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3. Superconducting sensors for photon detection and their environments

Si substrate

Ag    80nm

 SiNx  132 nm

W    20 nm 

 a Si   2 nm 

 SiNx   127 nm

 a Si   2 nm

Optical stack

0

0.1

0.2

0.3

0.4

0.5

0.6

400 600 800 1000 1200 1400 1600 1800

R
e
fl
e

c
ti
o

n
 f
ra

c
ti
o

n

Wavelength, nm

0.32 % at 1064 nm

Figure 3.5.: Reflectance and NIST TES chip layout optimized for 1064 nm: The reflectance
of the optical stack is measured in the warm (left). The reflectance of 1064 nm light is
0.32 % which allows to assume a high-e�cient absorptivity in the tungsten film. The layer
structure is optimized for 1064 nm light (right). The tungsten (W) layer is incorporated by
anti-reflective coatings (a Si = amorphous silicon and SiNx = silicon nitride) and a bottom
metallic mirror (Ag = silver). These layers are deposited on a silicon substrate in di↵erent
fabrication processes (Lita et al., 2010). [Taken from A. Lita, NIST]

film (Cabrera et al., 1998). Thus, the measured ETF energy EETF corresponds to a
fraction of the real signal energy. The energy e�ciency of the ETF mechanism is:

⌘ETF ⌘
EETF

Ephoton
(3.50)

where Ephoton is the single photon energy as a signal. ⌘ETF is calibrated by calculating
the ETF integral of a photon event (sect. 3.1.2.3). Therefore, EETF corresponds to
the energy input �E which causes the heat input �T to the TES (eqn. 3.1).

Thin metallic films can absorb radiation with a wavelength � � d, where d is the
thickness of the film. The absorptivity is broadband and has a maximum of 50 %.
At this limit, 25 % of the radiation is transmitted and 25 % is reflected (Hadley
and Dennison, 1947, e.g.).TESs with a bare tungsten film show a ⇠20 % quantum
e�ciency at 1310 and 1550 nm (Miller et al., 2003). To improve the absorptivity,
the tungsten film is incorporated in an optical stack (e.g. fig. 3.5). An anti-reflective
top layer diminishes the back reflection of photons. A high-reflective bottom mir-
ror reflects light back which transmits the tungsten layer initially. Furthermore,
non-absorbing dielectrics increase the light absorption into the tungsten layer for a
specific wavelength band (Lita et al., 2010). Such a multilayer structure shows a
97 % absorptance of 1550 nm which is indicated by reflectance measurements in
the warm (Rosenberg et al., 2004). A TES optimized for 1550 nm is measured to
reach a (95±2) % detection e�ciency including all system losses (Lita et al., 2008).
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A. Black body photons and optical fibers

the spectral energy radiance L⌫ = c
4⇡ · u⌫ (sect. A.1):

j =
Z
1

0
L⌫ d⌫ ✓(90�)

j = �T 4 (A.7)

where the solid angle results from the half space of a Lambertian radiator. � =
5.67 · 10�8 W

m2K4 is the Stefan-Boltzmann constant. This provides the total radiation
in units of [Wm�2], which only depends on the black body temperature T to the
power of 4.

A.4. Near-infrared spectrum of a room-temperature
black body

In most fiber-coupled TES applications, the optical setup is at room temperature.
Therefore, the spectral number radiance L̃� for a 300 K black body is considered
(fig. A.2). It is shown that small temperature deviations and wavelength change the
rate by orders of magnitudes:
• The di↵erential rate for 1064 nm decreases about three orders of magnitude

if the black body temperature changes from 300 K to 250 K.
• For a 300 K black body, the di↵erential rate for 1550 nm photons is about five

orders of magnitude higher than for 1064 nm photons.

Figure A.2: Near-infrared
spectrum of a room-temperature
black body: The di↵erential
spectral number radiation is
plotted for di↵erent tempera-
tures: 250, 300 and 350 K. The
peak for the 300 K black body
spectrum is at ⇠12 µm.
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C.4. Fiber optics

(a) loss spectrum
(b) vacuum feedthrough

Figure C.8.: Fiber loss spectrum and fiber vacuum feedthrough: (a) illustrates the loss spec-
trum of SiO2 fibers. The loss in dB/km is plotted against the photon wavelength. Two fun-
damental attenuation mechanisms mainly define the transmittance: the intrinsic Rayleigh
scattering causes attenuation for shorter wavelengths, the IR absorption is caused by molec-
ular vibrations. [Taken from Midwinter and Guo (1992)] (b) Vacuum feedthrough for two
fibers surrounded by a quite light-tight black box, here open at the front side. Swagelok
connectors with a Teflon gasket provide the vacuum tight fiber feedthrough (see text).

C.4. Fiber optics
This section describes:
• fiber types used in this work (sect. C.4.1)
• fiber vacuum feedthrough (sect. C.4.2)
• fiber setups for long-term measurement (sect. C.4.3)
• optical coupling to ALPS IIa experiment (sect. C.4.4)

The fiber installation inside the ADR is described in app. D.1.2.3.

C.4.1. Fiber type
The optical setup of the ALPS TES detector utilizes SMF28 fibers. SMF28 fibers
are made of glass based on silica and work as single mode fibers for near-infrared
wavelengths. It is the standard fiber in telecommunications. 1310 nm and 1550 nm
wavelengths are used due to low losses. The fiber has a certain wavelength-dependent
bandwidth due to the glass material SiO2. The loss spectrum and fundamental at-
tenuation mechanisms are illustrated in figure C.8a. The numerical aperture is N.A.
= 0.14 and the fiber core diameter is 8.2 µm. Using a SMF28 for 1064 nm results
in the following properties:
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Figure 3.5.: Reflectance and NIST TES chip layout optimized for 1064 nm: The reflectance
of the optical stack is measured in the warm (left). The reflectance of 1064 nm light is
0.32 % which allows to assume a high-e�cient absorptivity in the tungsten film. The layer
structure is optimized for 1064 nm light (right). The tungsten (W) layer is incorporated by
anti-reflective coatings (a Si = amorphous silicon and SiNx = silicon nitride) and a bottom
metallic mirror (Ag = silver). These layers are deposited on a silicon substrate in di↵erent
fabrication processes (Lita et al., 2010). [Taken from A. Lita, NIST]

film (Cabrera et al., 1998). Thus, the measured ETF energy EETF corresponds to a
fraction of the real signal energy. The energy e�ciency of the ETF mechanism is:

⌘ETF ⌘
EETF

Ephoton
(3.50)

where Ephoton is the single photon energy as a signal. ⌘ETF is calibrated by calculating
the ETF integral of a photon event (sect. 3.1.2.3). Therefore, EETF corresponds to
the energy input �E which causes the heat input �T to the TES (eqn. 3.1).

Thin metallic films can absorb radiation with a wavelength � � d, where d is the
thickness of the film. The absorptivity is broadband and has a maximum of 50 %.
At this limit, 25 % of the radiation is transmitted and 25 % is reflected (Hadley
and Dennison, 1947, e.g.).TESs with a bare tungsten film show a ⇠20 % quantum
e�ciency at 1310 and 1550 nm (Miller et al., 2003). To improve the absorptivity,
the tungsten film is incorporated in an optical stack (e.g. fig. 3.5). An anti-reflective
top layer diminishes the back reflection of photons. A high-reflective bottom mir-
ror reflects light back which transmits the tungsten layer initially. Furthermore,
non-absorbing dielectrics increase the light absorption into the tungsten layer for a
specific wavelength band (Lita et al., 2010). Such a multilayer structure shows a
97 % absorptance of 1550 nm which is indicated by reflectance measurements in
the warm (Rosenberg et al., 2004). A TES optimized for 1550 nm is measured to
reach a (95±2) % detection e�ciency including all system losses (Lita et al., 2008).
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of the optical stack is measured in the warm (left). The reflectance of 1064 nm light is
0.32 % which allows to assume a high-e�cient absorptivity in the tungsten film. The layer
structure is optimized for 1064 nm light (right). The tungsten (W) layer is incorporated by
anti-reflective coatings (a Si = amorphous silicon and SiNx = silicon nitride) and a bottom
metallic mirror (Ag = silver). These layers are deposited on a silicon substrate in di↵erent
fabrication processes (Lita et al., 2010). [Taken from A. Lita, NIST]

film (Cabrera et al., 1998). Thus, the measured ETF energy EETF corresponds to a
fraction of the real signal energy. The energy e�ciency of the ETF mechanism is:

⌘ETF ⌘
EETF

Ephoton
(3.50)

where Ephoton is the single photon energy as a signal. ⌘ETF is calibrated by calculating
the ETF integral of a photon event (sect. 3.1.2.3). Therefore, EETF corresponds to
the energy input �E which causes the heat input �T to the TES (eqn. 3.1).

Thin metallic films can absorb radiation with a wavelength � � d, where d is the
thickness of the film. The absorptivity is broadband and has a maximum of 50 %.
At this limit, 25 % of the radiation is transmitted and 25 % is reflected (Hadley
and Dennison, 1947, e.g.).TESs with a bare tungsten film show a ⇠20 % quantum
e�ciency at 1310 and 1550 nm (Miller et al., 2003). To improve the absorptivity,
the tungsten film is incorporated in an optical stack (e.g. fig. 3.5). An anti-reflective
top layer diminishes the back reflection of photons. A high-reflective bottom mir-
ror reflects light back which transmits the tungsten layer initially. Furthermore,
non-absorbing dielectrics increase the light absorption into the tungsten layer for a
specific wavelength band (Lita et al., 2010). Such a multilayer structure shows a
97 % absorptance of 1550 nm which is indicated by reflectance measurements in
the warm (Rosenberg et al., 2004). A TES optimized for 1550 nm is measured to
reach a (95±2) % detection e�ciency including all system losses (Lita et al., 2008).

80

„Extrinsic“

4

N1μm

ηfilter,1 ηfiber-TESNenv.Nfiber-end Ntherm.fiber

1um 

Nfiber-comp.

A. Black body photons and optical fibers

the spectral energy radiance L⌫ = c
4⇡ · u⌫ (sect. A.1):

j =
Z
1

0
L⌫ d⌫ ✓(90�)

j = �T 4 (A.7)

where the solid angle results from the half space of a Lambertian radiator. � =
5.67 · 10�8 W

m2K4 is the Stefan-Boltzmann constant. This provides the total radiation
in units of [Wm�2], which only depends on the black body temperature T to the
power of 4.

A.4. Near-infrared spectrum of a room-temperature
black body

In most fiber-coupled TES applications, the optical setup is at room temperature.
Therefore, the spectral number radiance L̃� for a 300 K black body is considered
(fig. A.2). It is shown that small temperature deviations and wavelength change the
rate by orders of magnitudes:
• The di↵erential rate for 1064 nm decreases about three orders of magnitude

if the black body temperature changes from 300 K to 250 K.
• For a 300 K black body, the di↵erential rate for 1550 nm photons is about five

orders of magnitude higher than for 1064 nm photons.

Figure A.2: Near-infrared
spectrum of a room-temperature
black body: The di↵erential
spectral number radiation is
plotted for di↵erent tempera-
tures: 250, 300 and 350 K. The
peak for the 300 K black body
spectrum is at ⇠12 µm.
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C.4. Fiber optics

(a) loss spectrum
(b) vacuum feedthrough

Figure C.8.: Fiber loss spectrum and fiber vacuum feedthrough: (a) illustrates the loss spec-
trum of SiO2 fibers. The loss in dB/km is plotted against the photon wavelength. Two fun-
damental attenuation mechanisms mainly define the transmittance: the intrinsic Rayleigh
scattering causes attenuation for shorter wavelengths, the IR absorption is caused by molec-
ular vibrations. [Taken from Midwinter and Guo (1992)] (b) Vacuum feedthrough for two
fibers surrounded by a quite light-tight black box, here open at the front side. Swagelok
connectors with a Teflon gasket provide the vacuum tight fiber feedthrough (see text).

C.4. Fiber optics
This section describes:
• fiber types used in this work (sect. C.4.1)
• fiber vacuum feedthrough (sect. C.4.2)
• fiber setups for long-term measurement (sect. C.4.3)
• optical coupling to ALPS IIa experiment (sect. C.4.4)

The fiber installation inside the ADR is described in app. D.1.2.3.

C.4.1. Fiber type
The optical setup of the ALPS TES detector utilizes SMF28 fibers. SMF28 fibers
are made of glass based on silica and work as single mode fibers for near-infrared
wavelengths. It is the standard fiber in telecommunications. 1310 nm and 1550 nm
wavelengths are used due to low losses. The fiber has a certain wavelength-dependent
bandwidth due to the glass material SiO2. The loss spectrum and fundamental at-
tenuation mechanisms are illustrated in figure C.8a. The numerical aperture is N.A.
= 0.14 and the fiber core diameter is 8.2 µm. Using a SMF28 for 1064 nm results
in the following properties:
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Figure 3.5.: Reflectance and NIST TES chip layout optimized for 1064 nm: The reflectance
of the optical stack is measured in the warm (left). The reflectance of 1064 nm light is
0.32 % which allows to assume a high-e�cient absorptivity in the tungsten film. The layer
structure is optimized for 1064 nm light (right). The tungsten (W) layer is incorporated by
anti-reflective coatings (a Si = amorphous silicon and SiNx = silicon nitride) and a bottom
metallic mirror (Ag = silver). These layers are deposited on a silicon substrate in di↵erent
fabrication processes (Lita et al., 2010). [Taken from A. Lita, NIST]

film (Cabrera et al., 1998). Thus, the measured ETF energy EETF corresponds to a
fraction of the real signal energy. The energy e�ciency of the ETF mechanism is:

⌘ETF ⌘
EETF

Ephoton
(3.50)

where Ephoton is the single photon energy as a signal. ⌘ETF is calibrated by calculating
the ETF integral of a photon event (sect. 3.1.2.3). Therefore, EETF corresponds to
the energy input �E which causes the heat input �T to the TES (eqn. 3.1).

Thin metallic films can absorb radiation with a wavelength � � d, where d is the
thickness of the film. The absorptivity is broadband and has a maximum of 50 %.
At this limit, 25 % of the radiation is transmitted and 25 % is reflected (Hadley
and Dennison, 1947, e.g.).TESs with a bare tungsten film show a ⇠20 % quantum
e�ciency at 1310 and 1550 nm (Miller et al., 2003). To improve the absorptivity,
the tungsten film is incorporated in an optical stack (e.g. fig. 3.5). An anti-reflective
top layer diminishes the back reflection of photons. A high-reflective bottom mir-
ror reflects light back which transmits the tungsten layer initially. Furthermore,
non-absorbing dielectrics increase the light absorption into the tungsten layer for a
specific wavelength band (Lita et al., 2010). Such a multilayer structure shows a
97 % absorptance of 1550 nm which is indicated by reflectance measurements in
the warm (Rosenberg et al., 2004). A TES optimized for 1550 nm is measured to
reach a (95±2) % detection e�ciency including all system losses (Lita et al., 2008).
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(3) Measurement (Jan’s Diss.): 2 energy 
regimes: 0.5eV and 0.7eV as mean 
values, each has 100 photons/s

Nfiber-comp.

N(2)fiber-comp.
~2000 ? (1) ~ 0.8 ? (2)

100 (3)

2x 0.5μs (3)

~10-4 ? (1) ~10-5 ? (2)

ηfilter,1

Detector Side
Intrinsic and Extrinsic Noise: Photon numbers N(ε) & Efficiency η(ε)
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N(2)thermal?

Others?
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Fiber link

ηCOB-fiberηfilter-preRC

Na→γ NRC?

η(0)COB-fiberη(0)filter-preRC

Nthermal?

N1μm

N2μm

N0.5μm

N(2)env.?

Nenv.?

ηRC

η(0)RC

ηfilter-postRC

η(0)filter-postRC

(1) Reza (2014)

PB = 60 ? (1)

x 0.05 (CBS2a) (1)  

x 0.01 (CBS2b) (1)

ηoptic

η(0)optic

1μW
 = 2.7 x10

12/s (1)

10-6/s ? (1)

Nfilter-
postRC

COB Side: Science Mode
Photon numbers N(ε) & Efficiency η(ε)

COB

NSHG

N(0)SHG

ηfiber

η(0)fiber
155μW (1)
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Dichroic Filter Results
Reza H. 2014 - Final Setup
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10m

SBIG

B

A

C

SBIG

Dispersive Prism Mirror

Lens Beam dump

Detector

Probe beam
1064nm

Simulating beam
532nm

BG 40

RG 850

Diode laser

Verdi laser

Dichroic mirror
and holder

LL01-1064

Figure 5.17: Second setup with dispersive prisms and includ-
ing a narrow band filter. The attenuation unit is placed in
the lab with the SBIG detector. This setup is more similar to
the proposed ALPS-II setup.

Picture 5.18 shows the spot of the probe beam and the spot of the infrared
part of the Verdi laser. The best that we could focus the test laser was a spot of
9 ◊ 6 pixels. That picture has an exposure time of 100 ms and is shown in Figure
5.18a. Figure 5.18b shows the infrared part of the Verdi. This beam is not as well
focused as the probe beam and covers an area of 13 ◊ 4 pixels. The reason for
the di�erent sizes of the spots is that the lens in front the camera is only adjusted
for the probe beam and not for the Verdi beam which has di�erent geometrical
characteristic.
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(a) (b)

Figure 5.18: Picture (a) shows the focused beam of the probe
laser. Picture (b) shows the focused beam of the infra red
light from the Verdi. Because of the di�erent geometrical
properties of these two beams,they do not have the same size.

Figure 5.19 shows the two final pictures taken with the setup explained above.
Each picture was exposed for 3600 s. Figure 5.19a was recorded with 1 W output
power from the Verdi and Figure 5.19b was recorded with 2.5 W. This is the highest
possible output power of our Verdi laser. With Equation (5.2) we can calculate
the photon numbers. For 1 W we get once more 2.68 · 1018 ph

s
and for 2.5 W there

are 6.69 · 1018 ph

s
. With Equation (5.2) we can calculate the number of photons

which arrive at the camera.

(a) (b)

Figure 5.19: Final pictures with an exposure time of 3600 s
and 1 W of incoming light in picture (a) and 2.5 W respectively
in picture (b).

In picture 5.19a we can measure an average ADU number of ADU = 35 per
pixel in the red marked area. The illuminated area covers 41 ◊ 43 pixels. This
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Figure 5.18: Picture (a) shows the focused beam of the probe
laser. Picture (b) shows the focused beam of the infra red
light from the Verdi. Because of the di�erent geometrical
properties of these two beams,they do not have the same size.

Figure 5.19 shows the two final pictures taken with the setup explained above.
Each picture was exposed for 3600 s. Figure 5.19a was recorded with 1 W output
power from the Verdi and Figure 5.19b was recorded with 2.5 W. This is the highest
possible output power of our Verdi laser. With Equation (5.2) we can calculate
the photon numbers. For 1 W we get once more 2.68 · 1018 ph

s
and for 2.5 W there

are 6.69 · 1018 ph

s
. With Equation (5.2) we can calculate the number of photons

which arrive at the camera.

(a) (b)

Figure 5.19: Final pictures with an exposure time of 3600 s
and 1 W of incoming light in picture (a) and 2.5 W respectively
in picture (b).

In picture 5.19a we can measure an average ADU number of ADU = 35 per
pixel in the red marked area. The illuminated area covers 41 ◊ 43 pixels. This

1mW? probe beam, 100ms Residual Verdi IR, 100ms

1W = 2.7e18 photons/s, 3600s 2.5W = 6.7e18 photons/s, 3600s

41x43 pixels

avg. 35/pixel

1285 photons/s

OD = 4.8e-16

9x6 pixels

avg. 19/pixel

21 photons/s

OD = 7.9e-18 
N100μW = 2e-3/s

41x43 pixels

avg. 91/pixel

3342 photons/s

OD = 4.9e-16

9x6 pixels

avg. 39/pixel

43 photons/s

OD = 6.6e-18 
N100μW = 4e-3/s

1 pixel

avg. 19/pixel

0.39 photons/s

OD = 1.5e-19 
N100μW = 0.4e-4/s

Transmission IR: 85% [(400±20)μW → (343±18)μW]

30mW green 
already produces 

Fluorescence!

Camera efficiency @1μm: 
0.003 ADUs/photon
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KG3 HR532

FLH1064-8

SBig

KG3

KG5
HR1064 HR1064

(HBSY1) (DMLP950)

New Calculation of the results (mistake online?): 
1. focus light to 25 pixels: 15 ADU/Pixel/2h, 2W green

15*25/2h/0.003/20000=0.9e-4/s (for 100uW green), OD = 1.3e-19 
2. focus light to 1 pixel: ~50 ADU/Pixel/1h, 2.5W green

50*1/1h/0.003/25000 = 1.8e-4/s (for 100uW green), OD = 6.6e-19
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Camera efficiency @1μm: 
0.003 ADUs/photon
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N(2)thermal?

Others?
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Fiber link

ηCOB-fiberηfilter-preRC

Na→γ NRC?

η(0)COB-fiberη(0)filter-preRC

Nthermal?

N1μm

N2μm

N0.5μm

N(2)env.?

Nenv.?

ηRC

η(0)RC

ηfilter-postRC

Nfilter-
postRC

η(0)filter-postRC

155μW (1)
PB = 60 ? (1)

x 0.05 (CBS2a) (1)  

x 0.01 (CBS2b) (1)

ηoptic

η(0)optic

1μW
 = 2.7 x10

12/s (1)

10-6/s ? (1)

Attenuation 532nm: 10-19 (1) 

Transmissivity for 1064nm: 85% (1) 
Conversion effects: 10-4/s ? (2)  

85% (1) 

<10-17 (1) 

(1) Reza (2014) 
(2) Misha (2018) DarkCosmos 

10-4/s (2) 

COB Side: Science Mode
Photon numbers N(ε) & Efficiency η(ε)

COB

NSHG

N(0)SHG

ηfiber

η(0)fiber
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Fiber link
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Nthermal?
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N0.5μm
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ηRC

η(0)RC

ηfilter-postRC

Nfilter-
postRC

η(0)filter-postRC

ηoptic

η(0)optic

NPC ηIR-filter

COB Side: Calibration Mode
Photon numbers N(ε) & Efficiency η(ε)

Filter / attenuator for 1064nm 
without beam shift / tilt ! 

Where? How much attenuation?ηPC-RC

COB

ηfiber

η(0)fiber

ηPC
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Environment light [google :P ]
Detector characterization… 
• Independent experimental investigations on extrinsic noise: 

✓Exp.: What is the distribution of different photon noise sources? 
✓Exp.: What is the „system transfer function“ in dependency on the 

energy? 
✓Exp.: What is the energy resolution of the TES? 
• How does "signals“ look when folding it with a Gaussian distribution? 

➡ Dark count rate estimations, predictions, verifications 

Central optical bench… 
• Dichroic filters for Green: 

• Suppression of green is OD = <10-17? Optimistic is OD ~10-19? 
• 10-4 IR-photons/s for [1W,2.5W]. What do we expect for low-power 

green? 
• Spectral distribution of Fluorescence when using filters/coatings/…? 

• Dichroic filters for Red: 
• Number of IR-photons of SHG in RC? What is the suppression here? 

• Calibration Mode: 
• How and where do we attenuate the „calibration beam“? 
• How to preserve the fiber coupling? Usage of dichroic mirrors? 
• Is a calibrated power measurement required for the detection 

efficiency? 
• What are the design power levels on the COB for green & IR for Science 

and Calibration Mode? 
• … 
➡ „Prototype“ connecting to the TES?

Summary / Discussion

20

1um 

A. Black body photons and optical fibers

the spectral energy radiance L⌫ = c
4⇡ · u⌫ (sect. A.1):

j =
Z
1

0
L⌫ d⌫ ✓(90�)

j = �T 4 (A.7)

where the solid angle results from the half space of a Lambertian radiator. � =
5.67 · 10�8 W

m2K4 is the Stefan-Boltzmann constant. This provides the total radiation
in units of [Wm�2], which only depends on the black body temperature T to the
power of 4.

A.4. Near-infrared spectrum of a room-temperature
black body

In most fiber-coupled TES applications, the optical setup is at room temperature.
Therefore, the spectral number radiance L̃� for a 300 K black body is considered
(fig. A.2). It is shown that small temperature deviations and wavelength change the
rate by orders of magnitudes:
• The di↵erential rate for 1064 nm decreases about three orders of magnitude

if the black body temperature changes from 300 K to 250 K.
• For a 300 K black body, the di↵erential rate for 1550 nm photons is about five

orders of magnitude higher than for 1064 nm photons.

Figure A.2: Near-infrared
spectrum of a room-temperature
black body: The di↵erential
spectral number radiation is
plotted for di↵erent tempera-
tures: 250, 300 and 350 K. The
peak for the 300 K black body
spectrum is at ⇠12 µm.
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Black body [J. D.-E. 2014]
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(a) (b)

Figure 5.18: Picture (a) shows the focused beam of the probe
laser. Picture (b) shows the focused beam of the infra red
light from the Verdi. Because of the di�erent geometrical
properties of these two beams,they do not have the same size.

Figure 5.19 shows the two final pictures taken with the setup explained above.
Each picture was exposed for 3600 s. Figure 5.19a was recorded with 1 W output
power from the Verdi and Figure 5.19b was recorded with 2.5 W. This is the highest
possible output power of our Verdi laser. With Equation (5.2) we can calculate
the photon numbers. For 1 W we get once more 2.68 · 1018 ph

s
and for 2.5 W there

are 6.69 · 1018 ph

s
. With Equation (5.2) we can calculate the number of photons

which arrive at the camera.

(a) (b)

Figure 5.19: Final pictures with an exposure time of 3600 s
and 1 W of incoming light in picture (a) and 2.5 W respectively
in picture (b).

In picture 5.19a we can measure an average ADU number of ADU = 35 per
pixel in the red marked area. The illuminated area covers 41 ◊ 43 pixels. This

1W = 2.7e18 photons/s, 3600s

41x43 pixels

avg. 35/pixel

1285 photons/s

OD = 4.8e-16

9x6 pixels

avg. 19/pixel

21 photons/s

OD = 7.9e-18 
N100μW = 2e-3/s

1 pixel

avg. 19/pixel

0.39 photons/s

OD = 1.5e-19 
N100μW = 0.4e-4/s

Dichroic

Dichroic
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Thank you!
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Thank you!

22

Central optical bench… 
• Dichroic filters for Green: 

• Suppression of green is OD = <10-17? 
Optimistic is OD ~10-19? 

• 10-4 IR-photons/s for [1W,2.5W]. What 
do we expect for low-power green? 

• Spectral distribution of Fluorescence 
when using filters/coatings/…? 

• Dichroic filters for Red: 
• Number of IR-photons of SHG in RC? 

What is the suppression here? 
• Calibration Mode: 

• How and where do we attenuate the 
„calibration beam“? 

• How to preserve the fiber coupling? 
Usage of dichroic mirrors? 

• Is a calibrated power measurement 
required for the detection efficiency? 

• What are the design power levels on the 
COB for green & IR for Science and 
Calibration Mode? 

• … 
➡ „Prototype“ connecting to the TES?
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Optical scheme ALPS IIc TES
Design from Reza H. 2014
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Bulb comparison
Go for cool LEDs in labs!

24



PageALPS Collaboration Meeting  |   June 9th 2020  |  Katharina-Sophie Isleif

Dichroic Filter Results
Reza H. 2014
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5.4. Experimental setup 107

to ensure that the green beam from the Verdi laser and the infrared beam of the
diode laser overlapped over the range of 10 m.

S
B

IG

10m

Diode laser Verdi laser

Dichroic mirror
and holder

A

B

SBIG

Mirror

Lens Beam dump

Detector

Probe beam 1064nm

Simulating beam 532nm

BG 40

RG 850

Figure 5.11: First setup in Hamburg with 10 m distance be-
tween the laser and the attenuation unit with the detector.
The dichroic mirrors are used for attenuation.

In the first setup the laser and the attenuation unit were set up in a room,
separate from the detector (see Figure 5.11). Due to the 10 m long tube, only a
small percentage of light emitted from an unfocused source of down conversion
would be able to reach the detector. The dichroic mirrors which were used for
attenuating the green beam were placed at the input aperture of the light-tight
box so that the reflected green beam could not enter the box and hit the detector.
For this purpose special mirror holders were designed. These holders were mounted
light-tight to the detector box. Each holder contains one dichroic mirror with an
angle of 45¶ relative to the laser beam. Multiple holders were fixed to each other
such that the green beam was reflected out of the holder on the left or on the right
side. Figure 5.12 shows the design of these holders designed by Robin Bähre [90].

Behind the dichroic mirrors three RG850 filters were installed inside the box
at positions A and B to absorb the remaining green light. An aluminum mirror
guides the beam through the 10 m long tube into the detector lab. In this lab a
second light tight box was installed directly attached to the tube. On the other
side of the box the CCD camera is mounted. An HR coated mirror reflects the
1064 nm probe beam which is focused with a lens onto the camera.

5.4. Experimental setup 109

Since the picture in Figure 5.13b was produced by infrared contributions of the
Verdi it was necessary to install a BG40 infrared filter to block this light. The
BG40 filter was mounted in the laser room in front of the attenuation box. With
this setup it was possible to carry out the first longtime exposure measurement
with the CCD camera. The longest, reasonable exposure time with our camera
was 3600 s. Pictures with longer exposure times than one hour could be distorted
because of e�ects like signals from cosmic rays or radioactivity which can lead to
a count on the CCD camera [1].

(a)

2

1

(b)

Figure 5.14: First measurement in Hamburg with an exposure
time of 3600 s. Both frames shown here are the from the same
measurement. Picture (b) is with a subtracted dark frame.

Figure 5.14 shows the result of the first longtime measurements with acceptable
attenuation. Figure 5.14a shows the recorded bright frame with a green power
of 1 W and an exposure time of 3600 s. Figure 5.14b shows the same picture
subtracted by an one hour dark frame. The fact that the longtime frame is far
from overexposing the CCD camera makes it interesting to calculate the number
of photons which arrive at the camera. However, one can learn another fact only
by looking at the recorded frames. Two circles are visible which remind us of the
pictures taken in Hanover (see Figure 5.7). In Hanover we were able to deduce
that the broad banded fluorescence light is being reflected on the two surfaces of
the HR 1064 nm coated mirror. It is reasonable to assume that the same e�ect
causes the circles in this picture from Hamburg. The major di�erence between the
pictures from both labs is the position of the second reflex. This can be explained
by a change in the relative orientation between the normal vectors on the faces
of mirror and camera chip in the Hamburg lab compared to the Hanover lab. In
Figure 5.14b one can see a second spot at position 2 . This spot has the same
origin than the main spot (it will be proven later) and is not disturbing us because
it is far away from the area where the probe beam hits the CCD. To confirm the
assumption that this light is similar to the fluorescence light detected in Hanover

108 Chapter 5. Attenuation of 532 nm light

Figure 5.12: CAD drawings of the mirror holders that are be-
ing used for the light-tight connection of the dichroic mirrors
to the attenuation box.

Figure 5.13 shows the two possibilities of the adjustment of the infrared beam
position on the camera. Figure 5.13a shows the 1 mW infrared test laser beam.
The exposure time of this picture is 100 ms. Figure 5.13b shows the infrared
content coming out of the Verdi laser. To record the infrared light of the Verdi a
much longer exposure time of 600 s was required. It is interesting too see that the
infrared part of Verdi, which is not wanted for operating an experiment with this
laser, is still very well directed after more than 10 m. One can explain this with the
setup of the internal amplification cavity for the SHG process in the Verdi, which
produces collinear by fundamental and second harmonic beams [134]. However we
were able to use the infrared part of the Verdi to confirm the spot of the probe
beam on the camera.

(a) (b)

Figure 5.13: Two possibilities for realizing a probe beam in the
setup shown in Figure 5.11. Picture (a) shows the probe light
of the test laser and picture (b) shows the residual infrared
part of the Verdi laser.

1mW probe beam, 100ms Residual Verdi IR, 600s

1W, 3600s 1W, 3600s, BG Substraction
40x25 pixels

avg. 30/pixel

625 photons/s

OD = 2e-16
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Dichroic Filter Results
Reza H. 2014 - Fluorescence Test
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1W, 3600s 1W, 3600s, IR filters
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S
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B

RG 850 Filter in front
of  the dichroic mirros

Diode laser Verdi laser

Dichroic mirror
and holder

SBIG

Mirror

Lens Beam dump

Detector

Probe beam 1064nm

Simulating beam 532nm

BG 40

RG 850

Figure 5.15: Position change of the absorbing filters compared
to Figure 5.11 from being behind the dichroic mirrors to the
in front of them. This setup shows its fluorescing abilities.

The last change in setup that we discuss in this section supports a strong
evidence for the fluorescing characteristics of the absorbing filters. For this purpose
we changed the position of the RG850 filters and mounted them in front of the
dichroic mirrors. This setup is shown in Figure 5.15. Principally the order of the
attenuating elements should not change the attenuation. The only di�erence is
that the green laser beam will go through the filters at first and only the remaining
532 nm photons will be reflected by the dichroic mirrors.

Figure 5.16a shows a picture with 3600 s illumination time and 1 W laser power.
This picture can be explained only by fluorescence e�ects in the filters. After being
created in the filters the fluorescence light consists of various wavelengths which are
not reflected by the narrow band dichroic mirrors. Figure 5.16b shows a second
picture with one hour exposure time with two BG40 filters behind the RG850
filters. It is visible that a small part of the fluorescence light can leak through the
infrared filters. This indicates that the fluorescence light is broad banded.

112 Chapter 5. Attenuation of 532 nm light

(a) (b)

Figure 5.16: Picture (a) was taken with the setup shown in
figure 5.15 and shows the disturbing light produced by the
RG850 filters. Picture (b) was taken with the same setup but
with BG40 behind RG850 filters.

Final setup

After the setup mentioned above produced some promising results, we decided
to modify the setup and bring it closer to the actual ALPS-II experiment. As
described in chapter 4, the attenuation unit is included in the actual plans of
ALPS-II and located just next to the detector. That implies for the second setup
in Hamburg the change of the position of the attenuation box from the lab where
the laser was placed into the lab where the detector was placed. On the basis of the
information we gained from the last setup, we decided to make other modifications.
We wanted to be able to make more detailed statements than it was possible with
the pictures shown in 5.14. We placed a narrow band absorption filter (LL01-
1064) from the company Semrock in front of the camera. This type of filters are
designed for cleaning up the laser outputs and transmit more than 90% of the
light at a precisely defined wavelength and at the same time o�ering steep edges
in the transmission spectrum to remove optical noise due to spontaneous emission
[112] (see table A.3). Furthermore we replaced an HR 1064 nm mirror with two
dispersive prisms. With this we want to try a better separation between 1064 nm
photons and other photons with di�erent wave lengths. Picture 5.17 shows the
new setup. For the new setup we used the same procedure as for the first setup
to mark the position of infrared beams on the camera, but this time make some
e�orts to focus the laser beam as small as possible onto the camera. Since we
want to replace the camera with a fiber which will guide regenerated photons to
the TES [29, 43], we can as well produce a focus like a fiber coupler would at the
place where the fiber will be situated in the final ALPS-II setup.

RG850 Dichroic
RG850 Dichroic BG40
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Filter Transmission Curves
Reza H. 2014
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Appendix A

Transmission curves

In this short appendix the transmissivity curves of di�erent materials are given
which were either used in the experiments or were important for the decisions
regarding the choice of materials.

Density Notes
! [g/cm3] 2.74

Ionically colored glass
Reflection factor Bubble content
"d Bubble class 2 Band pass filter / short pass filter
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Figure A.1: Shown is the transmission depending on the light
wavelength for BG40 and RG850 filters.

123

124 Appendix A. Transmission curves

Figure A.1 shows the transmission curves of the absorbing filters BG40 and
RG850. These filters were the basic components for the first attempts of the
building an attenuation setup.

Figure A.2: The transmissivity of a 5 mm thick zerodur plate.

Figure A.2 shows the transmissivity of zerodur . As can be seen, this material
is almost transparent for infrared photons. Thus is not an option for the ALPS-II
experiment to use zerodur as the CB.

Figure A.3: The red line is the transmissivity of the narrow
band absorption filter (LL01-1064).

Figure A.3 shows the transmissivity of the narrow band absorption filter from
Semrock which is used to place it in front of the detector as the last attenuation
component.
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Filter Filter Transmission Avg. counts
No Filter 404

FL532-10 84 
Remaining green

KG3 (FGS900) 272 
315nm-710nm

KG5 (FGS600) 170 
330nm-665nm

RG850 (FGL850) 2.44 
>850nm

KG3 + RG850
0.12 

315nm-710nm 
> 850nm

KG5 + RG850
<0.01 

330nm-665nm 
> 850nm

Spectrum 
Fluorescence 
DarkCosmos 2017

28

FLH532-4 Dichroic Filter

SBig

Spectrum of the fluorescence 
from FLH532-4 is rather falling 

from green to IR.
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Reducing 
Fluorescence 
DarkCosmos 2017

29

FLH532-4 Dichroic RG850

SBig

KG5 provides best 
results 

- before „Dichroic“: 0.84 
- after „Dichroic“: <0.01

KG5 KG5

SBig
FLH532-4

Dichroic RG850

KG5

HR532

HR532 as 
bandpass ? 
- Without: 0.84 
- With: 0.95RG850
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Dichroic Filter Results
Reza H. 2014 - Conclusion & Outlook
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118 Chapter 5. Attenuation of 532 nm light

Attenuation experiment
# Source Detector Detectable attenuation

1
Verdi

P= 1 W
nph ¥ 1018

SBIG
Qe ¥ 1 ≠ 2%

DC=1ph

s

10≠18

2
Verdi

P= 1 W
nph ¥ 1018

PIXIS
Qe = 1, 21%

DC=1 · 10≠3 ph

s

10≠21

3
Verdi

P= 1 W
nph ¥ 1018

TES
Qe ¥ 60%

DC=1 · 10≠4 ph

s

10≠22

4

Green Cavity
Pi = 1 W
PB=60

nph ¥ 1020

PIXIS
Qe = 1, 21%

DC=1 · 10≠3 ph

s

10≠23

Table 5.1: Possible combinations of source and detector to
increase the sensitivity of the attenuation experiment

considerations concerning the coupling of the test beam and the converted light
into the fiber which is connected to the TES4. Suggestion number four implies a
low finesse (f¥ 180) cavity for 532 nm photons as the source. The optical setup
of such a cavity is described in [1] and [3]. The low finesse is to simplify the
stabilization of the cavity and to make it possible to use the end-mirrors CB2A
and REM of the regeneration cavity of the ALPS-II setup. As a detector one
could use the PIXIS which is far more uncomplicated to handle than the TES in
its current status. The suggestion number four can verify the highest attenuation
if one considers the number of photons which are circulating in the cavity. This
suggestion is interesting because with such a setup we were able to investigate
possible e�ects from the circulating green photon filed in the RC on the surface or
substrates of the CBS2A mirrors (see Figure 4.4). In such a cavity we have a higher
number of circulating photons but the number of photons which are transmitted
from it is almost the same as in the laser entering it. The suggestions 2-4 which are
presented in table 5.1 are indeed all improvements compared suggestion number 1
which was presented in this chapter.

Only suggestion number three can reach a su�cient level of attenuation as
shown in table 5.2. Building a cavity like it is suggested in number four would be
interesting for probing the properties of the end mirrors. In that case the increased
of the number of photons of the source as it is shown in table 5.1 is only valid if we

4The function of the TES and the coupling fiber are explained in more detail in [29].

5.6. Conclusion 119

compare this with the number of green photons which are circulating in the RC
of ALPS-II. In that case we have to calculate the attenuation with 8,3 mW green
power instead of 150µW.

ALPS-II comparability
# Source Detector Required attenuation

1
KTP

P= 150µW
nph ¥ 4 · 1014

TES
Qe ¥ 60%

DC=1 · 10≠6 ph

s

2, 5 · 10≠21

2
KTP

P= 150µW
nph ¥ 4 · 1014

TES
Qe ¥ 60%

DC=1 · 10≠6 ph

s

2, 5 · 10≠21

3
KTP

P= 150µW
nph ¥ 4 · 1014

TES
Qe ¥ 60%

DC=1 · 10≠6 ph

s

2, 5 · 10≠21

4

RC for green
Pi = 150µW

PB=60
nph ¥ 2 · 1016

TES
Qe ¥ 60%

DC=1 · 10≠6 ph

s

4 · 10≠23

Table 5.2: Compared sensitivities in ALPS-II of the setup
suggestions discussed above and shown in table 5.1.

Table 5.2 shows which configuration of the ALPS-II experiment the suggestions
from table 5.1 are comparable. With the first three configurations consider the
green photon beam outside of the RC which implies 150µW of green light and
the TES as detector. For these three cases only point three is reliable because the
feasible attenuation which can be shown in the attenuation experiment is one order
of magnitude higher than required. Point four in table 5.2 shows the situation of
a possible attenuation experiment which is comparable to the situation of ALPS-
II which will be built with a low-finesse cavity for 532 nm photons to increase
the photon number from the source as suggested in table 5.1. The number of
circulating photons in the RC is also higher and with the TES an attenuation of
1023 would be needed.

Instead of building another attenuation experiment with a di�erent detector or
a di�erent light source an alternative presents itself. It would be possible to work
with the attenuation box presented in this chapter first. After the completion of
ALPS-IIa in Hamburg we can easily build the presented setup for the attenuation
and test its reliability with a working regeneration cavity by using the PIXIS
camera or the TES.
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Frequency down conversion types
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• Fluorescence 

• Phosphorescence 

• Spontaneous parametric down conversion 

• Two photon emission 

• Black body radiation 

• Roomlight
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Dark count models
Fiber-coupled TES looking at a Black-Body:

32

• Modification for single mode blackbody cavity: 
• Cavity temperature, T, couples in: 1D, only allowed modes, each polarization  

• Mean number of photons per unit length and single polarization  for a wave 
vector between  and  

• There are  of these photon states per unit length of the cavity 

• Typical mode population function gives mean photon number for one specific : 

 

• Mean rate at which photons populate the cavity per unit time becomes:  

    with  being the non-unity cavity emissivity and DE 

➡ 300K, , , : 1.4e-06 photons / second 
➡ 300K, , , : 2158.30 photons / second

f(k)dk
k k + dk

1
2π

dk

k

n =
1

eℏω/kT − 1

r(ω)dω =
η
π

dω
eℏω/kT − 1

η

η = 1 λ = 1064 nm dλ = 100 nm
η = 1 λ = 2128 nm dλ = 100 nm

SUPERCONDUCTING PHOTON NUMBER RESOLVING DETECTORS:
PERFORMANCE AND PROMISE

Aaron J. Miller1, Adriana Lita2, Danna Rosenberg3, Stephen Gruber2,
and Sae Woo Nam2

1Department of Physics and Astronomy, Albion College
611 East Porter Street, Albion, Michigan 49224, USA

2National Institute of Standards and Technology†

325 Broadway Street, Boulder, Colorado 80305, USA
3Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

The recent rapid progress in the field of novel photon counting detectors has
been motivated primarily by the demanding detection requirements of quantum in-
formation applications. These applications include long-distance quantum key dis-
tribution (QKD) [1, 2], photon source and detector calibration [3], n-photon state
quantum-optics experiments [4], and even the potential of photon-based quantum
computing [5]. In this paper we present the current state-of-the-art on our su-
perconducting photon detector research with emphasis on microcalorimeter-based
superconducting transition-edge sensor (TES) photon number resolving (PNR) de-
tectors. We conclude with a measurement and discussion of background-limited
single-photon detection and the fundamental limits to counting noise for any single
photon detector–limits that exist even if one were to obtain the “perfect counter”,
e.g. as alluded to by Brassard et al.[6]

1. PERFORMANCE

Optical photon detectors based on superconducting technologies were originally devel-
oped and demonstrated as low-resolving-power spectroscopic photon counters for observa-
tional astronomy [7,8]. At the cryogenic operating temperatures for such devices (usually
significantly below 1 K) the low thermal noise, low material thermal conductances, and
zero dc-resistance wiring combine with the favorable qualities of superconductors that
give large changes in device resistance or current based on an input in energy. This
combination has enabled superconducting photon detectors to outperform all other com-
peting technologies in applications requiring photon-by-photon energy discrimination or
applications requiring low detector noise (dark counts).

The first application of superconducting detectors to the field of quantum optics or
quantum information occurred in 2003 in collaboration between the National Institute of
Standards and Technology (NIST, Boulder CO) and Boston University [9]. In this applica-
tion, and similar one- and two-photon discrimination applications, the incoming photons
have an energy E� many times larger than the noise level of the detectors. Furthermore,
the photons are nearly monochromatic. As a result, the di↵erence in the detector output
signal between one- and two-photon absorption is many standard deviations. This high
signal-to-noise enables very good discrimination between an absorbed energy of E� or

†Contribution of the U.S. Government, not subject to copyright.

4. Near-infrared signal photons and dark counts
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Figure 4.9.: Thermal photon rates of di↵erent temperatures and di↵erent fiber length: Fu-
jii et al. (2011) measure the count rate of di↵erent fiber length, in di↵erent temperatures.
With a model including Planck’s law and the fiber transmittance, they fit the measurements
(eqn. 4.14). This explains the peak shape: For lower photon energies, the transmittance of
the fiber decreases (e.g. fig. C.4). [Taken from Fujii et al. (2011)]

By a variation of the cavity temperature between 0� and 70� C, Miller et al.
(2007) have found ⌘ = 0.15 to fit their measurements (fig. 4.8). Therefore, the
integration borders are 0 to 1966 nm, which corresponds to the absorption edge of
the fiber here. This provides a total integrated count rate. For example, for a 300 K
cavity they measure R̄ ⇡ 50 counts/s. Miller et al. (2007) end with a fundamental
dark count limit of 0.01 s�1 via formula 4.13, by considering a 1 nm band around
1550 nm for an ideal 300 K cavity with a perfect detector (⌘ = 1).

The recent study about dark counts of fiber-coupled TES is from AIST group Fu-
jii et al. (2011). They measure photons coming from an optical fiber to the TES. The
fiber type is a SMF28, the standard single mode fiber for telecommunication wave-
lengths, which is also used in the ALPS TES detector setup in this work (sect. 4.1.1).
They vary the fiber length and the temperature of the fiber in a dark environment. In
addition, the outer fiber end is put in liquid nitrogen, in order to diminish black-body
photons from the fiber end. This setup provides a test of how many black body pho-
tons couple from outside to the fiber core, which depends on the fiber length. The
number should for example include photons which come from outside the whole
fiber or are emitted in the fiber cladding. The results and the dependency on fiber
length and bath temperature are depicted in figure 4.9.

Fujii et al. (2011) fit their measurements with the following formula27 for the
spectral distribution f of photons:

f (E,T, x) ⇠
Z
1

0

DE(✏)R(✏,T, x)
p

2⇡�
e�

1
2 ( E�✏

� )2

d✏ (4.14)

The variables are energy E, temperature T and fiber length x. The rate R is folded
27This formula is adopted from the poster and the typing error is corrected.
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Black-Body from the outside to the fiber core:

• Fit curve:  

With energy , temperature , fiber length , rate , detector energy 

resolution , detector efficiency DE 

•  combined fiber transmittance and spectral BB distribution, fit parameter 

including also coupling efficiency of photons to fiber core  

• Extrapolation & internal communication (Jan’s thesis):  
➡ 300K,1eV, 10m fiber: ~1e-4 photons / second / eV (log!) 
➡ 300K,1eV, 10m fiber, 10% window: ~1e-5 photons / second (log!)

f(E, T, x) ∝ ∫
∞

0

DE(ϵ)R(ϵ, T, x)

2πσ
e− 1

2 ( E − ϵ
σ )2

dϵ

E T x R
σ

R
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TES Lab

Photon numbers & Efficiency
Detection Efficiency: Single photon source with calibrated filters
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cal. 
Powermeter40m MM fiber

VOA / EOAM Fiber 
splitter

Power 
Stabilisation

Detector

Variable 
Attenuator

ATT2

ATT1

ATT3

SM fibers

TES

Fiber 
splitter

Detector

Optics Lab ALPS II a

• System detection efficiency: 

   

for TES in optical cavity, high SNR, pustet operation, negligible losses in fibers

ηsystem = ηfiberηcplηabsorptionηQEηtrigger ≈ ηcpl

Losses in 
fiber

Overlap 
mode and 
detector

Absorption 
on the TES

Absorption that 
results in electrical 

signal („pulse“)

signals, 
that meet 

criteria


