
Summary	
  of	
  Stray	
  Light	
  Mi0ga0on	
  
Strategies	
  at	
  2G	
  interferometers	
  

Mario	
  Mar'nez	
  
	
  
	
  



Outline	
  
•  IFT	
  layout	
  and	
  stray	
  light	
  
•  Baffles/baffles	
  
•  Long	
  arms	
  baffling	
  
•  Suspended	
  vs	
  non-­‐suspended	
  
•  Baffles	
  in	
  Core	
  Op0cs	
  
•  CryoBaffles	
  
•  R&D	
  on	
  materials	
  
•  Large	
  angle	
  stray	
  Light	
  in	
  benches*	
  
•  Towards	
  ac0ng	
  monitoring	
  	
  
	
  
•  Final	
  notes	
  on	
  future	
  
	
  

2	
  

Collec/ng	
  highlights	
  from	
  more	
  than	
  
a	
  decade	
  of	
  SLC	
  work	
  at	
  Virgo.	
  
	
  
See	
  talk	
  by	
  Alena	
  Ananyeva	
  @	
  LIGO	
  

See	
  talk	
  by	
  	
  Beatrice	
  D'Angelo	
  on	
  Dust	
  in	
  Op/cs	
  
See	
  talk	
  by	
  	
  Michal	
  Was	
  on	
  Bench	
  Op/cs	
  	
  

*	
  Not	
  including	
  work	
  on	
  suspended	
  benches	
  	
  



Layout	
  
About	
  100	
  W	
  would	
  be	
  diffused	
  light	
  
	
  in	
  the	
  interferometer	
  	
  	
  
(80%	
  for	
  125	
  W	
  input)	
  

Most	
  of	
  the	
  light	
  at	
  small	
  angles	
  	
  close	
  to	
  the	
  mirrors	
  
à Dictated	
  by	
  the	
  mirror	
  maps/defects	
  	
  
Larger	
  angles	
  going	
  to	
  core-­‐op/cs/cryo	
  sta/ons	
  
ScaWered	
  light	
  in	
  long	
  tube	
  much	
  smaller	
  but	
  can	
  	
  
kill	
  the	
  GW	
  signal	
  if	
  not	
  mi/gated.	
  	
  
	
  

A	
  re-­‐coupling	
  of	
  1024	
  W/W	
  enough	
  	
  
to	
  destroy	
  the	
  expected	
  GW	
  signal	
  

VIR-­‐0055A-­‐13	
  



baffles/baffles	
  

Need	
  to	
  put	
  baffles	
  almost	
  everywhere	
  
	
  
à  Important	
  to	
  	
  understand	
  the	
  intensity	
  	
  
	
  of	
  the	
  light	
  to	
  determine	
  poten/al	
  damage	
  
Different	
  materials	
  in	
  different	
  places	
  
	
  
à  Important	
  to	
  understand	
  baffle	
  vibra/ons	
  

VIR-­‐0055A-­‐13	
  

Δφ = 4π/λ  x(f)	
  Power1/2recoupled	
  

Re-­‐coupled	
  photons	
  propagates	
  vibra/ons	
  	
  
Inducing	
  a	
  phase	
  fluctua/on	
  faking	
  GWs	
  

1kW/cm2	
  
0.1	
  W/cm2	
  



Compu0ng	
  SLC	
  noise	
  
1.  Use	
  FFT	
  simula/on	
  to	
  understand	
  light	
  illumina/ng	
  baffle	
  

•  Needs	
  mirror	
  maps	
  
2.  Use	
  FFT	
  to	
  understand	
  how	
  much	
  couples	
  back	
  to	
  ITF	
  

•  Baffle	
  as	
  intra	
  cavity	
  source	
  with	
  effec/ve	
  map	
  	
  
3.  Using	
  Op/ckle	
  to	
  compute	
  the	
  Transfer	
  func/on	
  from	
  baffle	
  
displacement	
  to	
  dark	
  Fringe	
  à	
  tricks	
  on	
  how	
  to	
  model	
  ITF	
  	
  
	
  
à Given	
  a	
  baffle	
  displacement	
  translate	
  into	
  h(f)	
  sensi/vity	
  
à Validate	
  with	
  data	
  (injec/on	
  tests)	
  
	
  
	
  



Baffles	
  in	
  long	
  arms	
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The sensitivity of interferometric detectors of gravitational waves such as LIGO or VIRGO could eventually
be limited by the noise due to scattered light propagation and rescattering in the long vacuum pipes containing
the laser beams. We propose a statistical method for evaluating scattered light noise and compare trapping
systems, easy to implement in Monte Carlo simulation codes. @S0556-2821~97!07622-4#

PACS number~s!: 04.80.Nn, 42.25.Fx, 95.55.Ym

I. INTRODUCTION

Gravitational wave interferometric antennas such as the
Laser Interferometric Gravitational Wave Observatory
~LIGO!, GEO or VIRGO @1–3# presently in construction,
involve kilometer-long Fabry-Pérot optical cavities able to
store high-power light beams in between mirrors ~see Fig. 1!.
These devices are designed to be highly sensitive to very
small changes in phase of the stored standing wave due to a
change in the light distance between the mirrors caused by a
passing gravitational wave. They are also highly sensitive to
spurious mirror displacements, and to any interference effect
caused by modulated stray light. Physical mirror displace-
ments are minimized by a very efficient seismic isolation
system. But the stray light issue remains, and can be sum-
marized as follows. The optical cavities consist of high-
quality mirrors with rms roughnesses of the order of 1 Å.
These mirrors nevertheless scatter a finite amount ~a few
ppm! of the stored light power, then the resulting scattered
light ~SL! propagates in the steel pipe surrounding the optical
system for maintaining an ultrahigh vacuum along the opti-
cal path, and may reach any other mirror, including the ini-
tial one, after various scattering interactions with the walls
and the various objects fixed in the pipe. The vacuum pipe
and all these objects are in a state of vibration sustained by
the seismic activity and eventually acoustical coupling to the
environment. A second scattering process on a mirror surface
sends a finite amount of the incoming SL into the stored
wave with which it interferes, thus transmitting its noisy
phase modulation acquired from the vibrating walls ~see Fig.
2!. Being a second-order scattering process on weakly scat-
tering optical elements, the resulting noise is very low; how-
ever, gravitational signals are also expected to be very small,

and a careful evaluation is therefore necessary in order to
check that the signal-to-noise ratio of the instrument remains
essentially unchanged by that contribution to the overall
noise. The initial ideas for this kind of evaluation have been
formulated by Thorne @4,5#. It turns out that in the simplest
tube configuration, even assuming a perfect stainless steel
cylinder, the noise is too high compared to other fundamen-
tal sources of noise. Several systems of light traps generally
called baffles have thus been devised in order to suppress, or
sufficiently attenuate, the flux of SL reaching the mirrors.
The various modes of interaction of SL with the material

inside the vacuum pipe will be called channels. With each
channel can be associated its own noise, and a global evalu-
ation of a given configuration requires first finding the sig-
nificant channels, then computing and adding the noise of
each.
The analysis of some very special channels, such as the

direct diffraction or reflection coupling, can be carried out
analytically using wave optics, as shown in a preceding pa-
per @6#. But wave optics fails to allow a convenient way to
treat complex channels involving multiple interactions. It is
therefore appealing to use numerical codes propagating light
rays or ‘‘photons’’ according to geometrical optics in the
mechanical structure, and investigate the resulting SL flux on
the mirrors. Several such codes have been developed by spe-
cialized companies for optical instruments design, and are
commercially available. Our concern is not, however, the
flux of SL by itself, but the resulting phase noise, which is
entirely due to the wave nature of light, absent from the
particle picture of the above-mentioned Monte Carlo type
codes because this problem is specific to gravitational wave
antennas.
We present here a statistical approach of SL propagation,
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Large interferometric detectors of gravitational waves involve high power light beams stored in optical
resonators or Fabry-Perot cavities, installed in km long vacuum pipes. Scattering of light by mirrors, interac-
tion of the scattered light with the walls of the vacuum vessel, and final rescattering on any mirror is a source
of noise in such antennas. We present some results obtained within the framework of a coherent approach of
scattered light propagation using a coherence function allowing us to study, namely, the effects of small
reflecting surfaces along the tube, of diffraction, and of reflection by eventual baffle edges.
@S0556-2821~96!05014-X#
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I. INTRODUCTION

Laser interferometers for gravitational wave ~GW! detec-
tion are presently being developed by at least three collabo-
rations @1–3#. A common feature to all of these future facili-
ties is the storage of light power in long resonant cavities.
The optical system must operate in a vacuum and requires at
the same time a very efficient seismic isolation. Here, a spu-
rious effect arises: The imperfect mirrors constituting the op-
tical system scatter a weak but finite amount of the stored
light over wide angles, allowing it to interact with the
vacuum vessel’s walls, to be reflected, diffracted, or scat-
tered again, and finally reach any mirror of the system, in-
cluding the initial one, where a second scattering recombines
a part of that scattered light into the stored standing wave.
The trouble comes from the fact that, during its interaction
with the walls or any linked structure, the light acquires a
phase modulation determined by the vibration state of the
vacuum tank, sustained by the seismic activity of the ground,
and transfers the resulting noise to the standing wave. The
result is a bypass of the seismic isolation sytem. This effect
was first noticed by the German team operating the Garching
prototype of interferometer @4,5#.
Owing to the second order scattering process on superpol-

ished mirrors ~the best of the present state of the art!, the
overall effect is expected to be very small, but the shot-
noise-equivalent spectral density of phase noise in such op-
tical devices can be as low as 10211 Rd/AHz, and, as cus-
tomary in this field, even currently negligible effects must be
carefully investigated.
Mirrors scatter light because of their roughness. Scatter-

ing of electromagnetic waves by rough surfaces has been
studied by a number of authors @6# even in the case of large
rms roughnesses. Fortunately, we have to deal here only with
very weak roughnesses, which allows a significant simplifi-
cation of the general theory. On the other hand, propagation
of stray light in complex systems, and its attenuation, can be

treated by well-known techniques based on very general
Monte Carlo codes mastered by specialized companies, but
not addressing the question of seismic noise injection. The
first attempt to make a thorough analysis of the spectral den-
sity of noise caused by scattered light in GW interferometers
is due to Thorne @7# who introduced the basic concepts some
years ago. Since this paper, theoretical, numerical, or even
experimental work, often unpublished, has been carried out
in the above-mentioned collaborations, for instance by Win-
kler et al. @8,9#.
We present here a very special study restricted to effects

that can be treated by wave optics and evaluated by a simple
analytical calculation, namely, the effects of reflecting sur-
faces existing in a vacuum pipe, for instance, resulting from
imperfections ~weldings, scratches!, from junctions of sec-
ondary pipes to pumping stations, bellows, and even edges of
baffles installed for the purpose of scattered light suppres-
sion, but being able not only to reflect, but also to diffract
scattered light and to couple directly the two mirrors of a
cavity by their edges as a residual effect.
We describe in Sec. II the theory to be used; then, for

more convenience we give the results of physical interest in
Sec. III and the detailed calculations in the Appendix.

II. BASIC THEORY OF COHERENT SCATTERED
LIGHT NOISE

We propose here a general formalism allowing us to treat
scattered light within the wave optics framework.

A. Emission of scattered light

The scattered light we are faced with is generated by re-
flection of a Gaussian beam on mirrors with weak rough-
nesses. The mirrors planned for GW interferometers will
have rms roughness small compared to a wavelength of the
laser source. Typically, optical surfaces of rms roughness
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à  Demonstrate	
  the	
  need	
  for	
  chain	
  of	
  baffles	
  in	
  main	
  arms	
  
à  Following	
  work	
  by	
  K.S.	
  Thorne	
  in	
  1989	
  

à  As	
  a	
  result	
  160	
  baffles	
  in	
  each	
  main	
  arm	
  
à  R&D	
  on	
  edge	
  shape	
  led	
  to	
  the	
  serrate	
  solu/on	
  



Baffles	
  in	
  long	
  arms	
  

Calcula/ons	
  indicate	
  that	
  serrate	
  shapes	
  
reduce	
  dras/cally	
  the	
  reflec/vity	
  and	
  diffrac/on	
  effects	
  
	
  
à	
  Early	
  on	
  injec/on	
  studies	
  	
  indicated	
  the	
  noise	
  is	
  below	
  the	
  required	
  sensi/vity	
  

	
  VIR-­‐0172A-­‐08	
  	
  
	
  



Suspended/non-­‐suspended	
  

Given	
  all	
  the	
  approxima/ons	
  one	
  needs	
  to	
  be	
  1/10	
  
of	
  designed	
  sensi/vity	
  (at	
  least)	
  
à	
  Here	
  it	
  is	
  clear	
  you	
  need	
  to	
  suspend	
  the	
  baffles	
  in	
  the	
  core	
  op/cs	
  

VIRGO	
  0188A-­‐12	
  



Notes	
  on	
  Materials	
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Other	
  important	
  considera/ons:	
  
•  Temperature	
  dependence	
  
•  Scalability	
  with	
  surface	
  dimension	
  
•  Reproducibility	
  
•  Cost	
  	
  (no	
  much	
  SiC+AR	
  used)	
  

VIR-­‐0406A-­‐12	
  
VIR-­‐0127A-­‐13	
  
VIR-­‐04824A-­‐14	
  
VIR-­‐0009A-­‐16	
  

Intense	
  R&D	
  on	
  materials	
  for	
  the	
  baffles	
  	
  
by	
  the	
  /me	
  of	
  the	
  prepara/on	
  for	
  Virgo	
  	
  

cost	
  



Notes	
  on	
  materials	
  (cont.)	
  
	
  
VIR-­‐0009A-­‐16	
  	
  

Intensive	
  R&D	
  on	
  Diamond-­‐like	
  Carbon	
  (DLC)	
  indicated	
  
It	
  can	
  be	
  used	
  in	
  places	
  with	
  large	
  exposure	
  	
  
à	
  INJ	
  baffle	
  and	
  part	
  of	
  the	
  baffles	
  in	
  the	
  cryotraps	
  
	
  	
  

DLC	
  showed	
  large	
  TIS	
  largely	
  dependent	
  on	
  thickness	
  
Some	
  issues	
  with	
  	
  DLC+AR	
  coa/ng	
  reproducibility	
  
	
  
à	
  Massive	
  presence	
  of	
  Stainless-­‐Steel	
  (SS)	
  +	
  AR	
  coa/ng	
  	
  
	
  	
  



IMC	
  

INJBaffle	
  made	
  out	
  of	
  DLC	
  +	
  AR-­‐coa/ng	
  	
  
given	
  the	
  intensity	
  of	
  the	
  light	
  	
  
(up	
  to	
  1kW	
  /cm2)	
  
	
  
IMC	
  end	
  mirror	
  baffle	
  made	
  out	
  of	
  SS	
  



cryotraps	
  

cryotraps	
  

cryotraps	
  

Core	
  op/cs	
  



Cryotraps	
  

Requires	
  slightly	
  different	
  treatment	
  since	
  	
  
this	
  refers	
  to	
  wide	
  angles	
  (FFT	
  is	
  not	
  so	
  valid)	
  
	
  
Aperture	
  dictated	
  by	
  the	
  coupling	
  <	
  10	
  -­‐24	
  W/W	
  
à	
  Being	
  reviewed	
  now	
  for	
  AdV+	
  phase	
  II	
  (end	
  mirrors)	
  	
  
	
  
Special	
  campaign	
  to	
  understand	
  the	
  vibra/on	
  modes	
  
of	
  the	
  baffle	
  and	
  how	
  this	
  would	
  affect	
  the	
  ITF	
  
	
  



Cryo	
  Baffle	
  Vibra0ons	
  

Using	
  shakers	
  and	
  accelerometers	
  	
  
to	
  understand	
  the	
  eigenmodes	
  

	
  VIR-­‐0147A-­‐16	
  



Central	
  Op0cs	
  Baffles	
  

Combina/on	
  of	
  	
  SS+AR	
  ,	
  DCL+AR	
  
Full	
  study	
  of	
  vibra/ons	
  	
  to	
  facilitate	
  
Noise	
  hun/ng	
  (VIR-­‐0147A-­‐16)	
  



Payload	
  and	
  tower	
  baffles	
  

The	
  intensity	
  in	
  the	
  baffles	
  in	
  the	
  arms	
  is	
  
very	
  small	
  	
  à	
  SS	
  +	
  AR	
  massively	
  used.	
  
	
  
The	
  towers	
  walls	
  needed	
  to	
  be	
  blacked	
  	
  
to	
  suppress	
  	
  scaWering	
  from	
  the	
  mirrors	
  at	
  	
  
large	
  angles	
  	
  à	
  original	
  (fragile)	
  glass-­‐AR	
  	
  	
  
Replaced	
  gradually	
  by	
  SS-­‐AR	
  
	
  
	
  	
  
	
  



Frequency	
  Dependent	
  Squeezing	
  	
  

See	
  talk	
  by	
  Eleonora	
  Polini	
  	
  

New	
  installed	
  FDS	
  system	
  required	
  (2021)	
  
addi/onal	
  doubly	
  coated	
  baffles	
  532/1064	
  nm	
  
to	
  reduce	
  the	
  SL	
  contamina/on	
  	
  



SL	
  in	
  benches	
  	
  	
  
(DET	
  tower)	
  

))(22sin()( txGth ⋅⋅⋅=
λ
π

Studies	
  to	
  place	
  baffles	
  at	
  the	
  tower	
  walls	
  	
  
Instead	
  of	
  suspending	
  them	
  
	
  
à The	
  solu/on	
  must	
  be	
  at	
  the	
  bench	
  
to	
  suppress	
  SL	
  and	
  ghost	
  beams	
  with	
  
baffles/diaphragms	
  	
  	
  

To	
  the	
  wall	
  



Towards	
  ac0ve	
  SLC	
  monitoring	
  	
  
•  AdV+	
  is	
  bringing	
  a	
  new	
  concept	
  for	
  ac/ve	
  

monitoring	
  of	
  the	
  stray	
  light	
  in	
  the	
  main	
  
cavi/es	
  	
  
–  Evolu/on	
  of	
  mirror	
  maps	
  
–  Alignment	
  and	
  HOMs	
  detec/on	
  
–  Correla/on	
  with	
  glitches	
  
–  Valida/on	
  of	
  SLC	
  simula/ons	
  

	
  
•  A	
  demonstrator	
  of	
  the	
  technology	
  in	
  the	
  

form	
  of	
  an	
  instrumented	
  baffle	
  in	
  the	
  
Input	
  Mode	
  Cleaner	
  is	
  now	
  in	
  place	
  in	
  
AdV+	
  
–  In	
  commissioning	
  @	
  EGO	
  
–  To	
  be	
  integral	
  part	
  of	
  O4	
  opera/ons	
  
–  A	
  step	
  towards	
  instrumen/ng	
  main	
  

mirrors	
  in	
  long	
  arms	
  in	
  O5	
  

	
  
See	
  	
  Ll.	
  Mir	
  talk	
  on	
  the	
  subject	
  



Notes	
  for	
  the	
  future	
  
•  In	
  prepara/on	
  for	
  3G	
  projects	
  	
  

•  R&D	
  on	
  new	
  materials	
  with	
  larger	
  
absorp/on	
  and	
  higher	
  damage	
  thresholds	
  

	
  	
  	
  	
  	
  à	
  we	
  wavelengths	
  for	
  ET-­‐LH	
  will	
  require	
  a	
  
new	
  R&D	
  campaign	
  and	
  cer/fica/on	
  	
  

•  BeWer	
  simula/on	
  tools	
  to	
  propagate	
  the	
  SL	
  
effects	
  into	
  GW	
  sensi/vity	
  (including	
  also	
  
benches)	
  

	
  
•  A	
  richer	
  network	
  of	
  displacement	
  monitors	
  

embedded	
  in	
  the	
  baffle	
  systems	
  	
  (in	
  the	
  
original	
  Virgo	
  plan	
  and	
  excluded	
  due	
  to	
  
funding//ming)	
  should	
  be	
  a	
  reality	
  for	
  ET	
  

•  An	
  ac/ve	
  monitoring	
  approach	
  to	
  control	
  SL	
  
inside	
  cavi/es	
  using	
  instrumented	
  baffles	
  in	
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  loca/ons	
  (suspended	
  mirrors,	
  
cryotraps,	
  etc….)	
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ABSTRACT: Passive oxide layers on metal substrates impose remarkable
interfacial resistance for electron and phonon transport. Here, a scalable surface
activation process is presented for the breakdown of the passive oxide layer and
the formation of nanowire/nanopyramid structured surfaces on metal substrates,
which enables high-efficiency catalysis of high-crystallinity carbon nanotubes
(CNTs) and the direct integration of the CNT−metal hierarchical architectures
with flexible free-form configurations. The CNT−metal hierarchical architecture
facilitates a dielectric free-energy-carrier transport pathway and blocks the
reformation of passive oxide layer, and thus demonstrates a 5-fold decrease in
interfacial electrical resistance with 66% increase in specific surface area compared
with those without surface activation. Moreover, the CNT−metal hierarchical
architectures demonstrate omnidirectional blackbody photoabsorption with the
reflectance of 1 × 10−5 over the range from ultraviolet to terahertz region, which is 1
order of magnitude lower than that of any previously reported broadband absorber
material. The synergistically incorporated CNT−metal hierarchical architectures offer record-high broadband optical absorption
with excellent electrical and structural properties as well as industrial-scale producibility.
KEYWORDS: surface activation, catalysis, carbon nanotube, broadband absorber, energy storage

■ INTRODUCTION
Integration of carbon nanotubes (CNTs) with functional
substrates offers synergistic mechanical robustness and physical
properties, and thus is attractive for multipurpose applica-
tions,1 such as energy conversion2−4 and storage devices,5−8

sensing, broadband absorbers,9−11 flexible thermal interfaces,12

electrical interconnects,13 lightweight and deicing structural
materials for aerovehicles,14,15 etc. A universal challenge lies at
the interface, where functional metallic substrates such as Al
and Fe alloys would be passivated by a dense oxide layer upon
exposure to the ambient,16 which adds a remarkable barrier for
electron and phonon transport. The drastic difference in terms
of thermal expansion and Young’s modulus between the
metallic and oxide phases also deteriorates the mechanical
integrity of the CNT-on-metal architecture. Lack of effective
integration methods has been one of the major challenges
limiting the large-scale applications of CNTs.
The conventional strategies for the integration of CNTs with

functional metallic substrates include the transfer/bonding
method and the direct synthesis method. For the transfer/
bonding method, CNTs are detached from their growth
substrates (e.g., Si/SiO2) through oxidation, etching, etc., and
are reassembled on the target substrates with intermediate
layers, such as the transition metal carbide layer,17 the covalent
functionalization layer based on organic molecules,18 and the

brazing layer formed under high temperatures.19 The transfer
and bonding processes produce remarkable defects on CNTs
and insert interfacial thermal/electrical barriers, both of which
degrade the physical and chemical properties of the integrated
CNT-on-substrate architecture. Moreover, high processing
temperatures and additional materials are required, which
increases the process complexity and cost significantly, and
obviates the applicability to low working temperature
substrates such as Al and Al alloys.
Enabling direct synthesis of CNTs on functional substrates

at low temperatures is a promising direction to realize in situ
device integration having compatibility and scalability for
industrial applications. Al and Al alloys are lightweight,
manufacturable, thermally and electrically conductive materials
with the highest earth abundancy among metals and extremely
low production cost, and thus are suitable substrate materials
to integrate with CNTs.20 The temperatures of direct synthesis
of CNTs have already been reduced to below the melting
temperature of Al (650−660 °C), yet the growth rate and yield
of CNTs as well as the quality and graphitization level are far
below those grown on Si wafers at temperatures over 750 °C,
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