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Caltech 40m Prototype
The prototype's mission: 
 integration test of the state-of-the-art detector technology

Technology demonstration for generations of GW detectors 
 FP/PRFPMI iLIGO, RSE aLIGO
 Current: BHD A+ (-> poster)

-> Voyager: Cryogenic prototype 



Roles of the prototype interferometer
- Increase feasibility and readiness of the main detector
- Accumulate experience with known/unknown issues
Focus: "Integration"

Less complicated subset of the main detector

OPTICS

Mechanics

Electronics

Individual 
Component
R&D

Main ProjectPrototype IFO



Mariner: Prototype of Voyager

Key technologies
"Si test mass / Radiative cooling / 2050nm Laser"

 aLIGO(A+) Voyager   Mariner
 𝜆=1064nm, 125W 2050nm, ~150W  <-Same, ~10W
 4km DRFPMI <-Same   40m FPMI (Phase I)

 FD-SQZ / BHD / OMC <-Same   None (Phase I)

 SiO2 40kg Si ~200kg   <-Same ~6kg
 Room temp Radiative cooling 123K <-Same
 Quad SUS <-Same   Double SUS
  bottom 2 cooled  bottom 2 cooled



Laser / Optics at 2050nm
Less common than 1064nm but solutions exists

Multiple options for laser:
ECDL / EC-OPA / LD-pump Tm, Ho:YLF Laser / TDF laser
2050nm semiconductor laser for LIDAR NASA JPL
Double stage TDF amp (10mW->10W) CSIR-CGCRI
 
PSL combo
PMC / IMC / others: SiO2 optics
EOM / AOM / Faradays: Off-the-shelf

Photodiodes
ex-InGaAs PD: works at 2um / to be tested
ex-InGaAs QPDs: to be manufactured
High QEPD: not in  the scope at the moment

Council of Scientific and Industrial Research–Central 
Glass & Ceramic Research Institute (CSIR–CGRI)

Motivation Introduction High Power Semiconductor Lasers Fiber-pigtailed Laser Modules Conclusion

2.05 µm Laser Butterfly Packages
2.05 µm semiconductor laser butterfly

package2.05 m semiconductor laser butterfly package 

2.05 m butterfly components with
 integrated optical isolator

2.05 µm butterfly components with
integrated optical isolator

2.05 m semiconductor laser butterfly package 

2.05 m butterfly components with
 integrated optical isolator
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40% coupling efficiency is demonstrated
>60% coupling efficiency can be achieved using
double acylindrical lens with a focusing lens (3
lens scheme)

18th Coherent Laser Radar Conference June 29, 2016 MICRODEVICES LABORATORY 11 / 16

Motivation Introduction High Power Semiconductor Lasers Fiber-pigtailed Laser Modules Conclusion

2.05 µm Laser Butterfly Packages
2.05 µm semiconductor laser butterfly

package2.05 m semiconductor laser butterfly package 

2.05 m butterfly components with
 integrated optical isolator

2.05 µm butterfly components with
integrated optical isolator

2.05 m semiconductor laser butterfly package 

2.05 m butterfly components with
 integrated optical isolator

Measured coupling efficiency

0 50 100 150 200 250
0

5

10

15

20

25

30

η2= 0.055 mW/mA

 Power exiting laser facet
 Power at the end of fiber

 

 

P
ow

er
 (m

W
)

Current (mA)

ce =η2/η1 = 40%

η1= 0.135 mW/mA

40% coupling efficiency is demonstrated
>60% coupling efficiency can be achieved using
double acylindrical lens with a focusing lens (3
lens scheme)

18th Coherent Laser Radar Conference June 29, 2016 MICRODEVICES LABORATORY 11 / 16NASA JPL



Solution for Locking: Arm Length Stabilization

"Arm stabilization before locking"
Using an aux laser locked to the cavity

Equivalence: 
Fractional fluctuations (d𝜈/𝜈 = dL/L)

How to relate d𝜈/𝜈 at 1550nm and 2050nm
Frequency comb
Transfer cavity (dichroic rigid cavity)
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Si Test Mass / Coating
● Substrate: 

𝜙15cm x t14cm, ITM FZ / ETM MCZ

● Dichroic coating 
Phase I: Conventional SiO2/Ta2O5, Phase II: aSi

● Barrel Coating for high emissivity
Black Si + SiO2 reinforcement layer
Investigation with wafers 
for robustness and mech. loss

created or the physical nature of the atomic levels as
they substitute into the lattice.
Considering these absorption characteristics, mod-

eling of blackbody emittance is presented in Fig. 4(a)
for all the samples used as blackbody surfaces, as
well as for Aeroglaze Z306 black paint and a perfect
blackbody for use as a reference. As measured, the
Aeroglaze Z306 has an overall emissivity of approxi-
mately 0.90, but when comparing the emittance le-
vels for the sulfur-doped microstructured silicon,
both of these samples nearly overlay one another.
Each sample presents its own benefits: the sulfur-
doped microstructured silicon sample exhibits a
spectral emissivity “flatness” in the midwave infra-
red from 3 to 5 μm, while the Aeroglaze Z306 has
some spectral features in this range, as presented
in Fig. 4(a). However, in the longer wavelength infra-
red region, the Aeroglaze Z306 shows superior per-
formance with its higher spectral emissivity values.
Further, microstructured silicon could be used as a

surface for upgrading microbolometer detectors. Gi-
ven the VO2 average integrated emissivity of 0.80
from 8 to 12 μm [9] and the average emissivity from
8 to 12 μm of about 0.5 for polycrystalline silicon [10],
it is clear that microstructured silicon with its higher
emissivity of 0.89 from 8 to 12 μm could be used to
enhance microbolometer detector performance.
In summary, we have measured the hemispheri-

cal-directional reflectance of microstructured silicon
with dopants of sulfur, selenium, and tellurium.
Using these measurements, we have calculated the
spectral emissivity of our samples and shown their

variations in emissivity. An emissivity change has
transpired during the measurement, which can only
be logically explained by a measurement-induced an-
neal in the atmosphere. Given the robust nature of
the further supplied samples, we can only conclude
that the one sample was exposed to a measure-
ment-induced anneal with a blackbody shutter left
open for an unspecified period of time, thus creating
an anneal oven. Further questions about the absorp-
tion mechanisms are presented, and, in the future, it
would be beneficial for photoconductivity spectra to
be taken of microstructured silicon samples similar
to those presented herein. It also would be beneficial
to obtain photoconductivity as a function of tempera-
ture, especially if special samples can be prepared
where the complication of surface morphology can
be removed from the measurement process. Finally,
applications of microstructured silicon have been
presented for further research.
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Fig. 4. (Color online) (a) Blackbody emittance versus wavelength
and (b) sample emissivity versus wavelength.
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The data in Fig. 2, which was taken using the low-
est source temperature, reveals a great deal of noise
below 5 μm. This is not surprising, since the spectral
exitance,MBB, of a blackbody is given by Planck’s law
of blackbody radiation:

MBBðλ;TÞ ¼
2hc2

λ5
!
ehc=λkT − 1

"
Z2π

0

Zπ=2

0

εh;dðλ; θ;ϕÞ

× cos θ sin θdθdϕ; ð1Þ

where h is Planck’s constant, c is the speed of light in
a vacuum, k is Boltzmann’s constant, λ is the wave-
length, and T is the blackbody’s temperature. In this
equation, the hemispherical-directional emissivity,
εh;d, of a perfect blackbody is equal to 1. The spectral
exitance of a 473K blackbody at a wavelength of 5 μm
is 274W=μmm2, while a 973K blackbody gives an
exitance of 6563W=μmm2 at the same wavelength.
This difference in exitance gives a greater signal-
to-noise ratio during the measurement.

Reflectance measurements were made by increas-
ing theSOC100’sangle of reflectanceat5° increments
from 10° to 80° over the sample, and the experiment’s
geometry is best explained elsewhere [4]. The normal
incidence transmission was collected in the same
geometry, with the mirror rotating underneath the
sample during measurement. Using Kirchoff ’s law
of thermal radiation, the hemispherical-directional
emissivity is calculated from the data taken:

εh;dðλ; θ;ϕÞ ¼ 1 − ðRh;dðλ; θ;ϕÞ þ Tðλ; θ ¼ 0°;ϕÞÞ; ð2Þ

where θ is the directional angle specified by the SOC
100 user, φ is the azimuthal angle and remains fixed
during all measurements, Rh;d is hemispherical-
directional reflectance, andT is transmittance at nor-
mal incidence. All of the data are normalized using
either a gold mirror standard during reflectance
or an empty sample holder during transmittance
measurements.

Using Eq. (2), εh;d is calculated from our measure-
ments and substituted into Eq. (1), integrating out
the angular dependence so that the spectral exitance
of our sample, MsampleBB, can be calculated. Spectral
emissivity, εðλÞ, and emissivity in general is a unit-
less number and is calculated by normalizing the
sample’s spectral exitance with the perfect black-
body spectral exitance, MsampleBB=MBB. Finally, the
hemispherical-total emissivity is calculated by
integration with respect to wavelength:

εh;Total ¼
Zλ1

λ2

MSampleBBðλ;TÞdλ=
Zλ2

λ1

MBBðλ;TÞdλ: ð3Þ

Figure 1 shows the effect of a measurement-
induced anneal with the overall sample surface
morphology changing when comparing the before-
and-after measurement electron micrographs. This
is further supported with the data in Fig. 2, which

Fig. 1. Electron micrograph of sulfur-doped black silicon
(a) beforemeasurement and (b) after measurement with the source
at 973K.

Fig. 2. (Color online) Emissivity versus wavelength given differ-
ent blackbody source temperatures.
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Black Si:S 
𝜀 ~ 0.8

https://doi.org/10.1364/AO.49.001065


Cryogenics
Radiative test mass cooling
Double cryo shields / LN2+cryo cooler

add on to the existing vacuum chambers
shields extended into the arm tubes

123 K

Seismic Table = 295 K

optional sus springouter shield < 160 K

inner shield <= 50 K

Vacuum wall = 295 K

• Outer shield mounts to 
vacuum wall

• Inner shield mounts to 
sus table or cage

• Sus cage: maybe st. steel

End Test Mass Chamber Layout

cooler

LN2

Low thermal conductivity
Bolted joints

Outer shield outer surface emissivity: low

low emissivity

emissivity of outer 
shield inner surface?
low better thermally, 
high better for 
scattered light

high emissivity

inner snout <= 50 K

4

R. Bhatt's talk on Fry 
afternoon



Cryogenic suspension

50cm double stage suspension
emulates the last two stage of Voyager quad

Priority targets:
Cooling demonstration, 
Handling of pos and angular drift 
Operation of the cooled interferometer 

Steel wire for Phase I
Si ribbons / Si blades later



Cryogenic suspension
Preliminary radiative cooling test
6cm single pendulum 
 in a low profile cryostat
"Aquadag" (carbon based paint)
Cooled down to ~120K  in ~80h

OSEMs (LED/PD pair)
functions well at 70K
readout response increased by 40% +40%



Status / Summary

Mariner: three key technologies
- Si test mass / radiative cooling / 2050nm laser

Technologies available
- Integrated as an interferometer

Installation
- after balanced homodyne test concludes
- staging the components in the labs


