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Introduction

In the Advanced Virgo Interferometer (AdV), the contributions of technical noises are required to remain below
the expected sensitivity (given by the fundamental noises) by a factor ten, that is to say the effective strain
caused by technical noises must be hieern(f) < 1/10 haqy (f) of the expected AdV strain sensitivity, over the
whole detection bandwidth [1].

In order to fulfill safely this request, the SLC subsystem aims to set its own requirements for each single source
of noise, within its scope, to be a further factor 10 below the safety margin. In other word, given the baffle
(Baf)n, contributing with a strain noise h,(f), SLC plans to achieve hy(f) < 1/100 haqv (f), whenever possible
and on "best-effort” basis. This should ensure that the overall noise contribution from items within the scope
of SLC (hSLC<f)) will be hSLC(f) < 1/10 hAdV(f)-

In [2], requirements are derived for the optical characteristics of ground-connected surfaces, such as baffles,
inside the Fabry-Perot resonators of AdV arms. These requirements allow to keep displacement noise not larger
than the safety margin of ten, and translate into a maximum coupling efficiency for the scattered light to the
main cavity mode of |c(zlz/ Elgg)f|2 = 10724 W/W. Appropriate scaling has to be applied to derive requirements
that refer instead to the additional safety margin we want to impose.

Let us recall the equation for the strain noise induced by the baffle residual displacement [2]:

TFyjan., 1 - 1 7
If /2 Baf ‘szBaf| X ZBaf ~ 7|meBaf| X TBaf
L

hpaf =
of TFdf/DARM Lorm arm

where |z Baq f|2 is the fraction of the power in the arm cavity that couples with the main mode after scattering
from the baffle zzBaf. TFyz/y ., is the transfer function from the baffle displacement noise to the dark fringe
photodiode for a baffle that couples all the arm cavity power to the main mode, T'Fy/parn is the transfer
function from the differential-arm displacement to the dark-fringe photodiode, and Zpgqy is the displacement of
the baffle. From this equation, we can see that an additional safety margin of 10 means a factor (1/10)? for the
coupling coefficient |czzpaf|?, that becomes:

e o 12 = 1072 [l /5002 ~ 10720 W/W (0.1)

Starting from these requirements, we report here about the design of the baffles for the cryo-traps close to the
towers housing the test masses, inside the arm cavities (see fig.1).
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Figure 1: Sketch of the Advanced Virgo West Arm (not in scale). The large cryotraps between the test-mass
towers and the long pipe will allow different vacuum levels in the two environments.

We will examine the case for the baffle at the entrance of the cryo-trap, tube-side (Baf Cryo) and the one
around the link inside the test-mass towers (Baf-Tow). We will refer to the two sides of each baffle as Sy, for
the one facing the farthest test-mass mirror, and Ss, facing the closest test-mass mirror (see fig. 2).
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Figure 2: Mechanical layout of the Cryo-Trap, along with the Baf Cryo and Baf Tow where they should be
installed. The final positions are still to be checked with the VAC subsystem, but from the first interactions
we do not expect major changes. Surfaces of the baffles are referred to as Sy for the one facing the farthest

test-mass mirror, and Sy for the opposite side.

(a) (b)

Figure 3: 3D mechanical layout of the Baf_ Cryo and Baf Tow where they should be installed - section view.
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1 Baf Cryo

The baffle at the entrance of the cryo-trap (Baf_Cryo) must tackle the small-angle scattered light coming from
the farthest test-mass (path-1: small-angle scattering, see [3]).

1.1 Material

The Baf_Cryo will be made of a plate of mirror-finish Stainless-Steel 304 (T'1S < 300ppm, see [4]), with one
side coated by a Diamond-Like Carbon layer to absorb the stray light impinging on it [4].

1.2 Diameters
1.2.1 Outer diameter

Outer diameter d%/; ., must be greater than the inner diameter of the closest baffle in the arm pipe. According
to [5], this diameter is d'22 7 ~ 920mm. Taking into account the fact that the baffle will be tilted around the
y-axis (see sec.1.3), and hence the effective diameter will be shorter, we set:

dOBﬂ;ltf,C'r‘yo = 940mm > d?gaf (11)

for the diameter of the coated area on the Baf Cryo.

1.2.2 Inner diameter

Inner diameter dig;tf,cwo must be smaller than the aperture of the bottleneck between the tower flange and the
pipe link. The bottleneck aperture is 650mm [1].

In order to find a lower limit for such a diameter, we carried out simulations with FOG [6]. These simulations
aimed to find the coupling efficiency, |[ccpaf|?, of the light scattered off the Baf Cryo to the arm-cavity main
mode, through the path-1, as a function of the inner aperture, and for different sets of maps describing the test
masses. The outcomes of the simulations, reported in fig. 4, show that the coupling efficiency of the Cryo-Baf is
well below the requirement |copqf|? < 10724W/W previously set in [2] (safety margin of 10), for clear apertures
down to dig's cpyo > 550mm.
From these results, we set: ‘

Zélgf,c”r’yo == GOOmm (12)

Furthermore, we had recently the opportunity to access the actual measurements of the aLIGO test-mass figure
error maps, courtesy of the LIGO Scientific Collaboration [7]. In [8] Marque et al. used those maps to perform
the same simulations as we did for the expected (randomly generated) figure-error maps for AdV, in order
to estimate the coupling of the scattered light to the cavity main mode. Despite the peculiar pattern of the
coating on the alLIGO test masses, the outcome of the simulation was acceptable from the SLC point of view.
With the aLIGO actual maps, and an inner diameter of diél(;nf,Cryo = 600mm, the coupling efficiency was still
|CCBaf|2 ~4 10725W/W.

All of the results for these simulations were obtained with a BRDF for path-1 of:

BRDFqp,(1y =3 107° sr™* (1.3)

For the case of this baffle, it would be rather demanding to achieve the safety margin of 100, so we must stick
with the official safety margin of 10, that is anyway met with additional margin (a factor 2 or 3).
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Figure 4:  Coupling efficiency of light scattered off the Baf Cryo versus its inner diameter. The red line
marks the value 10724W/W that corresponds to the safety margin of 10. All of the results are obtained with
BRDF =3 1073 sr1.

1.3 Tilt angle

The tilt angle requirements for the Baf_Cryo are imposed by two considerations:

a) the tilt angle o must be such that the BRDF (65 > «) of the surface side facing the farthest test mass (S7)
has already hit the minimum and is in the plateau regime. If we assume a BRDF law as it is for the test
masses, then this occurs for a > 3°;

b) the tilt angle must be such that the direct reflection off the surface side 2 goes towards inner walls of the
cryo-trap.

Therefore, by putting a) and b) together we have:
QBaf Cryo = 7° (14)

There is no preferential axis of tilting from stray light considerations, anyway, to ease the installation of possible
wire-suspended baffles or the functioning of possible accelerometers on the back-side of the baffle, we chose the
tilt around the y-axis. VAC had no objections to this choice.

1.4 Inner edge

The baffle itself is tilted (about the y-axis) because of the considerations reported above. The inner edge angle
must therefore comply with this tilt and cannot be cut at 90° with respect to the baffle surface, otherwise the
stray light coming from the test mass would see the uncoated reflective surface of the edge side. In order to
avoid that condition, the edge angle will be acgge ~ 80°, so that 90° — 80° > 7°.
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1.5 Surface optical requirements

There are two surfaces of the Baf_Cryo that are important: the surface facing the farthest test mass, S;, and
the one facing the closest test mass, S3. The requirements imposed on the optical characteristics of the two are
quite different.

Indeed, while S; will be exposed to a power of the order of ~ 2.5W when the ITF is locked at full power, S,
will intercept a power Popaf, = Peav BRDFarir c0s (OcBay) QoBay ~ 50mW, almost two orders of magnitude
smaller. Furthermore, while for S; the main path for coupling scattered light to the cavity mode is path-1, the
mechanism for Sy involves wide-angle scattering from the test-masses (path-2).

In the following, we give specifications for both the surfaces.

1.5.1 Laser induced damage threshold

The expected maximum intensity on surface S7 of the Baf Cryo, for steady state operations and cavity power
of ~ 7T00kW , is of the order of ~ 2.5mW/cm? [8], far from being a problem for most materials. When the arm
cavity is not locked on resonance, then there is no power build-up, so the maximum intensity, 14;,, of the direct
laser beam can be evaluated as:

1

liir = Py Tpr = T

3 5 ~ 0.4mW/em? (1.5)
T W

where standard values [1] have been used for the input power P;,, the power recycling mirror transmissivity
Tpg, the input mirror transmissivity 77,7, and the beam size w.

As said, the surface side Sy will intercept a power Popay, ~ 50mW during steady state operations (locked arm
cavity). So we do not need to worry about a laser induced damage for it.

Resuming, both the sides of the Baf_Cryo are not endangered by laser power and any material capable of
enduring an intensity as low as ~ 2.5mW/cm? would be fine to build the surfaces.

1.5.2 Absorption

When the stray light impinges on the baffle surfaces, it is partly reflected off, partly scattered off and the
remaining is refracted in the material of the surface. We require that less than 1000ppm of this refracted laser
power manages to leave the baffles. In order to achieve that, surface S; will be coated with a 7um-thick DLC
layer, capable of absorbing 99.9% of this refracted power on a round-trip (see [4]).
Surface S, on the contrary, will not be coated with any absorbing layer because the little power impinging on
it that will mostly be reflected inside the cryo-trap vessel, thanks to the tilt angle.

1.5.3 BRDF

The Bidirectional Reflectance Distribution Function (BRDF) dictates the ratio of the impinging power that is
scattered off a surface towards a given direction and within a given solid angle (see [9]). For surface Si, the
important path for the scattered light to couple back to the main cavity mode is what we termed path-1. The
outcomes of the simulations we already reported in fig. 4 say that a BRDFc1(6s > 7°) < 0.003sr~! (eq. 1.3)
is needed to fulfill the requirements of the strain noise induced by baffle expected displacement.

In order to achieve a negligible contribution for such a noise, we set:

BRDFoi (0, > 7°) <310 3sr™ ! (1.6)

This should allow to get hopay, (f) < 1/30 haav(f).

The BRDF for surface S; is set starting from the requirements derived in [2] for path-2. By considering
that the area of the baffle projected on a vertical plane is Acpas = 0.46m?, and that the distance from the
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closest test mass mirror is dopas = 5.4m, we can say that a BRDFoo(6; > 7°) < 0.1sr™! is enough to get
hC’Baf2 (f) < 1/100 hAdv(f).

1.5.4 Reflectivity

Due to the tilt angle of the Baf Cryo, the direct reflection from S; surface of the scattered light is prevented
from reaching straightly the test masses. Nevertheless, the total power impinging onto this side of the Baf Cryo
is not negligible (~ 2.5W as said). The absorption coating on S; will be made of DLC, that presents a primary
Fresnel’s reflectivity, due to the refractive index, close to 15%. So if left as it is, almost 0.5 would be free
to wander in the arm pipes. In order to avoid that, we require the reflected power to be roughly of the same
order of magnitude than the power scattered off from the baffle itself. Taking into account that a significant
amount of power will be absorbed by the DLC coating, this leads us to require a reflectivity Rc1 of the order
of magnitude of the TIS for surface S;. So we set:

R < 0.5% (1.7)

Furthermore, from the calculations made in [2], we can see that the maximum area allowed for totally reflective
surfaces at this distance from the closest test mass is of the order of ~ 300cm?. This must be taken into account
in the technical drawing when designing the mechanical mounts.

1.6 Thermal requirements

Beside the obvious cooling effects, baffles and valves installed close to the cryotrap will be also heated, in
vacuum, up to 120-150C during regenerations and bake-outs (order of a week per year). So the baffles and
valves shall be designed to withstand this temperature range [10].

We performed a measurement of the temperature that a sample reaches when heated by a YAG laser beam, at
intensity just below the laser induced damage threshold, and it was able to withstand 270°C without noticeable
damage of the surface. This is in agreement with the vendor specs about this coating, stating that it can endure
up to 400°C [11].

1.7 FEM mechanical simulation

The Finite Element Method used to predict the mechanical vibrations of the Baf_Cryo showed that the frequency
of the first mode is rather low: f; = 80.37H z for the baffle alone. That is why we decided to attach the baffle to
a frame with ribs, in order to push this lowest frequency as high as possible. In fig. 5 the first mode of vibration
for the whole assembly baffle plus frame is depicted. This mode features a natural frequency f; = 246H z.

2 Baf Tow

The baffle around the bottleneck between the test-mass tower and the cryo-trap, namely the Baf Tow, will sit
on the tower side (see fig. 2), and will catch the wide-angle scattered light from the closest test-mass mirror
through path-2. Its shape (see fig. 7 for a 3D view), is dictated by the need to cover the corrugated pipe inside
the bottleneck without decreasing too much the clear aperture.

2.1 DMaterial

The Baf_Tow will be made of a plate of mirror-finish Stainless-Steel 304, with one side coated by a Diamond-Like
Carbon layer to absorb the stray light impinging on it.
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Figure 5: FEM simualtion for the whole assembly (baffle plus frame) of Baf Cryo. The first vibration mode is
depicted. This mode features a natural frequency f; = 246H 2.
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2.2 Diameters

2.2.1 Outer diameter

In principle, the outer diameter of the Baf Tow should be as large as possible to cover a solid angle as large as
possible. In practice, there are several limitations due to the possibility to coat the surface, ease of handling/in-
stalling, and so on. The minimum value for the outer diameter must be such to cover the part of the flange of

the tower that is exposed to the test-mass view. As a trade-off we set:

for the outer diameter of the coated area of the Baf Tow.
Of course, this leaves a great extent of the tower walls exposed to the scattered light from the test-mass mirror
it hosts. In order to tackle this stray light, the rest of the tower should be baffled with absorbing glass as in

Virgo. This issue will be addressed in a future note.

2.2.2 Inner diameter

The inner diameter of the Baf Tow should be not smaller than the clear aperture of the Baf Cryo, so that its
side Sy is completely shadowed by the Baf_Cryo when seen from the farthest test-mass. Another problem is that
the inner mountings and structures of the bottleneck between the tower and the cryo-trap would be exposed
to the wide-angle scattering from the closest test-mass, if the inner diameter of the Baf_Tow cannot be shorter

than the Baf Cryo one (see fig. 6).
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Figure 6: Close-up of a section-view of the Baf Tow. The section in the picture shows the possible stray light
from the test-mass mirror hitting the inner structures of the bottle-neck.

As a solution, we added a cylinder with rotation axis along the optical axis, so to cover the aforementioned

structures.
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We set: ‘
for the inner diameter of the Baf Tow. The added cylinder will have the same diameter, and height so large
as to cover the inner structures of the bottleneck (see fig. 7). This parameter is still to be verified with VAC

subsystem.

Figure 7:  Close-up of a 3D-view of the Baf Tow. The section in the picture shows the two-part horizontal
cylinder needed to shield the inner structures of the bottle-neck.

2.3 Tilt angle
The Baf Tow will be perpendicular to the optical axis, so the tilt angle a with respect to the vertical will be
Zero:

o = 00 (2.3)
Anyway, by taking into account the clear aperture, the minimum angle a for backscattering of the light coming

from the closest test-mass will be:

dinn
a, = arctan | —2ofTow )30 (2.4)
2 distBaf Tow

This angle ensures that the BRDF(6; > «) has already hit the minimum and is in the plateau regime.

2.4 Inner edge
In order to avoid that the (usually rough and uncoated) side of the edge is seen from the test mass, we require

an edge angle larger than 13° with respect to the optical axis. So we set aeqge = 70° with respect to the surface
of the baffle.

10
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2.5 Surface optical requirements

There are three surfaces of the Baf_Tow that are important: the surface facing the farthest test mass, Sy, the one
facing the closest test mass, So, and the inner surface of the horizontal cylinder S.y;. The requirements imposed
on the optical characteristics of these surfaces are quite different. Actually, while S; will not be seen at all from
the test-masses point of view, S, will intercept a power Prpaf, = Peav BRDFarir oS (87B4s) QrBay ~ 400mW.
Surface Sy will be seen from the test masses. The expected power impinging on such a surface will be
Prcyr = Peaw BRDFiir cos (Orcyr) Qroy ~ 200mW from the closest test-mass, while the contribution from
the farthest test-mass will be negligible, due to the very small solid angle of S, as seen from 3km away
(QCyl ~ 10_1187").

In the following, we give specifications for all the surfaces.

2.5.1 Laser induced damage threshold

None of the surfaces of Baf_ Tow is expected to handle dangerous intensities, so we are not concerned about this
parameter.

2.5.2 Absorption

The only surface required to absorb power is the one facing the closest test mass mirror, So, that will therefore
be coated with a 7um-thick layer of DLC. This will ensure that 99.9% of the power that manages to make its
way through DLC will be absorbed.

2.5.3 BRDF

The surface S; will not be seen from the test masses, so we can neglect its contribution to the scattering.
So, on the contrary, will directly face the closest test mass mirror, and its scattering is susceptible of coupling
to the main cavity mode through wide-angle scattering (path-2). The requirements for this surface can be
derived from the calculations made in [2]. Baf_-Tow is at a distance of ~ 1.35m and the area of S is ~ 0.45m?2,
while the maximum allowed area for a BRDF = 1 is ~ 0.04m?, ten times smaller. That means a maximum
allowed BRDF = 0.1sr~! for wide angle scattering. If we want to impose a further safety margin as previously
explained, we must set:

BRDFry (0, > 13°) < 10 317! (2.5)

The scattering from the surface of the horizontal cylinder, S.,; could couple to the main cavity mode through
the same mechanism of wide-angle scattering (path-2). At the distance from the test-mass where the Baf_Tow
is, the maximum allowed scattering surface featuring a BRDF = 1sr~! is areamna, = 0.04m? [2].

However, the requirements reported in [2] are referred to surfaces perpendicular to the axis linking the center
of the test mass and the surface itself. If this is not the case, the surface has to be projected onto a plane
perpendicular to said axis, so to subtend the same solid angle, and the BRDF adjusted for the cosine of the
angle a; between the normal to the scattering surface and the back-scattering direction (see fig. 5in [2]). In other
words, the requirements in [2] have to be regarded as for an effective BRDF, namely BRDF¢/f = BRDF/ cos as.
Let us denote with [ the length of the cylinder, d the distance of the Baf Tow from the test-mass surface, 7,y
the inner radius of the Baf_Tow. The limiting angles for Sy, as seen from the center of the test-mass with
respect to the optical axis, are:

01 = arctan (ripn/(d+1) =9° ; 05 = arctan (ry,,/d) = 13° (2.6)

The area projected onto the plane perpendicular to said axis can be calculated as:

Al =d®* Qoy=d*n (cos (61)° — cos (92)2) = 0.14m> (2.7)

11
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The maximum allowed BRDF for the surface S¢,i, once projected and adjusted, is therefore:

9 AT€lmag 1

AL sin (92)

BRDFrey (05 > 9°) < 10~ ~ 1072 sr7! (2.8)

This value is already compliant with the stricter safety margin of 100.

2.5.4 Reflectivity

Surface S7 cannot be seen from the test masses, so we are not concerned about its reflectivity.

Surface S5 faces the closest test mass at a distance of ~ 1.4m, so the minimum angle of incidence for the light
scattered off the test mass is a; ~ 13°. This is enough to prevent direct reflection from hitting the test mass
mirror. Nevertheless, it is advisable to minimize the reflection due to the Fresnel’s law, so to avoid some power
bouncing on the tower walls. Surface Sy will then be coated with AR film to have:

Rpo < 0.5% (2.9)

The reflection off surface Sc,; of the light scattered from the closest test mass will hit the cryo-trap walls and
hence follow path-3 to couple with the arm cavity mode. But in [12] J-Y Vinet calculated as negligible such a
contribution, so we will not be concerned about the reflectivity of Scy;.

As for possible mechanical mounts on the Sy side, the maximum allowed area for highly reflective surfaces at
this distance from the test mass is ~ 20cm? for the safety margin of 10, while it becomes ~ 0.2cm? if we want
to achieve the additional safety margin of 100. This means that there is no room for reflective surfaces at all
on Sy side.

Conclusions

In this note we reported about the implementation in the baffle design of the specifications derived from the
requirements computed in previous documents. In particular we reported about the baffle at the entrance of
the Cryo-Trap (Baf_Cryo), and the one around the bottleneck between the test-mass tower and the Cryo-Trap
(Baf_Tow).

All of the requirements translate into feasible implementations even considering a much tighter safety margin, 100
instead of 10 times smaller than the predicted sensitivity, with the exception of the surface Sy of the Baf_Cryo,
where we expect to gain only a factor 2 or 3 with respect to the usual safety margin of ten. Therefore, no
particular concerns arise from this exercise.

The only warning is about mechanical mounts close to the Baf Tow, tower side. Due to requirements imposed
upon high-reflective surfaces, SLC advises strongly to avoid any exposed metallic surface around the Baf_Tow.
A possible solution could be the use of oxidized stainless-steel screws. From the same requirements, an issue is
identified for the tower walls that must be baffled to avoid direct scattering and/or reflection off them.

This issue will be addressed in a forthcoming note.
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A Technical drawing of the Baf Cryo

In figure 8, the technical drawing for the Baf_Cryo is reported. This design is frozen after interaction with VAC
subsystem, the only pending issue being the details of the mountings. The Baf_Cryo is currently in production
phase.

B Technical drawing of the Baf Tow

The technical drawing for the Baf Tow is still work in progress as of the writing of this version of the note. A
preliminary drawing, without the cylindrical part, is in fig.9.
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Figure 8: Technical drawing for the realization of the Baf Cryo.
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Figure 9: Draft of the technical drawing for the realization of the Baf Tow.
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