can be split (Figure B.1.4).

The Parent ray specifier tells FRED which component maintains the Ancestry Level of the
incident ray (left picture of Figure B.1.5): it can be the highest incoherent power, the transmitted,
the reflected, or Monte-Carlo (parent ray choice based on statistics). Any split ray that is not the
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Figure B.1.5: (Left) the Parent ray specifier determines which ray keeps the Ancestry Level of the
incident ray: it can be the highest incoherent power, the transmitted, the reflected, or Monte-Carlo.
(Right) the Ancestry Level Cutoff tells FRED whether or not a ray can be split at an interface.The
user can modify these settings by double-click on the desired Raytrace properties from the Object
tree.

Parent gets its ancestry level incremented by 1, and if the ancestry level exceeds the cutoff, then
the ray is halted, otherwise the ray continues to propagate.

This means that, if the Parent ray is defined as not the reflected ray, the Specular Ancestry
Level Cutoff determines how many times a ray can get reflected on a surface; instead, the Scatter
Ancestry Level Cutoff defines the maximum scatter level a ray can acquire in order to continue to
propagate: for example, if the cutoff level is set to 1, a ray which has been generated by a scattering
process cannot scatter again.

Figure B.1.6 displays Parentage and Specular Ancestry Level splitting. In both figures, the
Specular Ancestry Cutoff has been set to Level 2, which means that Grandchildren rays can no
longer be split into specular components. Because the Scatter Ancestry Level has been set to 0, the
Raytrace Control will not allow any ray to scatter, even if a Scatter Property has been assigned to
the surface. Left figure shows a case in which the parent ray has been set to the transmitted ray,
on the right the parent ray is the reflected one.

Figure B.1.7 figure shows a scattering surface. In this case, the Parent Ray is the reflected
ray, the Specular Ancestry Level Cutoff is set to 2, the Scatter Ancestry Level Cutoff is set to 1.
The Scatter Ancestry Level Cutoff equal to 1 allows the parent ray to scatter only once, so that
the software will not raytrace rays that have been scattered multiple times.

Note that since the reflected specular ray is the Parent, all of the scattered rays will maintain
the Specular Ancestry Level of the incident ray, while the Scatter Ancestry Level is incremented
by 1 at each scattering.

I performed some FRED simulations in order to understand how the Parentage and Ancestry
Level Cutoff work. The setup is displayed in Figure B.1.8 and comprises one emitting source with
one ray of 1 W of power, a first diffuser with a Harvey-Shack scatter model and a total reflective
coating, a second and a third diffusers with a Harvey-Shack scatter model and a standard coating
(96% transmitting, 4% reflecting).

As a first study, I set the Parent ray as the largest incoherent power and the Scatter Ancestry
Level Cutoff to 0, so that all the surfaces cannot scatter, even though they possess some scatter
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Figure B.1.6: How FRED deals with Parentage and Specular Ancestry level splitting. In both
figures, the Specular Ancestry Cutoff is set to 2, that is Grandchildren rays can no longer be split
into specular components. (Left) parent ray is the transmitted ray. (Right) parent ray is the
reflected ray.

Figure B.1.7: How FRED deals with Parentage and Scatter Ancestry level splitting. The Specular
Ancestry Cutoff is set to 2, The Scatter Ancestry Cutoff is set to 1, the Parent ray is the reflected
ray.

properties. Figure B.1.9 shows three cases with a variable Specular Ancestry Level Cutoff.

In the left panel, the level is set to 0, and the incident ray gets reflected on the first diffuser and
ends on the second one. This is due to the fact that I set the Parent to be the largest incoherent
power (that is, the reflected ray for the first diffuser and the transmitted ray for the second diffuser):
at the second diffuser surface, the green ray splits into a transmitted and a reflected ray, and being
the reflected ray the Child and the cutoff level set to 0, this ray is not traced.

The central panel shows the same situation, with the Specular Ancestry Level Cutoff set to 1:
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Figure B.1.8: The ancestry test simulation setup. The layout comprises three diffusers and one
emitting source with one ray of 1 W of power. The yellow line is the incident ray, the green lines are
the reflected rays, the (dashed) blue lines are the transmitted rays, the red lines are the scattered
rays.

in this case, the Child ray is traced and gets blocked on the third diffuser surface.

In the right figure, the Specular Ancestry Level Cutoff is set to 2, and both the Child and the
Grandchild rays are traced.

Figure B.1.10 shows two cases with a variable Scatter Ancestry Level Cutoff, a Specular
Ancestry Level Cutoff set to 1, and the Parent ray set to the largest incoherent power.

The left panel displays the results of a simulation with Scatter Ancestry Level Cutoff equal to
1. One can see that the (yellow) incident ray both gets reflected and scatters on the first diffuser’s
surface. On the second diffuser’s surface, the (green) reflected ray both gets reflected and scatter,
and the (red) scattered ray gets reflected and doesn’t scatter. On the third diffuser’s surface, the
(green) reflected ray scatters and doesn’t get reflected, while the (red) scattered rays get reflected
and don’t scatter.

In the right panel the results of a Scatter Ancestry Level Cutoff equal to 2 are shown: on the first
diffuser’s surface, the (yellow) incident ray both gets reflected and scatters, on the second diffuser’s
surface, the (green) reflected ray both gets reflected and scatter, and the (red) scattered ray gets
reflected and scatters; finally, on the third diffuser’s surface, the (green) reflected ray scatters and
doesn’t get reflected, while the (red) scattered rays get reflected and scatter. The scattered ray
generated by a ray which has been double reflected reaches the second surface and scatters again,
while all the other rays (both the green and the red ones) are halted.
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Figure B.1.9: Three simulations with a varying Specular Ancestry Level Cutoff and a Scatter
Ancestry Level Cutoff set to 0. The Parent ray is the largest incoherent power. (Left) Specular
Ancestry Level Cutoff equal to 0. (Center) Specular Ancestry Level Cutoff equal to 1. (Right)
Specular Ancestry Level Cutoff equal to 2.

Figure B.1.10: Two simulations with a varying Scatter Ancestry Level Cutoff and a Specular
Ancestry Level Cutoff set to 1. The Parent ray is the largest incoherent power. (Left) Scatter
Ancestry Level Cutoff equal to 1. (Right) Scatter Ancestry Level Cutoff equal to 2.

B.2 Scripting Tool

FRED has a built-in BASIC scripting language that provides additional features along with the
existing ones related to the visual interface. Scripts can be standalone or embedded, and for the
latter case one in particular can use the visual interface to deal with the system and use the script
to perform for example rotate an object through a series of angles (and at each step do something
meaningful such as a raytrace and an analysis) or to perform raytracing loops that have by default
different seeds each time, to increase the statistical reliability of the data.

B.3 Importance Sampling

In FRED, there’s a tool termed Importance Sampling which defines a direction or region of interest
towards which scattered rays are allowed to propagate. This method in principle significantly
increases the efficiency of the raytracing task. FRED handles the radiometry such that the proper
amount of power is scattered into the given solid angle according to the specified scatter model.

I wanted to set this specification when dealing with Filter Cavity simulations, in order to
enhance the statistics of the simulations’ output by setting a preferred scattering direction of the
rays that time to time suited best (e.g. either some of the baffles or the End Mirror). However, some
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Figure B.3.1: Test on the Importance Sampling Specification tool in FRED: power reaching the
detector as a function of detector’s size, for different distances source-detector. Dashed lines rep-
resent the case with a default importance sampling (scattering towards a hemisphere), continuous
lines represent the case with the custom importance sampling (towards the detector). The gaps in
the power budget demonstrate the failure of the algorithm for big detector’s sizes (i.e. great solid
angles).

inconsistencies among the results made us think that there was something very unclear regarding
the way the Importance Sampling specification works.

In order to study it, I created a very simple setup, featuring a light source going on a scattering
plane, and then collected by a detector with a varying size. I launched a series of simulations with
increasing detector’s size, with the idea that the light collected by the detector would eventually
reach the Total Integrated Scatter (i.e. it collects all the light scattered by the plane), once the size
of the detector is big enough to cover a big solid angle.

I considered to different importance sampling specification:

• default (rays are scattered over a hemisphere)

• towards the detector

Results are shown in Figure B.3.1, in which the power measured on the detector is a function
of the detector size. Dashed lines represent power reaching the detector when the default Import-
ance Sampling is set, solid lines indicate the scattered power collected by the detector with the
Importance Sampling is set towards the detector.

One can see that in the case of default importance sampling the light on the detector increases
until it reaches the TIS. On the other hand, in the case of importance sampling towards the detector,
light increases until some detector’s size, then it drops and then jumps high to the TIS.

After discussing with FRED support people, we concluded that the “towards the detector”
Importance Sampling type is only correct when the solid angle of the detector is small: apparently
it’s a limit of the tool. This was responsible for incorrect distribution of scattered power inside the
FC in [55] (see section 4.2.2).
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Figure B.4.1: Gaussian beamlet with corresponding rays. For each ray (“base ray”), there are 8
additional rays. The relationship of the secondary and base rays allows for keeping track of the
wavefront of the beam [117].

I worked around the problem by setting the default Importance Sampling for all the simulations,
whose results are presented in this report.

B.4 Gaussian Beam Decomposition in FRED

FRED uses the Gaussian Beam Decomposition (GBD hereafter) to deal with coherent sources,
following the basic premise that any arbitrary optical field can be represented by a superposition
of Gaussian beams (“beamlets”).

FRED exploits two quite extreme GBD methods in a flexible way: the first is a spatial decom-
position using beamlets arranged on an evenly spaced grid, the second is a Fourier decomposition
using beamlets at a single spatial position with different phases and directions.

Each ray traced through the system represents a Gaussian beamlet: for each ray (“base ray”),
there are 8 additional rays, and the relationship between the secondary and base rays allows for
keeping track of the wavefront of the beam. The central base ray represents the trajectory of
the beamlet and the secondary “waist” and “divergence” rays track the evolution of the beamlet
parameters.

Figure B.4.1 shows two of these pairs of rays, while the other two pairs of rays are in the
plane perpendicular to the paper and contains the base ray.

The rays fully describe the beamlet characteristics as they undergo refraction, reflection, and
diffraction: this process is termed “complex raytracing” and basically implies that if the base ray
intersects a surface, then all of its secondary rays must intersect the same surface (FRED enforces
the rule by mathematically extending the surface to intersect each secondary ray (see left picture
Figure B.4.2).

Being the beamlets Gaussian, they follow the divergence equation:

tan θ =
λ

πnw0
, (B.4.1)

with λ being the beamlet’s wavelength, n is the refractive index of the medium (n = 1 for air),
and w0 the beamlet waist.
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Figure B.4.2: (Left) Effect of the complex raytracing process in FRED: a mathematical extension
of the optical surface is used for intersecting secondary rays (blue and green lines) that do not
intersect the real surface [117]. (Right) the surface can’t be extended and therefore the ray is
stopped [116].

In order for the model to be accurate, the beamlets must remain Gaussian and perform best
when they obey the paraxial approximation, that can be expressed in two forms. The first is
that the is the divergence rays have an angle θ with respect to the optical axis � 1 rad, i.e.
tan θ ' sin θ ' θ. The second form is that θ � π, which means that a reasonable choice of θ to
meet both conditions is 0.1 rad, resulting in a divergence equation equation equal to:

θ =
λ

πnw0
=⇒ 0.1 ≥ λ

πnw0
=⇒ w0 ≥ 3λ. (B.4.2)

Attempting to operate outside this paraxial limit negates the ability of Gaussian beamlets to
accurately sample optical components as they propagate, and the failure of secondary rays to
remain well-correlated with their base ray may lead to coherent ray errors and erroneous irradiance
calculations.

When a coherent source is defined, FRED sets up a ray grid and uses the grid spacing:

Λx,y =
2we

−π/2
0x,y

OF
, (B.4.3)

with we
−π/2

0x,y is the beamlet waist radius at the 1/eπ/2 point where FRED traces rays, and OF
is the overlap factor which defines the beamlet waist radius w0. The OF is the fractional overlap
between adjacent beamlets on the grid and has a default value of 1.5 (which should rarely be
changed). Thus, to stay within the paraxial limit of w0 ≥ 3λ, the grid spacing should be:

Λx,y ≥ 3λ
2

1.5
. (B.4.4)

There are three types of coherent ray errors:

• Coherent secondary ray raytrace errors, indicating that something wrong happened during the
raytrace which prevented all the rays from being properly traced. A warning that describes
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the specific issue is displayed in the Output Window after the raytrace is completed, e.g. if
a base ray travels through a ball lens but the secondary rays do not intersect the lens, it is
impossible to extend the optical surface to force the secondary rays to make the intersection
(right picture of Figure B.4.2) and FRED outputs: “Rays halted because unable to complete
coherent secondary ray intersection (warn: 18)”

• Coherent secondary ray invariant violations, occurring if the beamlet has deviated too far
from a Gaussian: there are no errors or warnings when the raytrace is completed, yet they
only appear if an analysis is attempted

• Coherent ray Gaussian exponential decay violations, which are similar to the previous error
with the difference that they indicate that the beamlet has become too divergent; these errors
don’t show up until an analysis is attempted.

Having said that, after discussing with FRED support people we concluded that in general
coherent beam propagation shouldn’t be mixed with surface scattering, as the power in a coherent
field is only known at the time of an analysis, viz. when a beamlet summation operation is performed
to coherently sum all of the individual rays back together.

Since the power in the coherent field is not known during raytrace, the radiometry of the
scattered rays results to be incorrect. Therefore, when performing scattering analyses it’s better to
use an incoherent, geometric representation of the beam: even though in this way the diffraction
effects are lost during the propagation (being the rays purely geometric), the scattering radiometry
results to be correct.
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