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Thermal noise sources are relevant for future gravitational wave detectors due to the foreseen increase in 
sensitivity, especially at frequencies below 10Hz. As most thermal noise sources scale with the square root of 
the temperature, cooling critical optical components and their suspension system is essential. This also requires 
a much wider range of temperature compatibility from all technology deployed in the last suspension stages, 
including displacement and inertial sensors. We demonstrate and characterize a setup for stable light sources and 
light intensity sensing for temperatures from 300 to 12K. Commercial collimators and fibers were tested to use 
light from stabilized laser sources in the cryogenic environment. We also investigated multiple semiconductor 
compositions of photodiodes and identified a solution with high and stable responsivity at 1550 nm.
1. Introduction

Over the past decade, several ground-based observatories have been 
operating to capture gravitational waves. Current instruments can de-

tect gravitational-wave signals with frequencies higher than 10 Hz [1,2]. 
They are limited at low frequency by multiple noise sources, including 
the coupling of the mirror motion with other degrees of freedom, seismic 
noise, and thermal noise. The Einstein Telescope is a third-generation 
gravitational wave detector. The project aims at increasing the observ-

able fraction of the Universe by broadening the frequency range of 
observation down to 3 Hz and increasing the sensitivity [3]. As most 
thermal noise contributions scale with the square root of the tempera-

ture, the main sources of thermal noise, the mirror coatings and mirror 
suspensions, will be cooled to between 10 and 20K. With improved 
seismic isolation systems, noise from ground vibrations is expected to 
be reduced to non-limiting levels in the frequency range of interest.

E-TEST (Einstein Telescope Euregio Meuse-Rhine Site & Technol-

ogy) [4]2 is an international collaboration researching key technologies 
for the Einstein Telescope [6]. In this context, a prototype suspension 
is being developed, combining passive and active isolation techniques 
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for a 100 kg silicon mirror cooled down radiatively below 25 K in a 
suspended cryostat.

The seismic isolation calls for highly sensitive inertial sensors at each 
stage of the isolation chain to monitor its efficiency. This is especially 
relevant to characterize the effectiveness of the low-vibration cooling 
strategy. The sensors close to the mirror must be capable of operat-

ing in harsh cryogenic environments with extremely high sensitivity. 
Horizontal and vertical cryogenic inertial sensors were developed to 
monitor the cryogenic penultimate stage down to 10−13 m∕

√
Hz and 

10−14 m/
√

Hz respectively below 10Hz. Interferometric readouts are 
the state-of-the-art strategy for sub-picometer sensitive sensors [7–11]. 
However, their compatibility with cryogenic temperature has not been 
well documented yet. Most of the optical components specifications are 
stated at room temperature, and their performance at cryogenic tem-

perature needs to be characterized to ensure a reliable operation at 
cryogenic temperature. The horizontal sensor developed for the last 
isolation stage of the E-TEST prototype is shown as an example of a 
cryogenic interferometric inertial sensor in Fig. 1.

In this paper, the compatibility and performance of the critical opti-

cal elements of an interferometric readout are investigated under cryo-

genic conditions. Commercial collimators and polarization-maintaining 
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Fig. 1. Concept of a cryogenic monolithic inertial sensor. A homodyne interfer-

ometric readout provides an error signal containing information on the position 
of the proof mass. The proof mass is inertially suspended from the frame by a 
regular pendulum and inverted pendulum (a Watt’s linkage) and allows for an 
arbitrarily low natural frequency, thereby increasing the mechanical sensitivity. 
The error signal is fed to the magnet voice-coil actuator to lock the mass with 
respect to the frame and is used as the sensor output [12]. The interferometer 
output and feedback control are performed by a custom analog circuit. It is fore-

seen to replace the analog circuit with a custom Cryo-CMOS chip [13,14].

Fig. 2. Top: Cross section of the cryostat used to test optical components. De-

picted are the outer stainless steel vessel, cryocooler, thermal shield, and the 
connection port for the vacuum pump. Bottom: Typical temperature profile dur-

ing a measurement. The system reaches the minimal temperature after about 
2 h of cooling. Once the cooler is stopped, the system starts to heat up slowly. A 
heater is used to bring the system back to room temperature within a few hours 
instead of days.

single-mode fibers are tested to use light from stabilized laser sources 
in the cryogenic environment. Multiple photodiode compositions are 
investigated as well to select the optimal solution for 1550 nm interfer-

ometric readouts.

2. Cryogenic test bench

A closed-cycle cryostat system was used to evaluate components at 
temperatures between 8 and 300 K and is shown in Fig. 2. The two-
2

stage Gifford-McMahon cooler can cool the system to below 10 K. With a 
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turbomolecular pump the outer stainless steel vessel is evacuated below 
1 × 10−5 hPa. The setup is capable of achieving a temperature of 10 K
with an additional heat load of 2W, which is well below the expected 
heat load of the tested components. After cooling, the temperature of 
the cold head is stable to within 0.2 K, limited by the cyclic nature of 
the cooling process. Due to the thermal resistance, the temperatures of 
the tested devices are even more stable. The setup typically takes 2 h to 
cool below 10K and can be actively heated to room temperature within 
2 h [4].

3. Collimators

3.1. Material and methods

Sensitive interferometric read-out systems require a stable optical 
light source. Laser light sources with sufficient stability are commer-

cially available. Fiber splitters can be employed to operate multiple 
sensors from a single light source. This way, a single fiber entering 
the cryogenic environment can supply light for multiple devices. Due to 
their small diameter, single-mode fibers are not very stiff and have lower 
mechanical coupling compared to their multi-mode counterpart and 
lower thermal conductivity. Using polarization-maintaining fibers elim-

inates the need for an additional polarizer that would discard half of the 
transferred power. Thus, for gravitational-wave detectors, polarization-

maintaining single-mode fibers are a practical solution to make this light 
available in the cryogenic environment. The laser wavelength of inter-

est is 1550 nm. This choice results from the compromise of having a 
large wavelength to broaden the measurement range of the interferom-

eter [11] and the commercial availability of long-wavelength lasers with 
low intensity noise and low frequency noise.

Parallel light beams are crucial for the alignment in optical sen-

sors and for all following cryogenic measurements, but bare fiber ends 
emit light in a divergent pattern. Collimators are used to refract the 
light into a parallel beam. Therefore two collimators were selected and 
studied: The F230APC-1550 from Thorlabs was chosen, as fixed-focus 
collimators from the same family have already been widely used in in-

terferometric readouts [11,15–17]. As a more compact alternative, the 
CFP5-1550A by Thorlabs was evaluated.

The CFP5 collimator has an integrated fiber with a polymer-based 
coating (TPE-E) that suggests a high outgassing rate. The F230APC, on 
the other hand, is primarily made of stainless steel, suggesting that it 
will have a comparatively low outgassing rate.

The setup shown in Fig. 3 was used to measure the effect of cryo-

genic temperatures on the collimators. The previously described cryo-

stat system was used to cool the samples at ambient pressures below 
1 ×10−6 hPa. Light from a Koheras Adjustik X15 1550 nm laser was cou-

pled into the vacuum vessel of the cryostat using polarization maintain-

ing optical fibers with FC-APC connectors (Thorlabs P3-1550PM-FC). 
The light throughput between two collimators is sensitive to the an-

gular alignment. To avoid misalignment due to thermal contraction, a 
200 μm multi-mode fiber end is used to collect light from the device 
under test. This solution has a lower light throughput but has a signif-

icantly reduced sensitivity to angular misalignment due to the larger 
numerical aperture of the fiber end. To quantify the output light inten-

sity, the photocurrent of an FGA21 photodiode placed outside of the 
cryostat was monitored.

Operating the optical fibers outside of their specified temperature 
range could lead to damage from increased mechanical stress. This is 
especially true for the unprotected surfaces inside the connectors if dust 
particles are stuck between the two surfaces. As soon as any degrada-

tion to the fiber ends was observed under a microscope, the fibers were 
replaced to prevent such effects from affecting the measurements.

3.2. Results and discussion

Results from the collimator measurements are summarized in Fig. 4. 

Both collimators showed no damage or permanent degradation from 
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Fig. 3. Top: Sketch of the experimental setup used for collimator testing. Optical 
fibers are used to couple light into and out of the cryogenic environment. A 
mounting structure made of oxygen-free copper (OFC) is used to mount an open 
multi-mode fiber end in front of the collimator and to thermally connect the 
collimator to the cooling system. Bottom: Picture showing the mounting system 
for the CFP5 collimator. The mounting structure temperature is measured with 
a DT-670 temperature sensor by Lake Shore.

the cryogenic temperature. For both collimators, the transmission coef-

ficient stabilized once the temperature stabilized.

The CFP5 collimator transmission varied by about ±7% during cool-

ing and heating. In multiple thermal cycles the amplitude of the varia-

tions was repeatable, but the exact shape varied. This could be due to 
the internal structure of the collimator or caused by movement of the 
collimator in the mounting structure. The CFP5 has a cylindrical outer 
shape with one flat side. The used mounting structure had a matching 
hole with a grub screw. With differences in thermal contraction, the 
collimator might be able to tilt as the temperature drops. This suggests 
that a more elaborate mounting solution would be required to apply the 
CFP5 for precise sensing applications at cryogenic temperatures.

The F230APC collimator has a significantly more stable transmis-

sion that varies less than ±2% across the studied temperature range. 
With an outer thread, the F230APC is much easier to mount. In Fig. 4

the temperature of the holding structure is shown. It is logical that the 
temperature of the less thermally conductive lens is delayed relative 
to the holding structure temperature, leading to a difference between 
the measurements from cool-down and warm-up. The variation in the 
light between thermal cycles was studied in a combined setup where 
the sensing photodiode was cooled simultaneously. A maximum varia-

tion related to the collimator of 1% was observed.

There are multiple possible reasons for the ±2% variation in light 
throughput, including the fast change of the F230APC around 10 K.

Residual gasses could form ice layers on the optical surfaces. The ice 
layer formation rate can be estimated as

𝜂 ≈ 𝑃

𝜌coating

√
𝑚

2𝜋𝑘𝐵𝑇
, (1)

where 𝑃 is the pressure, 𝜌coating is the density of the ice layer, 𝑚 is the 
mass of the ice molecules, 𝑘𝐵 is the Boltzmann constant, and 𝑇 the tem-

perature of the residual gas [18,19]. This assumes that all molecules 
incident on the mirror stick to the surface. For the collimator exper-

iments with the largest pressure of up to 1 × 10−6 hPa, water vapor 
is dominating. Assuming a density 𝜌coating = 0.82 g∕cm3 [20] for light 
amorphous ice yields an ice growth rate of 𝜂 ≈ 47 nm∕h for residual gas 
coming from the room temperature outer vacuum vessel. Due to the 
experiment geometry, most of the residual gas molecules are expected 
3

to freeze on other surfaces that are cooled faster, making this an upper-
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Fig. 4. Measurement of the temperature dependency of the light transmission for 
the optical system of collimator and fibers. Each shown measurement displays 
data from a thermal cycle similar to Fig. 2. The CFP5-1550 showed significantly 
more fluctuations during the cooling cycle compared to the F230APC. Compared 
to during the temperature ramping, the F230APC had a significantly more stable 
light throughput at a constant temperature.

limit estimate. The ice layer formed over the duration of a few hours per 
experiment is thus thin compared to the wavelength of 1550 nm. Due to 
this upper limit it is unlikely that ice formation is the dominant reason 
for variation in the light throughput. The estimation of the ice-layer for-

mation rate presented here is only an upper limit and is specific to our 
setup. Another possible reason is thermal contraction, which could af-

fect the optical coatings on the collimator lens or lead to deformation of 
the lens.

Due to the better performance with the employed mounting systems 
the F230APC is used in all following measurements.

4. Photodiodes

Measuring the power of light beams in cryogenic environments is 
crucial in constructing cryogenic optical displacement and interfero-

metric inertial sensors. With working collimators and optical fibers, it 
is possible to guide the light outside the cryogenic environment and 
use room temperature components. However, this requires at least one 
fiber per readout channel. In the context of a gravitational-wave detec-

tor, each fiber adds undesirable mechanical coupling. The optical output 
signals of the interferometric readout systems are low-power and sen-

sitive, meaning that disturbances collected over longer distances can 
decrease the signal-to-noise ratio. In addition, for thermal design rea-

sons, the optical fibers have to be small in diameter, which makes them 
very fragile. Placing photoelectric sensors like photodiodes directly in 
the cold environment allows using electrical wiring instead of optical 
fibers but necessitates photodiodes compatible with the required cryo-

genic temperatures.

Photodiodes are made of semiconductor junctions and produce an 
illumination-dependent photocurrent. Several figures of merit are com-

monly used to describe photodetectors and photodiodes. Among the 
main ones are the spectral response, the quantum efficiency, the re-

sponsivity, and noise level [21]. The spectral response of a photodiode 
relates to the variation of responsivity with wavelength and is commonly 
used to refer to the range of the electromagnetic spectrum in which the 
photodiode is sensitive. This article focuses on 1550 nm, setting a first re-

quirement for the photodiode selection. The photodiode responsivity 𝑅

(photocurrent per illumination power) typically increases linearly with 
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the incident photon wavelength 𝜆 up to the cut-off wavelength 𝜆max. As 
photon energies 𝐸𝛾 higher than the band gap energy 𝐸𝑔 of the semicon-

ductor material are required to excite electrons from the valence band 
to the conduction band, the maximum sensitive wavelength can be es-

timated as

𝐸𝛾 =
ℎ𝑐

𝜆
≥𝐸𝑔 ⇒ 𝜆max =

ℎ𝑐

𝐸𝛾min

= ℎ𝑐

𝐸𝑔

. (2)

When the photodiode temperature decreases, the band gap energy 
increases [22,23]. Therefore, the cutoff wavelength decreases, reduc-

ing the spectral range. The responsivity of a photodiode is the detected 
signal output per watt of incident optical power. It is proportional to 
the photon wavelength for ideal photodiodes due to the reciprocal re-

lationship between wavelength and photon energy. The responsivity of 
an optimal photodiode can be expressed as a function of the quantum 
efficiency 𝜂 [24] as

𝑅 =
𝐼PD

𝑃light

≈ 𝑒𝜆𝜂

ℎ𝑐
, (3)

where 𝐼PD is the photocurrent of the diode, 𝑃light is the incident light 
power on the sensitive area and 𝑒 is the elementary charge.

The performance of an inertial sensor is characterized by its noise 
floor, in which the photodiodes of the interferometric read-out can have 
a dominant contribution. The noise floor of a sensor is the sum of the 
shot noise, the dark current noise, and the thermoelectrical and flicker 
noise from the electronics used to convert the photodiode current into 
voltage [11,25]. Shot noise relates to the statistical nature of photon 
beams and manifests as uncertainty in the arrival times of the pho-

tons on the photodiode. Since it is directly related to the amplitude of 
the photocurrent, it will not significantly change with temperature as 
long as the light source and diode responsivity are sufficiently stable. 
As the electronics can be placed outside of the cryogenic environment, 
their noise is not affected by temperature either. The dark current is 
the electrical current measured on the detector when it is not illu-

minated. The dark current is composed of thermally produced charge 
carriers [26,11,25,24]. Temperature and bias voltage are the main de-

pendencies for the dark current.

In this study, the figures of merit of several photodiodes are moni-

tored when the photodiode is cooled from room temperature to 12 K. 
The responsivity of the photodiode is quantified by measuring the pro-

duced current under constant illumination. Monitoring the responsivity 
is also an indication of the spectral range evolution with temperature. 
The dark current is monitored in separate measurements without illu-

mination, as it is a limiting factor in the interferometric read-out sensi-

tivity.

4.1. Diode selection

In the near-infrared range of the electromagnetic spectrum, more 
specifically at 1550 nm, only a few commercially available semicon-

ductor-based photodetectors are sensitive: InGaAs, HgCdTe, InAs, and 
PbS [21,24,27,23,28]. HgCdTe diodes are sensitive up to 13 μm and 
have a wide energy gap semiconductor CdTe with a semi-metallic com-

pound HgTe [21]. The semiconductor band gap can be tuned by mod-

ifying the HgTe and CdTe proportions. The fabrication process of such 
material is challenging, leading to consequent pricing and uncertainty 
in the cut-off frequency [23,29,30]. HgCdTe-based photodiodes are thus 
not considered in this study. PbS-based pin photodiodes are not consid-

ered either because of their limited availability in the market.

Using a substrate with a matching lattice constant is a common 
technique to reduce faults in semiconductor crystals. Lattice-matched 
InGaAs (typically In0.53Ga0.47As [31]) is the state-of-the-art solution for 
room temperature 1550 nm detection. Their cutoff wavelength is 1.7 μm
and their peak sensitivity is at 1550 nm. However, according to previ-

ous studies, the cutoff wavelength is expected to decrease to 1546.3 nm
4

at 20K due to the increasing band gap energy [22], cutting the current 
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working wavelength out of the spectrum range. To tackle the sensitiv-

ity loss of InGaAs with temperature, extended InGaAs photodiodes are 
considered. Extended InGaAs have an increased Indium content. The 
band gap equivalent cut-off wavelength at room temperature can vary 
between 870 nm for pure GaAs and 3500 nm for InAs [27]. Extended In-

GaAs materials are convenient because of the flexibility in the choice 
of the cutoff wavelength but are more difficult to manufacture [22,30]

compared to lattice-matched systems. The lattice mismatch leads to a 
smaller bandgap, and the interface defects resulting from the lattice 
mismatch of extended InGaAs photodiodes lead to higher dark cur-

rents [27,32].

Table 1 gives an overview of the different photodiode semiconductor 
systems considered in this study. Transistor Outline (TO) type packages 
(e.g. TO-46 [33]) were selected for all diodes for two reasons. First, 
the mostly metallic packaging promises reduced outgassing rates com-

pared to packages with more exposed potting compound. Additionally, 
the metal case provides a better thermal contact between the mount-

ing structure and the die. One disadvantage is that for some commer-

cial diodes, the case is connected to one of the terminals of the diode. 
This can introduce noise and hinder precise measurements by creating 
ground loops.

4.2. Methodology for diode characterization

The photodiodes were characterized at cryogenic temperature with 
and without illumination. A general description of the measurement 
setup can be seen in Fig. 5. The figure also shows the mounting struc-

ture for the photodiodes inside of the cryostat. The fibers and collimators 
characterized in Section 3 were used to illuminate the device under test 
with light of constant intensity. The 1550 nm laser source power was set 
to 1mW. As demonstrated in the previous section, the variation of light 
intensity with temperature is less than 2% for this setup. To reduce elec-

tronic disturbances, the diode mounting structure shown in Fig. 5 was 
joined with electrically isolating glue. Unfortunately, creating an electri-

cally isolating connection also limits the thermal conductivity, slightly 
increasing the lowest achievable temperature.

The stainless steel vacuum vessel of the cryostat is the first layer that 
blocks external light sources. Additionally, the mounting structure for 
the diodes is completely enclosing the optical path, except for a small 
off-axis venting hole.

To characterize the dark current, the illumination was disabled, opti-

cal ports were closed and all potential light sources were removed. This 
included disabling the vacuum gauge. To measure the dark current, a 
Keithley 6485 picoampere meter was used. A custom battery-powered, 
adjustable, and stabilized voltage source provided the bias voltage with-

out creating ground loops. All cables were shielded and kept as short as 
possible to minimize coupling from external noise sources. In a trade-

off to reduce the introduction of heat through the electrical wiring, the 
used wiring setup had a leakage resistance of about 40 GΩ. Changes of 
the leakage resistance with temperature lead to variations of the leakage 
current up to 40 pA during thermal cycling, limiting the usable measure-

ment range.

4.3. Results and discussion

4.3.1. Responsivity

Results from the measurement campaign are summarized in Fig. 6. 
The photodiodes from Table 1 were cooled down to approximatively 
10K, and the evolution of their responsivity to a 1550 nm input wave-

length with respect to temperature is analyzed. A previous measurement 
by Bajpai et al. [34] of the FGA21 photodiode is also included for com-

parison. In some measurements, a small difference between the cooling 
and warming phases is evident. This happens mainly because it is only 
possible to measure the temperature of the holding structure and not 

the temperature inside the diode housing. As is to be expected based 
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Table 1

List of the commercial photodiodes that were considered. The diodes were chosen to test different semi-

conductor compositions. Displayed properties are based on the specifications given by the manufacturer. 
All studied photodiodes have a sensitive area with 1mm diameter.

Model name Manufacturer Material

Room temperature

50% cutoff

wavelength [μm]

Room temperature

responsivity

at 1.55 μm [A/W]

FGA21 Thorlabs Lattice-matched InGaAs 1.7 1.04

IG17X1000S4i Laser Components Lattice-matched InGaAs 1.65 1.05

IG22X1000S4i Laser Components Extended InGaAs 2.15 1.09

IG26X1000S4i Laser Components Extended InGaAs 2.45 1.0

P10090-01 Hamamatsu InAs 3.65 0.3
Fig. 5. The setup used for the photodiode characterization: Top: A sketch of the 
measurement setup where the photodiode is mounted inside the cryogenic en-

vironment and illuminated through a single-mode optical fiber and collimator. 
Bottom: The copper holding structure used to mount the diodes in the cryostat. 
The structure provides mechanical alignment between the diode and collimator 
and a good thermal connection.

on their lower room temperature maximum wavelength, the lattice-

matched 1.65 μm InGaAs diode loses sensitivity to the 1550 nm wave-

length at about 93 K (50% loss). This loss was estimated at 84.2 K based 
on empirical relationships extracted from the literature [22] for lattice-

matched InGaAs photodiodes. This experimental result also matches a 
previous measurement of the FGA21, another lattice-matched InGaAs 
diode [34], conducted in similar conditions.

All of the extended InGaAs diodes sustain sufficient sensitivity across 
the whole temperature range. The comparatively low InAs sensitivity 
at room temperature increases to the highest measured value of about 
1.35A∕W. A measurement of the less extended IG22 shows a signifi-

cant temperature dependency below 30K. This is disadvantageous for 
precise sensing applications. A similar effect starting at a lower temper-

ature was observed for the studied InAs diode P10090. Overall, the IG26 
displayed the most stable behavior with good responsivity below 20 K. 
All diodes showed no significant degradation of performance from being 
thermally cycled twice.

4.3.2. Dark current

The dark current is a bias-dependent current of the photodiode that 
is present with no illumination of the active area. The current originates 
from the thermal generation of charge carriers in the depletion region.

The dark current 𝐼D is expected to decrease with decreasing temper-

ature as (
𝑒𝑉𝐷 −𝐸𝑔

)

5

𝐼D(𝑇 ) ≈ 𝐶 ⋅ exp
𝑛𝑘𝐵𝑇

, (4)
Fig. 6. Measurements of the responsivity of different photodiodes for 1550 nm
illumination. All measurements were performed in photovoltaic mode without 
biasing. A previous measurement by Bajpai et al. [34] of the lattice-matched 
InGaAs photodiode FGA21 is also included for comparison to our measurements 
of the lattice-matched InGaAs diode IG17. Each curve displays data from cooling 
down a photodiode to approximately 10 K and the following warming up. The 
measurement data is scaled based on the responsivity specified in the respective 
datasheets at room temperature.

where C is a material dependent constant, 𝑉𝐷 is voltage applied to the 
diode, 𝐸𝑔 is the bandgap energy, 𝑛 is the ideality factor and 𝑇 the tem-

perature [35,36]. For temperature ranges with an insignificant variation 
of the bandgap energy and ideality factor, a simplification of the expo-

nent is possible and is

𝐼D(𝑇 ) ≈ 𝐼D,0 2𝑇 ∕𝑇1∕2 , (5)

where 𝑇1∕2 is a parameter in the exponential approximation. We find 
that for temperatures above 210 K the dark current halves for about 
every 10K decrease in temperature. This is a common behavior for most 
semiconductor junctions and has also been found a good approximation 
for extended InGaAs around 260K [37].

Fig. 7 shows the measured dark current for the 1.65 μm and 2.45 μm
InGaAs diodes. As the dark current of the two diodes significantly differs, 
different bias voltages were chosen based on the datasheet recommen-

dations [38,39]. For larger currents, the uncertainty of the picoampere 
meter calibration is dominant. At temperatures below approximately 
100 and 200K respectively, the uncertainty of the leakage current of 
the cables limits the measurement, and only an upper bound for the 
dark current can be given.

The measured dark current values at room temperature are within 
the specifications given by the manufacturer. A fit with the exponential 
approximation (5) is shown in Fig. 7. The behavior of both diodes can be 

well described with the exponential approximation above 200 K. For the 
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Fig. 7. Temperature dependence of the photodiode dark current. A fit with an 
exponential model is displayed for the data from each photodiode above 210K. 
The systematic errors are dominating for currents below 90 pA and the values 
are excluded from the fit. For the diode with 2.45 μm cutoff wavelength the 
simple exponential approximation is not a sufficient model across the studied 
temperature range. As the cryocooler increases noise to the low current mea-

surements, only data from the warming up period is shown.

1.65 μm cutoff diode, the dark current gets significantly smaller than the 
measurement uncertainty. Below 200 K, the 2.45 μm diode dark current 
slope in the semi-log representation significantly differs. This is from 
multiple effects like the bandgap changing with temperature that the 
simplified exponential model does not include.

The dark current of the extended InGaAs diode with a cutoff at 
2.45 μm dropped by more than five orders of magnitude with decreasing 
temperature. Below 200K, the extended (lattice-mismatched) InGaAs 
diode leakage current is lower than that of the studied lattice-matched 
diode at room temperature. Therefore, noise performance similar to or 
better than that of standard InGaAs diodes at room temperature can be 
reached in small signal applications.

5. Conclusions

As no suitable commercial optical components specified for temper-

atures below 20K could be found, promising components for 1550 nm
were selected and evaluated. Both tested collimators showed no signifi-

cant degradation from thermal cycling and had a high light throughput. 
The F230APC-1550 collimator was selected for further usage as it was 
more stable with respect to temperature. As the most common lattice-

matched InGaAs diodes lose sensitivity for 1550 nm below 100K, ex-

tended InGaAs compositions were investigated. All studied diodes with 
a room temperature cutoff wavelength above 2 μm maintained a high 
sensitivity at cryogenic temperatures. A diode with 2.45 μm room tem-

perature cutoff was selected due to good responsivity and temperature 
stability. At cryogenic temperatures, the comparatively high dark cur-

rent of the extended InGaAs diodes was significantly reduced, allowing 
for low noise levels. These findings were used to select optical com-

ponents that were successfully applied in the E-TEST prototype. This 
work demonstrates the applicability for cryogenic gravitational-wave 
detectors like the Einstein Telescope, and other cryogenic optical sens-
6

ing applications.
Cryogenics 142 (2024) 103895

This paper focused on injecting and measuring light in a cryogenic 
environment. The logical continuation is to evaluate the temperature 
dependency of other critical optical elements such as beam-splitters and 
other polarization-dependent elements. A detailed verification of a full 
interferometric sensor is also essential to assess the interplay of the indi-

vidual components. Evaluating the outgassing rates is another essential 
step required to employ these components in a gravitational wave de-

tector.

Beyond being used in cryogenic earth-bound gravitational wave de-

tectors, these findings are also relevant in various research fields. Poten-

tial applications include interferometric displacement sensors to moni-

tor vibrations in cryostats, cryogenic optical modulators for quantum 
and cryogenic computing [40], the characterization of cryogenic ma-

terials, and space-based applications involving interferometry such as 
interferometric lunar seismometers [41].
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