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Background/Mo)va)on	
  

•  LIGO	
  is	
  a	
  signal	
  and	
  power	
  
recycling	
  Michelson	
  
interferometer	
  with	
  Fabry-­‐Pérot	
  
arms	
  

•  Since	
  the	
  strain	
  of	
  a	
  gravita)onal	
  
wave	
  is	
  weak,	
  high	
  precision	
  is	
  
needed	
  for	
  detec)on	
  

•  Some	
  limi)ng	
  sources	
  of	
  noise	
  
are:	
  Thermal	
  noise,	
  seismic	
  noise	
  
and	
  shot	
  noise	
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Thermal	
  Noise	
  

•  Brownian	
  Noise:	
  Mechanical	
  displacement	
  from	
  thermal	
  
fluctua)ons	
  in	
  dielectric	
  coa)ngs	
  

•  Thermo-­‐op)c	
  Noise:	
  Sta)s)cal	
  fluctua)ons	
  of	
  the	
  
temperature	
  of	
  a	
  system	
  which	
  are	
  caused	
  by	
  random	
  heat	
  
fluxes	
  

1.  Thermo-­‐elas)c	
  Noise:	
  Changes	
  in	
  the	
  linear	
  expansion	
  
coefficient	
  cause	
  surface	
  displacement	
  	
  

2.  Thermo-­‐refrac)ve	
  Noise:	
  Changes	
  in	
  refrac)ve	
  index	
  from	
  
temperature	
  fluctua)ons	
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Fluctua)on	
  Dissipa)on	
  
	
  Theorem	
  

1.1 Thermal Noise

In order to detect gravitational waves, high precision is needed since the space-time distortion
e↵ects of the strain are so small. However, at low frequencies, thermal noise becomes a
limiting noise source in LIGO. Brownian noise occurs as a result of mechanical dissipation
in the system, which is represented by the imaginary part of the Young’s Modulus for the
material: E = E0[1 + i�(f)] where �(f) is the loss angle [4]. Random fluctuations in
temperature is the source of thermo-optic noise, which is manifested in two forms. Thermo-
refractive noise occurs as a result of the temperature dependence of the refractive index.
Thermo-elastic noise occurs as a result of the temperature dependence of the linear expansion
coe�cient, ↵, which causes random motions on the surface of mirror [3].

1.2 Fluctuation Dissipation Theorem

In order to calculate thermal noise in a system, the Fluctuation-Dissipation Theorem (FDT)
can be applied. Callen and Welton’s generalized FDT states that when fluctuations in a
system occur, a time-dependent dissipation function can be obtained in which the power
spectral density is expressed as: S

x

(f) = k

B

T

⇡

2
f

2 [Re[Y (f)]] where Y (f) = 1/Z(f) is the me-
chanical admittance and Z is the complex impedance, Z(f) = F (f)/ẋ(f), where F (f) and
x(f) are the Fourier transforms of the driving force F (t) and the response of the observable,
x(t). Various approaches of calculating S

x

include normal-mode decomposition, a method
proposed by Gonzales and Saulson, which involves calculating [Re[Z(f)]] separately for each
normal-mode. An alternate approach proposed by Levin suggests that a small applied force
to a system is analogous to random fluctuations. This method requires an oscillatory pres-
sure to be applied, which allows for a relationship between the dissipation and PSD to be
obtained: S

x

(f) = 2k
B

T

⇡

2
f

2
W

diss

F

2
0

where S

x

(f) is the one-sided power spectral density of the

displacement x at a certain frequency f , T is the temperature, k
B

is Boltzmann’s constant,
F0 is the amplitude of the the applied oscillating force, and W

diss

is the dissipated power
when the oscillating force is applied. This method allows for direct calculation of S

x

[4].

1.3 Pound-Drever-Hall Laser Frequency Stabilization

It is essential to have frequency stabilized light in order to make precise measurements with
gravitational-wave detectors and use of stable light as a reference allows for identification
of noise in a system. The Pound-Drever-Hall technique involves locking light emitted by
a laser to a stable Fabry-Pérot cavity to stabilize the frequency of this light. Fabry-Pérot
cavities can be used to measure the frequency of a laser beam by examining how much light
is transmitted or reflected. Light that is an integer number times the free spectral range
of the cavity, which is dependent on the length of the cavity is transmitted. If the cavity
is perfectly resonant, then the laser frequency is indeed an integer number times the free
spectral range. If this is not the case, some light will be reflected o↵ the cavity. However,
there will always be some reflected light unless the following two conditions are met: (1)
the cavity mirrors have identical reflectivity, and (2) the spatial mode of the laser beam
is perfectly matched to the mode of the cavity, which means it is entirely TEM00, has the
correct waist at the correct position, and the axis of the laser beam is the same as the axis

•  Callen	
  and	
  Welton’s	
  FDT	
  relies	
  on	
  the	
  assump)on	
  that	
  the	
  response	
  of	
  a	
  system	
  
in	
  thermodynamic	
  equilibrium	
  to	
  small	
  forces	
  being	
  applied	
  is	
  analogous	
  to	
  the	
  
response	
  of	
  a	
  system	
  to	
  random	
  fluctua)ons	
  

	
  

Normal-­‐Mode	
  Decomposi1on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Direct	
  Calcula1on	
  

Compute	
  and	
  sum	
  up	
  
	
  	
  
for	
  each	
  normal-­‐mode	
  

1.1 Thermal Noise

In order to detect gravitational waves, high precision is needed since the space-time distortion
e↵ects of the strain are so small. However, at low frequencies, thermal noise becomes a
limiting noise source in LIGO. Brownian noise occurs as a result of mechanical dissipation
in the system, which is represented by the imaginary part of the Young’s Modulus for the
material: E = E0[1 + i�(f)] where �(f) is the loss angle [4]. Random fluctuations in
temperature is the source of thermo-optic noise, which is manifested in two forms. Thermo-
refractive noise occurs as a result of the temperature dependence of the refractive index.
Thermo-elastic noise occurs as a result of the temperature dependence of the linear expansion
coe�cient, ↵, which causes random motions on the surface of mirror [3].

1.2 Fluctuation Dissipation Theorem

In order to calculate thermal noise in a system, the Fluctuation-Dissipation Theorem (FDT)
can be applied. Callen and Welton’s generalized FDT states that when fluctuations in a
system occur, a time-dependent dissipation function can be obtained in which the power
spectral density is expressed as: S

x

(f) = k

B

T

⇡

2
f

2 [Re[Y (f)]] where Y (f) = 1/Z(f) is the me-
chanical admittance and Z is the complex impedance, Z(f) = F (f)/ẋ(f), where F (f) and
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Mechanical	
  admi^ance	
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Pound-­‐Drever-­‐Hall	
  
	
  Locking	
  

•  Frequency	
  locking	
  a	
  laser	
  to	
  a	
  Fabry-­‐Perot	
  cavity	
  that	
  is	
  known	
  to	
  be	
  stable	
  
•  Adjust	
  frequency	
  of	
  the	
  laser	
  to	
  match	
  the	
  resonant	
  mode	
  of	
  the	
  cavity	
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•  Two	
  Fabry-­‐Perot	
  cavi)es	
  with	
  
silica	
  tantala	
  mirror	
  coa)ngs	
  are	
  
used	
  	
  

•  Each	
  cavity	
  has	
  its	
  own	
  
stabilized	
  laser,	
  which	
  is	
  locked	
  
to	
  the	
  cavi)es	
  with	
  the	
  PDH	
  
technique	
  

•  Cavi)es	
  are	
  kept	
  in	
  a	
  
temperature	
  stabilized	
  vacuum	
  
chamber	
  

•  Pick	
  off	
  light	
  to	
  use	
  as	
  frequency	
  
reference	
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Ini)al	
  Setup	
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•  Mode-­‐
Matched	
  into	
  
the	
  fiber	
  

•  Double	
  passed	
  
through	
  AOM	
  

•  Look	
  at	
  beat	
  
frequency	
  	
  

•  Measure	
  PLL	
  
control	
  signal	
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LIGO-T07XXXX-00-X

Fig 10. Measured PLL control signal of VCO driver

After collecting several measurements of expected sources of noise, we could see that the Crystal
Technologies AOM driver was creating a large amount of noise. We replaced the noisey driver and
will proceed to drive the AOM with the VCO driver since it is low noise.

3 AOM Noise Cancellation Scheme

As stated before, AOMs can be used as a method of cancelling fiber phase noise. We have devel-
oped two configurations for cancelling fiber phase noise. The first scheme only uses one AOM,
whereas the second scheme uses two AOMs.
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Fig 12. In scheme 1, the optical beat note is locked to the Marconi in order to obtain stable light.
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Fig 13. In scheme 2, the first AOM is modulated so that the negative first order beam goes into
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