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Optical design of a Sagnac-Speedmeter 
Proof of Principle Experiment  

Introduction 
Michelson interferometers have traditionally been utilised as large scale gravitational wave 

detectors, but after years of development we are close to the quantum limit of sensitivity 
(SQL). A Michelson continuously measures mirror position which is limited by quantum 

mechanics.  

A new approach to beat the standard quantum limit is to use an interferometer designed 
around the speedmeter principle. It has been shown that a speedmeter is not bound by 

the Heisenberg uncertainty principle as a Speedmeter measures the momentum of a free 
test mass. 

A zero area Sagnac interferometer has been shown to be a speedmeter[1] and is also 
suitable to be used as a large scale interferometer as it will occupy the same L shaped 

footprint as current Michelson's. Here we examine the differences between the Michelson 
and Sagnac interferometers and then examine the optical design of a new zero area 

Sagnac illustrated below. 

Figure 8: Higher order Hermite-Gaussian modes. 
Orders are split across half a free spectral range, through horizontal symmetry 
of the cavity. Second order modes TEM20, TEM02 grouped separately from 
TEM11. 
Modes 5a and 9 are resonant close to the fundamental mode. 
  

Figure 9: Speedmeter cavity mode scan over 1 FSR,  
Higher order modes resonant at frequencies described in Figure 8. 
Splitting of TEM20, TEM02. Through differences in sagittal and tangential Gouy 
Phase 
Total length 2.05m, Finesse 9237.51, FSR 146.2MHz, FWHM 15.8kHz 
 

Figure 10a,b: Radius of curvature.  
Mirror 1 Tangential 0.5154m Sagittal 0.5151m.  
Mirror 2/3, Tangential 0.7366m Sagittal 1.4373m. 
Errors of ±5% for mirror 1 and ±10% for mirror 2. 
Figure 10c,d: Mirror misalignment within cavity design.  
±10µrads for mirror 1,2 and 3. 
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The Sagnac is analysed in the same 
manner as the Michelson. Both paths 
are integrated along both arms. The 
phase difference is calculated. The 
geometry term (a) is plotted in (Figure 
6b), agrees with the Finesse model 
(Figure 6a).  
 
The peak response for the Michelson is 
independent of signal at low 
frequencies. (Figure 5) 
 
The peak response for the Sagnac 
scales with signal at low frequencies. 
(Figure 6) 

EM wave Ein enters an arm of the 
Michelson, length L, exits at the beam 
splitter as Eout with phase φ. If a 
gravitational wave, strain h+, is 
encountered there is an additional 
phase shift. The GW is integrated into 
φ back along the path taken, from t to 
t-L/c. (Figure 5b) The plot of the 
geometry term (a), agrees with the 
Finesse model (Figure 5a). 
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Michelson Interferometer Response 

Figure 6a: Sagnac response to differential signal applied to 
1m arms 10Hz-1000MHz 
Figure 6b: Mathematical analysis plot of geometry term for 
same frequency range. 

Figure 5a: Michelson response to differential signal applied 
to 1m arms 10Hz-1000MHz. 
Figure 5b: Mathematical analysis plot of geometry term for 
same frequency range. 
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Figure 4: Mirror 3 is tuned over 1 wavelength. Power is 
independent of difference in arm length. Unlike the 
Michelson the Sagnac always operates on a dark fringe, 
avoiding the need for small difference in arm length. 
 

Figure 3a: Mirror 2 tuned over 1 wavelength. Power 
dependent on difference in arm length. 
Figure 3b: Differential signal applied to arms. Zero response 
corresponds to equal arms lengths. Small difference in arm 
length required to offset from dark fringe. 

(a) 
 
 
 
 
(b) 

Figure 2: Zero Area Sagnac Interferometer. 1m arms, 50/50 
beam splitter, 0.3W 1064nm Nd:YaG laser, 100% reflective 
mirrors. 
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Figure 1: Michelson Interferometer 1m arms, 50/50 beam 
splitter, 0.3W 1064nm Nd:YAG laser, 100% reflective 
mirrors. 
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Cavity optical design 

Design Process: Resonance requires radius of 
curvature (RoC) of the mirror to match the RoC 
of the wavefront. Using the relations above, the 
waist radius is calculated. Two waists sizes 
possible for 1mm spot size at mirror, very large 
or very small. Small waist for A2 arm of order 
10-7m is problematic, large waist of 10-3m 
chosen. Complex beam parameter and ABCD 
matrices used for full cavity calculation. 
Resonance condition met when qin=qout after 
one round trip. 
 

✴ A1 = A3 =1m. 
✴ A2 = 0.025m. 
✴ ω0,1 = ω0,3 =0.1719mm 
✴ ω0,2 = 0.9999mm 
✴ ωZ,1 = ωZ,2 = ωZ,2 =1mm 
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Design considerations: Three mirror 
ring cavity, arm lengths allow 
assembly within the designated 
area. Large beam radii on mirrors 
reduce noise, restricted by mirror 
radius. Symmetric layout illustrated 
below.  

Mirror Space Complex beam parameter Matrices 

✴ Z = Distance from waist. 
✴ L = Cavity length. 
✴ ω0 = Beam waist, Radius at Z=0.  
✴ ZR = Rayleigh length.  
✴ ω(Z) = Radius distance Z from waist. 
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