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The Any Light Particle Search II (ALPS II) experiment at DESY, Hamburg, is a Light-Shining-
through-a-Wall (LSW) experiment aiming to probe the existence of axions and axion-like particles
(ALPs), which are candidates for dark matter. Data collection in ALPS II is underway utilizing
a heterodyne-based detection scheme. A complementary run for confirmation or as an alternative
method is planned using single photon detection, requiring a sensor capable of measuring low-
energy photons (1064 nm, 1.165eV) with high efficiency (higher than 50 %) and a low background
rate (below 7.7 - 107% cps). To meet these requirements, we are investigating a tungsten Transition
Edge Sensor (TES) provided by NIST, which operates in its superconducting transition region
at millikelvin temperatures. This sensor exploits the drastic change in resistance caused by the
absorption of a single photon. We find that the background observed in the setup with a fiber-coupled
TES is consistent with Black Body Radiation (BBR) as the primary background contributor. A
framework was developed to simulate BBR propagation to the TES under realistic conditions. The
framework not only allows the exploration of background reduction strategies, such as improving
the TES energy resolution, but also reproduces, within uncertainties, the spectral distribution of the
observed background. These simulations have been validated with experimental data, in agreement
with the modeled background distribution, and show that the improved energy resolution reduces
the background rate in the 1064 nm signal region by one order of magnitude, to approximately

10~* cps. However, this rate must be reduced further to meet the ALPS II requirements.

I. INTRODUCTION

Axions and axion-like particles (ALPs) are hypothet-
ical pseudo-scalar bosons proposed in theories beyond
the Standard Model [I]. Light-shining-through-a-wall
(LSW) experiments [2,[3] constitute a model-independent
method to search for these particles by probing their in-
teraction with photons, characterized by the coupling
strength g,,. In LSW experiments, photons are con-
verted into ALPs within a magnetic field (Primakoff ef-
fect) and back into photons of the same energy as the pri-
mary within another magnetic field (Sikivie effect) [2, B].

The Any Light Particle Search IT (ALPS II) experi-
ment at Deutsches Elektronen-Synchrotron (DESY) [4]
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is a second-generation LSW experiment. It is designed
to improve sensitivity to the coupling g4~ by a factor of
10% compared to earlier experiments [5, 6] through the
use of high-finesse optical cavities and a longer magnet
string, targeting go,, = 2 - 1071 GeV~!. This tar-
get is motivated by astrophysical anomalies, such as stel-
lar evolution [7]. Within the ALPS II experiment, for a
1064 nm photon rate equivalent to 30 W of laser power
and gy, = 2 - 10711 GeV ™!, a signal from reconverted
photons of 10724 W, or about 10~° cps—roughly one pho-
ton per day, would be expected [§]. To detect these pho-
tons, two methods have been investigated: heterodyne
(HET) [9] and single photon detection [4, 10]. ALPS II
is currently using HET for data taking, with single pho-
ton counting detection as a confirmation or alternative
sensing scheme having very different systematics.

For a single photon detection scheme, the system must
detect photons with 1.165eV energy at 10~°cps. Ad-
ditionally, to achieve 5o significance in ALP detection
within 20 days, the detector needs over 50 % efficiency
and a background rate below 7.7-107° cps [4,[10]. A Tran-
sition Edge Sensor (TES) is being studied as a strong
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candidate to meet these requirements. This paper fo-
cuses on the minimization of background rates, partic-
ularly from Black Body Radiation (BBR). We present
the development of a simulation framework for modeling
BBR propagation to the TES and evaluate the contri-
bution of BBR to the overall TES background. With
the simulation framework, we are also able to model the
impact of the strategies for background reduction. We
discuss the results of the ongoing efforts to enhance the
TES energy resolution through the optimization of the
data analysis, which impacts the background rate mea-
sured with the TES.

This paper is organized into six sections. Section [[]
provides details of the TES measurement setup. Sec-
tion [[TI] describes the theoretical and experimental as-
pects of the BBR simulation framework, which models
the propagation of Black Body Radiation to the TES.
Section [[V] demonstrates an example application of the
framework, adapted to the specific experimental condi-
tions outlined in Section [V] In Section[V] the analysis of
measured background data is explained. Furthermore, a
comparison between simulation predictions and experi-
mental results is made. Finally, the key conclusions of
this paper and the next steps for future work are pre-
sented in Section [VIl

II. TES SETUP

A Transition Edge Sensor (TES) is a cryogenic
microcalorimeter that operates in the transition re-
gion between superconducting and normal conducting
states [IT]. It responds to energy depositions with an
abrupt change in resistance, generating a measurable sig-
nal. In our setup, the TES consists of a tungsten mi-
crochip provided by the National Institute of Standards
and Technology (NIST), USA. The TES has dimensions
of 25 pm x 25 um x 20 nm, a critical temperature around
140 mK, and is optimized for 1064 nm photon detection.
The signal produced in the TES due to energy depo-
sition is measured as a voltage signal using a readout
system based on a two-stage Superconducting Quantum
Interference Device (SQUID) provided by Physikalisch-
Technische Bundesanstalt (PTB), Berlin, Germany, and
SQUID electronics from Magnicon. The TES and the
SQUID cold components are housed within a Bluefors
dilution refrigerator operating at a base temperature of
25 mK. For more details on the setup, see [12].

Photons are guided to the TES via an optical fiber
from outside the cryostat. To characterize the TES re-
sponse at the ALPS II operating wavelength, light from
a 1064 nm laser is introduced into the system, highly at-
tenuated to avoid saturating the sensor. This is adjusted
using several attenuators to minimize pile-up effects in
the data [13].

In the eztrinsics measurement, the background is as-
sessed by connecting the TES to the optical fiber while
leaving the other end of the fiber covered at room tem-

perature [I3]. Under these conditions, using the same ac-
quisition settings as in the 1064 nm laser measurements,
a trigger rate on the order of 1072 cps is observed. This
rate is expected to be primarily due to BBR from the
laboratory environment coupling into the fiber [14]. A
framework to compute the expected contribution of BBR.
will be described in the following.

III. A FRAMEWORK TO SIMULATE BBR
PROPAGATING TO THE TES

We have developed a Python framework to compute
the BBR photons propagating through the optical fiber
to the TES. The model for the simulation is built by
considering the theory of BBR production, optical com-
ponents in the TES setup acting like a filter, and the TES
response. The individual parts of the simulation will be
explained in this section.

A. Production of Black Body Radiation

A perfect black body emits photons with energy E
according to Planck’s distribution [I5]. The spectral in-
tensity, which depends on the photon energy and the
temperature T, is given by

2 E?

B(E7T) = h302 exp (kLT) 71a

(1)

where B(E,T) represents the rate of photons emit-
ted per unit area, energy and solid angle, measured in
photon/(eV - s-m? - sr). Here, h is Planck’s constant, c is
the speed of light, and £ is the Boltzmann constant. The
angular distribution of the emitted photons follows Lam-
bert’s cosine law, meaning that the emission rate in an
infinitesimal solid angle is proportional to B(E,T) cos#,
where 6 is the angle between the surface normal and the
direction of emission.

For an optical fiber, the flux of photons coupling into
one end is equal to the flux that the fiber’s surface would
emit. This flux is determined by the surface area A of the
fiber and the coupling efficiency n.(FE, ), which depends
on the photon’s energy E and the incidence angle . The
photon flux coupled into the fiber can be computed as

d

EN(E,T) ://A’QB(E,T)ne(E,9)cos9deA7 (2)

where the integral is taken over the surface area A and

the solid angle Q and N(FE,T) is the photon rate.

B. Energy dependent transfer function of optical
components

TES Absorbance: The quantum efficiency of the TES
under study is optimized for a wavelength of 1064 nm



through the inclusion of a cavity-like coating structure
around the sensor [I6]. This optimization allows the TES
to achieve an efficiency of up to 99.68 % at 1064 nm, as
shown in [17].

For computational simplicity, the following expression
is used as an approximation of the efficiency curve:

L —nrEs(E) = fi(E) - f2(E)

1 —261 (I +erf{ar (AME) = A)}) +01 (3

H(E) =
1— by
2

Equation [3| is inspired by the reflection curve depend-
ing on the wavelength in [I7], and 1 — nrrs(E) repre-
sents the reflection fraction, while nrrs(F) denotes the
absorbance of the TES. To approximate the TES reflec-
tion curve, the error functions in f; and f; are combined,
acting as a band-pass filter, as shown in Fig.

f(E) = (1 —erf{az (A(E) — A2)}) + ba.
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Figure 1. Model of the TES reflectance as a function of the

wavelength as implemented in the BBR simulation.

This model assumes that the reflection fraction will
exhibit a minimum at the wavelength where the TES is
optimized. In Eq. 3] 1 — nrrs(E) converges to 1 — by
at high energies (short wavelengths) and 1 — by at low
energies (long wavelengths), as shown in Fig. The
parameters a; and ao adjust the steepness of the error
functions, while A\ and Ay determine the central positions
of these transitions.

Table I. TES reflectance parameters.
A1 [nm]| b1 a1 [1/nm]|A2 [nm]| b2 [a2 [1/nm]
700 10.55 0.01 2100 0.2 0.002

The parameters shown in Table [[] are selected to en-
sure that the modeled reflection curve (Fig. closely
resembles the reflection data in [I7].

Even though the approximation shows some deviations
from the measured data in [I7], it does not introduce
a significant error in the simulation (only higher than
10 % at wavelengths lower than 650 nm). This is due

to the fact that at wavelengths below 650 nm, the rate
of BBR photons is lower by several orders of magnitude
compared to the rate at 1064 nm due to the exponen-
tial behavior described by Eq. |1} For wavelengths above
1800 nm, there is insufficient data to accurately model
TES absorbance. Nonetheless, BBR photons with these
longer wavelengths are significantly suppressed by opti-
cal fiber curling, as will be discussed in the next sections.
Therefore, deviations in the approximation in Eq. [3| do
not have a relevant impact on the simulation results.
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Figure 2. (a) Loss per kilometer of a HI-1060 optical fiber
from Corning, the data was taken from [I8], (b) Transmission
of 4 m of optical fiber as a function of the photon energy
computed from the loss per kilometer.

Fiber transmission: The fiber transmission is calcu-
lated based on the loss per kilometer of optical fiber,
which varies with the wavelength of the guided photons.
This calculation does not take into account coupling or
bending losses. To minimize the loss of 1064 nm photons,
a HI-1060 single-mode optical fiber from Corning [I8] is
used in the TES setup. The loss per kilometer for this



fiber is shown in Fig. For wavelengths outside the
range displayed on the x-axis, the losses are extrapolated
using a linear function.

The transmission 7gper (F,1), as a function of the en-
ergy of the propagating photon FE, is then computed for
a given fiber length [ in meters. Fig. illustrates the
transmission for a 4 m length of the HI-1060 fiber.

Optical filter: The use of a reflective filter at cryogenic
temperatures is proposed in [I4] as a strategy to reduce
the background generated by BBR. This component has
been incorporated into the simulation to evaluate its po-
tential application in the TES system for ALPS II, specif-
ically for filtering out non-1064 nm photons within the
cold environment of the cryostat. The filter’s transmis-
sion, Narer(E), can be derived from the filter’s datasheet
or approximated using a Gaussian distribution. Fig.
presents the simulated transmission distribution for the
FLH1064-8 filter from Thorlabs, using both the datasheet
information and the Gaussian approximation. This filter
is characterized by a central wavelength of 1064 nm and
a Full Width at Half Maximum (FWHM) of 8 nm.
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Figure 3. Transmission data as a function of energy from the
datasheet of a FLH1064-8 filter from Thorlabs. The peak in
the data as a function of wavelength is centered at 1064 nm
with a FWHM of 8 nm. The data in the datasheet is in the
form of transmission vs. wavelength. The Gaussian function
describing the filter is computed with a maximum equal to
the maximum transmission in the datasheet, ; = 1064 nm
and o = 8 nm/2.355. The Gaussian function is plotted as a
function of energy instead of wavelength.

Fiber curling: The bending of optical fibers intro-
duces wavelength-dependent losses, which increase with
the wavelength and depend on the fiber curvature ra-
dius [I9]. Consequently, fiber curling can be employed in
a cryogenic environment to selectively suppress the lower-
energy portion of the BBR spectrum. This technique was
explored, for example, in [20], where fiber curling at low
temperatures was used to reduce BBR rates, measured
using a superconducting nanowire single-photon detector
(SNSPD).
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Figure 4. Example of the transmission as a function of

energy for one loop of curled fiber with diameters d = 1.2 cm
and d = 11.2 cm measured with a spectrometer. The data is
fitted to an error function for use in the BBR simulation.

In this study, we utilized empirical data, shown in
Fig. @ which characterizes fiber loss as a function of
wavelength and bending radius for a single loop. White
light from a Thorlabs SLS201L lamp was used as a source
of continuous spectrum connected to an optical fiber.
The other end of the optical fiber was connected to an
Ocean Insight NQ512-2.5 spectrometer. The spectrum
of transmission shown in Fig. [f] was computed as the ra-
tio between the spectrum measured when the fiber was
curled, under controlled curling diameter, and the spec-
trum measured when the fiber was not curled. This em-
pirical data was fitted with a phenomenological model
described by

[e3%

Hewt(B,) = | 3 (1 erf (a(B) = 2P|, (@)

and integrated into the simulation of BBR. Eq. [d] was
chosen to reproduce the characteristic sharp decrease in
transmission due to bending losses, while providing a
smooth and flexible approximation of the transmission
as a function of the wavelength, as illustrated in Fig. [
Here, E' denotes the photon’s energy. The exponent o
was introduced to account for multiple loops in the fiber.
Since the total transmission through multiple indepen-
dent loops can be modeled as the product of the indi-
vidual transmissions, a represents the number of loops,
with fractional values indicating partial loops.

Table II. One-loop fiber curling parameters.

Curling diameter [mm]| a [1/nm] |[Ao [nm]
12.0 9.71-107°] 1231
25.2 7.96-1073] 1378
42.0 1.22-107%| 1598
112.0 1.75-107%| 1768

The parameters a and Ao shown in Table [[I] are de-



termined by the width and center of the transmission
transition for a single loop of curled fiber, respectively.

C. Combination of BBR and optical components

Considering the optical components and the produc-
tion of BBR, a model can be built to compute the rate
of photons arriving at the TES. Taking into account ev-
ery path j that the BBR photons with energy E would
need to follow to reach the detector, we use the following
expression:

d
TEN(E) = Zj://AQ B;(E, Tj) cos 0 dQYdA

B; = B(E,T;) - [[ i, - H(Omax, — 0).

The starting point of each path j corresponds to where
BBR can couple into the optical system, such as at fiber
junctions, e.g., fiber mating sleeves. Depending on the
experimental setup and optical path, this could include
paths j with multiple starting points for the same setup.
Then, for every path j, the product operator multi-
plies the transmissions 7;; of every optical component
i; along it to the TES. Moreover, a Heaviside step func-
tion H(0max, —0) introduces the approximation that the
optical fiber, used to transmit the BBR to the TES, ac-
cepts every photon entering with an angle 6 lower than
Omax; With respect to the central axis of the core of the
optical fiber, and rejects the rest. Furthermore, it as-
sumes that the transmission of the optical components
does not depend on 6.

The advantage of the approach in Eq. [5 is its flexibil-
ity, which allows the inclusion of different combinations of
optical components depending on the experimental con-
ditions.

D. TES response - Energy and time resolution

Equation [5| would be the spectrum of BBR measured
by the TES if it had perfect energy and time resolution.
To adapt it to the real conditions, the TES response to a
photon flux needs to be considered. To account for this,

we fold djzgﬂ) with the TES response.

The spectra measured by the TES from a single en-
ergy source can be approximated to follow a Gaussian
distribution A (e,4 = E,0 = o(FE)), with € being the
measured energy, u being equivalent to the true energy
of the photon E, and ¢ given by the energy resolution,
which can be energy dependent. The energy resolution
at 1064nm, o1064nm, 1S taken as a reference, and it is
assumed that the energy resolution is constant for other
energies such that o(F) = 01064nm- In the energy range
of interest [0eV, 1.5eV], this is motivated by our previ-
ous measurements and results from other groups [21H23].

Equation @convolves the rate N(E) and the TES energy

resolution to describe the rate of single photons, Ny;r,
measured at the TES ("directl] at 1064 nm”):

d -
@Ndir(ﬁ) =

1" 45N (E).A (¢, E,0(E)) dE
IS AN (e, B, 0(E))dE

(6)

The process is equivalent to a convolution of the BBR
spectrum with the response of the TES. The denominator
in Eq. [6]is added to keep the total BBR rate invariant.

Due to the limited time resolution of the TES, another
effect that needs to be considered is the arrival of two
photons with a time difference At, where the TES voltage
has not yet returned to its baseline. This effect is defined
as pile-up. If At is sufficiently small, the pulses produced
by the photons cannot be distinguished and could mimic
a single photon, with energies piled-up, an effect that
is often used for measuring photon number distribution
with TESs [16]. A value of Aty = 0.75 ps is assumed
to be the minimum that our current data analysis can
distinguish. The possible BBR spectrum from the pile-up
contribution, N,, motivated by [24], is computed using

Eq. [T}

d cd d
L Ny(€) = 2t /0 L N(E) SN~ B)dB. (7)

Equation [7| is inspired from the probability of two
events with energies F and ¢ — E resulting in an event
with energy €, occurring with a time difference lower than
Atpin. The upper limit in the integral avoids e — E to be
negative.

This is then convolved with the energy resolution (”in-
direct” at 1064 nm as pile-up):

iN (€) = Jo dnNo(B)N (€, B,0(E)) dE
& (e, B,o(E)) dE

8
iB (8)

The total rate produced by the BBR is given by adding
the single photons and the pile-up contributions:

d d d
@Ntotal(E) - @Ndir(E) + @Nind(E)' (9)

IV. AN EXAMPLE BUILT FROM THE
MEASUREMENT CONDITIONS

In this section, we present an example of the assembly
of a specific simulation to recreate the conditions of the
extrinsic background measurement discussed in this pa-
per. Fig.[5|shows a scheme of the components considered
in this simulation.

The BBR from the experiment room at 295 K couples
into the optical fiber, which has a numerical aperture

1 In contrast to indirect events which refers to pile up events as
discussed next
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Figure 5. Scheme of the simulated path in the BBR simula-
tion. The BBR enters the optical fiber in the cone on the left
of (A) if the incidence angle 6 with respect to the fiber core
axis is lower than 6,ax given by the numerical aperture of the
fiber. (A) represents the optical fiber outside the cryostat.
The BBR absorbed by the fiber is emitted back inside the
fiber because it is at room temperature. The result is equiv-
alent to directly producing BBR in the fiber feedthrough on
the right of component (A). The section of the fiber inside the
cryostat is represented by (B) and (C). (B) and (C) also rep-
resent the fiber curling shown in Fig. [fa] and [Bb] respectively.
Finally, (D) corresponds to the TES optical stack. In every
boundary between components, more BBR could couple to
the fiber. However, this contribution is neglected given the
lower temperature inside the cryostat.

NA = 0.14 and a core radius 7¢ore = 3.1 pm given by the
manufacturer. The numerical aperture is related to Oy,ax
as NA = ngisinOpnayx & sinfnax, where ngi = 1.0003
is the index of refraction of the medium containing the
optical fiber, in this case, the air. The integrals in Eq. [f]
can already be computed (Eq. as the BBR term and
the transmissions do not depend on the angle 6 or the
area Acore Of the fiber’s core, which is considered a circle:

// cos 0 dQdA =
A0 (10)

AcoreQesp = 12 (NA)?r2 . = 1.86 pm?.
Afterwards, the photons travel through the optical
fiber (A, in Fig. o) in the warm. In this section, the
absorbed photons in the optical fiber will be compen-
sated for by the photons produced by the optical fiber.
This is equivalent to the production of BBR just before
the fiber enters the cryostat.

Once the fiber enters the cryostat, its transmission is
considered Ngper (F, 4 m), with a length estimated at 4 m.
Also, inside the cryostat, the fiber is curled, as shown in
Fig. [6a] with four loops of 10 ¢cm diameter, approximated
to 11.2 cm since the curling data for 10 cm was not avail-
able. This is equivalent to the component B shown in
Fig. with transmission 7eyr1(E,4). Another curling
is included to account for the bending of the fiber in its
heat sink (Fig. just before connecting it to the TES.
Its shape is estimated to produce a quarter of a loop of
diameter 2.5 cm, with transmission neur2(E, 1/4). After-
wards, the absorbance of the TES is added as the last

Figure 6. (a) Fiber curled inside the cryostat approximated
as 4 loops of diameter d = 11.2 cm, component B in the sim-
ulation, with transmission 7curi1, (b) Bending of the optical
fiber due to the heat sink (copper parts covering the fiber
ends), represented in the simulation as 1/4 loop of diameter
d = 2.5 cm, component C in the simulation. Note that, as the
white curve shows, the piece is not described as a perfect arc
of circumference as shown in the white dashed curve. This
means that the curl diameter d could be smaller, introducing
one of the main uncertainties in Fig. [§

optical component. Then, the rate of BBR dj\ég;) as a

function of temperature and energy arriving at the TES
is given by:
d

=N(E) =

AcoreQeff : B(Ea T) * Nfber * Nlcurll * Mecurl2 * N'TES-

(11)

In Fig. [7] the effects of the individual optical compo-
nents on the BBR spectrum computed with Eq. are
shown. The transmission of the optical fiber already cuts
energies lower than 0.2 eV (step 2). The fiber curling
reduces the rate of BBR at energies lower than 0.7 eV
significantly (steps 3 and 4). Finally, as expected from
section [[ITB] the influence of the absorbance of the TES
optical stack is not noticeable in this case, as evidenced
in Fig. [7] step 5.

The accuracy of Eq. [11]is affected mainly by the fiber
curling component 7.y and the temperature used to
compute B(E,T). As we do not expect other potential
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Figure 7. BBR spectrum computed from Eq.[TI} at a tem-

perature of 295 K| step by step including optical components:
Step 1 with no components, step 2 adding optical fiber trans-
mission naber (A), step 3 adding curling 7eur11 with 4 loops
with diameter d = 11.2 cm (B), step 4 adding curling 7curi2
with 1/4 loops with diameter d = 2.5 cm (C), step 5 adding
the reflectance of the TES optical stack (D), step 6 adds alter-
native curling (B’C’) considered for the lower limit in Fig.

sources of uncertainty to contribute significantly to the
total uncertainty compared to the effects of temperature
variations and fiber curling, they were neglected. Small
variations in T or the radius of the curling can produce
changes by one order of magnitude in the results of the
expected photon rate dN(E)/dE. This can be seen in
Fig. [§] where the upper values in the uncertainty bands
are produced by a variation in the room’s temperature
by 2 K. The largest variation, represented in the lower
values, originates by adding a 1/2-loop of 4.2 cm diame-
ter and assuming a 1/4-loop of 1.2 cm diameter instead
of 2.5 cm in 7eyp2 (extra step represented as step 6 in
Fig. 7). The 4.2 cm half-loop could result from a non-
accounted bending in another region of the cryostat since
the fiber is not installed in a straight line inside the cryo-
stat but rather needs to curve around the inner compo-
nents. The sharper quarter-loop of 1.2 cm diameter in-
stead of 2.5 cm in 7)¢yy2 is motivated by the deviation of
the heat sink’s arc from a perfect circle shown in Fig. [6b}

The distributions shown in steps 5 and 6 of Fig. [1]
are then folded with the energy resolution and the time
resolution using Eq. 0] Taking into account the en-
ergy resolution of 11.3 % for 1064 nm photons, i.e.
01064nm = 0.13 eV, obtained from the data analysis de-
scribed in [13], the expected photon rate on the TES
shown in gray in Fig. [8]is obtained. A contribution typ-
ical for pile-up photons is negligible as it is highly sup-
pressed by the fiber curling.

The main interest for ALPS II lies in the reduction
of the number of background events in the region sur-
rounding the energy of 1064 nm photons. Therefore,
considering both the TES energy resolution and the dis-

tribution of 1064 nm photons in the energy spectrum
as a Gaussian, regions of 1o, 20, 30 are proposed, with
0 = 01064nm = 0.13 eV. The analysis efficiency in sim-
ulation is then defined as the efficiency resulting from
excluding 1064 nm photons outside the ¢ ranges. Ta-
ble [[T]] presents the simulated spectra results and com-
puted BBR rates with 11.3 % energy resolution, with the
upper and lower limits of the uncertainty bands. The
rates are shown for several o regions around 1064 nm
photon energy.

Table III. Rates for simulated BBR with 11.3 % energy reso-
lution.

Range (o) Analysis | Simulated Simulated
efficiency| lower rate upper rate
—1,1 68.2% [1.5-107% cps[3.1-1072 cps
—2,2 95.4% [6.2-107% cps[2.1-107T cps
-3,3 99.7% [1.3-1072 cps|7.0-10~T cps
0,3 49.8% [2.0-107" cps[2.2-1073 cps
-1,3 84.0% [1.5-107% cps[3.1-1077 cps

Given the asymmetry of the BBR spectrum, regions
given by [—o,30] or [0,30] could be a good trade-off to
reduce the background while maintaining high analysis
efficiency, but even in the lower rate column in Table [[TI}
the predicted rates of r = 1.5- 1073 cps and » = 2.0 -
10~ cps are still well above the requirements for ALPS II
of r < 7.7-107C cps [10].

To reduce these rates, the use of an optical filter, as
the one shown in Fig. [3] in the cold region of the cryostat
has been proposed. However, this alternative suffers from
misalignment and the shifting of the filtered wavelength
due to the cold temperatures, which reduce the trans-
mission efficiency for the signal at 1064 nm and, conse-
quently, the signal-to-noise ratio. Strategies to overcome
this are under investigation. To study the effects of the
filter in the BBR spectrum, it has been implemented in
the simulation frameworkEl In addition to the optical
filter, the use of more loops in the fiber curling or lower
radii could help to reduce the background, but this strat-
egy has limits, as a low radius of curling can also reduce
the efficiency for 1064 nm photons.

Another proposed solution is to improve the TES’s en-
ergy resolution, which in this paper is achieved through
data analysis. As shown in Fig. [§] a better energy reso-
lution significantly reduces the background due to BBR
in the region surrounding 1.17 eV (1064 nm photons).
This motivated the analysis improvements originally de-
veloped in [25] and applied here, resulting in an energy
resolution of 5.3 %, with 01064 nm = 0.061 €V. A short de-
scription of the data analysis is done in section[V] Taking
into account the improved energy resolution, the spec-
trum shown in red in Fig. [§is obtained. The rates com-
puted for simulated BBR with 5.3 % energy resolution,

2 The optical filter was not included in the simulation example in

section m
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Figure 8.

The dashed curves represent the BBR spectra simulated at a temperature of 295 K, as explained in section [[V]

convoluted with different TES energy resolutions (11.3 % in gray, 5.3 % in red). The line corresponding to the energy of
1064 nm photons is shown in blue for reference. The upper limit of the bands is produced by varying the temperature by 2 K.
The lower bound is produced by the assumption of more attenuation due to the non-accounted bending of the fiber inside the

cryostat.

with the upper and lower limits of the uncertainty bands,
are shown in Table [V1

Table IV. Rates for simulated BBR with 5.3 % energy reso-
lution.

similar to those depicted in the simulation described in
section [[V] although the precise path of the fiber was not
fully documented, which could have led to unmonitored
bending. A 1064 nm sample was taken before the start of
the measurement for reference. For data taking, a trig-

ger threshold was set at 20 mV for both measurements
as done in [I3], and the measurements were processed

with a fitting-based analysis. The fitting was performed
on the signal in the time and frequency domains. This is

described in [12] and [25], respectively. The pulses in the
time domain are fitted to the following equation obtained

Range (o) Ana}ysis Simulated Simulated
efficiency| lower rate upper rate
—1,1 68.2% [2.2-107° cps[4.6-107° cps
—2,2 95.4% [1.5-10 T cps|4.1-10" T cps
-3,3 99.7% |7.7-10 % cps|3.3-10" 3 cps
0,3 49.8% [0.3-10°° cps|0.5- 10 ° cps
-1,3 84.0% [2.3-107° cps|4.6- 1077 cps

The analysis efficiency is the same as defined before
and the rates are shown for several o regions around
1064 nm photon energy.

The new background rates in the regions given by
[—0,30] or [0,30] are predicted in the upper limit as
4.6 - 1075 cps and 5 - 1076 cps, respectively, the latter
already fulfilling the limit of the ALPS II requirements.
If the measured data were to follow the distribution in
Fig.[§ the integration regions could be optimized to max-
imize significance taking also the efficiency into account,
as done in Ref. [20].

V. COMPARISON WITH EXTRINSIC
BACKGROUND MEASUREMENT

In order to evaluate the contribution of BBR, an ex-
trinsic background dataset was measured for 72 hours by
covering the warm end of the optical fiber that goes to
the cryostat with a black cloth. The lab was dark and
at approximately 295 K. The fiber was curled inside the
cryostat and connected to the TES. The conditions were

from a phenomenological approach:

Up (t) =
24,

L= t0) | oxp { (0

Trise

exp {—

where the parameters App, Trise, and Tgecay define the
shape of the pulse and are related to its amplitude, rise
time, and decay time, respectively. The parameters %g
and Vj correspond to the position of the pulse in the
time window and the voltage offset.

For the fitting in the frequency domain, the Fourier
transformation of the pulses is computed. The same
is done to the function that predicts the pulse shape,
obtained from the small signal theory for the TES sig-
nal [111 25]. The function used for fitting in the frequency
domain is described by the following equation:

FUsst(V)](f) = —Assr(T— — 74) exp {27 fito} x
[1—@nf)?rir ] —i2nf(ry +7)
[1+ 7227 f)2][1 + 72 (27 )?]

(13)

The parameters Agsr, 74, 7—, and ty are analogous
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Figure 9. Distribution of parameters obtained by fitting the phenomenological model in a, ¢ and e, and the frequency domain
SST model in b, d and f, to measured 1064 nm pulses and pulses from an extrinsics measurement. The cuts (dashed red lines)
exclude the pulses that lie outside the [—3c, 30] region of the parameters: (a) Trise, (C) Tdecay and (e) XZ.q in the time domain,

and (b) 74, (¢) 7— and (e) xZ.4 in the frequency domain.

to the parameters Apn, Trise, Tdecay and o in the phe-
nomenological model.

Analogously to [10], cuts were imposed on the rise and
decay times of the pulses and the reduced x? from the
fitting procedure. These parameters were chosen given

that they should not depend on the energy of the arriv-
ing photon according to TES theory [II]. The cuts were
performed on the interval [—3c, 30] based on the 1064 nm
calibration pulses to keep the acceptance of 1064 nm pho-
tons high. In the left column of Fig. [} the distributions
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Figure 10. Measured extrinsics energy spectrum computed using the pulse integral from the time domain analysis (blue) and

the pulse height from the frequency domain analysis (red).

of rise time, decay time and reduced y? for 1064 nm pho-
tons from the fitting analysis in the time domain and the
corresponding cuts can be seen. The cuts imposed on
the rise and decay times of the pulses and the reduced
x2 from the fitting procedure based on the frequency
domain are shown in the right column of Fig. [0] The
overall acceptance is then 98.4 % for the cuts in the six
distributions of 1064 nm photon parameters. The cuts
are applied to the results of the analysis of the extrinsics
dataset, resulting in a reduction of the background rate
from 4.4-1072 cps to 1.5-1072 cps. This indicates that the
surviving events are mostly photons, which is consistent
with the optical fiber being connected to the TES. In con-
trast, in [I0], the optical fiber was disconnected from the
TES, and the cuts applied in the measured data reduced
the background rate by several orders of magnitude down
t0 6.9 -107° cps.

The integral and the pulse height of the photon pulses
are assumed to be proportional to the photon’s energy,
equivalent to a linear response of the TES. A calibra-
tion is performed with the integral I79g4nm and the pulse
height hi10g4nm Of the 1064 nm photons, where I1064nm
and higganm correspond to the center of the Gaussian
functions that are fitted to the respective 1064 nm distri-
butions in measured data. Then, the measured energy of
the photon is assumed to be E = E1064nm{/I1064nm and
E = E1064nmh/h1064nm- Both values are chosen to com-
pare the BBR rates before and after the improvement of
the energy resolution shown in [25]. The events surviving
the aforementioned cuts are accumulated in a histogram.
They are scaled, dividing them by the measurement’s to-
tal time and the energy bin’s size. The results using both
magnitudes, pulse integral and pulse height, are shown
in Fig. [I0}

These results match the predictions from the simula-
tion about the shape of the BBR spectrum in Fig.
Improving energy resolution narrows the BBR, spectrum

and reduces the 1064 nm photon signal region, effectively
reducing the extrinsic background rates in the 1064 nm
region. The measured rates with the optimized analysis
are summarized in Table[V]for the same o ranges defined
before. Table [V] shows a comparison between the rates
computed for measured extrinsics data using the pulse
integral from the time domain analysis (Ipp) and the
pulse height from the frequency domain analysis (hgpr)
to calculate the energy of the photons.

Table V. Comparison of the rates for measured extrinsics
data using two different methods to compute the energy.

Rate (Iph) Rate (hFFT)

Range (o) |Efficiency

—1,1 60.5% |1.7-10"3 cps|1.2-10~7% cps
—2,2 84.5% [5.6-1072 cps[4.1-10"7 cps
-3,3 88.3% [1.1-10 % cps|1.5-10 2 cps

0,3 442% 14.2-10T ¢ps[6.9-107° cps
-1,3 74.3% [1.9-107% cps[1.6-10~% cps

The efficiency in Table[V]combines a cut acceptance of
98.4 %, the efficiency resulting from excluding 1064 nm
photons outside the o ranges, and the system detec-
tion efficiency from [25]. The system detection efficiency
refers to the efficiency of the coupling of the optical fiber
to the TES, with a current estimated value of 90 %.

Overall, the improvement in energy resolution by a
factor of 2 shown in [25] reduces the background rate
in every range by an order of magnitude compared to
the previous analysis. However, the measured rates of
1.6 - 107% cps and 6.9 - 107° cps in the regions given
by [—0,30] or [0,30] respectively, still do not satisfy the
ALPS II requirements of » < 7.7 - 107 cps. The [0, 30]
region analysis efficiency is also below the ALPS II effi-
ciency requirement of 50 %.

As shown in Fig. [[T] the shape of the simulated spec-
trum is very similar to the one measured in the extrinsics
measurement. This indicates the consistency of the mea-
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spectrum, which is susceptible to uncertainties introduced by fiber curling.

sured background with BBR, although the uncertainties
in the simulation limit its ability to fully describe the
background. In particular, features such as the low en-
ergy edge and the distribution maximum are highly sen-
sitive to the radius and the number of loops in the fiber
curling. To improve the accuracy of the BBR simula-
tions, detailed tracking of the path of the fiber inside
the cryostat should be done in future measurements, as
the curling has been identified as the main contributing
factor (shown in the transition from step 5 to step 6 in
Fig. , especially for low curling diameters. Further-
more, for measurements similar to the one analyzed in
this section, a temperature sensor should be placed near
the closed end of the fiber to monitor fluctuations during
the measurement.

The simulation resembles the data trend in the region
between 0.95 eV and 1.2 eV. Above 1.2 eV, several back-
ground events are present, possibly non-photon events
surviving the cut discrimination. The cause of the ex-
cess of events in the 1-o signal region (between 1.10 eV
and 1.22 eV), compared to the simulation, will be inves-
tigated, as the excess indicates that these events are not

due to BBR.

VI. CONCLUSION AND OUTLOOK

ALPS 1II is expected to probe guy, in a model-
independent approach beyond present limits from as-
trophysics. Data collection is underway utilizing a
heterodyne-based detection scheme. In parallel, a TES
is being studied for a single photon detection scheme to
complement the current measurements with the HET de-
tection system. This would be particularly important in
case an ALP signal is observed. Towards these scenar-
ios, the TES background is being carefully studied and

efforts are ongoing for its reduction.

In this paper, it has been shown that the primary back-
ground contributor in the extrinsics measurement setup
is consistent with Black Body Radiation (BBR), aligning
with predictions from previous studies [I4]. A framework
has been developed to simulate the propagation of BBR
to the TES, with adaptable features for various experi-
mental conditions, with the ultimate aim of reducing this
background source. The simulation studies show that
the low energy region of the BBR spectrum is filtered
mainly by fiber curling. In addition, fiber curling allows
the suppression of pile-up events in the BBR spectrum

which could mimic 1064 nm photons.

Another important conclusion from the BBR simula-
tion is that the background can be reduced by improving
the energy resolution. This was achieved with the opti-
mization of the data analysis described in [25]. While the
current measured background rate has not yet reached
the ALPS II requirements, the measured rate of extrin-
sic events was reduced by an order of magnitude as a
result of the improvement in energy resolution, in agree-
ment with the BBR simulation predictions. Additionally,
the BBR simulation indicates a considerable reduction in
the background rate by lowering the temperature in the

environment around the optical fiber, e.g. decreasing the
temperature of the lab to 10°C (283 K) in the described
setup would reduce the BBR background rate by a factor
of 5. This possibility merits further investigation. The
use of an optical filter inside the cryostat is also being ex-
plored as another approach for BBR background reduc-
tion. A comparison of the measured spectrum with that
predicted by the BBR simulation suggests, although sta-
tistically limited, the presence of non-Black Body events
in the region around 1064 nm, which will require further

study.
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