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A more useful form for the ray tracing is 

P0 is the power illuminating the primary scatterer (for example, a cavity mirror) in the area to be considered; in the arm cavity of 
KAGRA, P0/Pin = 5000 would be assumed. Now the term Ps/P0 also becomes just a ratio without unit.

Relating to ray trace

Note that phi_s is a function of frequency as well.

or non dimensional

Simulation/Noise Estimation 
for designing baffles
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See details: https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=8483

形は上述のようになる（Pmb の部分はそこが腕 cavityなのか PRCなのか SRCなのか（か他のな
にか）で変化しうる）。ともかくこの結果を見ると Gは考えている cavityにおいては一定になるは
ずである。しかし文献 [2]ではGは周波数特性を持っている。これは輻射圧雑音その他の影響との
ことであるが、本文献ではそこには深入りしない。重要な事は、「換算係数」は散乱光雑音の面倒
な計算とは別個に計算可能であるということである。

3 Thorneの方法
Thorneと Flanaganの場合 [12]、散乱光の伝搬の計算方法として、intensity methodと ampli-

tude methodを挙げている。前者の intensity methodは散乱光の coherenceを考えない場合、と
いうことで amplitude method の特別な場合に相当する。後者の amplitude method は、回折に
よる光のコヒーレントな影響をノイズに含めるときに必要になる。

3.1 Intensity method

Intensity methodの一般式は、文献 [12]の式 (3.4)および (4.8)あたりである。すなわち

h̃2(f) = 4Ac

(
λ

4πL

)2 λ2

Pmb

∫
dΩrec

dP

dΩms
(Ω)

dP
dAdΩrec

(Ω)S̃2(f,Ω) (17)

であるが、これは 4枚の鏡のぶんを sumしたもので、実際、右辺の最初の数字 4はそのことを表
している。Ac は腕 cavityのペアの 2枚の鏡について発生する散乱光が coherentどうか、という
ことを表すものである。つまり、incoherentなノイズなら Ac = 1、coherentならば Ac = 2とな
る*8。S̃(f,Ω)は散乱体*9の振動の power spectrum densityである（単位は m2/Hzである）。引
数の f は周波数、Ωはメインミラーへ再入射する角度を表す。つまり、メインミラーに角度 Ωで
再入射する光線に付与された位相ノイズに相当する。次に、dP/dAdΩrec(Ω)であるが、これはメ
インミラーに角度 Ω（およびそのまわりの微小立体角 dΩrec）で再入射する光線の単位立体角あた
り単位面積あたりのパワーである。
また、dP/dΩms(Ω)については言葉で説明すると理屈っぽいだけで分からなくなるので、上の式
の元の式

h̃2(f) = 4Ac

(
λ

4πL

)2 1

Pmb

∫
dΩrec σmb(Ω)

dP
dAdΩrec

(Ω)S̃2(f,Ω) (18)

をもとに考えよう。ここでは、「散乱光がメインミラーに方向 Ωから再入射したあげくメイン光軸
へ再結合するという過程」の散乱断面積

σmb(Ω, 0) = λ2
dP

dΩms
(0,Ω) (19)

*8 というか、intensity method は incoherent なときに使える式なので、Ac = 1 以外を考える必要があるのかは謎
である。散乱元と再結合のミラーが異なる場合には coherentとみなすのだそうだ。

*9 メインミラーを 1次散乱体と呼ぶとすれば、真空槽内壁やバッフルなどを 2次散乱体と呼んでよいだろう。
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Fomulae related to the ray trace

2018 July 13 JST 4

Formula modified from Flanagan+ eq. (4.8)

This coeffiient is a constant of frequency; should 
be replaced with a modern(?) transfer function.

This integration is related to the ray trace; in short, it corresponds to the net amount of

mb = main beam

L:  main arm length (3km for KAGRA)
Pin: input power at the AR side of PRM (50W for KAGRA)

Note: the proportional coefficients in front of G are just chosen due to the definition of G.

The behaviors in the lower freq range are due to 
radiation pressure by the stray light photons.

Strain

Let’s start with Flanagan+’s formula:

Per one cavity

https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=8483
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Monte Carlo rays from the sapphire mirror

#2 Cryo-duct shield

#3 Narrow-angle baffle

Modeling and simluation by Genesia corp.
Software: LightTools
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Output 1: irradiance maps

2018 July 13 JST 9

Receiver 1: irradiance map (reflected-back stray light)
All From some viewports From a certain chamber From the other components

Total power 13.15 ppm 6.68 ppm 5.78 ppm 0.69 ppm
Note: the input power to this model is assumed to total power of 1.

Receiver 2: irradiance map (transmitted stray light)

“Less	than	0.001	ppm”

As the rays cannot be intereferred, the map images would be fakes.

Output 2: tables of angular distribution

2018 July 13 JST 10
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Region of angle of incidence�θ1 < θ <θ2�

N
um

ber of bounces of the rays

Incident angle
Stray light ray (coming back)

Note: the tables were not automatically produced... manually!! at that time (by Genesia corp).

Post-processing
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Taking summation of each cell in the table to get               with 
the following treatments.
• Number of bounces à in short, the phase fluction term will become n-times (coherent) or sqrt(n)-

times (incoherent).
• Incident angle à weighted by the recombination probability; it would change with respect to the 

incident angle to the mirror

Incident angle
Stray light ray

Recombination

Flanagan+ eq (3.3): recombination cross section
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fections [11, 42], since λ = 1.06 µm and σN ∼ 1 nm for
LIGO’s supermirrors [51]. It does not apply to scattering
off LIGO’s beam tube walls for which σN " 5 µm ∼ 5λ
[52]. The predictions of this theory are summarized in
Appendix C.

A second theory, used to compute scattering proba-
bilities when absorption and polarization are neglected,
is the rough-surface theory developed by Beckmann and
Spizzichino [45]. This theory is valid in the regime
σN # λ, but makes a number of assumptions which are
discussed in Appendix C. It is likely not valid in the graz-
ing incidence regime relevant to scattering off the LIGO
beam tube walls, although it may be valid for scattering
off baffles (see Appendix C).

Because of these theoretical uncertainties, it is im-
portant to measure the scattering properties of relevant
rough surfaces in order to predict with confidence the
light scattering noise in gravitational wave detectors.

III. HANDBOOK OF FORMULAE FOR
LIGHT-SCATTERING NOISE, WITH

COMMENTARY

In this section we present a “Handbook” of formulae
for light-scattering noise in gravitational-wave interfer-
ometers, along with explanations and comments about
the formulae. We derive the formulae in subsequent sec-
tions.

A. A mirror’s BRDF’ and recombination cross
section as a Fourier transform of its shape errors.

Reciprocity relation

In Sec. VI B we derive the following formula for the
scattering probability (BRDF’) of a mirror:

dP

dΩms
(θ) =

k4

π2

∫

d2∆y CN (∆y) e−ikθ·∆y (3.1a)

[Eqs. (6.16) and (6.17)]. Here θ is the light’s vectorial
scattering angle (relative to the mirror’s normal direc-
tion, along which the main beam propagates), k = 2π/λ
is the light’s wave number, ∆y is a 2-dimensional dis-
placement vector in the plane of the mirror, over which
the integral is performed, and CN (∆y) is the correla-
tion function of the mirror’s height error N(y) (with y
denoting vectorial location in the mirror’s plane):

CN (∆y) ≡ 〈N(y)N(y + ∆y)〉 . (3.1b)

Here 〈...〉 means “take the average”.
Equations (3.1) are well known and widely used [53].

Within the gravitational-wave-detector literature, they
(or equivalent formulae) have been derived in Refs.
[11, 21, 25, 26]. These equations say that, aside from
a factor k4/π2, the mirror’s BRDF’ is the 2-dimensional
Fourier transform of its height fluctuations’ correlation

function. If the height fluctuations are (nearly) ax-
isymmetric, as is the case for the supermirrors used
in gravitational-wave interferometers (by virtue of their
manufacturing process), then this BRDF’ is (nearly) ax-
isymmetric, i.e. a function only of θ ≡ |θ|. This is what
we assume throughout our analysis of light scattering.

Equations (3.1) are a rather limited description of the
scattered light. They do not include any information
about statistical fluctuations of the scattered light field’s
amplitude and phase that result from the statistical ran-
domness of the mirror height fluctuations. The theory of
these fluctuations (“speckel”) is developed in Appendix
I and summarized in Sec. VI C [Eqs. (6.19)–(6.22)]. In
our introductory section II B 2 we have discussed the
most important prediction of that theory: the correla-
tion length for phase fluctuations when the mirror height
is a homogeneous random process [Eq. (2.4b)].

When previously scattered light impinges on a mirror,
as a locally plane wave coming from a direction θ with
energy flux dE/dtdA, the mirror’s height errors N(y)
scatter some of the light into the main beam. The power
entering the main beam is

δImb = σmb(θ)
dE

dAdt
(θ) , (3.2)

where σmb is called the recombination cross section. Be-
cause the same height errors N(y) give rise to both the
probability dP/dΩms(θ) to scatter light out of the main
beam and the cross section σmb(θ) for recombination
back into the main beam, there is a simple reciprocity
relation between these quantities [15]:

σmb(θ) = λ2 dP

dΩms
(θ) . (3.3)

Here λ is the light’s wavelength. This reciprocity relation
is essentially the same as a reciprocity relation for radio
antennae called the “antenna theorem”. We derive it in
Sec. VI D using amplitude methods, but it is a key tool
in our intensity analyses of light-scattering noise.

B. Some general formulae for light-scattering noise

In this subsection we give and briefly discuss the most
general useful formulae for light-scattering noise that
emerge from our intensity analyses (Sec. IV) and our am-
plitude analyses (Sec. VI).

1. General intensity-analysis noise formula

When scattered light, having interacted with backscat-
tering surfaces and/or reflecting surfaces and/or diffract-
ing baffles, impinges on an arm-cavity mirror and there
recombines with the main beam, its phase fluctuations,
together with those of the light arriving at the other three

Example: 

When the scondary scatterer’s 
displacement is very small (for 
simplicity).

From the irradiance table

where assuming
ß Well, theoretical speaking (“reciprocity relation”), they should have the same form, but...

From the light souce:
0.0025 deg<θ<7.95 deg
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Estimated noise contribution

2018 July 13 JST 12

Goal sensitivity (bKAGRA-BRSE)

1/100 (requirement)
What are included:
• #1, 2, 3 baffles
• Radiation pressures from stray light photons
• Multiple bounces of stray light

Stray light noise 

What are not included: actual seismic or 
acoustic noise level by air flow or cryo-cooler 
actuation or...
Replacing the phase fluctuation term with that 
of phase-wrapped one, the up-conversion 
effect can be estimated (not shown here).



Surface finishing
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Fig. 3. Measurements of the total reflectances (incidence angle of 8 degrees) of the black
surfaces versus wavelength. Each substrate of the test pieces under the black coatings is
made of stainless steel or aluminum with different degrees of smoothness. Note that the
wavelength of the laser light for the interferometers is 1064 nm.

3.2.1. Total reflectances

Total reflectances, which include the scattered light and the specular reflected light, of the black-
coated test pieces were measured with a spectrometer, SolidSpec-3700 by Shimadzu (Fig. 3).
The spectrometer has an integrating sphere to catch both reflected and scattered light from the
surface under test. The incident angle of the probe light to the test piece is 8 degrees.

For all the kinds of test pieces in Table 1, the measurements show that the total reflectances
are less than 3% at 1064 nm. Of the black coated test pieces in Fig. 3, Al ECB (electro-chemical
buffed aluminum alloy) ones have higher reflectance than the rough Al (unpolished aluminum
alloy), while the SUS BA (bright-annealed stainless steel) has the lowest. In terms of smooth-
ness of the substrates, the SUS BA is the smoothest, the Al ECB is next, and the rough Al is the
roughest, so it seems the roughness of the substrate does not affect the total reflectance.

3.2.2. Scattering distributions

To design optical baffles, it is important to know not only the total reflectance of the black
coating but also the distribution of scattered light from it. The scattering distributions of light
were measured for these test pieces (Figs. 4 and 5). In the figures the vertical axis corresponds to
dP/dW defined in Eq. (2). During the measurements, the incident angle of light (1064 nm with
mixed polarizations) to a test piece is selected once for each measurement, and a photodiode
rotates automatically around the test piece in the plane of incidence of light; the horizontal axis
in these figures are scattered angles qs, but whose positive region corresponds to fs = 0 and
negative to fs = p . The photodiode has a 2-mm diameter, and is located 50 mm away from the
test pieces, which corresponds to a 2.2-degree angular resolution (in terms of qs). The rotational
resolution of the photodiode around the test piece is first set to 0.1 degree, but each step width
is not controlled by a closed loop with an encoder, so the stability of the resolution is not
well guaranteed to less than 1 degree. In a certain angular region during each measurement, the
photodiode shadows the test piece against the entering light, so the measured data are not correct
there; such direct back-scatterings toward the light source will be measurable with another

#260082 Received 1 Mar 2016; revised 2 Apr 2016; accepted 2 Apr 2016; published 13 Apr 2016 
© 2016 OSA 1 May 2016 | Vol. 6, No. 5 | DOI:10.1364/OME.6.001613 | OPTICAL MATERIALS EXPRESS 1619 

T. Akutsu+, Opt. Mater. Express 6, 1613 (2016)

à Black nickel plating for middle and large-size baffles
A sample in the N2 liquid



Baffles in KAGRA arms
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BS

ITM ETM
3 km

Light

GW signals

#1 Arm-duct baffles
#3 Narrow-angle baffles

#2 Cryo-duct shields
#4 Wide-angle baffles

Cold region

Vacuum enclosure

90o 6o 1o

0o

70~40urad

#1#2#4 #3

Scattering angle

Scattering angle

Fig. 2. Optical baffle system of the KAGRA interferometer; four of the five kinds of the
baffles are shown. The input light beam is divided into two directions at the beam splitter
(BS), and the beams enter both of the 3-km long optical cavities (arms), each of which
is composed of two mirrors called the input test mass (ITM) and end test mass (ETM).
Gravitational waves cause phase shifts of photons in both of the arms but with opposite
signs, and the phase shifts accumulate in the cavities. When the beams come back to the
BS and interfere, the phase displacement will cause signal light at the output port. The
ITMs and ETMs have 250-mm diameters, and the 3-km vacuum ducts are about 800 mm
in diameter. The schematic in the upper right shows angular regions of stray light covered
by each baffle. The size of the baffles will be up to 800-mm diameters to cover the vacuum
enclosure. The cryo-duct shields and the wide-angle baffles will be cooled down to around
10 K and 70 K, respectively.

of the gravitational-wave signals with respect to the noise). Moreover, it is also effective to
reduce the shaking of the baffles which now hide the chamber walls, and thus those baffles will
sometimes be supported by vibration isolators.

2.2. Baffle system of KAGRA

There will be five categories in the optical baffle system for KAGRA: (1) arm-duct baffles,
(2) cryo-duct shields, (3) narrow-angle baffles, (4) wide-angle baffles, and (5) others including
several kinds of middle- and small-sized baffles or beam dumps. Among these, the ones from
(1) to (4) are to be installed in both of the 3-km arms of the interferometer, and all these baffles
have large sizes up to ⇠ 800 mm diameters at maximum, so that they can hide the inner walls
of the vacuum enclosure from stray light generated at the main mirrors as in Fig. 2. This means
that the surface finishing to be used for these baffles should be applicable on large size (at a
reasonable cost). The baffles sometimes have slightly complicated mechanical shapes so that
they can catch and absorb as much stray light as possible, so the applicability to such shapes
cannot be ignored. The NiPW coating satisfies these requirements.

Obviously, it is desirable for the surface finishings of the optical baffles to be black coatings.
It would be good to have as low reflectance as possible to the input laser light used for the
interferometer. The wavelength of the light is 1064 nm for KAGRA, and this is the same for
other large-scale interferometers like LIGO and Virgo. Not only the low reflectance, but also
low scattering of light from the surface is a key feature. With these parameters, optical design
of the large baffles has been performed by non-sequential ray tracing.

#260082 Received 1 Mar 2016; revised 2 Apr 2016; accepted 2 Apr 2016; published 13 Apr 2016 
© 2016 OSA 1 May 2016 | Vol. 6, No. 5 | DOI:10.1364/OME.6.001613 | OPTICAL MATERIALS EXPRESS 1616 

T. Akutsu+, Opt. Mater. Express 6, 1613 (2016)

Septum baffles



Arm-tube baffles
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Narrow-angle baffles (NAB)
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ø
800

At the Advanced Technology Center (ATC) in NAOJ.
Assy of the NAB and its suspension.

Installing the NAB into a chamber.



With four PDs
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NAB

Some optics for PCal
(Only for the end chambers)

View from the sapphire mirror View from the arm

Four PDs

Mirror for TCam

https://klog.icrr.u-tokyo.ac.jp/osl/?r=7197

https://klog.icrr.u-tokyo.ac.jp/osl/?r=7197
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Wide-angle baffles (WABs)
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• To be cooled down ~ 15K without IR beams

Inside: black coated

From14 m above

Cryostat 8K shield

• Over 4W input from the mirror à
heat up to ~20K or so

Design: ATC/NAOJ

Sapphire mirror



Installed in the cryostat
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WAB

Vib. Iso. for heat links

Sapphire mirror within



Response to heating

GWADW 2021 online (17-22 May 2021) 14

http://klog.icrr.u-tokyo.ac.jp/osl/?r=4880

~0.5 W input

~0.7 W input

~1.6 W input

Turn off the heater

WAB
WAB frame

Inner shield

Cooling bar

WAB frame: 16.2 K
WAB: 14.2 K

Inner shield: 13.5 KCooling bar: 12.9 K 

Fit: (assumption) 11.5K/W thermal res., 0.6W offset 

Test: cool down to only 20K Improved

http://klog.icrr.u-tokyo.ac.jp/osl/?r=4880
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WABs

IXC EYC IYC EXC
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Ghost beams in the center area
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JGW-E1910040 

12 

6 Subsequent behaviors of the BS ghost beams 
Some readers would feel strange that this subsection on the overall situation of ghost beam in the 
other chambers put here, but I guess this subsection should be read (or revisited) just after under-
standing the BS ghost beams, so I put this here. Actually, this is along with my walking paths (flow of 
thinking) as well. For each of the other chamber, there will be dedicated sections later. In this section, I 
would like to spot on the overall behavior of each of the BS ghost beams (Fig. 5). 

 
Fig. 5 Central area of KAGRA with ghost and main ray beams. 

 
 

6.1 Antisymmetric port (SR3, SR2, and SRM) 
There are six paths of the BS ghost beams and a single path of the main beams in the antisymmetric 
(AS) port side of the BS (see Fig. 4). The main beam from the BS hits SR3, SR2, and SRM in this order, 
and the part of power in the main beam transmits SRM, while the other is reflected at the HR of SRM 
then back to BS.  
The spot size of the main beam is also modified by the mirrors. The SR3’s radius of curvature is about 
25 m (concave), while the SR2’s is about 3 m (convex). The SRM’s radius of curvature is relatively larger 
(i.e. flatter) than those numbers: about 458 m [3]. With those curvatures, the radius of the main beam 
on each mirror is about 36.7 mm, 4.3 mm, and 4.3 mm on SR3, SR2, and SRM, respectively [3] [5]. 

See JGW-E1910040
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Fig. 4  Naming of the light beams in the BS chamber

BS_GB14

� ���
���	�

�
�

So much ghost beams...

18

See JGW-E1910040
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Mid-size baffles
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Drawn by N. Hirata

• To catch ghost beams in the center area (BS, PRC, SRC)
• Each a few x 10~100mW

Bill of materials

DescriptionsTitleParts No.QtyItem

 Base plate2JGW-D1910172-111

 Top beam SR2JGW-D1910172-212

 Baffle plate 60deg SR2JGW-D1910172-313

 Side support R SR3JGW-D1910199-314

 Side support L SR3JGW-D1910199-415

Hexagon Socket Head Cap Screw ISO 4762 - M4 x 8186

Hexagon socket head cap screws ISO 4762 - M4 x 1047

Hexagon socket head cap screws ISO 4762 - M5 x 1268

misumi WSX-SUS-M4X10-0.8149

misumi WSSS14-4-1410
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National Astronomical 
Observatory of Japan
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Drawing No.

JGW-D1910172
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THIRD ANGLE PROJECTION
A3

Title

Middle size baffle SR2 HR Scraper type 60deg

Project

KAGRA

Approved
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For SR2 HR side

Bill of materials

DescriptionsTitleParts No.QtyItem

 Base plate SR3JGW-D1910199-111

 Top beam SR3JGW-D1910199-212

 Side support R SR3JGW-D1910199-313

 Side support L SR3JGW-D1910199-414

 Baffle plate 60deg SR3JGW-D1910199-515

Hexagon Socket Head Cap Screw ISO 4762 - M4 x 8186

Hexagon socket head cap screws ISO 4762 - M4 x 1047

Hexagon socket head cap screws ISO 4762 - M5 x 1268

misumi WSX-SUS-M4X10-0.8149
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A-A ( 1 : 5 )

B ( 1 : 2 )

Bill of materials

DescriptionsTitleParts No.QtyItem

 Top beam BS+XJGW-D1910376-111

 Side support L BSJGW-D1910376-212

 Side support R BSJGW-D1910376-313

 Baffle plate 60deg BS+X2JGW-D1910376-414

 Center plateJGW-D1910376-515

 Front barJGW-D1910376-616

 Bracket2JGW-D1910376-747

Hexagon Socket Head Cap Screw ISO 4762 - M4 x 8188

Hexagon socket head cap screws - Product grade A ISO 4762 - M4 x 1089

Hexagon socket head cap screws - Product grade A ISO 4762 - M4 x 12410

Hexagon socket head cap screws - Product grade A ISO 4762 - M5 x 101011

Hexagon socket head cap screws - Product grade A ISO 4762 - M5 x 12412

Misumi WSX-SUS-M4X10-0.81413
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Note that all the sliver-ish parts will be also blackened later.
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At the Advanced Technology Center (ATC) in NAOJ
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For example: SR2



Input optics (IMC)
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https://klog.icrr.u-tokyo.ac.jp/osl/?r=16523

• Shields mainly for safety à
• The other beam dumps (not clearly shown)

Input mode cleaner

https://klog.icrr.u-tokyo.ac.jp/osl/?r=16523


IFI ビームダンプ検討メモ 2020.12.23

5

1

2

3

4

6

7

89

10

MCFチェンバー

No.タイプ メモ
6 S偏波V字ダンプ 独立した支柱に固定
7 S偏波V字ダンプ Oplevミラーに固定
8 S偏波V字ダンプ 1インチ径支柱
9 拡張ブレッドボード

10 IFI シールド

No. タイプ メモ
1 1枚板ダンプ X 2枚 STM1に固定
2 1枚板ダンプ STM2に固定
3 1枚板ダンプ POM1に固定
4 1枚板ダンプ POM2に固定
5 S偏波V字ダンプ JGW-D1503361 (開き角変更)

No.2～4のダンプ

STM2, POM1, POM2

KG5 or SiC Plate (50x50x3t)

前回（7月）の案から変更なし

POM2は
10mm高いHolderを準備

shield 1~3

1

4

3

2

注）モデル中のビーム高さは210mmだがシールドは実際の高さで検討しているので、この図の中で
はシールド穴高さは一致しない。

No.10 IFI シールド

拡張ボード

SiCPEEK

押しネジ

シールド１の固定

ボルト

Input optics (IFI)
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No.1のダンプ

STM1からのGhost用
(iGB1, iGB2, rGB16)
ビーム高さ210mm

CWP1からのGhost用
(iGB6, rGB14)
ビーム高さ220mm

STM1

KG5 or SiC Plate (50x50x3t)

前回（7月）の案から変更なし

10mm高いHolderを準備

No.5のダンプ

POM2 後ろ

JGW-D1503361 の構成で
V字ダンプを広角タイプに
変更する

開き角の変化
28deg → 40deg

Input Faraday isolator

Beam dump for S-pol beam

KG5 glasses

SiC shields
Burned?

https://klog.icrr.u-tokyo.ac.jp/osl/?r=15543

https://klog.icrr.u-tokyo.ac.jp/osl/?r=15543


Summary

GWADW 2021 online (17-22 May 2021) 25

• KAGRA’s large baffle design: a patch work of
• partly by Monte-Carlo ray trace
• partly by theoretical(?) calcs. [e.g. phase accumulation] 
• partly by considering diffraction...
à Need further investigations 

• Materials: 
• Ni black plating à Large and mid-size baffles/shields
• KG5, SiC -> beam dumps

• Until O3: most of the baffles in the arms have been installed.
• By O4: cares for the central part will be done.


