
LASER INTERFEROMETER GRAVITATIONAL WAVE OBSERVATORY
- LIGO -

===============================
LIGO SCIENTIFIC COLLABORATION

Technical Note LIGO-T1400226-v10 2024/09/25

LIGO Voyager Upgrade:
Design Concept

Rana X Adhikari, Aidan Brooks, Brett Shapiro, Radhika Bhatt, David
McClelland, Francisco Salces Carcoba, Aaron Markowitz, Michael

Laxen, Eric K. Gustafson, Valery Mitrofanov, Koji Arai, Yuta Michimura,
Christopher Wipf, Edgard Bonilla

Auto-generated by voyagerwhitepaper repository @ 7ea783a8

California Institute of Technology Massachusetts Institute of Technology
LIGO Project, MS 100-36 LIGO Project, Room NW22-295

Pasadena, CA 91125 Cambridge, MA 02139
Phone (626) 395-2129 Phone (617) 253-4824

Fax (626) 304-9834 Fax (617) 253-7014
E-mail: info@ligo.caltech.edu E-mail: info@ligo.mit.edu

LIGO Hanford Observatory LIGO Livingston Observatory
Route 10, Mile Marker 2 19100 LIGO Lane

Richland, WA 99352 Livingston, LA 70754
Phone (509) 372-8106 Phone (225) 686-3100

Fax (509) 372-8137 Fax (225) 686-7189
E-mail: info@ligo.caltech.edu E-mail: info@ligo.caltech.edu

http://www.ligo.org/

https://git.ligo.org/voyager/voyagerwhitepaper
http://www.ligo.org/


LIGO-T1400226-v10

Contents

1 Introduction 11

1.1 Structure of this document . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 Overview of LIGO Voyager 13

2.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.2 Justification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Design overview and variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3.1 Baseline Voyager: Deep and wideband . . . . . . . . . . . . . . . . . . . 18

2.3.2 Risk Reduction Option: Intermediate Voyager . . . . . . . . . . . . . . 19

2.4 List of critical parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Core Optics 22

3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.1 Optical Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2.2 Mechanical Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3 Technical Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.1 Test Masses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.3.2 Test Mass HR Coatings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.3.3 Recycling Cavity Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.4 Unresolved issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.5 Development Approach & Timeline . . . . . . . . . . . . . . . . . . . . . . . . . 32

4 Cryogenic System 35

4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2.1 Target Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2.2 Temperature Fluctuations . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.2.3 Newtonian Gravitational Noise from Heat Shields . . . . . . . . . . . 36

4.2.4 Backscatter from Heat Shields . . . . . . . . . . . . . . . . . . . . . . . . 37

page 1



LIGO-T1400226-v10

4.3 Technical Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3.1 Test Mass Radiative Cooling . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.3.2 Cryogenic Shielding and Baffling . . . . . . . . . . . . . . . . . . . . . . 43

4.3.3 Heating from Arm Cavity Laser Beam . . . . . . . . . . . . . . . . . . . 45

4.3.4 Heating from Hot Beam Tube . . . . . . . . . . . . . . . . . . . . . . . . 45

4.3.5 High Emissivity Coatings . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.3.6 Transmission Monitor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.4 Unresolved Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.4.1 Ice layer formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.5 Development Approach and Timeline . . . . . . . . . . . . . . . . . . . . . . . . 49

5 Suspension Upgrade 50

5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

5.3 Technical Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

5.3.1 Details of the Voyager suspension design . . . . . . . . . . . . . . . . . 51

5.3.2 Noise performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.3.3 Seismic platform weight limits . . . . . . . . . . . . . . . . . . . . . . . . 55

5.4 Unresolved issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.4.1 Metal final stage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.4.2 Silicon ribbons and blades . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5.4.3 Silicon bonding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.4.4 Actuation of ETMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.4.5 Detailed suspension modeling . . . . . . . . . . . . . . . . . . . . . . . . 61

5.5 Development Approach & Timeline . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.5.1 Development Stages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

6 Arm Length Stabilization 65

6.0.1 Dichroic length reference . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.1 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.2 Technical Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

page 2



LIGO-T1400226-v10

6.2.1 Optical frequency comb . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6.3 Unresolved issues: ALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

6.4 Development Approach & Timeline: ALS . . . . . . . . . . . . . . . . . . . . . 67

7 Thermal Wavefront Control 68

7.1 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

7.2 Technical details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

7.2.1 Example TCS compensation pattern . . . . . . . . . . . . . . . . . . . . 70

7.3 Unresolved issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

7.3.1 Control of HR Surface of TMs . . . . . . . . . . . . . . . . . . . . . . . . 71

7.4 Development Approach & Timeline: TCS . . . . . . . . . . . . . . . . . . . . . . 71

8 Laser Source 73

8.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

8.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

8.2.1 Laser Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

8.2.2 Noise requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

8.3 Technical Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

8.3.1 Possible seed laser architectures . . . . . . . . . . . . . . . . . . . . . . . 75

8.3.2 Amplifier stages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

8.4 Unresolved issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

8.5 Development Approach & Timeline . . . . . . . . . . . . . . . . . . . . . . . . . 76

8.5.1 Development Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

8.5.2 Development Timeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

9 Quantum Noise Engineering 79

9.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

9.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

9.3 Technical Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

9.3.1 Filter Cavities for Input Squeezing . . . . . . . . . . . . . . . . . . . . . 80

9.3.2 Loss Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

page 3



LIGO-T1400226-v10

9.3.3 Nonlinear upconversion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

9.4 Unresolved issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

9.5 Development Approach & Timeline . . . . . . . . . . . . . . . . . . . . . . . . . 84

9.5.1 Squeezed Light generation for 1800–2200 nm . . . . . . . . . . . . . . . 84

10 Choice of Laser Wavelength 86

10.1 Wavelength Choice Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . 86

10.1.1 Quantum noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

10.1.2 Absorption in test masses . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

10.1.3 Coating Thermal Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

10.1.4 Photodetection quantum efficiency . . . . . . . . . . . . . . . . . . . . . 87

10.1.5 Optical (scatter) loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

10.1.6 Clipping loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

10.1.7 Residual gas noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

10.1.8 Sigg-Sidles angular instabilities . . . . . . . . . . . . . . . . . . . . . . . 90

10.2 Laser amplifier issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

10.3 2040 nm vs 2050 nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

10.4 Laser sources at 2050 nm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

10.5 Summary of Wavelength Choice . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

11 Systems and auxiliary issues 92

11.1 Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

11.1.1 Facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

11.1.2 Vacuum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

11.1.3 Physical Environment Monitor . . . . . . . . . . . . . . . . . . . . . . . . 92

11.1.4 Interferometer Sensing and Control . . . . . . . . . . . . . . . . . . . . . 92

11.2 Opto-Mechanical Angular Instability . . . . . . . . . . . . . . . . . . . . . . . . 92

11.2.1 Auxiliary Optics System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

11.2.2 Computer and Data Systems . . . . . . . . . . . . . . . . . . . . . . . . . 95

11.3 Issues that span multiple subsystems . . . . . . . . . . . . . . . . . . . . . . . . 95

11.3.1 Parametric Instabilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

page 4



LIGO-T1400226-v10

A Open questions and R&D items 112

A.1 Core Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

A.2 Cryogenics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

A.3 Suspension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

A.4 Arm Length Stabilization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

A.5 Thermal Wavefront Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

A.6 Laser Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

A.7 Quantum Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

B Tables of Parameters 115

C Material Properties Summary 116

C.1 Optical and thermal properties for silicon and fused silica . . . . . . . . . . . 116

C.2 Infrared Blackbody Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

C.3 Thermal Expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

C.4 Thermal Conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

C.5 Thermo-Refractive Coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

D HR Mirror Coating 120

D.1 Amorphous silica/silicon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

D.2 α-Si:SiN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

E Scattered Light 125

E.1 Optical Scatter Loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

E.2 Case I: The Beam Tube Baffles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

E.3 Case II: The Test Mass Chambers . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

E.4 Case III: Backscatter from the Dark Port . . . . . . . . . . . . . . . . . . . . . . . 130

E.5 Case IV: The Cryogenic Shielding . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

F Residual Gas Noise 133

F.1 Resonant Phase Noise Enhancement . . . . . . . . . . . . . . . . . . . . . . . . . 133

G Test mass cooldown 136

page 5



LIGO-T1400226-v10

H Cryocooler Downselection 139

I Warm vs Cold PUM Downselection 141

page 6



LIGO-T1400226-v10

List of Figures

1 Schematic layout of Voyager . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2 Voyager Noise Curve w/ budget . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Voyager Noise Curve w/ Comparisons . . . . . . . . . . . . . . . . . . . . . . . 17

4 Redshift Range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

5 Silicon absorption concept map . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

6 Inter-band absorption in bulk silicon . . . . . . . . . . . . . . . . . . . . . . . . . 26

7 Test mass annealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

8 Coating Brownian noise vs. mirror aspect ratio . . . . . . . . . . . . . . . . . . 30

9 Voyager sensitivity with silicon and fused silica BS . . . . . . . . . . . . . . . . 33

10 Test Mass Manufacturing Pathways . . . . . . . . . . . . . . . . . . . . . . . . . 34

11 Suspension Cryogenics schematic with a cold PUM . . . . . . . . . . . . . . . 36

12 Drawing of end station vacuum system . . . . . . . . . . . . . . . . . . . . . . . 37

13 Requirement on absolute temperature control . . . . . . . . . . . . . . . . . . . 38

14 GWINC parameter sensitivities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

15 Schematic of the heat flow inside an end station vacuum chamber . . . . . . 41

16 Temperature profile of Silicon ETM . . . . . . . . . . . . . . . . . . . . . . . . . 42

17 Noise budget in the low frequency band . . . . . . . . . . . . . . . . . . . . . . 53

18 Breakdown of the suspension thermal noise . . . . . . . . . . . . . . . . . . . . 54

19 Suspension vibration isolation ratio . . . . . . . . . . . . . . . . . . . . . . . . . 54

20 Sketch of the ETM chamber configuration . . . . . . . . . . . . . . . . . . . . . 56

21 ALS schematic layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

22 ALS stabilization diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

23 TCS schematic cartoon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

24 Thermal wavefront distortion in different LIGO versions . . . . . . . . . . . . 69

25 Thermal compensation in Voyager Deep . . . . . . . . . . . . . . . . . . . . . . 72

26 Advanced LIGO PSL development timeline. . . . . . . . . . . . . . . . . . . . . 77

27 Laser Timeline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

28 Optical Loss Pie Chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

page 7



LIGO-T1400226-v10

29 Pump-resonant sum frequency generation . . . . . . . . . . . . . . . . . . . . . 82

30 Pump-resonant sum frequency generation . . . . . . . . . . . . . . . . . . . . . 83

31 Squeezed Light History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

32 Amorphous silicon absorption spectrum . . . . . . . . . . . . . . . . . . . . . . 88

33 Quantum effciency of an exInGaAs photodiode at 2µm . . . . . . . . . . . . . 89

34 Dark noise of an exInGaAs photodiode . . . . . . . . . . . . . . . . . . . . . . . 89

35 Angular Instability v. wavelength and g-factor . . . . . . . . . . . . . . . . . . 94

36 Parametric Instability gains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

37 Parametric Instability: Gouy Phase . . . . . . . . . . . . . . . . . . . . . . . . . . 97

38 Blackbody Spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

39 Barrel Coating emissivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

40 CTE of Silicon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

41 Thermal Conductivity of silicon . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

42 Dispersion in Silicon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

43 Dispersion of SiO2 with temperature and wavelength . . . . . . . . . . . . . 119

44 a-Si coating noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

45 a-Si coating design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

46 a-Si coating reflectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

47 a-Si:SiN ETM coating thermal noise . . . . . . . . . . . . . . . . . . . . . . . . . 122

48 a-Si:SiN ITM coating thermal noise . . . . . . . . . . . . . . . . . . . . . . . . . . 122

49 a-Si:SiN ETM coating design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

50 a-Si:SiN ITM coating design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

51 a-Si:SiN ETM reflectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

52 a-Si:SiN ITM reflectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

53 Scatter Loss vs. Beam Size Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

54 (left) Surface figure of an uncoated LIGO mirror (ETM07) with the spher-
ical curvature and tilt subtracted. The ripple pattern at a radius of 3 –
15 cm from the center is due to the planetary coating technique. (right)
1D power spectrum of surface. Also plotted is the RMS surface roughness
integrated from high to low spatial frequency. . . . . . . . . . . . . . . . . . . . 127

page 8



LIGO-T1400226-v10

55 Schematic diagram of a LIGO interferometer mirror and surrounding
vacuum chambers responsible for backscattered light. . . . . . . . . . . . . . . 129

56 Inner shield backscatter noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

57 Inner shield backscatter noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

58 Inner shield backscatter noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

59 Residual Gas Noise Budget . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

60 Residual Gas Noise vs. wavelength . . . . . . . . . . . . . . . . . . . . . . . . . 134

61 Residual Gas Noise vs. wavelength, zoom . . . . . . . . . . . . . . . . . . . . . 135

62 Pumpdown plot (LLO LVEA) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

63 Radiative Cooldown simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

64 Cryo vibration path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

65 PUM Config Thermal Noises . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

page 9



LIGO-T1400226-v10

List of Tables

1 Relevant parameters for the LIGO Voyager design. (†: Additional silicon
elements are bonded to the outer diameter. Hence, the optic is not purely
cylindrical and a simple ρπr2 h calculation does not yield the mass.) . . . . 21

2 Selected material parameters and their sensitivity to temperature fluctua-
tions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3 Black Coatings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4 Black Coating Selection Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

5 Voyager quad suspension parameters. . . . . . . . . . . . . . . . . . . . . . . . . 51

6 Annular heating assumes compensation plate with gold barrel . . . . . . . . 70

7 Power absorbed in the Voyager optics. . . . . . . . . . . . . . . . . . . . . . . . 71

8 A breakdown for the power levels throughout the high power regions
of the interferometer. The 300 W laser power level required for Voyager
Deep will be achieved via coherent combination of high power lasers [14]. . 74

9 List of the laser items to be kept and replaced . . . . . . . . . . . . . . . . . . . 77

10 Optical Losses which limit the measured squeezing improvement. . . . . . . 81

11 PPLN loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

12 PPKTP loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

13 Sigg-Sidles: Optical Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

14 Parameters varied by the iVoyager and Voyager designs, relative to A+. . . 115

15 Optical and thermal properties for silicon or fused silica used for sensitiv-
ity calculations in Fig. 9. See [1] for details. . . . . . . . . . . . . . . . . . . . . 116

16 Amorphous Silicon Coating parameters . . . . . . . . . . . . . . . . . . . . . . . 121

17 Cryo Cooler Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

18 PUM Configurations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

page 10



LIGO-T1400226-v10

1 Introduction

The LIGO Voyager upgrade consists of a number of technological improvements aimed
at improving the broadband strain sensitivity of LIGO beyond the Advanced LIGO+
levels. This document describes the technical details and motivations for these design
choices.

There are several potential advantages of this technology, which are described in the
text. There are also many areas where the R&D is not yet mature enough to accurately
determine the risks involved.

This upgrade is not as incremental as the A-plus and A-sharp upgrades, and so there is a
risk that at the end, the performance would be worse than the other room temperature
upgrade concepts. However, the risks associated with the other (A-sharp) option are
also substantial and there is a substantial possibility that the coating thermal noise and
high stored power goals may not be met.

1.1 Structure of this document

This white paper discusses the technical and logistic details of all the upgrades for LIGO
Voyager with the goals of (a) investigating the feasibility of all the required technology,
largely illustrated in Figure 1, and highlighting those technological areas that require
further research and (b) describing all the key noise contributions illustrated in the noise
budget in Figure 3 (and thus determining the LIGO Voyager sensitivity).

To assist with readability, most of the section follow a similar structure, namely:

1. Overview: a few short paragraphs describing the background of the subsystem.
Also details of elements of the subsystem that are unchanged for LIGO Voyager.

2. Requirements: a discussion of the requirements/objectives of the changes to the
subsystem

3. Technical details: all the relevant technical details regarding the improvements in
the subsystem. Very extensive details and supplementary information are in the
appendices as opposed to this subsection.

4. Unresolved issues: Details of outstanding issues and problems for this subsystem
that are still To Be Resolved and that require further R&D.

5. Development approach & timeline: projections of the timeline for work that
needs to be done, including unresolved issues, for this subsystem to be ready for
LIGO Voyager. Also discussion of installation and commissioning timelines for
these elements.

The sections focus on technical details of the overall system or specific subsystems with
one additional section discussing design choice for laser wavelength. The sections are:
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• Section 2 provides a basic overview of the Voyager design concept, discusses the
baseline optical topology and variations on this design and explores the sensitivity
curves for all variations.

• Section 3 describes the silicon core optics and their coatings. We examine the feasi-
bility of using large, cryogenically-cooled (123 K) silicon test masses. Additionally,
this section describes a coating design corresponding to the Brownian noise curve
shown in the noise budget and also identifies coating absorption as a key obstacle
that must be overcome.

• Section 4 discusses the cryogenic operation, cooling system and shielding for LIGO
Voyager and reviews the relevant heat budget, and relavent noise sources.

• Section 5 describes the suspension upgrades necessary to operate LIGO Voyager. It
explores the practicality of manufacturing these silicon components. The suspen-
sion thermal noise (associated with the use of silicon blades and ribbons) is also
described.

• Section 6 describes the changes needed for the Arm Length Stabilization system to
operate in the near infrared.

• Section 7 describes the thermal compensation system. The choice of a low-thermal-
expansion silicon substrate makes the design substantially different from aLIGO.

• Section 8 describes the requirements for a 2 micron laser system to replace the
existing PSL. We review the development of mid-IR laser sources and find no sig-
nificant impediment to producing a ∼200 W, low-noise, single-frequency, 2 micron
laser within the next 10 years.

• Section 9 details quantum noise (shot noise and radiation pressure) for LIGO Voy-
ager and the necessary steps to get squeezing at a new laser wavelength. Quantum
noise as a limiting noise source and the feasibility of injecting 18 dB of frequency –
dependent squeezed vacuum at 2 microns.

• Section 10 describes the considerations for the choice of main laser wavelength
including a list of pros and cons for longer and shorter wavelength.

• Section 11 describes the System design, interfaces between different subsystems
and also discusses auxiliary issues and smaller subsystems affected by the change
in wavelength, temperature and material.
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2 Overview of LIGO Voyager

The LIGO Voyager upgrade is a replacement of the lasers and optics of the LIGO detec-
tors to enable operation at modest cryogenic temperatures, with a concomitant increase
of the astrophysical reach over the future Advanced LIGO configuration (aka ‘A+’).

Below, we describe the major technical differences, sensitivity improvements, and major
remaining risks.

2.1 Background

The current LIGO detectors will approach the thermodynamic and quantum mechan-
ical limits of their designs within a few years. Over the next several years, aLIGO will
undergo an upgrade, designated “A+”. The aim of this upgrade is chiefly to lower the
quantum noise through the use of squeezed 1 light, and also to reduce somewhat the
thermal noise from the mirror coatings. This upgrade has the goal of enhancing the sen-
sitivity by ∼50% [102] and is scheduled to be operational and taking science data in the
latter part of this decade.

In this article, we describe a more substantial upgrade, called “LIGO Voyager”, that will
increase the range by a factor of 4 – 5 over aLIGO, and the event rate by approximately
100 times, to roughly one detection per hour. Such a dramatic change in the sensitivity
should increase the detection rate of binary neutron star mergers to about 10 per day
and the rate of binary black hole mergers to around 30 per day. This upgraded instru-
ment would be able to detect binary black holes out to a redshift of 10.

The path to LIGO Voyager requires reducing several noise sources, including:

1. quantum radiation pressure and shot noise,

2. mirror thermal noise,

3. mirror suspension thermal noise,

4. Newtonian gravity noise

All of these noise sources are addressed by the LIGO Voyager design, with the goal of
commissioning and observational runs within a decade.

2.2 Justification

The most significant design changes in LIGO Voyager versus Advanced LIGO can be
traced to the need to reduce the quantum noise in tandem with the mirror thermal noise.

1this has been mostly done and is in use during the O4 run.
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• Quantum noise will be reduced by increasing the optical power stored in the arms.
In Advanced LIGO, the stored power is limited by thermally induced wavefront
distortion effects in the fused silica test masses. These effects will be alleviated by
choosing a test mass material with a high thermal conductivity, such as silicon.

• The test mass temperature will be lowered to 123 K, to mitigate thermo-elastic
noise. This species of thermal noise is especially problematic in test masses that are
good thermal conductors. Fortunately, in silicon at 123 K, the thermal expansion
coefficient crosses zero, which eliminates thermo-elastic noise. (Other plausible
material candidates, such as sapphire, require cooling to near 0 K to be free of this
noise.)

• The thermal noise of the mirror coating will be reduced by switching to low dis-
sipation amorphous silicon based coatings, and by reducing the temperature.
Achieving low optical absorption in the amorphous silicon coatings requires an
increased laser wavelength.
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FIGURE 1: A simplified schematic layout of LIGO Voyager. Dual-recycled Fabry-Perot Michelson
(DRFPMI) with frequency dependent squeezed light injection. The beam from a 2µm pre-
stabilized laser (PSL), passes through an input mode cleaner (IMC) and is injected into the
DRFPMI via the power-recycling mirror (PRM). Signal bandwidth is shaped via the signal
recycling mirror (SRM). A squeezed vacuum source (SQZ) injects this vacuum into the
DRFPMI via an output Faraday isolator (OFI) after it is reflected off a filter-cavity to provide
frequency dependent squeezing. A Faraday isolator (FCFI) facilitates this coupling to the
filter cavity. The output from the DRFPMI is incident on a balanced homodyne detector,
which employs two output mode cleaner cavities (OMC1 and OMC2) and the local oscillator
light picked off from the DRFPMI. Cold shields surround the input and end test masses in
both the X and Y arms (ITMX, ITMY, ETMX and ETMY) to maintain a temperature of 123 K
in these optics. The high-reflectivity coatings of the test masses are made from amorphous
silicon.
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and the CE1 and A+ design goals.
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2.3 Design overview and variations

2.3.1 Baseline Voyager: Deep and wideband

The LIGO Voyager design is illustrated in Figure 1, with critical parameters called
out in Table 1. The dual-recycled, Fabry-Perot Michelson topology is similar to Ad-
vanced LIGO and A+, with the following additional upgrades. Optical coatings on the
cryogenically-cooled (123 K) test masses will be made from amorphous silicon, with the
lower coating mechanical loss and cryogenic operation reducing the coating thermal
noise. The 200 kg test-masses will be made of crystalline silicon (rather than fused silica).
The absorption spectrum of the test mass materials requires us to choose a longer wave-
length laser. The longer wavelength will also significantly reduce optical scattering from
the mirrors, lowering losses and allowing for higher finesse arm cavities. The quantum
noise (shot noise and radiation pressure) will be reduced by a combination of frequency-
dependent squeezing, heavier test masses, and higher stored power in the arms. Finally,
the environmentally produced Newtonian gravitational noise [57] will be reduced using
seismometer arrays combined with adaptive noise regression [22, 34].

The LIGO Voyager noise budget and design sensitivity relative to other interferometer
are shown in Figure 2 and Figure 3, respectively. Horizon distances for astrophysical
sources are illustrated in Figure 4a and Figure 4b, showing the improvement over the
Advanced LIGO design.

As with all modern GWD, Voyager can be operated in Deep and Wideband modes with
appropriate choice of signal recycling mirror reflectivity.

Although most optical components will need to be changed to handle the new wave-
length, we plan on reusing the Advanced LIGO hardware and infrastructure wherever
possible (for example, the seismic isolation platforms, vacuum systems, electronics and
infrastructure).

Some Design Highlights

1. 100 kg–200 kg silicon test masses to reduce radiation pressure(see Section 3)

2. α-Si:SiN multi-layer coatings (see Section 3.3.2) for reduced thermal noise.

3. Low temperature (∼123 K) operation of the silicon test masses at zero thermal
expansion point(see Section 4).

4. Low temperature operation of silicon ribbons for the final stage of test mass sus-
pension (see Section 5).

5. 200 W, CW, pre-stabilized laser, with a ∼2000 nm wavelength (see Section 8).

6. Squeezed light injection in combination with a squeezed light filter cavity (see
Section 9).

page 18



LIGO-T1400226-v10

7. Newtonian Gravity noise subtraction with seismometer arrays and adaptive filter-
ing.

Key parameter changes from the aLIGO detectors are listed in Table 14.

2.3.2 Risk Reduction Option: Intermediate Voyager

We have identified several key technologies that still need development to achieve the
baseline Voyager design. In order to maximize the chances of success and proceed as
soon as possible, we propose a lower sensitivity version of Voyager that significantly
reduces risk. Specifically,

• Smaller test masses. Using 100 kg, 30 cm diameter silicon test masses, as opposed
to 45 cm diameter. This reduces risk due to the ready availability of boules of sil-
icon in the smaller size at the appropriate purity levels. This has the added ben-
efit that the 100 kg mass is the target load for the Heavy SUS being designed for
A-Sharp. The penalty is higher radiation pressure and higher CTN due to larger
beam sizes. Annealing of the test mass to trap residual oxygen should be easier.

• Hybrid coatings to reduce absorption. Adding a few layers of SiO2 and tantala
to the top of the a:Si coatings to reduce the absorption. This reduces the technol-
ogy development risk for low absorption a:Si coatings at the cost of marginally
increased coating thermal noise.

• Metal blade springs. The blade springs suspending the penultimate stage will be
metal instead of silicon. These are readily available and are an established tech-
nology but will have elevated suspension thermal noise relative to future silicon
blades.

• Metal suspension wires. The suspension wires will be made of beryillium copper
(BeCu) instead of silicon. These are readily available and are an established tech-
nology but will have elevated suspension thermal noise relative to future silicon
ribbons.

The iVoyager (iVoy) sensitivity curve is shown in Fig. 3. As can be seen, the main penalty
is increased noise at frequencies below 100 Hz and particularly below 20 Hz.
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FIGURE 4: (A) Distance at which an optimally oriented, equal mass, binary black hole merger can be
detected (with SNR = 8) as a function of the total mass of the binary (in the source frame).
(B) Donut visualization of the horizon distance of LIGO Voyager Deep, aLIGO, and A+,
shown with a population of binary neutron star mergers (blue) and 30 – 30 M⊙ binary black
hole mergers (gray). This assumes a Madau-Dickinson star formation rate [89] and a typical
merger time of 100 Myr.
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2.4 List of critical parameters

Parameter Voyager Deep (Wideband) Intermediate Voy.

Laser wavelength 2050 nm 2050 nm
Input laser power 200 W 60 W
PRC power 2.8 kW 840 W
Arm power 3.92 MW 1.18 MW
Mirror substrate Silicon Silicon
Mirror radius 22.5 cm 15.0 cm
Mirror thickness 30.0 cm† 60.0 cm
Beam radius on ITM/ETM 5.9 cm/8.5 cm 5.6 cm/5.6 cm
ITM ROC 1800 m 2570 m
ETM ROC 2500 m 2570 m
ITM transmission 0.0014 0.0014
PRM transmission 0.072 0.072
SRM transmission 0.040 (0.0051) 0.048
TM mass 200 kg† 100 kg
TM temperature 123 K 123 K
Suspension silicon ribbon beryillium copper

TABLE 1: Relevant parameters for the LIGO Voyager design. (†: Additional silicon elements are bonded
to the outer diameter. Hence, the optic is not purely cylindrical and a simple ρπr2 h calcula-
tion does not yield the mass.)
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3 Core Optics

3.1 Overview

The central part of this interferometer upgrade is the change of the test mass optics from
silica (SiO2) to silicon. There are a number of reasons why silicon is a compelling choice:

1. Silicon has high thermal conductivity at cryogenic temperatures. This reduces the
temperature gradients that are generated by laser heating.

2. The mechanical loss in silicon is low, similar to that of fused silica and sapphire.

3. In silicon, the thermal expansion coefficient crosses zero at 123 K. Near this temper-
ature, thermo-elastic distortions of the mirror surface are drastically reduced, as is
thermo-elastic noise due to thermodynamic temperature fluctuations.

4. Silicon can be produced in large sizes. Boules up to 45 cm are within the capabili-
ties of silicon manufacturers. These allow for mirrors having masses up to 200 kg.

5. Silicon is commercially available with high purity levels, consistent with low ab-
sorption in the substrates at wavelengths of 1500 – 2200 nm.

Silicon was previously proposed as a test mass material in other contexts [63, 122, 125],
and has a long history of use for optics that handle high incident power [7, 12].

3.2 Requirements

3.2.1 Optical Requirements

• Substrate

– Substrate bulk absorption: The bulk absorption at needs to be less than
20 ppm/cm at the chosen laser wavelength. This requirement comes from
the maximum radiative cooling capacity of the mirrors (∼10 W) and the esti-
mated coating absorption of 3 W.

– Mirror surface roughness: Figure error and microroughness need to satisfy
the cavity loss requirement of 10 ppm per bounce (together with the coating
scatter loss). See Appendix E.1 for details.

– Substrate homogeneity: Inhomogeneity of the index of refraction in the
ITMs is a source of contrast defect, which mainly impacts the squeezed field
injected from the dark port. This has not yet been characterized or modeled
for silicon, where the inhomogeneity is likely to be in the form of voids or
defects in the crystal.
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– Substrate phase noise: The ITM substrate should not create phase noise
greater than the target sensitivity. The effect of the substrate phase noise is re-
duced by a factor of the round-trip number (2F/π, where F is the arm finesse).
The known sources of substrate phase noise are thermo-refractive noise and
carrier density fluctuation. There may be more unknown noise processes, so
the phase noise has to be confirmed by a phase noise interferometer experi-
ment. Assessing the unknown substrate noise is a major goal of Mariner (the
Voyager prototype under development now).

• Coating

– Coating absorption: The coating absorption must be ⪅ 2 ppm. Limited by
total radiative cooling power as above.

– Coating scatter loss: The coating scatter loss target is 10 ppm per bounce
(together with the loss due to the surface roughness). See Appendix E.1.

• Thermal engineering:

– Barrel/Face coating and fins for radiative cooling need to be applied.

• Other requirements:

– Birefringence of the substrate and coating needs to be low, so as not to cause
additional optical loss and noise by splitting of the cavity resonant modes.

– Similar to the above, second harmonic generation in coatings needs to be low.

3.2.2 Mechanical Requirements

• Large size test mass availability:

The Voyager design employs large silicon test masses that weigh ∼200 kg. The
availability of such a large and pure silicon substrate is discussed in Section 3.3.1.

• Mechanical quality factors:

– The substrate loss angle needs to be low at the test mass cryogenic tempera-
ture.

– The HR coating mechanical loss needs to be low as well. This is discussed in
Section 3.3.2.

– The barrel and face coatings, and fins for radiative cooling, should not create
too much mechanical loss.
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FIGURE 5: Silicon Mind Map illustrating interconnections of issues related to processing of silicon for
low absorption, low optical scattering, and mechanical loss.

3.3 Technical Details

3.3.1 Test Masses

The baseline design is to use ∼200 kg mono-crystalline silicon as the substrate for the
arm cavity mirrors. The test mass needs to meet demanding mechanical and optical
requirements.

The requirements are straightforward to meet with float-zone (FZ) silicon [42], but FZ
silicon is limited to boules of 20 cm diameter by the surface tension of silicon. Our base-
line is to use magnetic Czochralski (MCZ) silicon which has been grown in 45 cm boules
since ∼ 2010 [87] by several manufacturers. The 45 cm process is not yet the industry
standard, but boules and wafers with low defect count exist.

Silicon is considered to be a promising material for the Voyager test mass material as
it can be made with high purity, large size, and high mechanical Q. Here we discuss
practical points with regard to the silicon test mass.

Substrate absorption Silicon has many mechanisms for optical absorption. Fig. 5
shows a concept map of the silicon substrate absorption at near-infrared wavelengths.
Here we summarize some of the major absorption processes that are still simple enough
to consider.
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Inter-band absorption The basics of the inter-band absorption in silicon are described
in Schinke, et al. [124]. Absorption of light in silicon is a direct transition above 3.4 eV
(365 nm), but at the near-IR wavelengths of interest, the fundamental inter-band absorp-
tion process is an indirect transition.

In an indirect transition, a valence band electron needs to acquire energy and momen-
tum at the same time to be excited to the conduction band, which is about 1.1 eV above.
Therefore, the inter-band excitation can only occur with assistance from a phonon, as the
photon carries very little momentum in relation to its energy.

Schinke, et al [124] measured the absorption coefficients using four different measure-
ment methods, and compared them with previous measurements in order to determine
the coefficient for the inter-band absorption. Fig. 6 shows their result. We should bear
in mind that their absorption measurement above 1100 nm was indirect (i.e. photolu-
minescence or photoelectron measurement), and its relevance to our application is still
questionable. We need to consider electron loss processes in the bulk, like electron-hole
recombination. The absorption below 1100 nm (thus above α >∼ 100) is relevant for us,
as it was measured by ellipsometry and R&T measurements. The inter-band absorption
is also a strong function of temperature. An example measurement of this effect can be
found in [139], although there it was measured at 1064 nm, and we still need to seek the
information at 1550 nm and 2000 nm.

Experimental efforts to measure the absorption of silicon have been carried out in the
context of ET [29, 30]. The absorption in FZ silicon with a resistivity of 10 kΩ cm was
found to be 4 ppm/cm [29] at 1550 nm. This result implies that the fundamental inter-
band absorption can be smaller than this level, and need not be an issue.

Free Carrier Absorption Both doped silicon and intrinsic silicon have excited carriers
in the conduction and valence bands. Due to the finite temperature, the carriers are
thermally excited and become unbound. These free(-like) carriers move in response to
an external optical field, causing optical absorption. This process is called free carrier
absorption (FCA).

The calculation of the free carrier concentration for intrinsic and doped silicon, as well as
the free carrier absorption based on the simple Drude model are described in T1500619.
The free carrier concentration of intrinsic silicon is 1010/cm3 at 300 K, and 3×10−6/cm3

at 120 K. The FCA resulting from such low carrier densities is negligible. However, free
carriers from trace impurities typically dominate over the intrinsic free carrier popula-
tion. For lightly doped silicon, the free carrier concentration is basically determined by
the doping concentration. The calculation tells us that “free carrier freeze out” (i.e. re-
duction of the free carrier concentration at cryogenic temperatures) does not happen at
123 K when the doping concentration is low (< 1016/cm3). It was estimated that a doping
concentration of 1013 (corresponding to a resistivity of ∼ 1kΩcm) causes FCA of several
ppm at 1550 nm, increasing at longer wavelengths as λ2.

Pankove [114] suggested that the actual FCA process is more complicated. Processes like
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Voyager goal
2 µm

FIGURE 6: Inter-band absorption in Silicon as a function of wavelength [124]. The measurement has
been done directly below 1100 nm, relevant for our purposes. Above 1100 nm, the measure-
ment was electro-optically done. The red line corresponds to the Voyager bulk absorption
goal, and the blue star indicates the lowest bulk absorption seen near 2000 nm in MCZ sili-
con [94].

lattice scattering by acoustic phonons, by optical phonons, and by ionized impurities
can cause the absorption to scale as λ1.5, λ2, and λ3 ∼λ3.5, respectively.

The measurement of 4 ppm/cm [29] loss at 1550 nm was much higher than the FCA
level expected from the simple Drude model and the high resistivity of their silicon sam-
ple. It was suggested that the presence of an absorption band in n-type silicon centered
around 2300 nm could be the reason for this excess. Spitzer and Fan [134] experimen-
tally showed that this absorption band has a height of α ∼ N/1017/cm, as a function of
doping concentration N/cm3. The height of the band was only weakly dependent on
temperature down to 5 K. Since we are especially interested in the absorption limits near
2000 nm, this finding should be further investigated.

A theoretical model of free carrier absorption in silicon was presented by Tsai [151],
building on the work of Ridley [121]. This model offers a physical motivation for the
Spitzer-Fan absorption feature, in terms of the conduction band structure in silicon.
However, it is rather cumbersome and depends on numerous material parameters, some
of which are not tightly constrained.

Many simple empirical models for free carrier absorption have been devised. The for-
mula of Schroder, Thomas, and Swartz [126] (STS) follows the Drude λ2 dependence:

αSTS = 10−18λ2(n+2.7p) (1)

given in units of cm−1, with λ the wavelength in microns, and n, p the electron and hole
densities in cm−3. Another formula, due to Green [54], attempts to fit the Spitzer-Fan
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excess absorption near 2 microns with a λ3 dependence:

αGreen = 10−18λ2(2.6λn+2.7p) (2)

Both the STS and Green formulas are based on data from highly doped silicon (> 1016cm−3).

Degallaix et al [29] fit their 1.55 µm data for high resistivity FZ silicon to yet another
formula:

αDegallaix = 0.0454/ρ (3)

where ρ is the resistivity of the n-type silicon in Ω cm. This agrees well with αGreen at
1.55 µm.

The temperature dependence of the free carrier absorption remains unclear. From the
Drude model, some improvement might be expected with cooling due to increased
carrier mobility, even if the carriers do not “freeze out” at 123 K. Yet, measurements of
low-absorption samples have shown little change, or a modest increase in absorption
between 300 K and 123 K.

Other Processes Another noteworthy absorption process is multi-photon absorp-
tion. It was experimentally [17, 38] and theoretically [26] shown that two-photon ab-
sorption (TPA) of silicon has a strong dependence on the laser wavelength in the near
infrared region. These papers reported that the TPA coefficient, β, of silicon at 300 K
were 0.5 ∼ 0.8cm/GW and ∼ 0.2cm/GW at 1550 nm and 2000 nm, respectively. β has tem-
perature dependence because of phonon assisting involved in the absorption process.
This dependence is not too strong to change the order of magnitude. Also, β is even
reduced as the substrate is cooled [26, 153]. Therefore, the absorption coefficient here
is estimated with the experimental data measured at 300 K. Assuming 10 kW of laser
power through a spot area of ∼ 300cm2, this gives us a power density (Pdens) in the sub-
strate to be 30W/cm2 = 3×10−8 GW/cm2. Therefore, the absorption coefficient due to TPA
at 2000 nm and 300 K is estimated to be αTP A =βPdens = 6×10−9 cm−1. This is a negligibly
small number. Three-photon absorption (3PA) can also be a source of absorption. The
2000 nm light can be upconverted to a visible wavelength whose photon energy is larger
than the bandgap of silicon. In fact, the measurement of the 3PA coefficient by [141]
shows a strong peak at a wavelength of 2600 nm. Nevertheless, the reported 3PA coeffi-
cient by [115] is on the order of γ= 0.03cm3/GW2 at 2300 nm at 300 K. This corresponds to
an absorption coefficient of α3P A = γP2

dens = 3×10−17 cm−1. This is also a totally negligible
number.

Availability of Large Silicon Substrates It seems likely that 45 cm diameter pieces
can be acquired from CZ or MCZ process with a resistivity greater than 1 kΩcm. The
absorption and bulk mechanical loss measurement of the silicon of such samples is
crucial. An absorption as low as 2 ppm/cm has been measured in un-annealed MCZ
silicon, with some evidence of a radial increase in absorption.
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Oxygen and annealing Rapid annealing of MCZ silicon wafers to ∼700 °C or higher
is routinely done in order to annihilate oxygen clusters (known as “thermal donors”)
that contribute to free carrier absorption [53, 78, 86, 99]. A sufficiently rapid anneal of
a bulky sample such as a test mass substrate has not been demonstrated, but may be
feasible, based on the following considerations:

• Large temperature gradients in the test mass during an anneal are undesirable, be-
cause they may lead to optical non-uniformity or defects. An in-air or in-vacuum
anneal to 700 °C is estimated to produce modest (though non-negligible) tempera-
ture gradients.

The Biot number, defined as Bi = hheat
κ

Lc, characterizes the uniformity of the tem-
perature distribution inside the test mass. Here hheat is the surface heat transfer
coefficient, κ is the thermal conductivity, and Lc is the ratio of volume to surface
area (≈ 8cm for the test mass). If Bi ≪ 1, the temperature distribution can be re-
garded as uniform.

Convection in air can give rise to hair = 10−100Wm−2 K−1, while radiative trans-
fer leads to hrad = ϵσ(T2

1 +T2
2)(T1 +T2) ≲ 230Wm−2 K−1. In silicon, κ ranges from

130 Wm−1 K−1 at room temperature to ∼30 Wm−1 K−1 at 700 °C.

Combining these figures, Bi is bounded ≲ 1 up to 700 °C.

• To annihilate thermal donors, while avoiding the creation of “new donors”, the
test mass must dwell only briefly (at least a few minutes, but probably less than
an hour) near the peak temperature of 700 °C [53]. To avoid regenerating oxygen
thermal donors, it must rapidly cool down from 500 °C to 400 °C (within an hour,
perhaps) [86].

These time scales are roughly compatible with the rate at which the test mass
can heat up and cool down in air. Approximating the test mass as a lumped el-
ement with uniform temperature, mass M, surface area A, specific heat cM ≈
800Jkg−1 K−1, and heat transfer coefficient hheat ≈ 100Wm−2 K−1, the thermal time
constant McM

hheat A is ∼ 24min.

A thermal model with convective heat transfer of hheat = 100Wm−2 K−1 has been con-
structed in COMSOL (see Fig. 7) and is consistent with the analysis above. However,
radiative effects should also be considered, so as to design an annealing schedule and
ensure that the requirements can be satisfied. Moreover, a tighter constraint on anneal-
ing may stem from the requirement to avoid plastic deformation due to thermal stress,
which would introduce birefringence. These same requirements also apply to any subse-
quent anneal of the reflective coating.

Rapid annealing to annihilate oxygen clusters might not be necessary, if MCZ silicon
with ultra-low oxygen content [71] can be grown at the 45 cm size.

Modify the Test Mass Geometry Although we have historically chosen an optimum
test mass geometry (in terms of the ratio of thickness to width), this is a soft optimum
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FIGURE 7: Simulated anneal of a test mass in COMSOL. The test mass is heated in a 1100 K oven for
48 min, then allowed to cool to room temperature, all under convective heat transfer hheat =
100Wm−2 K−1. Temperature gradients of up to 200 K form between the center of the mass
and its outer edges. The purple line indicates the 700 °C target of the anneal, and the grey
region corresponds to peak thermal donor formation.

and we could explore increasing the thickness of the mirrors in order to gain the re-
quired mass.

This has the added benefit of increasing the barrel surface area (which is the primary
actor in the radiative cooling capability of the mirrors).

Fig. 8 shows the Brownian noise of a single ETM as a function of the mirror thickness.
Although there is an optimum for the substrate noise, it is completely insignificant com-
pared to the coating noise, which has no local minimum. Increasing the test mass thick-
ness has no deleterious effect on the thermal noise, but does reduce the quantum backac-
tion noise by virtue of increased overall mass.

3.3.2 Test Mass HR Coatings

There are various options for the test mass mirror coatings. Here we describe some
considerations and explain why we have chosen α-Si : SiN as the baseline configuration.

Amorphous Silicon Amorphous silicon has great mechanical properties [84, 106, 117].
It is one of the lowest mechanical loss thin films ever measured, and continues to im-
prove due to intense development in thin films labs.

In addition, the high index contrast with Silicon nitride (3.5 : 2.17) makes it possible
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FIGURE 8: Substrate and Coating Brownian noise as a function of mirror thickness. T = 123 K, mirror
diameter = 45 cm, ωbeam = 6.5cm. The substrate PSD has been multiplied by 100 to match the
y-axis scale.

to use a smaller number of layers than in aLIGO, while achieving the required high
reflectivity. The optical absorption is high (∼10 ppm), but has come down by orders of
magnitude in the past few years. Some analysis of a candidate coating design using
alternating layers of α-Si : SiN is given in Appendix D.

3.3.3 Recycling Cavity Optics

The SRC length fluctuations couple to DARM much more than PRC motion since it acts
chiefly on the differential mode, and so here we will just concentrate on MICH & SRC
noise and assume that it covers the case for the PRC. The baseline design is that all op-
tics, except for the ITMs, ETMs, and their respective PUMs, will be at room temperature.
This is possible since the noise from those optics couples into DARM ∼100x less than the
test masses. The PRC and SRC optics are planned to be made out of either a standard
silica, or one of the silica grades with reduced 2 micron absorption. As of this writing,
The Corning 7979 and Heraeus Spectrosil 2000 both have low absorption at 2 microns,
but are still unsuitable for our requirements.

Beamsplitter The main IFO Beamsplitter has similar noise requirements to the SRC
optics, but also lives in the PRC and so it must handle high power. There seems to be no
available glass with a low enough absorption, except perhaps chalcogenides or ZBLAN,
but they have thermal noise issues.
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Considerations applicable to the beamsplitter design include:

1. A high-power laser beam traverses through the beamsplitter.

2. The beamsplitter’s motion contributes to L− through the MICH & SRC.

3. Bulk index fluctuations in the beamsplitter do not cancel out in the L− readout.

Here are the list of high priority considerations for using room temperature silicon as
the beamsplitter:

1. Which crystal axis is the best for 45 deg angle of incidence? <111> aligned to input
beam from PRM sounds reasonable, but are there issues with fabrication?

2. What kind of measurements are necessary to determine this?

3. Contributions from “birefringence noise" reported from JILA/PTB group [163].

Below are the list of low priority considerations:

1. Controls issues, optical losses, contrast defect simulations from (inhomogeneous)
birefringence (also necessary for ITM at cryogenic temperature)

2. Thermal lensing calculations (similar to ITM, but silicon properties will be at room
temperature for BS)

Below are the list of considerations already addressed:

1. Beam shift from static birefringence is negligible G2200695.

2. Noise coupling to the beamsplitter roll mode, polarization rotation of the laser
beam seems negligible T2200272.

3. Substrate Brownian and substrate thermo-elastic noises are small enough. How-
ever, thermo-refractive noise will be as large as that from ITM (see Fig. 9 and Ta-
ble 15). Note that in this calculation, BS thickness is assumed to be the same as
ITM, which is a pessimistic assumption. Also, noise from ITM is a combination
of noise from ITMX and ITMY, and BS also has sqrt(2) factor from 45 deg angle of
incidence.

3.4 Unresolved issues

Known issues that must be resolved in preparation for manufacturing the Voyager test
masses are graphically summarized in Fig. 10, and include the following:
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• Is it feasible to obtain 45 cm MCZ silicon crystals that meet the Voyager require-
ments? Alternatively, can a composite test mass be assembled from smaller crys-
tals?

• Will the oxygen impurity in the silicon be high enough to result in excessive sub-
strate absorption? If so, can the rapid annealing technique be applied on large
crystals to remedy the problem? Can a subsequent coating anneal be designed
so as to improve the coating properties without spoiling the substrate absorption
again?

• Which combination of coating materials can achieve the absorption requirement
with minimal thermal noise?

3.5 Development Approach & Timeline

• Substrate material: 45 cm MCZ

– Optimize composition and process (target low absorption, scatter, index inho-
mogeneity, and birefringence)

– Develop 2 µm cryo metrology

– Alternative: Use 20 cm FZ silicon and develop composite test mass bonding

• Polish: select polisher

• HR/AR coatings: SiN:aSi

– Optimize composition and process (target good adhesion; low absorption,
scatter, and loss angle; high emissivity; anneal compatibility with substrate)

– Alternative: Develop non-binary coating design or AlGaAs bonding
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FIGURE 10: Potential pathways to meet requirements for silicon test masses. The blue arrows indicate
the simplest choices of test mass and coating design assuming optimistic outcomes for
process research and development; green arrows indicate a relatively low-risk pathway to
achieve a functional initial Voyager; magenta arrows show some ways of circumventing
obstacles that may arise while developing the “bluebird” pathway.

page 34



LIGO-T1400226-v10

4 Cryogenic System

4.1 Overview

In this section, the system used to maintain the test masses at their 123 K low tempera-
ture operating point is described2.

Two options exist for the PUM temperature, cold and warm; with a couple different
suspension configuration possibilities in each case. See Fig. 11, which shows the cold
PUM configuration. The related Fig. 12 shows a CAD model of certain components of
the end station vacuum system. Appendix I summarizes these configurations, and the
downselection choice to utilize the nominal silicon cold PUM configuration with silicon
ribbons or fibers.

Within the GW field, there are several examples of using cryogenic cooling to improve
the sensitivity of detectors:

1. CLIO [162]: a short cryogenic underground laser interferometer in Japan

2. KAGRA: the 3 km Japanese underground gravitational-wave observatory

3. Several resonant mass GW detectors: ALLEGRO, NIOBE, NAUTILUS, etc.

4. Rigid cavities: Caltech, JILA, PTB, Dusseldorf, etc.

In Section 4.2, we describe the thermal and noise requirements for the cryogenic system.
In Section 4.3, we describe the technical details of steady-state radiative cooling of the
test mass, the high emissivity coatings, and the transmission monitor. In Section 4.4,
we discuss unresolved issues and work to go. In Section 4.5, we discuss the planned
development timeline.

4.2 Requirements

4.2.1 Target Temperature

A target temperature of 123 K is selected due to the zero crossing of the CTE, which
minimizes thermo-elastic noise. Fig. 13 shows how the variation of the CTE with tem-
perature degrades the predicted strain noise. Increased substrate thermo-elastic noise is
responsible for most of the degradation. Maintaining the temperature at the operating
point within ±1 K appears sufficient, with margin, for avoiding this excess noise.

4.2.2 Temperature Fluctuations

To investigate the effect of temperature fluctuations on the noise, the derivative of the
Voyager strain noise curve with respect to each material parameter in the GWINC noise

2The cooldown process by which they are brought to that operating point after each vacuum incursion
is described in Appendix G.
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FIGURE 11: Layout of the ETM suspension in the cold PUM configuration with the cryogenic cooling el-
ements. The test mass and reaction mass are cooled radiatively with a two layer heat shield
system. The inner shield may require vibration isolation to mitigate scattered light noise.
Suspending it from springs achieves this isolation above a few Hz. Active displacement
feedback referenced to stage 2 of the ISI can achieve isolation below a few Hz if necessary.
The outer shield is cooled with a high power thermal link while the inner is cooled with
a lower power but flexible link. The inner shield is designed to reach 45 K, and the outer
shield is designed to reach 150 K. Note that the ends of the snouts (away from active cool-
ing) are marked at higher temperatures to account for temperature gradients.

model has been computed. These parameter sensitivity curves are plotted in Fig. 14. The
main message to take away from the plots is that the curves are of order unity or smaller
at all frequencies. Thus, modest changes in the parameters produce modest changes in
the predicted strain noise.

To obtain the overall sensitivity to temperature fluctuations, each parameter sensitivity
curve has to be weighted by the sensitivity of its parameter to temperature. Parameters
that have a known temperature dependence are compiled in Table 2.

In general, the material parameters are only weakly sensitive to temperature fluctua-
tions. The exception is the silicon CTE, which is extremely sensitive by design, since
Voyager’s operating point is tuned to be near a CTE zero crossing.

Some open temperature fluctuation questions are listed in Section 4.4.

4.2.3 Newtonian Gravitational Noise from Heat Shields

The test masses will be radiatively cooled to 123 K by inner thermal shielding at 45 K
(see Section 4.3 for technical details). The geometry of the heat shields should be con-
sidered in case Newtonian noise coupling is problematic (cf. design of the STEP exper-
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FIGURE 12: CAD drawing of end station vacuum system. Outer shield, Mirror shield, reaction chain,
and suspension cage structure not shown for clarity.

iment [85]). Simulations done by E. Bonilla on plausible heat shield geometries and
vibration levels suggest this Newtonian Noise source is not likely to be problematic.
However, if liquid nitrogen is used in pipes near the test mass (which is not in the base-
line design), and that nitrogen has 2-phase flow, then Newtonian Noise from this flow
may be a problem. Chilling the nitrogen below its boiling point is a relatively easy and
promising way to mitigate this 2-phase flow Newtonian Noise source, but it requires
more investigation. Newtonian Noise simulations are summarized in G1700404 and
P2100273.

4.2.4 Backscatter from Heat Shields

As observed in the early aLIGO science runs, the effects of backscattering near the test
masses can be orders of magnitude larger than the phase noise due to quantum or ther-
mal noise. Care must be taken in designing the inner shields near the test mass to mini-
mize backscattering of the laser light.

The shields will be cooled through cold straps, which will contribute some seismic noise
coupling. A calculation by D. Coyne of acoustic coupling through cables derived in
T060038, and applied to cables in aLIGO HAM1 in T1300128, should be extended to in-
form the design of the thermal straps and their mounting. Evaluation of several types
of copper braid seems promising; it seems likely that the use of several straps will allow
for sufficient cooling power for both the external and internal shields without compro-
mising the vibration isolation performance. To be confirmed by measurement, but it
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Parameter P Variable name Nominal value d(logP)/d(logT) Ref

temperature Temp 123 K 1
c-Si CTE MassAlpha 1.0×10−9 K−1 2100 [74]
c-Si specific heat MassCM 300 JK−1 kg−1 1.3 [149]
c-Si thermal conductivity MassKappa 700 WK−1 m−1 −1.6 [150]
c-Si Young’s modulus MirrorY 156 GPa −0.0034 [55]
c-Si refractive index RefractiveIndex 3.5 0.0032 [44]
c-Si thermo-optic coefficient dndT 100×10−6 K−1 0.90 [44]
a-Si CTE Alphahighn 1.0×10−9 K−1 2100 [74]
silica CTE Alphalown 2.6×10−6 K−1 0.25 [108]
silica volume-specific heat CVlown 230 JK−1 m−3 0.49 [108]
silica thermal conductivity ThermalDiffusivitylown 270×10−3 Wm−1 K−1 0.40 [108]
silica Young’s modulus Ylown 270 GPa 0.022 ?
silica Poisson ratio Sigmalown 0.25 0.034 ?

TABLE 2: Selected material parameters and their sensitivity to temperature fluctuations.

now seems that no liquid cryogen will be required inside the vacuum system.

Appendix E.5 provides a discussion and preliminary estimates of the contribution of
scattered light noise to the interferometer.

4.3 Technical Details

4.3.1 Test Mass Radiative Cooling

The test masses will be cooled to a target temperature of 123 K using a free piston Stir-
ling style cryocooler. The down-select for this style is discussed in Appendix H. The
input heat load from the environment and from the laser heating must be balanced with
cooling of the test masses, primarily through radiative coupling. Fig. 15 illustrates the
heat flow paths.

A full model of the heat balance of each ITM and ETM includes:

• Heating

– absorption (2 µm) from the main laser into the HR coating and substrate

– radiation from the 295 K beam tube into the HR coating and substrate

– radiation from the 80 K reaction mass into AR coating and substrate

– radiation from the 45 K cold shield into HR coating and substrate

– incident radiation from TCS

• Cooling

– radiation from the HR coating

– radiation from the AR coating
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FIGURE 15: Schematic of the heat flow inside an end station vacuum chamber. Heat transfer through
the ribbons/fibers is assumed negligible. TM refers to the end test mass, RM the reaction
mass. Red arrows are heat transfer from the laser light, black radiation, and gray conduc-
tion. The heat transfer from the inner shield to the outer shield is radiative. Fig. 11 shows
the overall layout.

– radiation from the high emissivity mirror barrel coatings

– thermal conduction up suspension ribbons (very insignificant)

A calculation by Rai Weiss (T1200093) shows that a silicon test mass with a high emis-
sivity coating on the barrel can radiate > 3 W at a temperature of 123 K. Fig. 16 shows
that this can actually be 7 – 9 W, depending upon assumptions about the wavelength
dependent emissivity of our HR and AR coatings. Although the Acktar black coating is
known to have a high emissivity and a low mechanical loss [4], at the moment the effec-
tive emissvity of the HR and AR coatings is not known. Since these coatings are much
thinner than the low temperature blackbody peak (∼ 30µm), one needs to consider the
interference effects.

The grey body radiation of a silicon test mass is non-trivial to compute, and ray-tracing
models of various silicon geometries is in development.
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FIGURE 16: FIGURE NEEDS REPLACEMENT. Temperature gradient of silicon test mass. Heating from
environment and 10 W absorbed by Gaussian laser beam on HR surface. Radiative cooling
to a 45 K cold shield via the mirror barrel surfaces (ϵ = 0.95) and through the HR and AR
faces. Emissivity of HR and AR faces assumed to 0.3 as an initial guess. Mirror diameter =
45 cm, thickness = 40 cm, and heat shield temperature = 45 K.
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4.3.2 Cryogenic Shielding and Baffling

To minimize the radiative heat load from the 295 K beam tube, the cryogenic shield will
need to include a cold tube, or snout, which extends into the manifold tube. See Fig. 11.
The above heat load calculations for an ETM assume a snout length of 10 m (15 m for an
ITM), and a radius of 0.25 m. These parameters allow the heat load from the 295 K beam
tube to be negligible (< 5 mW) in the case of the ETM; however the ITM compensation
plate limits its snout length and thus its radiative shielding. The inside of the snout must
include baffles, as in the KAGRA design, to reduce multiple reflection paths from the
295 K environment, as well as to minimize backscatter of the high power laser beam
from the vibrating cryogenic shield.

The inside of the shield should be made with a high emissivity coating to maximize the
radiative coupling to the test mass. However, there is also the consideration of 2000 nm
light scattered from the arm cavity into the shield, and then scattered back into the arm
cavity. This will be a source of phase and radiation pressure noise, and it is important
that the high emissivity coating has a low enough BRDF such that scattered light noise
is not significant. Such an effect might be mitigated through the use of a combination of
specular baffling and broadband absorption. This was previously analyzed in T950087
for the heat load of the iLIGO cryopumps.

The radiative heat load from the 295 K chamber and vacuum tube onto the cryo shield
is so large that a very thick thermal strap would be required to cool the heat shield. The
thickness of this strap is not consistent with the vibration induced scattered light noise
described in Section 4.2.4.

Instead, a double shield design has been chosen (see Fig. 11). The inner shield will have
a much reduced heat load due to:

1. the low emissivity (gold) coating of the outer shield

2. cooling of the outer shield to ∼ 150 K

3. the low absorptivity (gold) coating of the outer surface of the inner shield

A full heat load analysis on all chamber components is discussed in Appendix G. Radia-
tive loads on the cold inner shield include:

• Heating

– radiation from the 295 K vacuum tube and chamber

– radiation from the 123 K test mass

– radiation from the 150 K outer shield

– absorption at 1550 nm/2000 nm from scattering off test mass

– incident radiation from TCS
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• Cooling

– conduction to the cold head through the copper cold strap

Cooling the outer shield to 150 K significantly reduces its heat load on the inner shield.
When held at 150 K, the outer shield radiates 5 times less heat to the inner shield com-
pared to when it is at room temperature. This factor directly translates into a looser
cooling requirement for the inner shield, and a thinner thermal strap can be used. A
thinner strap combined with a careful choice of a low-vibration cryocooler will meet the
vibration requirements described in Section 4.2.4.

Cooling the outer shields is done through a relatively thick copper strap. The vibration
requirements of the outer shield are significantly less strict than those of the inner shield
because 1) it will not interact optically with the interferometer, and 2) it will be mounted
rigidly to the chamber or stage 0 of the ISI. A separate cryocooler or LN2 tank can be
used for cooling the outer shield down to 150 K.

Cooling the outer shield by flowing cryogens around it has been proposed as well, for
example with cold nitrogen gas or liquid. This has the advantage of being a relatively
simple way to get a lot of heat out. However, there are some concerns with this ap-
proach, listed below, that result in the current baseline design using copper straps. These
concerns are listed roughly in order of most serious to least, with the first item being the
driving concern since the other two may have reasonable mitigations.

• Leaks: there is a risk of leaks into the vacuum system, if not a catastrophic bursting
of a pipe or joint. A joint failure is more likely than a pipe failure. Additionally,
leak hunting becomes more difficult with more sources of potential leaks.

• Vibration: the flow and/or plumbing itself may transmit some vibration. There
are some possible mitigations in the geometry of the piping and perhaps by max-
imizing laminar flow. Boiling of liquid in flowing cryogens could be a source of
vibration as well, but this could be mitigated by precooling the liquid below its
boiling point [P2100273].

• Newtonian noise: although unlikely, flowing cryogens near the test mass might
generate visible Newtonian noise. This issue likely would only arise from 2 phase
flow. Therefore, a mitigation would be to ensure single phase by using only cold
gas or a liquid cooled below its boiling point. Stanford did some work with LN2 to
show that gas can be reduced, if not eliminated, from the flow by chilling it below
its boiling point [P2100273].

Next we estimate the size of the various heat balance terms that are expected to be domi-
nant.
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4.3.3 Heating from Arm Cavity Laser Beam

The test masses will have some finite absorption both at their high reflectivity coatings
(0.5 – 3 ppm) and in the substrate itself (10-20 ppm/cm). Due to the large circulating
power in the arms, heating from arm power absorption by HR surfaces will be signifi-
cant for ETMs and ITMs. However, substrate absorption is only a significant heat load
for the ITMs due to the much lower power transmitted through the overcoupled arm
cavity. Using Voyager Deep parameters from Section 2, we obtain the following laser
heating terms:

PLaser_to_ETM ≈ PcavαHR = 3.92MW×1ppm= 3.92W,

PLaser_to_ITM ≈ PcavαHR +PMichαsub = 3.92MW×1ppm+2.8kW×550ppm= 5.46W.
(4)

The absorption of laser power in the HR coatings will be the dominant heat load in
the test masses and therefore sets the limit for the total laser power available for GW
detection.

4.3.4 Heating from Hot Beam Tube

Since no cold window is to be put in the arm cavities (due to scintillation / phase noise
issues), the test mass will be partially exposed to the room temperature beam tube. The
effect is largely mitigated by a cryogenic shield extending out from the test mass. This
shield cannot extend beyond the final gate valve separating the arm volume from the
end station volume. This length is ∼ 34.3 m for the ITMs and ∼ 10.9 m for the ETMs. For
both cases, we assume a snout radius of 0.225 m. The heating is given by the Stefan-
Boltzmann law multiplied by the geometric view factor from the TM face to the snout
opening. This must be corrected for the non-ideal emissivity of the HR surface. The
view factor FTM→BT is calculated using a disk-to-disk geometry:

FTM→BT = 1
2

(S− (S2 −4(
rsnout

rTM
)2)1/2)

where

S = 1+ 1+ (rsnout/Lsnout)2

(rTM/Lsnout)2

We consider a 10 m snout length for the ETM shielding. The power incident on the ETM
from the beam tube is approximately:

PETM = σT4πr2
TMFTM→BT

∣∣
Lsnout=10m = 35mW.

For the ITMs, beam tube heating is deposited from both sides of the snout. The presence
of the room-temperature compensation plate 3 m from the ITM limits its snout length
towards the BSC. However the snout can extend 10 m towards the arm, and thus we end
up with asymmetric heating terms:

PITM1 = σT4πr2
TMFTM→BT

∣∣
Lsnout=3m = 376mW.
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PITM2 = σT4πr2
TMFTM→BT

∣∣
Lsnout=10m = 35mW.

These are rough, conservative calculations (assuming most efficient radiative heating)
and do not take surface emissivities into account. In reality the design emissivities of
the TM HR/AR surfaces, compensation plate, and beam tube are chosen to minimize
the heat load deposited on the ITM. For example an emissivity of 0.1 on the beam tube
surface (current design) would roughly reduce the beam tube heating power by an order
of magnitude. See Appendix G for a full TM thermal model and thorough heat budget.

4.3.5 High Emissivity Coatings

The radiative cooling aspect of the Voyager design will require coatings with high emis-
sivity in the 10 – 100 µm wavelength band. Table 3 lists requirements for these coatings
that permit the desired steady state test mass temperature. Table 4 lists details on candi-
date materials.

The leading high-emissivity coating candidate for the test mass barrel is amorphous alu-
mina. Other options being explored include black silicon and silicon nitride. Emissivity
testing of these candidates is in progress, and techniques for bonding the coating with
bulk silicon will need to be performed.

Similarly, Table 3 lists the need for a high emissivity coating on the inner surfaces of
the inner shields. Selection of this coating can be less strict than that for the test mass;
however, it must similarly demonstrate low outgassing levels for vacuum compatibility.
Procurement of the candidate Ball IR Black coating is in progress, which advertises an
emissivity of 0.92 at 123 K for a thickness of 0.48 mm (19 mil) [70].

Surface Emissivity (5-50 microns) BRDF (2 microns) Durability Mech Q
Test Mass Barrel >0.95 none high >1000?
Test Mass HR Surface <0.3 none none high
Test Mass AR Surface <0.3 none none high
Inner Sus Shield Inner Surface >0.95 <0.01 high <1000?
Inner Sus Shield Outer Surface <0.1 none high none
Outer Sus Shield Inner Surface <0.1 none high none
Outer Sus Shield Outer Surface <0.1 none high none
Inner Snout Shield Inner Surface >0.90 <0.01 high none
Inner Snout Shield Outer Surface <0.1 none high none
Outer Snout Shield Inner Surface <0.1 none high none
Outer Snout Shield Outer Surface <0.1 none high none
Inner Cryopump Shield Inner Surface >0.90 <0.01 high none
Inner Cryopump Shield Outer Surface <0.1 none high none
Outer Cryopump Shield Inner Surface <0.1 none high none
Outer Cryopump Shield Outer Surface <0.1 none high none

TABLE 3: Requirements for emissivity of the shield surfaces. Different applications in the system lead to
different requirements.
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Material Emissivity Absorbtivity BRDF Adhesion Adhesion Outgas TM Damage Use Refs
(50 K, 125 K) (2µm) (2µm) (Si) (Al)

Amorphous Alumina 0.5, 0.66 — — HIGH — LOW — TM [2], [111]
Black Silicon 0.4, 0.7 LOW — HIGH — HIGH w/o — TM [92]
Black Silicon sealing
Silicon Nitride 0.4, 0.56 LOW — HIGH — LOW — TM [113]
Ball IR Black (0.48 mm thick) 0.86, 0.92 LOW — — HIGH MEDIUM — Shields [70], [43]
Ball IR Black (2 mm thick) 0.94, 0.95 LOW — — HIGH MEDIUM — Shields [152], [43]

TABLE 4: Selection matrix for high emissivity coatings. Fields with —are unknown; no references at the
time of writing have been found.

4.3.6 Transmission Monitor

It will be necessary to monitor the beam transmitted through the ETM for several pur-
poses:

1. Arm transmitted power is used for monitoring the cavity lock state

2. Transmitted beam is used in global angular controls

3. Auxiliary Locking System injection beam (perhaps)

The transmission monitor should be behind a cold window. If the reaction mass (and
compensation plates for the ITMs) are used as the cold window, we may need to hang
them by thicker wires and cool them by conduction down to 80 K.

4.4 Unresolved Issues

• Will temperature fluctuations lead to time varying stress/strain of the coatings?

• Will temperature fluctuations lead to troublesome excursions in the optical proper-
ties, such as thermal lensing or coating reflectivity?

• Selection of high emissivity coatings that are mechanically robust, UHV compat-
ible, and do not contribute too much thermal noise (for the case of the test mass
barrel).

• Bolted joints with reliably high thermal conductivity for thermal strap connections
to the suspended shields.

• Improvements to scattered light noise performance of the cryo shields.

• Suspension cage design and how it interfaces with the shields.

4.4.1 Ice layer formation

Background One of the issues needs to be considered for cryogenic interferometers
is the molecular layer formation on the cryogenic test mass surface. In the context of
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gravitational wave detectors, it was first experimentally recognized at prototype interfer-
ometer for KAGRA [104, 105] as a measurement of optical loss and its trend. The issue
has recently gained more attention in the actual "mirror fogging" of KAGRA’s cryogenic
mirror.

The arm power loss comes from the increased absorption, scattering, and the reflectivity
change due to the additional thin layer on the mirror surface. The theoretical studies can
be found in [60, 133, 145]. The possible influence to the mirror thermal noise was also
pointed out by [137].

Experimental studies have been reported [91, 144] to relate the optical loss and the thick-
ness of the molecular layer, where in-situ thickness was measured with ellipsometry.

Mitigation Here the solution to the ice layer formation is presented based on the refer-
ences [60, 133].

First of all, quantitative investigation is needed to determine how much the ice forma-
tion will become the issue in LIGO Voyager and how it is different from ET and KAGRA
cases, since the ice layer issues were investigated so far in the context of the lower cryo-
genic temperature like 10 K. The test mass temperature of 123 K is intermediate between
room temperature and cryogenic temperature, and thus the vapor pressure of water is
not completely zero. How much the impact of this difference is needed to be estimated.
In addition to theoretical study, the experimental observation through table-top and
prototype setups will be necessary.

Mitigation of the ice layer formation is categorized in two types: passive and active. The
passive method is basically to keep the gas pressure around the test mass. The active
involves some form of irradiation to the test mass surface, giving the molecules (mainly
water) thermal or non-thermal kinetic energy to kick them off the mirror surface.

Passive mitigation: Reduction of the gas pressure around the test mass is achieved by
the regular effort to lower the outgas from the in-vacuum materials. In addition, we
can expect cryopumping by the cryo-shields to improve the vacuum pressure. This will
require a proper order to cool down of the shields, the suspensions, and the test masses.

Active mitigation: Even if the passive methods can reduce the rate of layer formation,
this may mean that the frequency of de-icing will only be reduced, Therefore, the occa-
sional use of active mitigation methods should also be considered.

Temporary heating of the test mass is one way. Radiative or resistive heaters as well as
CO2 laser heating may be employed. The temperature raising and successive re-cooling
will not only cause disruption of the low noise operation and the consequent detector
deadtime increase, but also cause mechanical stress associated with the frequent temper-
ature cycles.

UV or electro illumination are also considered as the non-thermal irradiation. See details
in [133].
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4.5 Development Approach and Timeline

While some of this work is necessarily sequential, some of it can be pursued in parallel.

R&D [3 years] The items that require the most research and development are the coat-
ings for low and high emissivity on the shields and the test mass. All coatings need to
be mechanically robust. The test mass high emissivity barrel coating needs to be low
loss, though maybe there is benefit to some loss for the parametric instabilities. The high
emissivity coatings on the shield inner surfaces need to have generally low BRDF for
scattered light concerns.

Baffling may also be desired to help mitigate both scattering and heat transfer issues.
For scattering, baffling may help direct reflected light away from the cavity. For heat
transfer, baffles inside the beam tube components of the shields may prevent warm light
from being funneled down the tube at low grazing angles.

Thermal modeling will also undergo further development and refinement.

Mariner40 prototype [3 years] A small scale cryogenic prototype will be developed
and tested at the Caltech 40 m Laboratory.

Full scale prototype [2 years] A full size end station prototype will be developed and
tested at either Caltech or MIT.

Cryogenic engineering [1 year] The cryogenic engineering for the observatories can
be developed in parallel with the prototyping work.

Production and procurement [1.5 years] The production and procurement for all parts
of the cryogenic shielding, baffling, heat conduction, and cooling.

Assembly and installation [1 year] Much of this work will occur simultaneously and
in conjunction with the suspension assembly and installation. The cryogenic shielding
work inside the beam tube will occur separately.
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5 Suspension Upgrade

5.1 Overview

The LIGO Voyager test mass suspension inherits aLIGO’s quad pendulum construc-
tion and vibration isolation concept. In addition, it incorporates several redesigns to be
compatible with Voyager’s heavier cold silicon test mass.

The performance drivers for the test mass suspension are vibration isolation and ther-
mal noise. The parameters of the suspension here are determined to optimize these
performances. However, design for assembly, maintenance, and control is equally im-
portant and must be considered as well. The penultimate mass (PUM) is also cooled
down to make the entire final stage cold. (See Appendix I for the downselection of the
choice to use a cold PUM with silicon ribbons/fibers.)

Matching with the heavier test mass, the weight of the upper sections is heavier. Mass
and length distribution under the practical constraints have also been optimized. Along
with these factors, the materials and strength of the various components have been
considered.

In the following sections, the resulting suspension design and performance are dis-
cussed.

5.2 Requirements

Seismic noise and thermal noise are the two key performance indicators of a test mass
suspension. The noise contribution of these has large spectral power at low frequency.
The suspension design must optimize the contribution of these two such that they do
not exceed the other noise contributions in the observation band. In the latest design, we
set the optimization to make the total suspension noise be minimized at 12 Hz.

To facilitate parameter optimization, we assumed the following configurations as fol-
lows:

• For the seismic noise (i.e., vibration isolation), we limit the total length and weight
of the pendulum so that it can be placed on the ISI.

• The coupling from the vertical vibration (or thermal noise) assumed the coupling
factor of 10−3.

• For the thermal noise, we assume that the bottom two masses are both cold.

• The upper three stages are suspended with steel wires while the last stage is made
of silicon ribbon.

• The highest frequency bounce and roll modes are required to be less than 9 Hz in
order to be outside the detection band. This requirement results in each stage need-
ing blade springs. The vertical blade springs on the PUM are to be made of silicon,
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TABLE 5: Voyager quad suspension parameters.

Top Intermediate Penultimate Final
Masses

weight [kg] 50.0 70.0 200 200
material SS/Al SS/Al Si or Al Si

temperature [K] 123 295 123 123
length [m] 0.150 0.150 0.559 0.782

Suspension Strings
# of strings 2 4 4 4

material C70 steel C70 steel C70 steel Si
string type wire wire wire ribbon

diameter/geometry [mm] 2.16 1.45 1.34 10×0.5

Vertical Springs
material Maraging Maraging Maraging Si

spring constant 3 [N/m] 1.14×105 1.82×104 2.63×104 2.60×105

while all other blades are maraging steel. Other material options are considered
and discussed in Section 5.4.1.

The material safety factor assumed in the design is about 3. The current parameters are
calculated assuming silicon can tolerate stress of 100 MPa, but this may be improved as
development progresses.

5.3 Technical Details

5.3.1 Details of the Voyager suspension design

Table 5 shows the main parameters of Voyager quad suspension.

In optimizing the mass and length of each stage based on the thermal noise and seismic
noise performance, the following restrictions were imposed:

• The bottom two stages are cooled down to 123 K, while the upper two stages are
left warm. This is to avoid the thermal noise injection from the upper side of the
final stage.

• The total length of the suspension (from the suspension point to the beam eleva-
tion = the center of the mirror) was set to be 1.642 m, according to T1500046.

• The total weight of the main suspension chain was set to be 520 kg.

• To keep the geometry practical, the minimum length of the upper two stages is set
to be 0.15 m.
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• The maximum weight of PUM was set to be 200 kg.

• The diameters of the steel wires were determined by the tensile stress to be 700 MPa,
which corresponds to a safety factor of three.

• The spring constants of the blade springs are scaled from aLIGO quad design ac-
cording to the cumulative weight of the suspension below the stage in question.

The noise spectra of the suspension as a result of the design optimization are shown in
Section 5.3.2.

Top and Intermediate stages: The upper two stages are warm metal suspension, and
thus the structural concept can be similar to the aLIGO ones.

In this suspension design, the upper two stages are kept as short as possible. This is
a deviation from the mass distribution optimized for vibration isolation4. The reason
is that the final two stages must be as long as possible to minimize the impact of the
thermal noise from the warm upper end of the UIM-PUM wires.

Penultimate stage: The PUM is cooled for the thermal noise reduction of the final
stage pendulum. In addition, silicon blade springs are used for vertical vibration isola-
tion and vertical thermal noise reduction.

Final stage: The test mass is suspended with silicon. This can be ribbons or fibers.
Primarily because of the simpler manufacturing, ribbons are used in the design.

Thermal drift of vertical springs: The temperature of the warm vertical springs will
likely decrease some amount once cooling begins, despite being outside the cryogenic
shields. The springs closer to the shields will likely experience a greater impact. Conse-
quently, it may be desirable to apply heaters and temperature control to these springs to
mitigate alignment drifting. Thermal drifts will occur not just in the vertical direction
but in pitch as well, since the pitch restoring force is sensitive to the vertical positions of
the spring tips inside the stages. Heaters can be non-contact via radiative coupling near
the springs. Sensing can be done by measuring the vertical height of each stage using
OSEMs or some other displacement sensor.

The silicon springs at the penultimate mass will need to remain cold and thus will need
to accept some thermal drift. Certain geometries, like blade springs, will minimize ther-
mal expansion offsets in the vertical direction. However, there may be no geometry that
can minimize vertical drift effects from changes in the Young’s Modulus.

4For the mass distribution optimization with regard to the vibration isolation, see T1300786, T2100287,
and G2300711.
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5.3.2 Noise performance

Figure 17 shows the noise contributions of the seismic and suspension thermal noise.
Here the seismic spectrum was supposed to be 10 times better than the aLIGO perfor-
mance taking account of the sensor upgrade of the ISI.

Below 12 Hz, the seismic noise is going to be the dominant noise contribution to the
sensitivity. Above 12 Hz, the suspension thermal noise is going to be above the seismic
noise, but still lower than the quantum noise. All of them basically share the same cross
over frequency.

Figure 18 shows the breakdown of the suspension thermal noise. The horizontal and
vertical thermal noises from a particular place (not from a particular stage) are individ-
ually plotted. At the very high frequency the thermal noise from the bottom stage is
going to be dominant. Below 20 Hz, however, the horizontal and vertical noise from the
warm upper side of the penultimate stage is going to be dominant.

Figure 19 shows the vibration isolation ratio for the horizontal and vertical directions.
In the observation band, the vertical isolation has about 1000 times higher than the hori-
zontal one. This difference is, in fact, compensated by the coupling factor of 10−3.
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FIGURE 18: Breakdown of the suspension thermal noise by the direction and location of the noise
sources
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5.3.3 Seismic platform weight limits

The existing BSC-ISI platforms were engineered to be able to handle the additional mass
that comes from having a FM (folding mirror) suspension or a TMS (Transmission Moni-
tor Suspension). Since we no longer plan to have a second interferometer installed at the
LIGO Hanford site, there is some additional capacity to have a heavier suspension there,
especially if the ITM suspension is moved to the center of the ISI platform.

For the ETM ISI, there is a similar weight savings due to the TMS residing in a separate
chamber. The Voyager test masses (TMs) will be enclosed by cryogenic baffles, and
the connection to the TMS and the ALS laser will be made through cold windows5 (cf.
Fig. 20).

The TM’s is 200 kg and the total mass of the suspension main chain is 520 kg, which
is 2.6 times the Voyager TM. Considering the level of the various suspension/seismic
noise sources, the mass distribution of the quad does not necessarily need to be opti-
mized with respect to vibration isolation, as already discussed above. There is also some
margin to further reduce the mass of the upper stage with a slight, concomitant increase
of the seismic noise. However, the direct contribution of seismic noise in the observation
band is minimal.

The mass of the reaction chain can be significantly lighter than the main chain without
significant disadvantages. The main drawback is actuation nonlinearity6 (bilinear cou-
pling) due to the increased variability of the actuator operating distance. This effect,
however, is negligible for the TM/ESD, where the noise requirement is most severe.

Thus, the combined mass of both chains is less than 700 kg and can be further reduced if
necessary. Considering these factors, it is clear that the Voyager TM suspensions will fit
within the weight limits of the existing ISI (1000 kg–1100 kg) 7.

The remaining weight margin is used for the suspension cages and other structural
setups. Regarding cryogenics, no components will contribute to the ISI payload (cf.
Fig. 20). The inner shield around the suspension chains is suspended from stage 0 of
the ISI, the ISI’s base structure. The outer shield and the outer shield tubes are rigidly
mounted on the vacuum chamber and the main beam tube. The inner shield tubes will
be suspended from the main beam tube. Therefore, only the inner shield near the mirror
is added to the ISI weight budget.

5.4 Unresolved issues

5Similar to the existing cold windows used in our prototypes: optical quality viewport with high
absorption in the MWIR and LWIR, and a high transmission in the NIR. These windows are conductively
cooled via attachment to the cryogenic shields.

6Brett Shapiro, private communication (2022)
7cf. E1000032 and G2102249
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FIGURE 20: Sketch of the ETM chamber configuration. The TMS will be accommodated in an indepen-
dent chamber. The main and reaction chains are suspended from the BSC-ISI. The suspen-
sion cage is rigidly attached to the BSC-ISI. The inner shield around the lower suspension
is suspended from stage 0 of the ISI, the ISI’s base structure. The outer shield and the outer
shield tubes are rigidly mounted on the vacuum chamber and the main beam tube. This
allows us to use thick, high thermal conductance connections for the main heat extraction
path to the cryo-cooler for the outer shields. The inner shield tubes are suspended from the
main beam tube. Soft copper links are used to extract the heat from the inner shield and the
inner shield tubes. The hot radiation from the TMS is blocked with cold windows.
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5.4.1 Metal final stage

Since the suspension thermal noise limits only at the lowest edge in the observation
band, it is not a major problem to operate the interferometer with metal-made final stage
suspensions until other noises in the low frequency band are reduced to the planned
sensitivity. Thus, the suspension R&D and interferometer development can be done in
parallel until the appropriate time comes.

With steel wire suspension, however, the deviation of the sensitivity from the design
starts from 100 Hz (See Appendix I). If we can use a material that is easier to handle
and has better Q than the Steel, the value of the intermediate metal suspension would
increase.

Possible alternative materials for the vertical blades and ribbons for the final stage are Al
or CuBe alloys.

Some of the aluminum arroys like 5056 and 2090 show a Q of ∼ 106 at ∼100 K [35, 138].
A heat treatment is not necessary as it is expected to change the Q below 50 K. The tensil
strength is in the range of 300 MPa to 400 MPa.

Beryllium Copper (BeCu) is another promising material for the purpose. A Q factor of
∼1×106 was observed at ∼100 K for annealed C17200 [36]. BeCu is a superior material
as a spring. The tensile strength is expected to be 1.3 GPa to 1.5 GPa. It is toxic during
machining. Otherwise, it is stable and requires no special treatment.

Estimates of the performance of these alternative metals still need to be made.

5.4.2 Silicon ribbons and blades

Breaking strength of silicon and mode frequencies: Maximizing the breaking strength
of the silicon suspension components is desirable in order to achieve a low bounce mode
frequency in the blade springs, and high violin mode frequencies in the ribbons.

Silicon is intrinsically a strong material, whose full potential strength has been realized
in nanoscale devices [165]. However, surface defects are generally found to limit the
fracture strength on a macroscopic scale [32].

Silicon ribbons: Silicon crystal fibers grown using the micro-pulling-down technique
have been studied as possible suspension wires [5, 6, 129]. Fibers and ribbons have also
been grown by other methods, including chemical vapor deposition [109] and floating
zone techniques [27, 160]. The surface quality of grown fibers and ribbons is consistently
good at the microscale [32], but still needs to be characterized for macroscopic samples.

Silicon ribbons can be cut or etched from wafers [13, 28]. In wafers, the edge profile
was found to be an important factor in increasing the resilience, rounded edges being
preferable [25].

Anisotropic etching of {111} silicon is known to produce perfect, atomically flat surfaces
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at the microscale [64]. However, {111} silicon with high oxygen content has a loss peak
near 123 K [80, 127].

Additional work to be done for silicon ribbons includes the following items:

• Determination of the profile of the ribbon that provides reliable bonding and mini-
mal suspension losses.

• Analysis of the loss mechanisms in silicon ribbons and the temperature and fre-
quency dependence of those losses. These mechanisms depend on the growth
method, content and type of impurities, the fabrication technique, and additional
treatments.

• Determination of the minimal value of mechanical loss in silicon at 123 K caused
by fundamental loss mechanisms.

• Experimental measurements of mechanical losses in ribbons for a wide range of
frequencies and temperatures by fabricating of ribbon-like mechanical oscillators.

• Identification of loss sources.

Silicon blades: Alternatives to blade springs, such as geometric anti-springs or Euler
springs, would also provide a way to decouple the bounce/roll mode frequency from
the breaking strength [23, 101]. The bounce and roll mode frequency requirements in
Section 5.2 require further detailed consideration of the blade design to be compatible
with the size and strength.

Surface loss and thermal noise: Surface loss in silicon is the likely limit to thermal
noise in a ribbon geometry, where the thermoelastic loss is small. It was found to be
low at temperatures near 0 K [107], but apparently has not been characterized at 123 K.
Further reductions may be available through improved surface quality and passiva-
tion [62, 97, 146].

Implementation Assuming ribbons can be manufactured, detailed studies of how to
attach them to the TMs and PUMs are needed. The science requires sufficiently strong
and low loss bonding at the interface with the TM ears and blade springs, while there
are also engineering requirements such as replaceability.

See Section 5.4.3 for bonding.

Fabrication
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• Ribbons instead of fibers so that they can have a 10:1 aspect ratio and thereby a
large dissipation dilution. There is some trade off here because the increased as-
pect ratio increases the fraction of energy stored in the lossy surface region. Also,
since we are operating at 123 K where the thermoelastic noise goes to zero, it can
not be made to cancel the dY /dT term. Therefore we can not operate at extremely
high stresses where dY /dT dominates.

• It is hoped that when working with silicon instead of silica, there will be a perfor-
mance improvement by moving from round fibers to rectangular cross-section
ribbons, due to the better preparation of the surface.

• Realization of techniques for fabrication of Silicon ribbons

– Wet chemical etching

– Dry chemical etching

– Additional chemical treatment for reduction of mechanical losses and increas-
ing of breaking strength.

• Realization of techniques for bonding of silicon ribbons. See Section 5.4.3.

• Fabricating and testing reduced prototypes of quasi monolithic silicon suspension.

– Optical

– Thermal

– Mechanical (Young’s modulus, loss angle)

• Analysis and measurement of additional mechanical losses and noise in the test
masses associated with interaction of the test mass with electrostatic drive taking
into account electrical conductivity of silicon at temperature of 123 K.

• Analysis of stability of the operating temperature on different noises (how stable
must the local and average temperature of the test mass be).

• Comparison of the measured to required LIGO Voyager parameters.

5.4.3 Silicon bonding

The silicon bonding techniques will be required for the silicon ribbons to be attached to
the test masses and the blade springs. The technique should provide reliable bonding
with minimal suspension losses.

Several methods, like chemical bonding (e.g. HCB) and direct bonding (optical con-
tact), are known. It is necessary to choose and test for breaking strength and mechanical
losses.
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5.4.4 Actuation of ETMs

The LIGO test masses are currently controlled via actuation of upper stages of the sus-
pension as well as forces directly applied to the mirror. This mirror actuation is neces-
sary for several purposes:

1. longitudinal motion to lock the DARM degree of freedom

2. angular control of the arm cavities (should be entirely handled by the PUM)

3. control of parametric instabilities

However, given the problems we have experienced with electro-static actuation, and
the unknown (as of yet) problems associated with having a high voltage actuator on a
semiconductor, we would like to avoid this. Doing away with an ESD also allows us to
have the reaction chain of the suspension at a larger distance.

The current ESD delivers a force of ∼400 uN to a 40 kg mass. For a 200 kg mass, this
would require 2000 uN to achieve the same displacement (above the pendulum longitu-
dinal eigenfrequency).

Some possible candidates for a 2 mN ETM actuator:

• photon calibrator (P = 300 kW)

• amplitude modulated field injected through the dark port

• magnets: glue would be a thermal noise source, though it may also help with
damping parametric instabilities. The glue would also have to survive thermal
cycling.

• ESD: this may produce heating issues in the silicon test mass via eddy currents

• Newtonian gravity actuator: may be a source of vibration

In reality, we do not use the full design range of the aLIGO actuator. Further modeling
is required to determine what the actuator range requirement really is. It is possible to
consider increasing the range of the upper stage actuators to compensate.

There could also be two styles of actuators, one low noise and small range, the other
high noise but high range. The latter would be used for locking, or preventing lock loss
during high noise times. The former would be used while in science mode. It is possible
that in this case we could get away without a reaction mass altogether. For example,
perhaps the high noise actuator could be mounted to the cage.
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5.4.5 Detailed suspension modeling

The Voyager suspension model so far has been calculated with a point mass model.
A detailed study of the suspension geometry with a rigid body model is also needed.
An FEA model is also needed for more detailed study of thermal noise and strength
evaluation. These are currently missing although the tools are readily available.

5.5 Development Approach & Timeline

5.5.1 Development Stages

Much of the research work can be pursued in parallel. The dates given will depend
mainly on the start date and how much of the initial work is done in parallel since the
initial period contains a significant amount of work.

R&D

• Ribbon Production [3 years]
The development work required to produce silicon ribbons of appropriate geom-
etry and strength is dealt with in more detail in section 5.4.2. As far as schedule
is concerned, we note that this drives much of the rest of the work. Some parts of
ribbon development will be done in parallel with strength testing since these are
codependent. The timescale for this particular section of research is challenging to
predict, though around 3 to 4 years seems a reasonable estimate.

• Strength Testing [2 years]
The highest risk part of the silicon ribbon research is the tensile strength achiev-
able. Results to date show a large variation in values and are completely depen-
dent on surface preparation. Strength testing should be carried out as a function
of temperature rather than just at room temperature. We propose to undertake
testing of a large number of small silicon samples (approximately 3"×0.5"×0.02")
using destructive strength testing. During this initial phase which would last for
around 1 year, we will test many different surface preparations as listed in section
5.4.2. It will be crucial to complete this phase of testing early on to mitigate risk.
In parallel, each stage of progress will be mirrored with strength testing of the rib-
bons. The final full length ribbons must have a reasonable group of results from
strength testing, such that statistics can be gained to understand failure rates.

• PUM Springs [3.5 years]
Silicon springs at the penultimate mass (PUM) will be needed to lower the bounce
and roll mode frequencies. This is particularly important if the tensile strength of
silicon ribbons proves too low to achieve frequencies below 10 Hz without springs.
This work must include methods of attaching the springs to both the penultimate
mass and the ribbons.
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• Silicon material losses [1 year]
Initial research into dissipation in silicon at cryogenic temperatures has already
been done by several groups worldwide. It is likely that we will want to repeat
some aspects of this using the exact material processing that we choose to use. This
work can be undertaken in parallel to other research.

• Bonding research [3 years]
The ribbon fibers will need to be bonded to the masses through some means,
whether that involves intermediate ‘ears’ or direct bonding. Bonding of silicon can
be done using hydroxycatalysis bonding, similar to aLIGO, however it requires
oxidation of the surfaces prior to bonding. The exact method for these joints will
require research including strength testing and mechanical loss measurements.
The results of these will be used to produce a finite element model that can give
the thermal noise from the bonds.

Suspension design

• Seismic isolation performance [0.3 years]
Not a driving concern in the design, but the total noise performance including
direct seismic transmission and noise pollution from the local damping loops must
be considered. As-built aLIGO damping loop gains are higher than the aLIGO
design, so LIGO Voyager should incorporate this knowledge.

• Thermal Noise Modeling of Suspension Final Stage [1 year]
The suspension design downselection will be based on FEA modeling, including a
detailed structure of the bulk and surface losses.

• Engineering [1 year]
Incorporation of lessons learned in the commissioning of the aLIGO suspensions
including: design of damping feedback loops for the free body modes, the bounce
and roll modes, and the violin modes; minimized couplings between degrees of
freedom; generally good controllability and observability; and ease of assembly
and maintenance.

Monolithic suspension prototyping [2 years] We propose to build a partial prototype
suspension in order to demonstrate all the technology required for the monolithic struc-
ture of the suspension and the cryogenic cooling. This does not need to be a quadruple
suspension. It should include the final two stages of the suspension.

The duration given here is indicative of build time for this suspension rather than the
research and engineering that would precede this phase.

Full engineering prototyping [4 years] Similar to the noise prototype suspension
produced for aLIGO, we propose to produce one full-size cryogenic silicon suspension
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as a prototype. At first a metal prototype should be made (1 year). This will allow us to
examine the suspension performance comparing it with a model. This also provides us
the mating test with a ISI platform. This prototyping can be done in parallel with the
prototyping of the monolithic stage.

After (or before) the metal suspension test, the cryogenic system should be added to the
facility. (1 year)

Once the technology of the monolithic stage is established at the monolithic prototype,
the same technology will be incorporated to the prototype. (1.5 years)

At this point we are going to demonstrate the full cryogenic prototype mated with an ISI
platform. This will be a major demonstration of the readiness of the suspension.

Production and Procurement [1.5 years] Production and procurement of parts for full
suspensions, including suspension structures, all custom design mechanical parts, upper
stages including vertical isolation components.

Assembly work [1.5 years] According to the experience of aLIGO Quad production,
the production (assembly) process consists of three parts. 1) subassembly production,
2) metal suspension production, 3) monolithization. The total time of 15 months are ex-
pected for these steps. If we split the work between the site, this period can be shortened
to ∼9 months.

Refurbishing the aLIGO suspension for the Voyager purpose won’t be an efficient choice.
Here, the production of new suspensions is assumed as the default plan. Here the pro-
duction of 10 suspensions are assumed.

1. Subassembly production, 3 months, 8 people, per 10 suspensions: In aLIGO total
16 suspensions were made (4quads×3IFOs+4spares). At LHO, subassembly for 10
quads have been made by 8 people working for ∼ 3 months. We suppose this is the
time we require for the subassembly for the Voyager suspension.

2. Metal suspension assembling/testing/initial alignment, 0.7 months, 3 people,
per suspension: Metal suspension production is used for the basic test of the sus-
pension functionality check including the transfer function test, initial alignment,
and so on.

3. Monolithization 0.4 months, per suspension: The two lower metal masses are
replaced with Silicon masses. Also the four silicon ribbons will be installed and
bonded/welded with the final material.

Installation An assembled quad suspension will be mated with a cartridge, and in-
stalled into the chamber. After the transfer function testing, alignment, and cleaning,
baffling will be done. This will also include closing of the cryostat. aLIGO experience
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suggests this takes 2 to 3 weeks per suspension. Therefore it takes about ∼3 months per
site.
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6 Arm Length Stabilization

As in all LIGO type interferometers, Arm length stabilization (ALS) is required for Voy-
ager, in order to ease the problems of initial lock acquisition. The shift to silicon test
masses and a different main laser wavelength require an ALS laser wavelength that will
transmit through the test masses and is capable of being locked to the PSL beam.

6.0.1 Dichroic length reference

XAUX
(1.55 um)

PSL
(2.05 um)

To YARM

IMC

XARM

AOM

VCO

AOM

Length
reference

FIGURE 21: Multicolor reference cavity or delay line ALS scheme. VCO: voltage controlled oscillator,
AOM: acousto-optic modulator, Ref Cav; optical delay line or reference cavity acting as
frequency discriminator, PD: photodetector, IMC: input mode cleaner.

6.1 Requirements

The ALS aux field needs to transmit through the ETMs and ITMs and has to be locked to
the main laser. The frequency noise on the ALS laser, relative to the main laser, needs to
be ⪅10 Hz RMS as in Advanced LIGO [135]. We expect the frequency stability for lock
acquisition to be essentially the same for Voyager, since there are no planned changes in
the coupled-cavity CARM pole.

6.2 Technical Details

Arm-length stabilization (ALS) relies on the scaled frequency comparison between the
PSL and an auxiliary (AUX) laser. The AUX laser operates at a different wavelength to
track the arm cavity motion independent of the rest of the interferometer. By correctly
rescaling this information, a relative comparison with the PSL allows the interferometer
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to approach full resonance in a controlled way. Traditionally the scaling and comparison
become straightforward by letting the AUX wavelength be half the PSL wavelength, and
a beatnote detection is possible after appropriate frequency doubling stages.

We consider a Voyager AUX wavelength near λa = 1550 nm to avoid the Si absorption
band, and for its commercial convenience. Because of the PSL-AUX anharmonicity, a
different scaling process than second harmonic generation is required before comparing
the two lasers. A straightforward scheme would be to use a dichroic reference cavity (or
equivalent stable length reference) acting as a transfer oscillator, schematically shown
in Fig. 21. An even more general scheme would be to use an octave-spanning frequency
comb stabilized in feedback or feedforward, where the latter is schematically shown in
Fig. 22, making the specific AUX wavelength irrelevant.

A dichroic (multicolor) reference cavity or optical fiber acts as a common-mode delay
line for the two wavelengths, and is a common way of comparing arbitrarily separated
lasers when the residual length fluctuations are small. In this scheme, AUX-PSL beams
are picked off and frequency shifted by the same amount before being locked to the
length reference (e.g. cavity or optical fiber). Self-heterodyne frequency discrimination
for PSL and AUX derives two radiofrequency signals which are scaled by the exact PSL-
AUX frequency ratio k before their comparison to generate the ALS error signal.

6.2.1 Optical frequency comb

AUX

PSL

OFC

DDS

Feedback

Radio-frequency

Optical

FIGURE 22: ALS error signal using optical frequency comb. IMC: input mode cleaner, DDS: digital
direct synthesizer, AUX: auxiliary laser, OFC: optical frequency comb.

Optical frequency comb (OFC) teeth frequencies comprise “repetition rate” νr har-
monics offset by a “carrier envelope offset” ν0, which may be traced out in an octave-
spanning comb. Residual OFC fluctuations may be suppressed with feedback (e.g. using
the PSL as a reference), or feedforward (using the exact PSL-AUX frequency ratio k) to
realize the low noise transfer oscillator. Then, the ALS error signal may be synthesized
by beating PSL and AUX lasers with the OFC (i.e. scaling), and comparing the two RF
signals.
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6.3 Unresolved issues: ALS

1. The PSL and auxiliary lasers may be locked to each other by using the transfer
oscillators described above, i.e. a dual wavelength reference cavity or an optical
frequency comb.

2. A high reflectivity for the auxiliary lasers may allow high enough sensing noise to
enable a calibration readout using the ALS beat signals. Such a frequency based
calibration is currently under development to reject systematic errors in combina-
tion with photon calibrators.

3. Several mW level power auxiliary lasers are commercially available that can meet
the frequency noise requirements if the auxiliary wavelength is chosen to be 1550 nm.

6.4 Development Approach & Timeline: ALS

1. Existing loop designs and noise budgets for the auxiliary lasers can easily be
adapted

2. If the auxiliary wavelength is fixed to 1550 nm, a wide variety of commercially
available options are feasible.

3. An ALS system could be prototyped with either a reference cavity of OFC at the
40m prototype (Mariner) as was done in [67]
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7 Thermal Wavefront Control

As with the earlier incarnations of LIGO (Initial LIGO, Advanced LIGO and A+), LIGO
Voyager requires high power to achieve the required sensitvity to GW strain. As with
each of those iterations, absorption in the test mass coatings and substrates will yield
temperature gradients that will alter the optical properties of the interferometer. Those
earlier designs had to contend with both thermo-refractive lensing and thermo-elastic
deformation, requiring correction for (1) ITM substrate lensing, (2) ITM surface deforma-
tion and (3) ETM surface deformation. However, thermal effects in Voyager appear to be
easier to contend with than previously for two critical reasons:

1. a crystalline silicon test mass at 123 K has large thermal conductivity (see Fig. 41)
which helps to reduce the magnitude of thermal gradients. For example, 1 ppm
absorption, 3 MW incident and 3 W of absorbed power, the temperature gradient
would be only ∼30 mK across the beam radius.

2. the vanishing coefficient of thermal expansion at 123 K, coupled with the small
thermal gradient effectively eliminates thermo-elastic deformation on surface of
the test masses, removing two of the three thermal issues associated with a high
power interferometer. This also removes the main issue with point absorbers on
the surfaces of the optics [20].

However, the thermo-refractive coefficient (dn/dT) in silicon is not equal to zero at any
finite temperature. Therefore, it will be important to compensate for the thermal lens
in the ITMs and BS, as well as adjust the wavefronts for better matching to the other
cavities and to reduce the contrast defect.

In Voyager, this thermal compensation will be achieved with room-temperature silicon
compensation plates (CPs) adjacent to the beam-splitter, as illustrated in Fig. 23. The rel-
ative size of the Voyager, aLIGO and other thermal lenses are shown in Fig. 24. Despite
absorbing nearly an order of magnitude more power than aLIGO, the high thermal con-
ductivity of silicon keeps the thermal lens size to approximately 65% of that expected in
A+ and just under twice what we currently see in O4.

7.1 Requirements

The thermal compensation system (TCS) will require a similar design to Advanced
LIGO [19], with sensors and actuators. In order to measure thermal distortion in the
test masses, the TCS requires wavefront sensors that operate at a wavelength where
silicon is transparent. The sensitivity and stability requirements are expected to be the
same as A+.

The thermal correction requirements for Voyager are an active area of research. As of
writing this version of this document, TCS modeling is underway to determine the pre-
cision and range of compensation required for ideal IFO operation for A+ and ASharp.
The requirements that emerge from that modeling will also apply to Voyager.
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BS (295K)
CPX (295K) ITMX (123K)

Cryo shieldsRing heater

TCS directed radiation
(CO2/IR/thermal)

≅5m

FIGURE 23: Cartoon illustrating the layout of the compensation plate and the test mass for Voyager
TCS. The compensation is adjacent to the beam-splitter, approximately 5 meters from the
ITM.
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FIGURE 24: Comparison of expected optical path distortion (OPD) for aLIGO O4, A+, ASharp, iVoy-
ager and Voyager Deep nominal operation (with the emissivity of the silicon optics ranging
from 0.6 to 0.7). The relevant powers and material parameters are in Tables 6 and 7.
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7.2 Technical details

The thermal compensation system for Voyager is only required to correct thermo-refractive
lensing in the substrate of the ITM (and a marginal amount in the compensation plate).
The inverse lens will be created in the compensation plate using a combination of ring
heaters (RH) and IR lasers.

The baseline design for Voyager calls for a room-temperature silicon compensation plate
located near the beam splitter. It is impractical to use a fused silica compensation plate
as the additional thermal lens from self-heating alone would be larger than the lens
in the ITM that we are trying to correct. Conversely, the main advantage with a room-
temperature silicon CP with RH is that change in thermal conductivity and dn/dT for
silicon both work in our favor when going from 123 K to 295 K. That is,

• the cryogenic silicon test mass minimizes the thermal lens for exposure to a large
amount of self-absorbed power (ideal for minimizing the distortion we are trying
to correct),

• whilst, a room temperature silicon compensation plate maximizes the thermal
lens with power (approximately 6× stronger gain, ideal for maximizing thermal
acutation).

Specifically, comparing the silicon lensing responses for annular heating at 295 K (−3.8 µD/W)
and central heating at 123 K (13.4 µD/W), see Table 6, shows that we need approximately
3.5 W from the CP-ring heater for each Watt absorbed from central heating in the test
mass. The absorbed power levels are given in Table 7. Given that we assume approxi-
mately 4.8 W of laser heating of the ITM from the main laser (based on a spec of 1 ppm
absorption), this requires a ring heater power of approximately 17 W.

Property Value at 295 K Value at 123 K

Thermal conductivity, κ 150 W/mK 500 W/mK
dn/dT 1.8×10−4 1/K 0.95E-4 K−1

Response (dn/dT/κ) 1.2×10−6 m/K 1.9E-7 m/K
Central heating 85 µD/W 13.4 µD/W
Annular heating −3.8 µD/W −0.6 µD/W

TABLE 6: Annular heating assumes compensation plate with gold barrel

7.2.1 Example TCS compensation pattern

We assumed that the thermal control consisted of a TCS IR laser illuminating the room-
temperature CP face and a ring heater (RH) around the compensation plate, as shown in
Fig. 23. We calculated the intensity distribution (and RH power) required to minimize
the thermo-refractive distortion for the Voyager Deep thermo-refractive lens (with 4MW
in the Fabry-Perot arms). A TCS heating pattern of approximately 30 W is required with
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A+ Voyager D/WB iVoyager
Absorption
Substrate absorption < 0.2 ppm/cm 1.0 km−1 1.0 km−1

Coating absorption 500×10−9 1.0×10−6 1.0×10−6

Cavity powers
Power-recycling 5.4 kW 2.8 kW 840 W
MICH. (ITM substrate) 2.7 kW 1.4 kW 420 W
Fabry-Perot Arm 750 kW 3.9 MW 1.2 MW
Absorbed power
CP substrate < 10 mW 280 mW 84 mW
ITM substrate < 20 mW 840 mW 500 mW
ITM coating 380 mW 3.92 W 1.18 W
ITM total 400 mW 4.76 W 1.68 W
ETM total 380 mW 3.9 W 1.2 W

TABLE 7: Power absorbed in the Voyager optics.

a ring heater power of approximately 20 W, as illustrated in Figure Fig. 25. This simple
correction leaves a residual OPD of less than 0.1 nm.

7.3 Unresolved issues

7.3.1 Control of HR Surface of TMs

The zero CTE of silicon at 123 K prevents standard ring heater techniques of control of
the ROC of the test mass which precludes changing the g-factor or HOM of the arm
cavities.

At the moment, there is no practical way to adjust the test mass surface (RoC and higher
order terms) once the optics are manufactured. Possible ways to induce curvature
changes might include mechanical and electrostatic distortion.

7.4 Development Approach & Timeline: TCS

The development approach and timeline for TCS for LIGO Voyager is expected to be
similar to aLIGO. However, significant research is needed to determine what, if any-
thing, is needed to address the lack of ability to tune the RoC of the test mass. It remains
to be seen what the RoC matching requirements will be and if that can be met by initial
figuring.
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FIGURE 25: (Top) thermal compensation laser intensity pattern, (middle) optical path distortion for self
heating (from ITM-coating absorption and substrate absorption in the CP and ITM) and
OPD from the compensation and (bottom) the residual optical path distortion.
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8 Laser Source

As described in Section 10, the laser will have a wavelength of 2050 nm. The laser output
power requirement is described in Table 8.

In this section we describe the development of a pre-stabilized laser in this range: what
research remains to be done and the proposed development timeline.

8.1 Overview

The selection of a laser for LIGO Voyager involves a complex decision making process
which must be made in the context of a constantly evolving technological landscape.
The laser requirements for LIGO Voyager are unique in that we need single frequency
operation, good frequency actuation for control, high spatial coherence, high power and
high reliability. These requirements will probably not be achievable in an off the shelf
laser on the timescale of LIGO Voyager.

In the 2 micron region fiber laser amplifiers are attractive because of their long inter-
action lengths allowing efficient lasing using other dopants. Very efficient high power
fiber lasers have been demonstrated using thulium [143] at ∼ 1900 nm and holmium [61]
at ∼ 2000 nm. These laser hosts have not yet been developed for single frequency, low
noise operation, nor for use in GW detectors. Reliable master oscillators must also be
developed. NPROs using these dopants have been developed in YAG hosts (see below)
but the resultant wavelengths are not necessarily suitable for use in glass fiber lasers.

As of the time of writing, it appears that the application of high power fiber laser ampli-
fiers in GW detection is promising, but will require research to combine the approaches
for mitigating Spontaneous Brillouin Scattering (SBS) and mode instabilities with the
simultaneous requirements for reliable single frequency, polarized, low noise oper-
ation and/or make use of coherent combination of individual lower power devices.
Some work [52], indicates that SBS will not be an issue at 300 W but this has not been
confirmed for the extremely narrow linewidths that the Voyager laser will require.

8.2 Requirements

8.2.1 Laser Power

The laser power requirement is derived from the ultimate power handling limits of the
arm cavities in cryogenic configuration; we would maximize the laser power for the
high frequency sensitivity and then use a combination of squeezing and heavy mirrors
to reduce the low frequency radiation pressure noise.

This power limit is estimated in Section 4 to be 4 MW in the arm cavities. Table 8 gives a
breakdown for the power levels throughout the interferometer. It may be possible to re-
duce the required power if we can increase the amount of power recycling by reducing
losses in the arms.
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Power (Voyager Deep) Power (iVoyager) Temperature (K)
Laser Output 290 W 88 W 300
IMC Input 270 W 80 W 300
IMC Output 200 W 60 W 300
BS 2.8 kW 840 W 300
Arm Cavity 3.9 MW 1.2 MW 123

TABLE 8: A breakdown for the power levels throughout the high power regions of the interferometer.
The 300 W laser power level required for Voyager Deep will be achieved via coherent combina-
tion of high power lasers [14].

8.2.2 Noise requirements

The noise requirements (intensity, frequency and beam jitter noise) are still to be deter-
mined using a full closed-loop model of the interferometer that includes a Finesse based
simulation of IFO response coupled to a model of the MIMO length sensing and control
system. This is a complex and lengthy modeling task. In lieu of this being completed,
initial estimates of the intensity and frequency but not jitter, noise requirements are con-
structed in a similar fashion to aLIGO.

The use of crystalline materials increases the risk of birefringence. As such, polarization
noise needs to be considered more carefully than for aLIGO.

Intensity noise The relative intensity noise requirements for the LIGO Voyager laser
can be defined in a similar manner to those for aLIGO:

• Control band: 0.1 – 10 Hz. The intensity noise induced radiation pressure motion
should be below the equivalent ISI motion or less than 0.01/

p
Hz, which ever is

smaller.

• GW band: 10 – 2000 Hz. Radiation pressure from intensity noise will couple to
DARM via power imbalance through the two arms. Assuming a power imbalance
of 1%. The residual displacement noise must be at least 10x lower than the target
displacement noise curve.

• GW band: > 2 kHz. The noise on the residual RF sidebands that reach the detec-
tion photodiodes must be at least 10x lower than the shot noise from the carrier.

For relative intensity noise, the main differences between Voyager and aLIGO are the
change in the stored arm power, the increased mass of the test-masses and the transi-
tion to a balanced homodyne readout, the latter allowing for significant reduction of
amplitude noise through common mode noise rejection.

Frequency noise The frequency noise requirements for the laser are determined in the
following way:
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1. Establish suppression of frequency noise using the common mode control servo.
An excellent description of the topology of this servo is given in Evan Hall’s thesis
[56] and also in a series of documents by Kiwamu Izumi and Daniel Sigg [68, 69].
The goal of this step is to essentially brute-force adapt the common-mode servo to
LIGO Voyager with the only tuning being adjustments to the various open-loop
transfer functions of cavities that are different from aLIGO (due to changes in the
finesse of those cavities).

2. Establish transfer function of the residual frequency noise to the DARM signal
on the anti-symmetric side of the interferometer. This is achieved using a Finesse
model of the interferometer along with various assumptions (given below) about
differences in optical parameters (losses, BS reflectivity, ITM reflectivities, ITM
ROC, etc) that cause common mode noise to couple to the anti-symmetric port.

Polarization noise Polarization noise has been explored for the silicon substrates to set
the limit on allowable polarization noise in the test masses [100]. The backpropagation
of this requirement to the symmetric input port of the PSL to determine the input laser
polarization noise requirement is still TBD.

8.3 Technical Details

Much of the technical details for the LIGO Voyager laser are largely unresolved. The
topology of the laser is likely to be similar to the aLIGO MOPA design with a low noise
seed laser and two or three subsequent amplifier stages:

1. Low noise seed laser (approximately 50 mW output)

2. Low power amplifier stage (approximately 1 – 5 W output)

3. Medium power amplifier stage (approximately 10 – 50 W output)

4. High power amplifier stage (approximately 100W output)

5. Coherent combination of lasers for 300W output [14].

It is expected that we will use thulium doping for the amplifiers as this covers the wave-
length range 1900 – 2050 nm.

8.3.1 Possible seed laser architectures

There are three main technologies that are being consider:

• NPRO: This is not a widely developed architecture for this wavelength range.
However, this architecture typically provides excellent output power, polariza-
tion stability and high-speed frequency control. These laser also typically have a
narrow linewidth and low frequency noise in the RF band.
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• Fiber laser source: Fiber-Bragg grating laser sources are easily manufactured and
tuned for a given wavelength. They provide reasonable output power. They do
not, inherently, allow for fast frequency control without additional opto-electronics.
Their inherent frequency noise is not well known. Can be polarization selective.

• DFB diode laser sources: Relatively low cost. Minimal output power (10mW-
50mW range). Fiber coupled output. Polarization stability is unknown. Fast fre-
quency control is possible via feedback to the current supply of the laser. Rela-
tively low frequency noise [9].

8.3.2 Amplifier stages

As of this writing in 2024, Advanced LIGO is operating with around half of the initial
design input power (125 W into the PRM). To embrace this phased approach, we will
likely utilize coherent beam combination [14], with each of the amplifiers having an
output power of ∼75 – 100 W.

8.4 Unresolved issues

• Exact topology (fiber/free space interface). We have yet to determine the exact
configuration of free-space/fiber sources and where interfaces will be.

• Coherent beam recombination meeting all requirements.

• Polarization control with fiber laser. Polarization selective fiber laser sources exist
[15], but the control authority and requirements for polarization are uncertain.

• Fiber coupling issues with high power. We will require 300 W of CW laser power -
how significant is this when coupling fibers together?

8.5 Development Approach & Timeline

8.5.1 Development Approach

Essentially, we are reusing as much as possible from the existing aLIGO system, mean-
ing:

• KEEP all wavelength independent components, both physical (e.g. opto-mechanics)
and abstract (e.g. engineering designs and procedures).

• REPLACE all wavelength dependent components (e.g. optics, opto-electronics,
etc).

A nearly complete list of what we will keep and replace is detailed in Table 9.
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KEEP REPLACE
Laser enclosure/clean environment Optics (mirrors/lenses/beamsplitters,

wave plates, PMC mirrors)
Optical topology / equipment footprint Electro-optics (photodiodes, EOMs, AOMs)

Electronics Pump diodes
Optical table Fiber optics

Engineering design Laser source (master oscillator,
mid-power amplifier, high-power stage)

Control strategy Chillers
Data acquisition Mode-matching layout

Opto-mechanics (mounts, Output power control
PMC spacer, four-axis tilt aligners)

Reference cavity vacuum reference cavity mirrors
Digital control (remote control) Internal controls

Laser safety procedures Laser safety equipment
Facilities interfaces (electrical,

environmental, plumbing)

TABLE 9: List of the laser items to be kept and replaced

Requirements

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Conceputal proposals

Proof of princ. FE stage

Demo of high power stages Engineering design created
 for final design

Installation of high power systems in LIGO

Advanced LIGO PSL Timeline

FIGURE 26: Advanced LIGO PSL development timeline.

8.5.2 Development Timeline

The aLIGO high power laser requirements are documented in G000121. The final design
review for the aLIGO laser took place around 2010 (cf. T0900649 and Fig. 26). The in-
stallation was complete by the end of 2012. We use this framework as our baseline for
estimating the development timeline for the LIGO Voyager laser.

The proposed timeline of laser development for the Voyager PSL is shorter than the
aLIGO one, as illustrated in Fig. 27. We believe that by reusing most of the aLIGO PSL
engineering and infrastructure, we can radically reduce the required engineering and
the time required to install the equipment (for example, no new laser enclosures will
need to be built).

The laser operation will be staged in a similar way to aLIGO: (T1200307):
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FIGURE 27: LIGO Voyager timeline for laser work.

1. starting at low power for a year or two

2. graduating to medium power for another 12 months

3. followed by an increase to full power

allowing for an additional 3 years or so from the start of 3rd generation commissioning
until full power is required). As the high-power stage will not be needed for several
years, we can develop this stage in parallel with the testing and engineering to expedite
Voyager operations.
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9 Quantum Noise Engineering

9.1 Overview

Future GW interferometers will be limited by quantum noise above ∼ 10 Hz. Reductions
of quantum noise (phase noise at high frequencies and radiation pressure fluctuations at
low frequencies) will improve the GW sensitivity over nearly the entire detection band.

Extensive research has been carried out in the last decade to find solutions to reduce
quantum noise in gravitational wave detectors complementary to increasing the laser
power stored in the arm cavities. There are essentially two main (not exclusive) ap-
proaches that have been identified:

• Squeezed light [88] injection from the dark port

• interferometer optical topologies alternative to recycled Michelson interferometers.

After the demonstrations in GEO600 and in the H1 LIGO interferometer [3, 83], squeez-
ing at 1064 nm is now a mature technology for application in gravitational wave detec-
tors, and the use of frequency dependent squeezing has even spread the improvement
to the radiation pressure dominated frequency band (10 – 100 Hz).

9.2 Requirements

High levels of squeezing covering the frequency band from 0.01 –10 kHz can be rou-
tinely generated at 1064 nm in an Optical Parametric Oscillator (OPO) by paramet-
ric down-conversion from 532 nm. In table top experiments, squeezing levels higher
than 10 dB have been measured [136, 155]. However, the amount of useful squeezing
is strongly dependent on the amount of loss that the squeezed beam encounters in the
path from the squeezed light source to the measurement photodetector. In gravitational
wave detectors, reducing these optical losses below 20% is a non-trivial practice, due to
the large number of optical loss sources.

Based on the analysis described in [98] and the success of the filter cavity, the Voyager
design relies on injection of frequency dependent squeezed light as a baseline solution
to achieve a broadband reduction of quantum noise with respect to Advanced LIGO.
The significant reduction in scatter loss which comes with increased wavelength, how-
ever, may yet drive the design towards something more complicated in the future: i.e.
frequency dependent squeezing input may not be the optimum choice for low loss inter-
ferometers.

9.3 Technical Details

The design sensitivity curve shown in Fig. 3 is obtained by injection of 10 dB of pure
squeezed state at 2000 nm into a 300 m long filter cavity with 10 ppm (cf. Fig. 53) round
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trip loss. The losses between the squeezed light source and the interferometer are 5%,
while the readout losses (common to the squeezed field and the interferometer signal
field) are 5%.

9.3.1 Filter Cavities for Input Squeezing

In Advanced LIGO, quantum noise appears in two flavors: shot noise and radiation
pressure (back-action) noise. Due to the Heisenberg Uncertainty Principle, reduction of
high frequency quantum “shot noise” will correspond to an increase of low frequency
quantum “radiation pressure” noise. Direct squeezed light injection [3, 83] will not,
therefore, be suitable for LIGO Voyager. However, squeezed light can be manipulated
so as to generate “frequency-dependent squeezing" by rotating the squeezed field rela-
tive to the interferometer field in a frequency dependent way. This can be achieved by
reflecting the squeezed beam from a high finesse, detuned filter cavity before injection
into the interferometer [77].

Filter cavities and their properties have been extensively studied theoretically [39, 58,
76]. The performance of a filter cavity can be described in terms of its intra-cavity losses
per unit length. The lower the losses per unit length, the better the filter cavity is able to
“rotate” the squeezing ellipse without degrading it.

Extensive work has gone into characterizing optical losses in high quality fused silica
optics with IBS coatings. Absorption losses are typically less than 0.5 ppm; scatter losses
are significantly higher and also depend on the laser beam spot size [66, 90]. Direct mea-
surements report round-trip losses of 10 ppm (5 ppm per bounce) for beam spot sizes in
the 1−3 mm range (corresponding to confocal lengths of 5 – 25 m range), giving losses per
unit length of 0.5 ppm/m with a 20 m long filter cavity [66].

Frequency dependent squeezing at 1064 nm has been experimentally demonstrated in
the kHz – MHz regime [24, 110] and in gravitational wave detectors at audio frequencies
with a crossover frequency near 43 Hz [49]. Technical noise sources including phase
noise, optical loss, and mode mismatch can limit the realistic performance of a filter
cavity [79]. Ongoing work continues to characterize the noise coupling mechanisms for
frequency dependent squeezing in existing gravitational wave detectors. Much of this
development work translates directly into the development of a squeezing system for
LIGO Voyager in the 1550 – 2000 nm band.

9.3.2 Loss Control

Every optical loss in the path from the squeezed light source to the measuring photo-
detector allows vacuum fluctuations to degrade the squeezed state. Reducing optical
losses is the only way to ensure high levels of measured squeezing. Moreover, phase
noise between the squeezed field and the interferometer field also becomes a loss mecha-
nisms [37].

The following are the components which introduce most of the losses observed in
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FIGURE 28: Breakdown of sources of quantum decoherence. On the left, the circa 2017 losses (total =
20%) in aLIGO. On the right, the estimated losses (total = 11%) for LIGO Voyager.

Component Adv LIGO Adv LIGO + Voyager

SQZ Input Faraday 2.1 0.5-1% 2%
Arm Loss 0.2 0.2% 0.2%
Output Faraday 3.3 0.5-1% 3.3%
SRC Loss 1.0 1% 1%
OMC MM 8.0 2.5% 2%
OMC Trans 5.0 2% 2%
PD QE 1% 2% 0.5%
Phase Noise ∼ 15 mrad 20 mrad 20 mrad

TABLE 10: Optical Losses which limit the measured squeezing improvement.

squeezing injection into the interferometers (fused silica, 1064 nm):

• mode mismatch (squeezed beam to OMC)

• OMC throughput

• polarizing components (Faradays rotators, polarized beam splitters)

• photodetector efficiency

• OPO internal losses

To achieve 10% total losses, as currently assumed in the LIGO Voyager baseline curve,
all of these loss sources need to be of the order of 1 – 3%. This seems feasible, albeit with
some development required in the next several years:

1. InGaAs photodetectors with extremely high quantum efficiency at 1550 nm (QE >
99%) are already available [95]. Either extended InGaAs or a suitable replacement
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detector for 2µm with a QE > 99% will need to be developed. Alternatively, optical
domain pre-amplification either through homodyne phase-sensitive amplification
or sum frequency generation could permit use of existing lower QE photodiodes at
2 um or high QE photodiodes at shorter wavelength, respectively [10, 21]. SFG is
more described in Section 9.3.3.

2. Faraday isolators for 1550 nm are commercially available and have typical through-
put of 95%. 98%-99% loss single passes are required. There is no fundamental limit
here; as before with aLIGO, we will have to work with vendors to develop and
select high efficiency components.

3. Losses in the OMC and the OPO need to be below 2 – 3%. The throughput of the
aLIGO OMCs during the O2 run were 96 – 97%. It is expected that the losses will
decrease by a factor of ∼ 2 with the longer wavelength. Low loss OPOs for 1.5 –
2.2µm squeezing are under development [93] within the LSC.

A more thorough accounting of losses as they are related to mode matching and wave-
front correction is contained in the Active Wavefront Correction whitepaper (T1500188).

9.3.3 Nonlinear upconversion

Sum-frequency generation (SFG) provides an alternative path for high QE photodetec-
tion. By mixing a strong (e.g. resonantly enhanced) pump, for example at 1064 nm, the
2 µm fields may be upconverted to 700 nm. After upconversion, traditional InGaAs or
Si PDs may be used to achieve ≥ 99% QE. Light upconversion for improved photodetec-
tion has been demonstrated and exploited in other applications including imaging [11],
environmental monitoring [96], and quantum enhanced sensing [158]. Work on similar
schemes has been considered and conducted within the LIGO collaboration, namely led
by M. M. Fejer [40]. Figure 29 shows a schematic for a pump-resonant SFG scheme using

1064 nm

2050 nm700 nm
Nonlinear CrystalSi PD

FIGURE 29: Bowtie cavity for pump resonant SFG upconversion. A 2 micron signal passes once
through a nonlinear crystal with strong pump intensity. The output can be upconverted to
700 nm with near-unity efficiency.

a χ(2) nonlinear crystal embedded in a bowtie cavity for maximum single-pass upcon-
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version efficiency. Because the signal is not resonant, it has no cavity mode-matching re-
quirements, and its upconversion efficiency depends solely on its overlap with the circu-
lating pump intensity. With a modestly low power seed < 1 W, a pump finesse of ≤ 1000
should provide enough optical gain to achieve an SFG QE of ≥ 95% [72, 73, 103, 142]
thus overcoming the native PD QE limits.

Loss mechanism L/2 at λs L/2 at λo Total
Bulk absorption [81] 300 ppm 500 ppm 800 ppm
Fresnel scattering ≤ 1000 ppm ≤ 1000 ppm ≤ 2000 ppm
Coating absorption ≤200 ppm ≤200 ppm ≤400 ppm
Total 1500 ppm 1700 ppm 3200 ppm

TABLE 11: Estimated quantum inefficiencies for a 2 cm long PPLN crystal.

Bulk absorption

Fresnel scatter

Coating absorption

Quantum inefficiency

LiNbO3 ' 3200.0 ppm

KTiPO3 ' 2780.0 ppm

FIGURE 30: SFG upconversion for improved photodetection

Loss mechanism L/2 at λs L/2 at λo Total
Bulk absorption [8] 100 ppm 280 ppm 380 ppm
Fresnel scattering ≤ 1000 ppm ≤ 1000 ppm ≤ 2000 ppm

Coating absorption ≤200 ppm ≤200 ppm ≤400 ppm
Total 1300 ppm 1480 ppm 2780 ppm

TABLE 12: Estimated quantum inefficiencies for a 2 cm long PPKTP crystal.

The fundamental quantum inefficiency stems from the various loss channels experi-
enced by upconverting photons, including the nonlinear crystal bulk absorption, coating
absorption [8, 81], inelastic bulk scattering [51, 116, 131], and Fresnel (surface) scattering.
Considering a 20 mm long periodically poled lithium niobate (PPLN) and potassium

page 83



LIGO-T1400226-v10

titanyl phosphate (PPKTP) crystals, we estimate loss budgets for the two crystal types
in Figure 30 using the numbers from Table 11, and Table 12. The estimated maximum
theoretical SFG QE is 99.68% for PPLN and 99.72% for PPKTP assuming near-perfect
pump beam overlap, and AR coated crystal faces with R ≤ 0.1%, nearly approaching the
extrinsic Si devices QE [164].

9.4 Unresolved issues

The above filter cavity loss of 10 ppm has not been witnessed before in LIGO suspended
cavities, but has been demonstrated in cavities of a ∼few m length. One of the key pieces
of research is to demonstrate the reduction of scatter loss which comes from the in-
creased wavelength, both for small beams (< 1 cm) and for large beams (> 5 cm).

9.5 Development Approach & Timeline

9.5.1 Squeezed Light generation for 1800–2200 nm

The baseline Voyager design includes a laser with a wavelength in the 1800 – 2200 nm
range (cf. § 8 and § 10). The generation of squeezed light in this wavelength band is
not yet as well as established for 1064 and 1550 nm, but it is expected that 10-15 dB of
squeezing can be achieved with several years of R&D. Figure 31 shows the evolution of
squeezing technology at a few different wavelengths over time to give some perspective
on the history.

The on-going effort to establish an improved squeezed light source and control scheme
for the squeezed beam relative to the interferometer beam (P1400064) will inform the
final design for the LIGO Voyager squeezed light source.
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FIGURE 31: Squeezing amplitude for various audio frequencies and laser wavelengths as a function
of time over the past 30 years. The area of each circle is proportional to the log of the fre-
quency at which the noise reduction was measured.
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10 Choice of Laser Wavelength

The baseline operating wavelength of 2050 nm has been chosen by balancing several
competing drivers. In Section 10.1 below, we go into detail on these criteria.

10.1 Wavelength Choice Considerations

Contents

10.1.1 Quantum noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

10.1.2 Absorption in test masses . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

10.1.3 Coating Thermal Noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

10.1.4 Photodetection quantum efficiency . . . . . . . . . . . . . . . . . . . . . 87

10.1.5 Optical (scatter) loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

10.1.6 Clipping loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

10.1.7 Residual gas noise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

10.1.8 Sigg-Sidles angular instabilities . . . . . . . . . . . . . . . . . . . . . . . 90

10.1.1 Quantum noise

One of the primary effects of changing the wavelength is in the quantum noise.

Ignoring all complicating factors related to materials and scattering, the quantum noise
curve (including radiation pressure backaction and shot noise) scales with the wave-
length in the following way:

Increasing the wavelength by a factor of 2, decreases the radiation pressure noise and in-
creases the shot noise contribution to the phase noise by a factor of 2 (in units of strain/rHz).
So, 1 MW at 1 micron is equivalent to 2 MW at 2 microns.

This quantum noise picture alone is too naive, and so we have to include thermal noise,
power handling, backscatter, and other factors to get the whole picture.

10.1.2 Absorption in test masses

The absorption of the laser power in the test mass substrate and mirror coatings (c.f. Sec-
tion 3.3.1), along with the cryogenic cooling capacity (Section 4.3.1), determines the
actual arm cavity power.

The substrate absorption actually increases with wavelength, which would favor 1550 nm
over our choice of 2050 nm.
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The coating absorption is the dominant heat load on the mirrors, and so the minimiza-
tion of the overall absorption drives the choice to ∼2 microns. This is largely due to the
strong wavelength dependence in the absorption of the high-index amorphous silicon
layer (see Fig. 32).

10.1.3 Coating Thermal Noise

For longer wavelengths, the coating will be thicker, and so the thermal noise ASD will
increase as λ1/2 (assuming no changes in materials). That would be a 15% increase going
from 1550 to 2000 nm. This might be significant driver towards 1550 nm, but is too small
of an effect to be considered in choosing among 2050 and 2128 nm. Coating thermal
noise is not a significant determiner of the laser wavelength.

10.1.4 Photodetection quantum efficiency

The quantum efficiency for 1550 nm is very high in standard InGaAs. The quantum
efficiency of InGaAs for longer wavelengths can be tuned by adjusting the In/Ga ratio
(Fig. 33), however, this leads to strain in the material due to lattice mismatch. The strain
creates defects in the lattice during the growth, with the result being a greatly increased
dark noise level (Fig. 34),.

Alternatively, nonlinear downconversion of the signal light into higher optical frequency
using sum frequency generation is considered as a promising technology. Details are
described in Section 9.3.3.

10.1.5 Optical (scatter) loss

The optical scatter loss does not have an appreciable difference between 1.9 and 2.1
microns, so is not a strong determiner of the laser wavelength in the 2 micron band.

Here we consider optical losses and their dependence on the laser wavelength. In most
cases, the scatter loss dominates over the absorption loss8, so we will not consider ab-
sorption here. Optical losses affect the interferometer sensitivity in a number of ways:

1. power recycling gain: clipping losses in the DRMI and scatter losses in the arm
cavities influence the overall carrier buildup

2. squeezing: losses experienced by the squeezed field injected from the dark port
limit the squeeze factor

3. differential arm cavity loss -> contrast defect -> laser noise coupling

4. scattered light -> backscatter noise (cf. Appendix E)

8cf. Section 7, Section 3.3.1, and Appendix D for more on absorption
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havior with the surface structure and transformation
observed by LEKD. ln Fig. 3 we compare the annealing
of the amorphous Si KSR signal strength with the
annealing of the surface ESR on single-crystal Si. The
similarity of the results indicates a correlation between
the annealing of the crystal surface and of the amor-
phous bulk. The small rise in signal strength from the
films after crystallization may be due to cracking during
cooling of the newly formed crystals. Mechanical dam-
age, such as cracking and polishing, has been shown to
result in increased surface areas and stronger ESR
signals of the same g value, linewidth, and shape. "We
observe no changes in g value, linewidth, or line shape as
a function of annealing history.
Figure 4 shows the room-temperature optical-absorp-

tion spectra for amorphous silicon films after repre-
sentative stages in the annealing procedure. This par-
ticular sample was annealed in steps of about 50-100'C
and crystallized during the 500'C annealing cycle. The
absorption spectra, like the KSR signal strength and
electrical conductivity, is seen to be strongly dependent
on the sample's thermal history. Also shown for refer-
ence is the absorption spectrum of single-crystal silicon
reported by Dash and Newman. " The data on our
crystallized films agree in shape and approximate mag-
nitude with the single-crystal absorption spectrum. We
have tried to fit appropriate parts of the spectra for

ash and R. Newman, Phys. Rev. 99, 1151 (1955).
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FIG. 7. k at wavelengths of 1550 and 2000 nm as a function of
mobility gap energy for the temperature series. The green points (see
Sec. III B) were excluded, making the trend of decreasing k with
increasing Eg more clear.

fused silica to allow absorption measurements at a wavelength
of 2000 nm in addition to 1550 nm.

Figure 7 shows k at both wavelengths as a function of Eg
for all coatings from the temperature series except coatings
T6 and T7 (green points). It is interesting to note that T6 is
the only coating for which the absorption at 2000 nm is not
significantly lower than at 1550 nm, while at 1550 nm it is in
the normal range (see Table I). The reason for this is unknown.
At both wavelengths, a decreasing trend of k with increasing
Eg can be observed. For coating T5, the single-sided error
bar indicates multiple fit solutions (see previous section). The
solution with the best fit to the measurements follows the
decreasing trend of the remaining points. Both effects, the
decreasing trend of k with increasing Eg and the lower k at
higher wavelengths, confirm the observations made in [21].

V. DISCUSSION

Besides a discussion of the absorption correlations pre-
sented in the previous sections, here we will discuss a possible
effect of the substrate material on the absorption.

A. Absorption processes

Birney et al. [21] observed a particularly low absorption
for aSi deposited by a new technique—which, amongst other
unique features, uses a significantly lower deposition rate
than used for most commercial coatings. The decrease in
k with decreasing deposition rate shown in Figs. 4(a) and
4(b) provides direct evidence for the hypothesis that the low
deposition rate is one of the factors responsible for the low
absorption.

Furthermore, in [21], two different absorption processes in
aSi films are discussed: (1) absorption due to the density of
dangling bonds and (2) absorption due to the mobility gap
energy of the material. Our frequency and energy series show
little change in Eg but significant changes in absorption, as
shown in Fig. 6. This suggests that these parameters mainly
change the dangling-bond density, which in turn affects k.

For the temperature series, a larger spread in mobility gap
energy can be observed. We find a decrease in k with increas-
ing mobility gap energy for the majority of these coatings. A

similar trend between k and mobility gap energy was observed
by [21], although our k values have a higher magnitude.

While Eg somehow seemed to get affected for the temper-
ature series, no clear correlation of Eg, or k, and deposition
temperature could be observed. k, as well as the coating thick-
ness and deposition rate, seem to oscillate as the deposition
temperature increases. However, the refractive index shows a
very smooth trend, increasing up to 200 ◦C and then forming a
plateau. This indicates that the change in temperature possibly
causes different processes affecting the coating properties,
which cannot be separated.

B. Influence of the substrate material on the coating properties

Another interesting observation is that k is rather high
for the temperature series compared to the other two series,
which can be seen best in Fig. 4. While this could have
various reasons, one difference is that the temperature series
was deposited on Corning 7979 substrates, while the other
coatings were deposited on Corning 7980. The geometry and
surface quality of all samples were identical. One of the major
differences is the OH content, which is at least 800 times
lower for 7979 compared to Corning 7980 fused silica.

Figure 4 in [21] shows that k correlates with electron-spin
density (dangling bonds per volume), with a general trend
of decreasing k with decreasing spin density. Their coatings
were deposited on two types of substrate—Corning 7979
and JGS-1, with higher OH content.2 Coatings on the two
substrate types showed similar trends, but shifted with respect
to each other. Coatings on Corning 7979 seemed to have a
dangling-bond density that is below the expected values for
the observed k (i.e., the trend is shifted left on the graph).
Alternatively, it could be said that the high k cannot be
explained by the given number of dangling bonds.

Figure 5 in [21] shows a trend of decreasing k with in-
creasing mobility gap energy Eg. However, it is notable that
Eg was lower for the coatings deposited on Corning 7979,
and higher for the coatings deposited on JGS-1. A lower Eg
appears to explain the higher than expected absorption for a
certain number of dangling bonds. This is in agreement with
the data we present in Fig. 6: For the coatings deposited on
Corning 7979, on average, Eg is about 0.11 eV lower than for
the coatings made on Corning 7980 (green points excluded).

These observations may imply that Corning 7979 causes
a slightly different material structure in the coating than
Corning 7980 and JGS-1, which results in a higher k. Further
investigations are required to identify if this is due to the lower
OH concentration, or to some other reason.

VI. CONCLUSION

We have studied the influence of deposition rate and de-
position temperature on the properties of aSi films produced
using PLD. When the deposition rate is directly varied by
changing the laser-pulse energy or the pulse repetition rate,

2JGS-1 and Corning 7980 have similar absorption at 1550 and
2000 nm. As the absorption is dominated by OH, this indicates a
similar OH concentration in both these glasses.

033308-8

(B)

FIGURE 32: (A) Absorption spectra of various amorphous silicon films [18], illustrating the material’s
steep wavelength dependence and sensitivity to sample preparation conditions. (B) Wave-
length comparison between 1550 and 2000 nm in amorphous silicon samples across a range
of mobility gap energies [147].
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FIGURE 33: Example measurement of the quantum efficiency for an exInGaAs photodiode at 2 µm[132].
Photodiode: Laser Components IG22X2000T9. Wavelength 2004 nm. Measurement temper-
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Overall, transitioning from 1 to 2 microns is beneficial to interferometer performance in
several ways (cf. Appendix E):

• the wide angle scatter loss is due mainly to microroughness and is expected to
scale as 1/λ2, according the the Golden Rule.

• This allows for a higher power recycling gain, reducing the requirements on the
input laser power.

• lower wide angle backscatter noise,

• lower loss in the arm cavity

• lower small angle noise (less backscatter from the beam tube)

• a lower loss in the squeezing filter cavity

This assumes that the figure and roughness of the silicon mirrors is comparable to that
of the existing aLIGO optics, but this has yet to be shown.

10.1.6 Clipping loss

What is the maximum beam size on the mirrors? This is increased to minimize the ther-
mal noise, but decreased to reduce the angular and parametric instabilities.

10.1.7 Residual gas noise

The wavelength dependence of the polarizability of H2 is quite weak as it is for most
molecules 9. The main dependence is related to the beam geometry. Holding the beam
size on the test masses fixed, the beam profile in the arm cavities has a wavelength de-
pendence.

The ultimate sensitivity of Voyager would be limited by the residual H2 in the arms. We
are currently exploring the idea of pumping along the beam tube at multiple points in a
manner similar to what has been proposed for Cosmic Explorer (for similar reasons).

10.1.8 Sigg-Sidles angular instabilities

Going to large (100 – 200 kg) masses, moves all of the unstable modes into the stable
regime, and so this effect does not influence the wavelength choice (cf. Section 11.2)

• Absorption (ppm/cm) vs wavelength

• Fundamental to SiO2

9However, see Appendix F for some subtleties with water
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– Heavier molecular weights have lower energy mechanical modes

– Have lower phonon energies

– Pushes out multi-phonon absorption edge

10.2 Laser amplifier issues

• Peak in emission spectrum is around 2015 nm.

• Emission at 2128 nm requires a lot of pumping and filtering of ASE to get amplifi-
cation of 2128 nm

10.3 2040 nm vs 2050 nm

• Holmium doped amplifiers rule at 2 um, but their efficiency drops fast after 2100
nm; therefore 2128 nm may be problematic for Voyager.

• Better suited wavelength that can use existing amplifier technologies near 2.05 um.

10.4 Laser sources at 2050 nm

• Fiber laser

– NP Photonics: 2 Micron Fiber Laser Source (25 mW, < 50 kHz linewidth)

– RMPC: MFL-2 (< 40 W, < 70 GHz linewidth)

• Fiber laser

– Free space laser diodes (suitable for ECDL). Frankfurt Laser Co (15mW, 5MHz
linewidth)

– Fiber coupled: Eblana (2mW, no linewidth specified)

10.5 Summary of Wavelength Choice

Considering all of these criteria, we have chosen 2050 nm as a baseline wavelength.

If a suitable coating can be found which has an HR stack absorption of 1 ppm or less
at 1550 nm, then the Voyager design could change to this wavelength with a very little
change in the sensitivity curves. Using a more standard laser wavelength would be
advantageous for technical reasons having to do with cameras and IR cards, and would
increase the commissioning speed.
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11 Systems and auxiliary issues

11.1 Systems

The Systems design of Voyager is, in most respect, identical to aLIGO and A+, as sum-
marized in T010075 and M1800040 respectively.

The major subsystems, including the cryogenic subsystem, which is the most notable
addition, have already been described in the respective sections. Here we provide a brief
overview of a few more subsystems.

11.1.1 Facility

• The cryocoolers and LN2 reservoirs will occupy LVEA space. They’ll need some
level of vibration isolation.

• The facility will need the plumbing for the LN2 supply.

11.1.2 Vacuum

• The vacuum system will need retrofitting to be compatible with the cryo system.

• How much acceleration will we gain for the initial pumping speed due to the cry-
opumping?

• Need to add ETM Transmon chamber. (See Figure Fig. 20)

11.1.3 Physical Environment Monitor

• Deploy more PEM sensors along with the cryogenics and cryocoolers.

11.1.4 Interferometer Sensing and Control

• The existing ISC system is adequate, except for the optical sensors.

• exInGaAs sensors can be used at 2 µm. They need to be inspected with regard
to the noise level and the dark current in DC applications. In addition to that in
RF applications, junction capacitance, response time, noise level at RF must be
inspected.

11.2 Opto-Mechanical Angular Instability

Optical power, circulating in the arm cavities, applies torque on the mirrors and changes
the dynamics of the suspended mirrors [33, 65, 130].

page 92

https://dcc.ligo.org/LIGO-T010075
https://dcc.ligo.org/LIGO-M1800040


LIGO-T1400226-v10

The magnitude of this radiation pressure induced optical torque depends upon the op-
tical power and g-factors of the cavities. The circulating power acts as a spring with
either positive or negative stiffness. The sign of the feedback depends on the misalign-
ment mode. In the case when two test masses have equal radius of curvature, a tilt of
the axis produces a restoring torque; if the optical axis shifts, then radiation pressure
torque tends to further misalign the mirrors. In one case the torque induced by radiation
pressure makes the suspension mode stiffer (hard), while in the other case it tends to
make the mode less stiff (soft).

Fig. 35 shows the eigenfrequencies of hard and soft modes for different power levels.
Here the nominal laser wavelength of 2000 nm for Voyager and 1064 nm for Advanced
LIGO is assumed. When the optical power is high enough, the soft mode becomes un-
stable. A robust feedback control loop should have enough bandwidth to suppress the
instability. Simulations show that if the frequency of the unstable mode is fsoft, then the
bandwidth of the control loop needs to be ∼3 fsoft, and significant filtering of the sensing
noise (∼ 60dB) can be achieved at ∼ 10 fsoft. Since the frequency of the soft mode is less
than 1 Hz for the Voyager design at 3 MW, sensing noise from angular loops should not
limit the sensitivity.

If the cavity g-factor approaches 1, then instability occurs at higher power. At the same
time, the beam size on the optic increases and the coupling of angular motion to power
fluctuations become more significant. Table 13 summarizes these parameters for dif-
ferent cavity g-factors in the range of 0.1 – 0.9 and intracavity power of 3 MW. Angle
∆αFP shows the sensitivity of the cavity power to angular fluctuations. If the mirror is
misaligned by this angle, then the resonating power is reduced from the maximum to
zero in the Fabry-Perot configuration. In the full lock with coupled cavities, this angle is
smaller by a factor of ∼6. For Advanced LIGO ∆αFP ≈ 3.2µrad.

The parameter, fHOM, denotes the transverse mode frequency spacing, and can be op-
timized to avoid excitation of parametric instabilities in the arm cavities. The clipping
loss, computed per test mass, becomes significant if the beam size approaches 9 cm (for a
mirror radius is 22.5 cm).

The hard/soft frequencies are functions only of the cavity g-factors, and not explicitly
the laser wavelength. However, if the laser beam spot size on the mirrors is kept to a
maximum value, ωmax, due to clipping losses, then the cavity g-factor will be smaller for

g-factor Waist [cm]
Beam size
[cm]

Clipping
loss [ppm]

fsoft [Hz]
∆αFP
[urad]

fHOM
[kHz]

0.9 1.4 9.0 4 -0.10 3.2 3.84
0.7 1.9 6.8 0 -0.16 7.2 6.92
0.5 2.3 6.0 0 -0.21 10.6 9.4
0.3 2.6 5.5 0 -0.27 13.7 11.8
0.1 3.0 5.2 0 -0.36 16.5 14.9

TABLE 13: List of optical parameters v. g-factor for mirror masses of 143 kg
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FIGURE 35: Frequencies of the hard and soft modes vs. arm power for various g-factors. Radii of curva-
ture of input and end test masses are set to be the same in this simulation. Upper plot show
the instability for a mirror of 40 cm thickness (143 kg) and the lower plot a mirror of 50 cm
thickness (200 kg).
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a longer wavelength. Stated another way, if the beam spot size is maximized to reduce
the thermal noise, the longer wavelength results in a somewhat less unstable interferom-
eter.

This is not a very strong effect.

11.2.1 Auxiliary Optics System

• Sensor Cards: Sensor cards that operate at 2 µm exist, but they are temperature-
based and have a weak and slow response.

• Beam profiler: Scanning-slit type beam profiler with an InGaAs PD works very
well with the 2 um beam.

• Image sensors: Regular CCDs have no sensitivity at 2 µm. HgCdTe imagers are
commercially available, but they are expensive.

• 2050 nm laser for testing: For simple table-top tests, commercial fiber coupled
2050 nm lasers are available. For the noise sensitive tests, 2050 nm ECDL can be
useful, although the gain chip (light source) is not easily available and requires
custom production.

11.2.2 Computer and Data Systems

• Basically, we can keep using what we have now.

• Advancements in digital technology have expanded the range of applications
for digital control to the high frequency end. We should explore the use of the high
speed digital control in the fast loops like PI/ISS/FSS/Common mode servo/Digital
mod-demod and so on.

11.3 Issues that span multiple subsystems

11.3.1 Parametric Instabilities

The LIGO Voyager baseline design has an arm cavity power of 4 MW. With such a high
stored power level, acousto-optic parametric instabilities can potentially become more
troublesome than for lower power, room temperature interferometers.

An ANSYS model (from S. Gras) first computes the complex mechanical impedance of
the mirrors. This model includes mechanical losses due to the coatings on the HR, AR,
and barrel surfaces. The baseline dimensions of the Voyager test mass have been used.

The optical model considers the round-trip optical gain, including scatter losses and clip-
ping losses inside the arm cavities, as well as the optical transmissivities of the nominal
Voyager design (cf. Table 14).
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FIGURE 36: Estimation of parametric gain for all of the opto-mechanical modes for LIGO Voyager. All
of the modes with positive gain (RED) greater than unity are considered to be unstable. For
this simulation, random perturbations have been added to the RoC of the test mass optics.

Mitigation Strategies

• Conventional AMDs

• Better AMDs

• Ohmic damping

• Gouy phase tuning
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A Open questions and R&D items

A.1 Core Optics

Known issues that must be resolved in preparation for manufacturing the Voyager test
masses are graphically summarized in Figure 10, and include the following:

• Is it feasible to obtain 45 cm MCZ silicon crystals that meet the Voyager require-
ments? Alternatively, can a composite test mass be assembled from smaller crys-
tals?

• Will the oxygen impurity in the silicon be high enough to result in excessive sub-
strate absorption? If so, can the rapid annealing technique be applied on large
crystals to remedy the problem? Can a subsequent coating anneal be designed
so as to improve the coating properties without spoiling the substrate absorption
again?

• Which combination of coating materials can achieve the absorption requirement
with minimal thermal noise?

A.2 Cryogenics

These items are also listed in Section 4.4.

• High emissivity coatings: High emissivity coatings for the cryogenic shields and
the test mass barrel need to be selected for radiative heat transfer that are mechan-
ically robust, UHV compatible. In the case of the test mass barrel, the coating also
needs to not contribute significant thermal noise. (Section 4.3.5 and Table 4)

• Bolted joints: Bolted joints with reliably high thermal conductivity for thermal
strap connections to the suspended shields.

• Suspension cage: The design of the suspension cage must take into account how
it interfaces with the cryogenic shields, especially since parts of it will be cold and
other parts warm.

• Ice layer formation: Test mass ice layer formation mitigation needs further work.
This may be mitigated by careful design of the cooldown procedure, but further
active mitigation steps may be required, eg heating of the test mass. (Section 4.4.1)

• Scattered light: Laser light scattering off the insides of the cryogenic shields has
significant potential to create noise in the interferometer. Requirements need to be
set on the BRDF and geometry; and decisions need to be made on whether passive
vibration isolation is sufficient or if active isolation is needed. Each shield segment
will need its own requirements. (Section 4.2.4)
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A.3 Suspension

• Bulk Si strength: The bulk Si strength is limited at the level far low from the ulti-
mate Si strength. This yields the current practical stress of the blades and ribbons
limited to ∼100 MPa. The research to pursuit the stronger bulk Si is necessary. (Sec-
tion 5.4.2)

• Si blade/ribbon design and fabrication: Design and fabrication of practically
feasible Si blades and ribbons are still necessary. Eventually they are supposed to
be tested regarding the thermal noise performance. (Section 5.4.2)

• Si Bonding: Development of thermal-noise-safe Si bonding technology and the
tests. (Section 5.4.3)

• Consideration of the metal final stage: While we wait for the further development
of Si final stage, we can also consider a intermediate upgrade of the final stage
using metal material. BeCu is the promising material. (Section 5.4.1)

• Down select of the ETM actuators: Section 5.4.4

• Detailed suspension modeling: The suspension model need improvement includ-
ing rigid-body and elastic-body models. Section 5.5.1

A.4 Arm Length Stabilization

• Auxiliary wavelength laser source: Meet relative intensity and laser frequency
noise requirements to lock arm cavity and auxiliary lasers. Section 8.2.2

• Arm cavity AUX finesse: What should the auxiliary laser reflectivity requirements
be, and what approximate sensing noise will that result in. Section D

• ALS system: How should the auxiliary and pre-stabilized laser frequency com-
parison be made and what new noise sources are introduced in the final scheme?
Section 6

A.5 Thermal Wavefront Control

• Active control of ROC for the test masses is challenging. Section Section 7.3.1

A.6 Laser Source

• Exact topology (fiber/free space interface)

• How we’ll inject sidebands for RF control

• Polarization control with fiber laser

• Fiber coupling issues with high power
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• SBS - doesn’t look like it will be an issue but TBD.

• Other ...

A.7 Quantum Noise

• Optical loss budget Several technologies that have reduced optical loss in 1064 nm
GWIFO must now be demonstrated at 2 um, including Faraday isolators, mode
matching, and optical coatings. An updated, detailed accounting of optical losses
in the current interferometer, analogous to T1500188, would help guide this work.

• Squeezed light sources Squeezed light sources at 2 um are not yet as developed as
at 1064 nm, but further progress is expected to continue as in Fig. 31.

• Filter cavity loss Can we demonstrate the reduction of scatter loss at 2 um needed
to achieve 10 ppm optical loss in the squeezer filter cavity? See section 9.4 for
details.

• Readout quantum efficiency InGaAs photodiodes are available with better than
99% quantum efficiency at 1064 and 1550 nm, but not at 1800-2200 nm. Further
development is required for either 2 um photodetectors, optical-domain preampli-
fication or upconversion followed by photodetection.
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B Tables of Parameters

Parameter A+ iVoyager Voyager Deep

Laser wavelength 1064 nm 2050 nm 2050 nm
Input laser power 125 W 60.0 W 200 W
Arm cavity power 751 kW 1.18 MW 3.92 MW
Mirror substrate fused silica silicon silicon
Mirror radius 17.0 cm 15.0 cm 22.5 cm
ITM transmission 0.014 0.0014 0.0014
PRM transmission 0.03 0.07 0.072
SRM transmission 0.33 0.048 0.040
Mirror thickness 20.0 cm 60.0 cm 30.0 cm
Beam radius on ITM/ETM 5.5 cm/6.2 cm 5.6 cm/5.6 cm 5.9 cm/8.5 cm
Mass per stage 22/22/40/40 kg 120/83/100/100 kg 50/70/200/200 kg
Final stage temperature 290 K 123 K 123 K
Final stage construction fused silica fiber BeCu ribbon silicon ribbon
Final stage length 0.59 m 0.60 m 0.78 m
Newtonian noise suppression N/A 2.0 10
Squeeze factor 12 dB 18 dB 18 dB
Squeeze injection loss 0.05 0.04 0.04
Squeeze filter cavity length 300 m 300 m 300 m
Squeeze filter cavity loss (RT) 60×10−6 10×10−6 10×10−6

TABLE 14: Parameters varied by the iVoyager and Voyager designs, relative to A+.
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C Material Properties Summary

Summary of relevant material properties.

C.1 Optical and thermal properties for silicon and fused silica

Property Silicon at 123 K Silicon at 295 K Fused silica at 295 K

Thermal expansion (1/K) 1×10−9 2.6×10−6 3.9×10−7

Specific heat (J/kg/K) 300 700 739
Thermal conductivity (W/m/K) 700 130 1.38

Refractive index 3.5 3.45 1.438
dn/dT 1×10−4 1.78×10−4 1.1×10−5

TABLE 15: Optical and thermal properties for silicon or fused silica used for sensitivity calculations in
Fig. 9. See [1] for details.

C.2 Infrared Blackbody Radiation
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FIGURE 38: Black Body Radiation Spectrum for a few different temperatures.

C.3 Thermal Expansion

C.4 Thermal Conductivity

C.5 Thermo-Refractive Coefficient
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FIGURE 39: Reflectance of commercial high emissivity coatings available from Acktar.
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FIGURE 40: Thermal Expansion coefficient of silicon as a function of temperature. From NIST / CO-
DATA Swenson (1983)
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FIGURE 41: Thermal Conductivity of single crystal silicon [50]

0 50 100 150 200 250 300
Temperature [K]

10-5

10-4

T
h

e
rm

o
-O

p
ti

c 
C

o
e
ff

ic
ie

n
t 

(d
n

/d
T

) 1500 nm
2000 nm

FIGURE 42: dn/dT of Silicon as a function of temperature at 1500 and 2000 nm
dn/dT of Silicon [45] as a function of temperature at 1500 and 2000 nm
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D HR Mirror Coating

D.1 Amorphous silica/silicon

Due to the low mechanical loss of amorphous silicon [84, 106, 117], and its high index
contrast with respect to amorphous silica, there may be substantial promise in exploring
this as a HR coating design for the Voyager test masses.
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FIGURE 44: Thermal noise of a silicon mirror at 123 K with an α-Si:SiO2 HR coating and a 6 cm beam
spot radius.
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FIGURE 46: Reflection and transmission calculations for the α-Si:SiO2 HR coating.

Material property α-Si SiO2

Mechanical loss 2.0×10−6 10×10−6

Optical absorption 0.01 cm−1 0.0001 cm−1

Young’s modulus 150 GPa 270 GPa
Poisson ratio 0.23 0.25
Thermal conductivity 1.03 Wm−1 K−1 0.270 Wm−1 K−1

Volume-specific heat 1.05 MJm−3 K−1 230 Jm−3 K−1

Thermal expansion 1.0×10−9 K−1 2.6×10−6 K−1

dn/dT 140×10−6 K−1 40×10−6 K−1

Refractive index 3.650 2.170

TABLE 16: Parameters used in the HR coating design for the test masses.
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D.2 α-Si:SiN

Silicon nitride seems to also be a good low index material to use. It has no low temper-
ature loss peak, and therefore may be a substitute for SiO2 in a coating in which amor-
phous silicon is used as the high index material.
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FIGURE 47: Thermal noise of a silicon ETM at 123 K with an α-Si:SiN HR coating and a 8.45 cm beam
spot radius.
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FIGURE 48: Thermal noise of a silicon ITM at 123 K with an α-Si:SiN HR coating and a 5.92 cm beam
spot radius.
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FIGURE 49: Layer structure for the α-Si:SiN ETM HR coating. Coating design optimized to minimize
Brownian noise, meet the 5 ppm transmission goal, and minimize first order sensitivity to
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FIGURE 50: Layer structure for the α-Si:SiN ITM HR coating. Coating design optimized to minimize
Brownian noise, meet the 1300 ppm transmission goal, and minimize first order sensitivity
to coating thickness and index of refraction errors.
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FIGURE 51: Reflection and transmission calculations for the α-Si:SiN ETM HR coating.
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FIGURE 52: Reflection and transmission calculations for the α-Si:SiN ITM HR coating.
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E Scattered Light

Practically, all of the high sensitivity interferometers in the past 30 years have been lim-
ited at some frequencies by the non-fundamental phase and amplitude fluctuations
due to scattered light. The phenomenon of excess noise due to scattered light has been
known about for many years [123]. Both the phase and amplitude quadrature of the
scattered light are important. The former contributes directly to the phase of the inter-
ferometer while the latter contributes via radiation pressure on the optics [112]. The
methods by which to combat scattered light have been developing steadily and involve
the highest levels of experimental artistry in the field of laser interferometry.

Due to imperfections in the optics, for example, a small fraction of the laser light escapes
from the main interferometer beam path. This light then interacts with something (e.g.
a piece of the vacuum system or some other suspended optic or beam dump) and then
recombines with the circulating laser field within the interferometer [41, 48, 112, 148,
156, 157]. The recombination may occur at virtually any point within the system: inside
of the Fabry-Perot arm cavities, at the beamsplitter, or even at the final photodetector
which records the GW strain signal. Scattered light induced noise in the sensing of auxil-
iary degrees of freedom can couple into the strain channel through the relevant feedback
control systems.

E.1 Optical Scatter Loss

Optical scatter from the mirror surface leads to degradation of the shot noise limited sen-
sitivity (due to lack of signal gain), increased backscatter from the vacuum equipment,
and degradation of the squeezing amplitude (cf. Section 9.3.2).

Arm Cavity Loss If we set, as a goal, a stored arm cavity power of 3 MW (limited only
by radiative cooling capacity), then this determines the minimum input laser power
from simple conservation of energy arguments:

PPSL = 150W
(

0.8
TIO

)(
Lmirror

10 ppm

)(
Parm

3 MW

)
(5)

where we are assuming a baseline input optics efficiency of 80% (PMC, modulators,
IMC, isolators), neglecting the optical losses in the Michelson, and assuming that the
scatter losses per test mass are reduced from the current level of ∼ 40 ppm to 10 ppm.
This loss reduction is projected to come from two effects [161].

The first is that for all losses which come from small scale (≤ 2 mm) defects (such as dust
or micro-roughness), we can assume that the ‘Golden Rule’ applies:

Loss =
(
4πσ
λ

)2
(6)
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FIGURE 53: Data on Losses taken from [66]. Other data from [120],[154], [31], and the eLIGO and
aLIGO electronic logbooks. The dashed line here is just to guide the eye – notice that it
falls slower than 1/Lcon.

where σ is the RMS surface micro-roughness and λ is the laser wavelength. If this holds,
we would get a factor of ∼4 in loss reduction, if the surface roughness remains the same.
Through discussions with Zygo, it seems that the metrology and ion beam figuring can
be accomplished on silicon approximately as well as on silica [75]. However, not all of
the power lost goes into wide angles.

The second factor of two comes from the removal of point defects in the coating. This
is at the moment just a guess, but is based on current efforts to remove these defects
through post-deposition annealing.

Squeezing Filter Cavity For all proposed filter cavity configurations [39], the beam
spot size is less than a few mm. For such small beams, Equation 6 should apply, and
we should expect a corresponding loss reduction as we increase the laser wavelength.
Hence, we use a round trip loss of 10 ppm instead of the 40 ppm assumed for 1064 nm.
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FIGURE 54: (left) Surface figure of an uncoated LIGO mirror (ETM07) with the spherical curvature
and tilt subtracted. The ripple pattern at a radius of 3 – 15 cm from the center is due to the
planetary coating technique. (right) 1D power spectrum of surface. Also plotted is the RMS
surface roughness integrated from high to low spatial frequency.
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E.2 Case I: The Beam Tube Baffles

The case of scattering from the multi-km beam tubes connecting the ends of the inter-
ferometer has been studied by Whitcomb, Weiss, Thorne, and Flanagan (for LIGO) and
by Braccini, Vinet, et al. (for Virgo); see references above. Here we provide a condensed
version of their arguments so as to construct a noise budget for backscatter. Let us as-
sume in this case that the field scatters from the test mass surface, reflects from a piece of
multi-km long beamtube, returns to the same test mass mirror, and then recombines into
the circulating cavity mode. The resulting phase fluctuation of the electric field will be

δus = 4π
λ

xs( f )
√

Ps (7)

For comparison, the field fluctuation due to mirror motion will be

δum = 4π
λ

xm( f )
√

P0 (8)

where xs is the motion of the beamtube in the direction of the mirror, xm is the motion
of the interferometer mirror, λ is the laser wavelength, P0 is the power stored in the arm
cavity, and Ps is the power which recombines into the circulating cavity mode. Ignoring
for a moment the radiation pressure effects, we can see that the phase noise due to this
type of backscatter can be simply expressed (in units of mirror displacement) using
the ratios of the stored power and the backscattered power which recombines with the
cavity mode:

xm( f )= xs( f )

√
Ps

2P0
(9)

where the factor of 2 comes from only including phase fluctuations of the backscattered
field.

So in order to estimate the xm, we will have to compute Ps. This can be written down
by tracing the path of the beam and considering the relevant scattering cross sections at
each step [148]:

1. The probability for the main beam to scatter into some angle towards a potential
backscatterer.

2. The probability for that backscatterer to scatter light back towards the mirror.

3. The probability for that backscattered field to recombine into the cavity mode.

Ps = P0
λ2

d2δΩms
dP

dΩms

dP
dΩbm

dP
dΩsm

(10)

In the above equation, the scatter probability is used; this is related to the more com-
monly used Bidirectional Reflectance Distribution Function (BRDF) by BRDF(θ)× cos(θ)=
dP/dΩ, where θ = 0 corresponds to normal incidence. The scattering in/out of the main
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cavity mode has time reversal symmetry, and so the first and last probabilities in Eq. (10)
are equal:

Ps = P0
λ2

d2δΩms

( dP
dΩms

)2 dP
dΩbm

(11)

2 m
5 m

5 m 3985 m

FIGURE 55: Schematic diagram of a LIGO interferometer mirror and surrounding vacuum chambers
responsible for backscattered light.

Based on the dimensions in Fig. 55, we can see that we should consider angles of ∼
rtube/dscat, where rtube ≃ 0.5 m and dscat ∼10 – 4000 m for the mirror BRDF. For light scat-
tered into these angles (θscat = λ/λrough ≃ 0.1 –50 mrad), we need to consider spatial
scales on the mirror of (cf. Figure 54) λrough ∼ 0.001 – 1 cm.

E.3 Case II: The Test Mass Chambers

During the operation of the first generation of kilometer scale interferometers, it became
clear that the scattered light from the test mass mirrors was not all concentrated into
small angles (as predicted by theory for super-polished optics). To calculate the total
power scattered into wide angles, one can use the equivalent of Fermi’s ’Golden Rule’
(Eq. (6)) for optical scattering.

Combining the measurement result from Fig. 54 with Eq. (6), we can see that the power
radiated into angles greater than 1 degree should be less than 0.1 ppm. This underesti-
mates the true number by at least 2 orders of magnitude.

Based on cavity ringdown and resonant reflectivity tests (cf. [66]), the round trip (arm
cavity) loss in the initial LIGO interferometers ranged from ∼60 – 140 ppm. For two
of the Advanced LIGO interferometers, the loss is in the ∼80 – 120 ppm range. Wide
angle, in situ, measurements (using calibrated photodetectors and CCD cameras) show
that the total loss for θscat ≳ 1deg is ∼ 15 ppm. However, it is not at all clear that the
angular distribution in that range is that of a Lambertian surface. Measurements taken
at angles of ∼ (0.5 m)/(4000 m) ≈ 0.1 mrad show a large azimuthal dependence (i.e. the
BRDF is not symmetric around the beam axis). Imaging of the optics implicates point-
like structures. Repeated cleaning of the surface using various techniques reveals a
largely unchanging pattern, implying that the points are defects in the dielectric mirror
coatings, rather than surface contaminants. Although the details of the story are still
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being investigated, it seems possible that the defects are due to artifacts of the ion beam
sputtering process [119] as well as crystal formation [118] in the amorphous thin films
during the post-deposition annealing.

E.4 Case III: Backscatter from the Dark Port

Another location which requires much care in design is the (dark) detection port of the
interferometer. Since it is in this location that the very small optical phase measurements
are done, any small fields at this location can be potentially troublesome.

In particular, most of the past and current interferometers have ∼5 – 50 mW of light go-
ing from the beamsplitter in the direction of the GW detection photodiodes. Some of this
light is unwanted (coming from the contrast defect of the light from the two arms) and
some is there intentionally (a local oscillator field at either the main laser frequency or
offset by tens of MHz in the case of interferometers with heterodyne readout). As with
all sources of backscatter, the fields which scatter back into the interferometer from the
dark port produce both amplitude and phase modulation.

In order to reduce the backscatter noise from the dark port to an acceptable level, a se-
ries of measures are generally taken:

• an Output Mode Cleaner [46, 159] cavity with a ring (3 or 4 mirror) cavity design
so as to limit the scattering into the counter propagating mode.

• high quality optics (for low scatter) in the Output Mode Cleaner.

• a Faraday isolator between the interferometer and the output detection systems.

• appropriate angling of the photodetectors so as to minimize the specular reflection
and minimize the backscattering into the interferometer.

One promising approach would be to limit the amount of carrier light which is trans-
mitted by the interferometer to the dark port. The idea of making a balanced homodyne
readout [47] utilizing a local oscillator field from an auxiliary beam is being pursued as a
future upgrade of Advanced LIGO.

E.5 Case IV: The Cryogenic Shielding

Figures 56 to 58 are estimates of the amount of scattered light noise from the various
cryo shield segments (see Section 4.3 for technical details). The noise shown assumes
equal contributions from all 4 test masses and represents the quadrature sum of all the
test mass chambers. The noise also includes radiation pressure and phase noise contri-
butions. Other assumptions are Lambertian reflections, no contributions from multiple
reflections, and all shield segments suspended as well damped single stage suspension
from the ground (ISI stage 0 for the inner shield). These figures plot the trade space of
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FIGURE 56: Estimated contribution of each ETM shield segment to the total scattered light noise.

BRDF with shield segment suspension frequency, using the ratio of scattered light noise
to the Voyager requirement as the metric. This ratio should be less than 0.1 (the -1 con-
tours). These scattered light calculations are based on the work in [16].

The inner suspension shield requires the greatest performance, requiring with the above
assumptions a suspension frequency of approximately 0.3 Hz for a 0.1 BRDF, or a fre-
quency of 0.4 Hz for a BRDF of 0.005. There is additionally an option to use active con-
trol for this shield. The proposed controller would use displacement sensors, such as
OSEMs or capacitive sensors to measure the shield displacement relative to stage 2 (the
optics table) of the ISI. Electromagnetic actuators would then force the shield’s rigid
body motion to follow the well isolated ISI. Discussion of such a controller is given in
[128]. Assuming OSEM sensor noise, such an actively controlled shield is equivalent to a
0.33 Hz passively isolated shield, as shown by Fig. 56; assuming contributions from the
active shield displacement dominate over rotation.

The cryopump shield has the next greatest performance requirements, despite being the
furthest from the test mass. For a BRDF of 0.1, we need a suspension frequency of 0.35
Hz; or for a BRDF of 0.01 a suspension frequency of 0.43 Hz. The inner beam tube shield
can have a frequency of about 0.4 Hz with a BRDF of 0.1 or a frequency of 0.5 with a
BRDF of 0.01.
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FIGURE 57: Estimated contribution of each ETM shield segment to the total scattered light noise.

FIGURE 58: Estimated contribution of each ETM shield segment to the total scattered light noise.
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F Residual Gas Noise

The amplitude spectral density of path length fluctuations due to residual gas particles
in the vacuum system depends not only on the number density of particles, ρ#, but also
on the molecular polarizability, α(ω), of the particular gas species present. For a leak-
free vacuum system, the gas species expected to be present are H2 and H2O, which will
be outgassing and desorbing, respectively, from the tubes, chambers, and equipment
contained therein. Air leaks will also deposit N2 and O2 molecules as well.

101 102 103

Frequency [Hz]

10−26

10−25

10−24

S
tr

ai
n

[1
/√

H
z]

Residual gas noise budget

Total Residual Gas: 0.8 nTorr of H2

H2 scattering
N2 scattering
H2O scattering
O2 scattering

H2 damping
N2 damping
H2O damping
O2 damping

FIGURE 59: Broadband phase noise for each of the main (phase noise inducing) molecular species in
the beam tubes.

F.1 Resonant Phase Noise Enhancement

In the λ ∼ 0.5 – 4 µm region there is not much H2 activity, but for the other three gases
there are a number of molecular resonances where the dispersion (and therefore α(ω))
can change rapidly and an enhancement of path length fluctuations can occur.

Imaging and spectroscopy research has led to the detailed collection of absorption spec-
tra. Specifically, the HITRAN [59] (high-resolution transmission) database contains in-
formation about molecular resonances for various compounds over a wide range of
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wavelengths. At low pressures it can be assumed that there is no broadening of reso-
nance linewidths due to particle collisions, but the distribution of particle velocities will
create a Doppler resonance profile,
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FIGURE 60: Shown here is the strain noise for the three most important gases (each with a partial pres-
sure of 10−9 Torr). The actual beam tube pressure for water is close to 10−10 Torr (cf. recent
RGA measurements). Due to Doppler broadening, each absorption line has a width of
∼ 200 MHz and can be easily avoided by temperature tuning of the PSL frequency.

f (ν,ν0)= 1p
πδν

e−(ν−ν0)2/δν2
,δν= ν0

c

√
2kBT/m, (12)

where ν0 is the wavenumber of the resonance, kB is Boltzmann’s constant, T is the tem-
perature of the molecules (room temperature), and m is the mass of the molecules.

The HITRAN intensity data, coupled with the Doppler profile, results in a spectrum of
the absorption coefficient, k(ω), which can be converted to the index of refraction via the
Kramers-Kronig relation,

n(ω)= 1+ c
π

∫ ∞

0

k(ω′)
ω′2 −ω2 dω′. (13)

Each absorption peak is accompanied by regions of normal and anomalous dispersion.
The Clausius-Mossotti relation converts n(ω) into the polarizability, α(ω),

α(ω)= 3
4πρ

n2(ω)−1
n2(ω)+2

(14)

and α(ω) appears in the formulation [140, 166] of the strain noise spectral density,

h( f )= 4πα
L

√
2ρ#

v0

∫ L

0

e−2π f w(z)/v0

w(z)
dz, (15)
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FIGURE 61: The narrow linewidths of absorption features allows for PSL frequencies placed in between
resonances. In this band, which has the most water resonances, a 0.1 nm shift in wave-
length corresponds to 8.5 GHz, so it is quite reasonable to keep the laser in one of the low
strain noise regions. The overall expected strain noise would then be below 10−25 for the
expected water pressure, and therefore not a concern for any foreseeable interferometer
topology.

where v0 =
√

2kBT/m is the most probable molecular speed, L is the length of the beam
path, and w(z) is the beam’s Gaussian radius.

Figure 60 shows the strain noise at 100 Hz as a function of wavelength, for 10−9 Torr of
a few gases, in an Advanced LIGO arm (calculated with the GWINC function gas.m).
The O2 and N2 resonances only slightly modify their polarizabilities. Water vapor, how-
ever, has > 105 resonances in this band which can enhance the strain noise significantly,
though notably not around 1.5 µm or just above 2 µm. Also, closer inspection reveals
that the narrow linewidth of the absorption resonances produces several nm wide gaps
where there is no appreciable noise enhancement, for instance in the 1.5 – 2 µm region.
Data for the following isotopologues (taking abundance into account) are included in
the strain noise estimates: H2, HD, H2

16O, H2
17O, H2

18O, HD16O, HD17O, HD18O, 14N2,
14N15N, 16O2, 16O17O, and 16O18O.
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G Test mass cooldown

In order to maximize the duty cycle of an observatory with cryogenic test masses, some
method of cooling is required to reach the desired temperature in a reasonable amount
of time.

A "simple" way to do this is with only radiative cooling, which can reach the target TM
temperature in a few days. By contrast, it will take 2 – 3 weeks to achieve the operating
pressure within the LVEA vacuum envelope and open the gate valves to the arms with-
out long-term degradation of water pressure in long tubes. Figure 62 shows pressure
curves from an example aLIGO pumpdown of the LLO LVEA.
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FIGURE 62: Pressure in the LLO LVEA during a typical pumpdown in August 2018. Each of the major
transitions is indicated in the text annotations. At the ∼18 day mark, the ion pumps are
exposed, bringing the pressure to a level where the cryo traps can be engaged. (Data and
annotations from S. McCormick and H. Overmeier)

Assuming that the pumpdown time in LIGO Voyager is not reduced substantially from
aLIGO, the cooldown must be engineered to not extend the total time between start of
pumpdown and interferometer operation.

Fig. 63 shows the result of a numerical simulation of the LIGO Voyager ITM cooldown
assuming:

1. Main laser shutter closed during cooldown; opened once TM reaches 123 K
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2. TM sees heat from the main beamtube during cooldown

3. inner and outer shield snouts extend 10m towards arm; 5m towards BS

4. emissivity of TM barrel = 0.95

5. emissivity of HR/AR faces = 0.3

6. emissivity of inner shield = 0.95

7. HR absorption of 1 ppm; HR scattering of 10 ppm

8. bulk absorption of 10 ppm/cm

9. temperature dependence of silicon material parameters taken from the standard
literature

The discontinuity in the derivative of temperature traces comes from opening the laser
shutter once the TM reaches 123 K. The inner shield experiences this effect due to laser
scattering off of the TM that gets absorbed by the shield.

The dashed trace is the theoretical radiative cooling limit of a 200 kg silicon optic, assum-
ing an emissivity of 1 and an enclosing bath at 0 K. This caps the fastest radiative cooling
time to 123 K at 68 hours.

Modeling realistic radiative cooling of the test mass, the target temperature of 123 K is
reached within ∼4 days; much quicker than the main volume pumpdown in Fig. 62.

The simulation assumes the inner shield and snout are provided a total of 55 W of lift at
40 K. For more information on cryocooler requirements, see Appendix H.

If it turns out faster cooling times are needed, a mechanically-actuated cold flap (at-
tached to the shield snout) could be used to block the heat from the main beamtube. In
addition, more aggressive techniques are discussed in and G1400250 and [16].
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FIGURE 63: Estimate of ITM cooldown via numerical integration. Assuming a TM barrel emissivity of
0.95 and HR/AR emissivity of 0.3.
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H Cryocooler Downselection

Cryocoolers need to have sufficient heat lifting capacity down to about 40 K, and also
not introduce too much vibration. The required heat lifting capacity can be modeled,
and Table 17 lists the requirements. Note that the selected cryocooler will only be re-
sponsible for cooling the inner shield and snout pair. A separate LN2 tank will provide
the majority of the cooling power to the outer shield and snout, reducing the thermal
load on the inner pair and thus lowering the selected cryocooler lift requirement.

However, the coupling from the vibration of the cold head to interferometer is less well
known and will depend on in-situ measurements. Fig. 64 illustrates the vibration cou-
pling paths to the test mass and the inner shield, both of which are vibration sensitive.
Parts of these paths are not well known in advance. Thus, for vibration, we’ll do our
best to target known ‘low vibration’ cryocoolers that also have relatively high operating
frequencies so the vibration can be filtered if necessary. This leads us to consider Stirling
or high frequency pulse tube coolers.

Unlike pulse tube coolers, free piston Stirling coolers require no maintenance, and Sun-
power lists a mean time to failure > 200,000 hours. The mean time to failure for pulse
tubes is not currently known to us, but Cryomech only provides a warranty for about
10,000 hours. Stirling coolers are also easy to obtain at operating frequencies at or near
60 Hz. Pulse tubes, while they can be high frequency, are easier to find at low operat-
ing frequencies in the regime of 2 Hz. For these reasons, in particular the reliability, we
prefer the Stirling coolers.

Shield Component Min Operating Temp (K) Cooling Power at Min (W)
Inner Sus Shield + Snout 40 55
Outer Sus Shield + Snout 200 850

TABLE 17: Cryo cooler cooling power requirements
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FIGURE 64: A schematic of the cryocooler’s vibration path. Any vibration coupling to either the test
mass (TM) or the inner heat shields (Mshield) can contribute noise to the interferometer.
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I Warm vs Cold PUM Downselection

This appendix studies room temperature vs cryogenic PUMs in various configurations.
The main driver for a cold PUM is to reduce the thermoelastic noise in the suspension
ribbons/fibers supporting the test mass. Other configurations are considered here as
possible alternatives to mitigate the challenges involved with the silicon fibers or rib-
bons by permitting use of established technologies.

Table 18 summarizes the physical differences between the four configurations consid-
ered in Fig. 65, which shows the strain suspension thermal noise and total noise seen by
DARM. Table 18 shows the configurations in the same order as Fig. 65. Configuration 1
is the Voyager baseline.

All four configurations were assumed to have silicon PUM springs supporting the test
mass fibers/ribbons/wires in order to decouple the breaking stress from the bounce
and roll mode frequency requirements. Such silicon springs require development. In
at least configuration 3 there would be a fused silica to silicon joint, which would also
at least require a bonding study, if not development. In practice, configurations 3 and
4 might use silica and maraging steel blades respectively, rather than silicon. However,
the choice of spring material here is not likely to alter the noise performance enough to
drive this downselection.

Configuration PUM Temp Fiber/ribbon material PUM material PUM blades
1 123 K Silicon ribbons Silicon Silicon blades
2 295 K Silicon ribbons Silicon Silicon blades
3 295 K Silica fibers Silica Silicon blades
4 123 K Steel wires Aluminum Silicon blades

TABLE 18: Summary of the suspension differences for the warm vs cold PUM configurations.

Given that Fig. 65 shows that the baseline Voyager low frequency noise performance
(configuration 1), as well as violin mode thermal noise, is significantly better than the
other 3 configurations, we choose not to pursue any of the off-nominal configurations.
See T1200099 for more details on the astrophysical motivations for low frequency noise
performance.
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FIGURE 65: Strain noise seen by DARM for various PUM and suspension wire configurations. These
curves represent the quadrature sum of the four test masses. Dashed lines are suspension
thermal noise, solid lines are total DARM noise.
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