
GEO	  Sim	  meeting-‐	  05/06/2011	  -‐	  Michael	  Britzger	  

MICHELSON	  INTERFEROMETER	  
WITH	  3-‐PORT	  GRATING	  COUPLED	  

ARM	  CAVITIES	  

Michael	  Britzger,	  Max	  Wimmer,	  Daniel	  Friedrich,	  

	  Karsten	  Danzmann,	  and	  Roman	  Schnabel	  
	  

	  

	  

Max-‐Planck	  Institute	  for	  Gravitational	  Physics	  

Albert	  Einstein	  Institute	  

1	  



GEO	  Sim	  meeting-‐	  05/06/2011	  -‐	  Michael	  Britzger	  

OUTLINE	  

§  Motivation	  
§  Diffractive	  optics	  for	  future	  GWDs	  

§  3-‐port	  grating	  cavities	  
§  Michelson	  interferometer	  with	  3PG-‐coupled	  arm	  cavities	  

ú  set	  up	  
ú  results	  

§  Outlook	  and	  summary	  
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MOTIVATION	  

-‐	  Dual	  recycling	  +	  arm	  resonators	  

Residual	  photon	  absorption	  
in	  transmissive	  substrates	  

-‐	  Thermal	  lensing	  

3	  

-‐	  Photo-‐thermo	  refractive	  noise	  

-‐	  200W	  Laser	  input	  

-‐	  High	  quality	  materials	  

AdvancedLIGO:	  
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MOTIVATION	  

Problem:	  
Sensitivity	  of	  future	  generations	  will	  be	  
limited	  by	  thermal	  effects	  due	  to	  stored	  
laser	  power	  of	  up	  to	  the	  megawatt-‐range.	  

K. Yamamoto

Solutions:	  
1.  Trade-‐off	  
2.  Cryogenic	  cooling	  
3.  Other	  materials	  

But:	  
1.  that’s	  no	  solution	  
2.  Decreasing	  quality	  factor	  of	  fused	  silica	  
3.  Materials	  must	  be	  highly	  transparent	  
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Figure 5. Free decaying ring-down of an eigenmode of a crystalline
quartz substrate (diameter 76 mm, d = 24 mm, resonant frequency:
70.8 kHz, 50 µm tungsten wire suspension) at 300 and 6.7 K. The
Q-factor of that mode of 3.0 × 106 at 300 K and 3.3 × 107 at 6.7 K
was achieved. The higher read-out noise at low temperatures
corresponds to residual signals of other modes due to the high
Q-factors and is not related to a higher thermal noise. Optical
interferometric read-out was used.
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Figure 6. Dependence of the Q-factor on the temperature of
crystalline quartz • and silicon !. Both samples have a cylindrical
shape with a diameter of 76 mm and a thickness of 24 mm. All
surface areas are polished to an optical quality better λ/4.

the temperature is given in figure 6. At 37 K the Q-
factor of crystalline quartz decreases due to impurities in the
crystal [14]. These impurities distort the lattice and thus
introduce an alternative equilibrium position with a slightly
different energy of the oxygen atoms creating a two-level
system. Transitions occur if the energy difference matches the
thermal energy. In contrast, silicon shows an increasing Q-
factor with decreasing temperature down to 18 K. Below 18 K
the Q-factor decreases slightly.

4. Conclusion

A special cryogenic system for mechanical Q-factor mea-
surements of test bodies was built. It allows the in-
vestigation of the Q-factor dependence on temperature in

the range 5–300 K. Two possible read-out mechanisms were
presented. First measurements with the optical interferometric
read-out were done. On a silicon substrate Q-factors greater
than 108 were demonstrated.

The SQUID-based read-out technique is an appropriate
method for increasing the sensitivity of the measuring system
at low temperatures. Furthermore it opens the usability of the
ring-down-based Q-factor measurements at temperatures well
below 4.2 K.

The cryogenic investigations of the dependence of the Q-
factor of optical components on the temperature contribute
to the enhancement of the sensitivity of gravitational wave
detectors as well as to the improvement of knowledge of the
dissipation mechanism in solids.
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DIFFRACTIVE	  ALTERNATIVE	  
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Replacing	  the	  transmissive	  
components	  that	  are	  exposed	  to	  
high	  thermal	  load	  

Grating	  Equation	  

-‐  described	  by	  the	  grating	  equation	  for	  monochromatic	  light	  
-‐  R,	  T	  correspond	  to	  diffraction	  orders	  
	  	  	  	  	  	  with	  certain	  diffraction	  efficiencies	  

Opaque	  materials	  in

Transmissive Component

m = 1
m = 0

α
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β0= -α

d

+ -

Transmission

Re!ection
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NEW	  TOPOLOGIES	  
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3-‐PORT	  GRATING	  
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a3
a1

a2

b3
b1 b2

-‐  Three	  light	  fields	  
-‐  Phases:	  Φ(η0,	  η1,	  η2)	  
-‐  3x3	  Scattering	  Matrix	  	  
-‐  non-‐vanishing	  matrix	  elements	  	  	  

3-‐port	  Grating:	  

-‐  Two	  light	  fields	  
-‐  Phases	  are	  constant	  
-‐  2x2	  Scattering	  Matrix	  	  

a1 a2

b1 b2

Transmissive	  Component	  

η1

ρ0

η 1

in

-

η0
η1

η2
in

Normal	  incidence	   2nd	  order	  Littrow	   Period
Ridge
Width

Groove
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3-‐PORT	  GRATING	  CAVITY	  
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η1

ρ0

η 1

in

-

η0
η1

η2
in

Normal	  incidence	   2nd	  order	  Littrow	  

-‐  Coupling	  via	  1st	  order	  
-‐  low	  coupling	  -‐>	  high	  finesse	  
-‐  Two	  correlated	  Ports	  C1	  and	  C3	  

Period
Ridge
Width

Groove
Depth

in

Mirror
Tuning
Parameter Φ

Grating	  design	  defines	  
ratio	  of	  the	  radiation	  at	  
the	  two	  output	  ports	  

	  

C1 C3 

Port C1 
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3-‐PORT	  GRATING	  CAVITY	  

Grating	  with	  η2-‐min	  value	  
Constructive	  
interference	  

Destructive	  
interference	  

-‐  Constructive	  interference	  at	  C1	  and	  destructive	  interference	  at	  C3	  
-‐  Light	  is	  retro	  reflected	  towards	  the	  laser	  source	  
-‐  ‘Modecleaner	  in	  reflection’	  

C1 C3 
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in

Mirror
Tuning
Parameter Φ

Grating	  with	  minimal	  η2-‐value	  
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in
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in

C3
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in Carrier field 

Destructive interference 
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SIGNAL	  RESPONSE	  
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Second	  detection	  port	  required	  to	  gain	  full	  
signal	  information	  

Phase	  quadrature	  readout	  at	  the	  detection	  
ports	  for	  both	  cavities	  on	  resonance	  
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TWO	  DETECTION	  PORTS	  

11	  

in

Detection
Port

in

Detection
Port 1

Detection
Port 2

Interferometer with Arm Cavities Interferometer with Grating Coupled 
Arm Cavities and second Detection Port
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SET	  UP	  
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λ/2
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EOM
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in Detection 2GRATIN
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GRATIN
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Spectrum Analyzer

Detection 1
PD 1

Laser
@1064nm

Spectrum Analyzer
Modecleaner

PD

EOM

EOM
Dump

Dump

15 MHz

HV Servo

Mixer Frequency Generator

Mirror on PZT

Cavity	  lock	  
with	  standard	  
PDH	  

Main	  IFO	  lock	  
with	  internal	  
modulation	  

Detection	  2	  
lock	  with	  DC	  
lock	  

Contast	  =	  98%	   Contast	  =	  80%	  

Signal	  adjustment	  for	  
both	  cavities	  

Structure-‐on-‐top	  grating	  
characterized	  and	  split	  
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FIRST	  RESULTS	  
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Signal	  addition:	  
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OUTLOOK	  
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•  Side	  motion	  induced	  phase	  noise	  
•  Additional	  noise	  source	  
•  Experimental	  verification	  in	  Glasgow	  

A.Freise	  et	  al.	  ,	  New	  Journal	  of	  Physics	  9,	  433	  (2007)	  
J.	  Hallam	  et	  al.	  ,	  J.	  Opt.	  A:	  Pure	  Appl.	  Opt.	  11	  (2009)	  

Δx

ΔΦ
+ ++ -

Sig
na
l

Displacement

•  Alternative	  read-‐out	  scheme	  at	  IFO	  
•  GW	  signals	  are	  correlated	  
•  Displacement	  induces	  anti-‐correlated	  

signals	  
•  Current	  investigations	  	  

‘Uninvite	  the	  uninvited	  guest’	  Lateral	  Displacement	  noise	  
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SUMMARY	  
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§  Gratings	  avoid	  transmission	  induced	  
thermal	  effects	  in	  the	  substrates	  

§  3-‐port	  grating	  cavity	  (η2-‐min)	  retro-‐
reflects	  the	  light	  field	  towards	  the	  source	  

in

Mirror
Tuning
Parameter Φ

§  3-‐port	  arm	  cavities	  require	  2nd	  detection	  
port	  

§  IFO	  with	  signal	  injection	  realized	  
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