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Sikivie effect Lαγ = gαγγϕα
⃗E ⋅ ⃗B0

• Solution for SM unsolved questions: 
• What is the nature of dark matter (DM)?  
• Why is the electric dipole moment of the neutron so tiny? 

• Axions are a consequence of the Peccei-Quinn symmetry to explain θ=0. 

Axion and Axion-Like particles
Motivation

couplings to Standard 
Model constituents 

α

P(α → γ) ∝ (gαγγB0L)2
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Any Light Particle Search II
Strengths 

• designed to improve 
sensitivity compared to ALPS I by 
a factor of ~3000 
• Exploring uncharted territory in 

parameter space, beyond 
astrophysical constraints  

• Checking axion explanation of 
astrophysical anomalies
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Any Light Particle Search II
The axion factory

DESY

α α

High power laser, 40W,  
𝝀=1064 nm ~ 282 THz

106 m
Magnet string

12  5.3 Tesla HERA 
dipole magnets

×

Wall DetectorHPL

Production Cavity - PC Regeneration Cavity - RC
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HETerodyne: Coherent detection 
A very sensitive technique 

Δϕ = ϕsig − ϕLO

Beat-note

V(t) = GPsig + GPLO + 2G PsigPLOcos(2πf1t + Δϕ)

evaluated at the demodulation frequency, fd. To do so, we
first convert the analog PSD in V2=ðcycles per secondÞ to
the digitized power spectral density (DPSD) in V2=
ðcycles per sampleÞ using the sampling frequency fs [27]:

DPSD
!
fd
fs

"
¼ fsPSDðfdÞ: ð8Þ

The DPSD is related to the expectation, E, of the DFT
of x½n% [27]:

DPSD
!
fd
fs

"
¼ lim

N→∞
E
#jX½fdfs%j

2

N

$
: ð9Þ

Using Eq. (5) we can solve for ZðNÞ,

lim
N→∞

E½ZnoiseðNÞ% ¼ PSDðfdÞ
τ

; ð10Þ

wherewe use the substitutionN ¼ τfs. It is important to note
that this only depends upon the PSD evaluated at fd and not
across the entire spectrum.
Although Eq. (10) exactly relates the expectation value

of ZnoiseðNÞ to the analog PSD, we are interested in the
result of a single trial. For such an individual trial, ZnoiseðNÞ
provides only an estimate of the analog PSD. Because the
noise is assumed to be stationary, the PSD is by definition
constant with time. The behavior of ZnoiseðNÞ for a single
trial therefore tends to fall off as 1=τ. However, for a set
integration time the outcome of multiple trials of ZnoiseðNÞ
will have some nonzero variance [27,28],

lim
N→∞

σ2Z ¼
!
PSDðfdÞ

τ

"
2

: ð11Þ

A confidence threshold for a single run must therefore be
determined in order to distinguish between coherent
detection of a signal and the random nature of this noise.
From this point forward we assume N to be sufficiently
large such that Eq. (10) and its derivatives provide good
approximations to real world applications.

C. Detection threshold

To simplify this calculation let us assume that the input is
appropriately bandpass filtered around fd and down-
sampled such that the resulting frequency spectrum is
locally flat. It has been shown that in the large N limit
X½fd=fs% is a Gaussian random variable, independent of the
other X½f=fs% due to the central limit theorem [28].
ZnoiseðNÞ therefore follows an exponential distribution.
Using the cumulative distribution function [29], the prob-
ability, P, of measuring a final value of ZnoiseðNÞ between 0
and an upper limit u for a given τ is

PðuÞ ¼ 1 − e−u=σZ : ð12Þ

From the inverse of Eq. (12), we can define a probability
range for individual outcomes of ZnoiseðNÞ to fall between 0
and an upper limit for any given probability P. For the
5-sigma limit (P5s ¼ 0.9999994) this is

uðP5sÞ½ZnoiseðNÞ% ¼ − lnð6 × 10−7Þ PSDðfdÞ
τ

: ð13Þ

Consequently, when ZðNÞ has a value above this limit for a
predefined number of samples N, we can claim with
99.99994% confidence that a coherent signal is present.
The expected behaviors of ZðNÞ and the 5-sigma limit

are plotted vs integration time τ in Fig. 3. When a beat note
signal is present at frequency fsig ¼ fd [Eq. (7)], the
expectation value, shown in red, is constant with integration
time and scales linearly with the power of the signal field,
P̄signal. This power can be expressed in terms of photons per
second, our quantity of interest.
Following Eq. (10), the expectation value of ZnoiseðNÞ

(signal absent), shown as the solid green line, goes as 1=τ.
Similarly the 5-sigma limit falls off as 1=τ according
to Eq. (13).

D. Fundamental limits

From now on, we will scale ZsignalðNÞ to photons per
second in the signal field, P̄signal=hν. A scaling factor of
1=ðG2hνP̄LOÞ is applied to Eq. (7) such that

FIG. 3. Expected behavior of noise, signal, and the 5-sigma
limit when plotting ZðNÞ vs integration time τ. Noise and the
5-sigma limit both go as 1=τ, whereas the signal stays flat with
time. Because ZðNÞ is proportional to the power in the signal
field we can scale the y axis accordingly using the gain factors
within our system in order to obtain a meaningful photon rate of
the weak field. Noise-level-dependent integration times τx (where
the signal crosses the expected value of noise) and τ5s (where
a detection can be claimed with 5-sigma confidence) are
highlighted.
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We explore the application of heterodyne interferometry for a weak-field coherent detection scheme. The
methods detailed here will be used in ALPS II, an experiment designed to search for weakly interacting,
sub-eV particles. For ALPS II to reach its design sensitivity this detection system must be capable of
accurately measuring fields with equivalent amplitudes on the order of 10−5 photons=s or greater. We
present initial results of an equivalent dark count rate on the order of 10−5 photons=s as well as successful
generation and detection of a signal with a field strength equivalent to 10−2 photons=s.
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I. INTRODUCTION

A. Axions and axionlike particles

The Standard Model (SM) incorporates our current
knowledge of subatomic particles as well as their inter-
actions via three of the four fundamental forces of nature.
The SM is not complete, however, as it does not contain
gravity and does not explain certain observations. One
notable unresolved issue is that of charge-conjugation
parity symmetry (CP-symmetry) violation. The QCD
Lagrangian includes terms capable of breaking CP sym-
metry for the strong force. In contrast, experiments found
that the strong forces respect CP symmetry to a very high
precision [1].
The most prominent proposed solution, introduced by

Peccei and Quinn [2], involves spontaneously breaking a
global U(1) symmetry leading to a new particle, named the
axion [3,4]. Interactions with the QCD vacuum cause the
axion to have a nonzero mass, ma [2]. While axions may
interact with SM particles, the interactions can be weak.
Most notably for experimental purposes, axion mixing with
neutral pions leads to a characteristic two-photon coupling,
gaγγ [5]. This, in turn, constrains the product of the axion
mass and coupling such that these two parameters are
dependent. Experimental and observational factors place
the axion mass between 1 and 1000 μeV. The correspond-
ing range for gaγγ is 10−16 to 10−13 GeV−1.
While the QCD axion is confined to a specific band in

the parameter space, it might just be a member of a larger
class of axionlike particles, some with a stronger two-
photon coupling [6,7]. The interactions between these
axions/axionlike particles and photons may possibly
explain unanswered astronomical questions including
TeV photon transparency in the Universe [8] and anoma-
lous white dwarf cooling [9]. The intrinsic properties of

axions and axionlike particles also make them prime
candidates for cold dark matter. This theoretical motivation
has led to the formulation of various experiments designed
to detect axions and axionlike particles by utilizing their
coupling to photons.
Although axions can naturally decay into two observable

photons, the rate at which this occurs is extremely low,
making detection by observing this decay impossible.
Axion search experiments therefore also rely on the inverse
Primakoff or Sikivie effect in which a strong static
magnetic field acts as a high density of virtual photons.
This field stimulates the axion/axionlike particle to convert
into a photon carrying the total energy of the axion/
axionlike particle [10,11]. A number of strategies have
been employed by these experiments to search for axions
from several sources. Haloscope experiments, such as
ADMX, use resonant microwave cavities and strong super-
conducting magnets to search for axions comprising the
Milky Way’s cold dark-matter halo [12]. Helioscope
experiments, such as CAST, look for relativistic axions
originating from the Sun that convert into detectable x-rays
as they pass through a supplied magnetic field [13].
Differing from these types of axion searches that rely on
astronomical sources, “light shining through walls” (LSW)
experiments attempt to generate and detect axions in the
laboratory and therefore have the advantage of independ-
ence from models of the galactic halo and models of stellar
evolution [14–19].

B. ALPS II

LSW experiments use the axion-photon coupling first to
convert photons into axions under the presence of a strong
magnetic field. These axions then pass through a light-tight
barrier and enter another strong magnetic field where some
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Although axions can naturally decay into two observable

photons, the rate at which this occurs is extremely low,
making detection by observing this decay impossible.
Axion search experiments therefore also rely on the inverse
Primakoff or Sikivie effect in which a strong static
magnetic field acts as a high density of virtual photons.
This field stimulates the axion/axionlike particle to convert
into a photon carrying the total energy of the axion/
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HETerodyne: Coherent detection 
A very sensitive technique 

Δϕ = ϕsig − ϕLO

Beat-note

V(t) = GPsig + GPLO + 2G PsigPLOcos(2πf1t + Δϕ)

evaluated at the demodulation frequency, fd. To do so, we
first convert the analog PSD in V2=ðcycles per secondÞ to
the digitized power spectral density (DPSD) in V2=
ðcycles per sampleÞ using the sampling frequency fs [27]:

DPSD
!
fd
fs

"
¼ fsPSDðfdÞ: ð8Þ

The DPSD is related to the expectation, E, of the DFT
of x½n% [27]:

DPSD
!
fd
fs

"
¼ lim

N→∞
E
#jX½fdfs%j

2

N

$
: ð9Þ

Using Eq. (5) we can solve for ZðNÞ,

lim
N→∞

E½ZnoiseðNÞ% ¼ PSDðfdÞ
τ

; ð10Þ

wherewe use the substitutionN ¼ τfs. It is important to note
that this only depends upon the PSD evaluated at fd and not
across the entire spectrum.
Although Eq. (10) exactly relates the expectation value

of ZnoiseðNÞ to the analog PSD, we are interested in the
result of a single trial. For such an individual trial, ZnoiseðNÞ
provides only an estimate of the analog PSD. Because the
noise is assumed to be stationary, the PSD is by definition
constant with time. The behavior of ZnoiseðNÞ for a single
trial therefore tends to fall off as 1=τ. However, for a set
integration time the outcome of multiple trials of ZnoiseðNÞ
will have some nonzero variance [27,28],

lim
N→∞

σ2Z ¼
!
PSDðfdÞ

τ

"
2

: ð11Þ

A confidence threshold for a single run must therefore be
determined in order to distinguish between coherent
detection of a signal and the random nature of this noise.
From this point forward we assume N to be sufficiently
large such that Eq. (10) and its derivatives provide good
approximations to real world applications.

C. Detection threshold

To simplify this calculation let us assume that the input is
appropriately bandpass filtered around fd and down-
sampled such that the resulting frequency spectrum is
locally flat. It has been shown that in the large N limit
X½fd=fs% is a Gaussian random variable, independent of the
other X½f=fs% due to the central limit theorem [28].
ZnoiseðNÞ therefore follows an exponential distribution.
Using the cumulative distribution function [29], the prob-
ability, P, of measuring a final value of ZnoiseðNÞ between 0
and an upper limit u for a given τ is

PðuÞ ¼ 1 − e−u=σZ : ð12Þ

From the inverse of Eq. (12), we can define a probability
range for individual outcomes of ZnoiseðNÞ to fall between 0
and an upper limit for any given probability P. For the
5-sigma limit (P5s ¼ 0.9999994) this is

uðP5sÞ½ZnoiseðNÞ% ¼ − lnð6 × 10−7Þ PSDðfdÞ
τ

: ð13Þ

Consequently, when ZðNÞ has a value above this limit for a
predefined number of samples N, we can claim with
99.99994% confidence that a coherent signal is present.
The expected behaviors of ZðNÞ and the 5-sigma limit

are plotted vs integration time τ in Fig. 3. When a beat note
signal is present at frequency fsig ¼ fd [Eq. (7)], the
expectation value, shown in red, is constant with integration
time and scales linearly with the power of the signal field,
P̄signal. This power can be expressed in terms of photons per
second, our quantity of interest.
Following Eq. (10), the expectation value of ZnoiseðNÞ

(signal absent), shown as the solid green line, goes as 1=τ.
Similarly the 5-sigma limit falls off as 1=τ according
to Eq. (13).

D. Fundamental limits

From now on, we will scale ZsignalðNÞ to photons per
second in the signal field, P̄signal=hν. A scaling factor of
1=ðG2hνP̄LOÞ is applied to Eq. (7) such that

FIG. 3. Expected behavior of noise, signal, and the 5-sigma
limit when plotting ZðNÞ vs integration time τ. Noise and the
5-sigma limit both go as 1=τ, whereas the signal stays flat with
time. Because ZðNÞ is proportional to the power in the signal
field we can scale the y axis accordingly using the gain factors
within our system in order to obtain a meaningful photon rate of
the weak field. Noise-level-dependent integration times τx (where
the signal crosses the expected value of noise) and τ5s (where
a detection can be claimed with 5-sigma confidence) are
highlighted.
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I. INTRODUCTION

A. Axions and axionlike particles

The Standard Model (SM) incorporates our current
knowledge of subatomic particles as well as their inter-
actions via three of the four fundamental forces of nature.
The SM is not complete, however, as it does not contain
gravity and does not explain certain observations. One
notable unresolved issue is that of charge-conjugation
parity symmetry (CP-symmetry) violation. The QCD
Lagrangian includes terms capable of breaking CP sym-
metry for the strong force. In contrast, experiments found
that the strong forces respect CP symmetry to a very high
precision [1].
The most prominent proposed solution, introduced by

Peccei and Quinn [2], involves spontaneously breaking a
global U(1) symmetry leading to a new particle, named the
axion [3,4]. Interactions with the QCD vacuum cause the
axion to have a nonzero mass, ma [2]. While axions may
interact with SM particles, the interactions can be weak.
Most notably for experimental purposes, axion mixing with
neutral pions leads to a characteristic two-photon coupling,
gaγγ [5]. This, in turn, constrains the product of the axion
mass and coupling such that these two parameters are
dependent. Experimental and observational factors place
the axion mass between 1 and 1000 μeV. The correspond-
ing range for gaγγ is 10−16 to 10−13 GeV−1.
While the QCD axion is confined to a specific band in

the parameter space, it might just be a member of a larger
class of axionlike particles, some with a stronger two-
photon coupling [6,7]. The interactions between these
axions/axionlike particles and photons may possibly
explain unanswered astronomical questions including
TeV photon transparency in the Universe [8] and anoma-
lous white dwarf cooling [9]. The intrinsic properties of

axions and axionlike particles also make them prime
candidates for cold dark matter. This theoretical motivation
has led to the formulation of various experiments designed
to detect axions and axionlike particles by utilizing their
coupling to photons.
Although axions can naturally decay into two observable

photons, the rate at which this occurs is extremely low,
making detection by observing this decay impossible.
Axion search experiments therefore also rely on the inverse
Primakoff or Sikivie effect in which a strong static
magnetic field acts as a high density of virtual photons.
This field stimulates the axion/axionlike particle to convert
into a photon carrying the total energy of the axion/
axionlike particle [10,11]. A number of strategies have
been employed by these experiments to search for axions
from several sources. Haloscope experiments, such as
ADMX, use resonant microwave cavities and strong super-
conducting magnets to search for axions comprising the
Milky Way’s cold dark-matter halo [12]. Helioscope
experiments, such as CAST, look for relativistic axions
originating from the Sun that convert into detectable x-rays
as they pass through a supplied magnetic field [13].
Differing from these types of axion searches that rely on
astronomical sources, “light shining through walls” (LSW)
experiments attempt to generate and detect axions in the
laboratory and therefore have the advantage of independ-
ence from models of the galactic halo and models of stellar
evolution [14–19].

B. ALPS II

LSW experiments use the axion-photon coupling first to
convert photons into axions under the presence of a strong
magnetic field. These axions then pass through a light-tight
barrier and enter another strong magnetic field where some
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dependent. Experimental and observational factors place
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ing range for gaγγ is 10−16 to 10−13 GeV−1.
While the QCD axion is confined to a specific band in
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to detect axions and axionlike particles by utilizing their
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Although axions can naturally decay into two observable

photons, the rate at which this occurs is extremely low,
making detection by observing this decay impossible.
Axion search experiments therefore also rely on the inverse
Primakoff or Sikivie effect in which a strong static
magnetic field acts as a high density of virtual photons.
This field stimulates the axion/axionlike particle to convert
into a photon carrying the total energy of the axion/
axionlike particle [10,11]. A number of strategies have
been employed by these experiments to search for axions
from several sources. Haloscope experiments, such as
ADMX, use resonant microwave cavities and strong super-
conducting magnets to search for axions comprising the
Milky Way’s cold dark-matter halo [12]. Helioscope
experiments, such as CAST, look for relativistic axions
originating from the Sun that convert into detectable x-rays
as they pass through a supplied magnetic field [13].
Differing from these types of axion searches that rely on
astronomical sources, “light shining through walls” (LSW)
experiments attempt to generate and detect axions in the
laboratory and therefore have the advantage of independ-
ence from models of the galactic halo and models of stellar
evolution [14–19].
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Initial science run 
May 23rd to May 31st
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ALPS II’s initial science run scheme

•
•

5000 < β < 8000
Pc = 40 W

Phase stability as a key detection point 
• Demodulation signal must be coherent with the 

measured signal 
• LO must be coherent with regenerated field 

• HPL must be coherent with LO over the full run

Early science run in May 2023 w/o the PC 
optimal for stray light hunting

Resonant Enhancement 
• Power build-up only when the HPL frequency is 

resonant within the RC 
• Cannot directly interfere HPL and LO fields → too 

much stray light! 
• Use of a reference laser with cascaded phase-

locked loops as a “go-between” → HPL and LO 
never see each other directly
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Heterodyne function
Preliminary results

Successfully acquired data from 
May 23rd to 31st 

• System showed very good 
performance  

• ~ 45 hours of high-quality data 

• Open shutter periods: 

• Reliable reconstruction of 
phase evolution 

• Monitor for some calibration 
parameters

Stray light
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Preliminary sensitivity estimate

150000 s integration 
time

A. Spector, PATRAS 2023
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Check our poster for more details!
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Conclusion

• Axions and Axion-like particles are well-motivated BSM particles 

• LSW: Checking astrophysical observations in a model-independent way 

• ALPS II will probe the axion hypothesis using the HET first and then a photon counting 
approach  

• The initial science run data improves the limits by a factor of 100 with to respect previous 
LSW experiments  

• A new data taking is expected in few weeks aiming to be limited by shot-noise only 

• The design sensitivity will be reached in 2024 when the full setup of ALPS II will be installed 



14

Backup 
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ALPS II
Strengths 

• designed to improve sensitivity compared to ALPS I by a factor of ~3000 
• Exploring uncharted territory in parameter space, beyond astrophysical constraints  
• Checking axion explanation of astrophysical anomalies

• Astrophysical constraints 
• Non-observation of BSM energy 

loss of Horizontal Branch (HB) 
stars in globular clusters 

• Non-observation of conversion 
photons into axions in 
astorophysical environments 

• Astrophysical anomalies 
• Best fit of energy loss of (HB) 

starts hints at BSM contribution 
• Observed spectra of blazers hint 

at anomalous transparency of 
Universe from TeV photons

Sok
olo

v, 
Ring

wald
 20

21
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Any Light Particle Search II
The axion factory

DESY

α α Two detection 
systems will be used

• HETerodyne 

interferometer 

• Transition Edge 

Sensor

High power laser, 40W,  
𝝀=1064 nm ~ 282 THz

106 m
Magnet string

12  5.3 Tesla HERA 
dipole magnets

×

Wall DetectorHPL

Production Cavity - PC Regeneration Cavity - RC
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ALPS II achievement 
• Optic R&D from 2012 
• Installation of ALPS II began in 2019 

• In March 2022 the magnet string was successfully tested 
• Completion of the whole installation in September 2022

Laser Wall Detector
Clean  
room
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• Longest storage time Fabry Perot cavity ever!  
• Length: 124.6m, FSR: 1.22 MHz 
• Storage time: 7.04 ms

18

ALPS II achievement 
World-record

Laser On Laser Off

Leading precision  
interferometry!
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• Using a superconducting Transition Edge Sensor (TES) operated at about 100 
mK.  

• Already have demonstrated:  
• Low-backgrounds (µHz) 
• Good energy resolution (~10%)  
• Long-term stability (~20 days)  

TES
Transition Edge Sensor
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Axions: non-collider and colliders 

Axion-photon coupling vs axion mass
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HETerodyne: Coherent detection 

• The higher the LO power, the shorter the time it takes for the signal to exceed the expected noise limit. 

• If the  is large enough, the system noise is dominated by the shot-noise 

• SNR no longer depend on the LO power 

PLO

Advantages & costs

SNR ∝
PsigPLO

PLO
= Psig

• Costs: 

• Keep  constant  

• Keep  constant

Δϕ
Δf
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Signal extraction
In-phase and quadrature demodulation

I[t] = 2G PsigPLOcos(2πf1t + Δϕ) × cos(2πfdemodt)

Q[t] = 2G PsigPLOcos(2πf1t + Δϕ) × sin(2πfdemodt)

Sampling rate 

Nyquist frequency


fs > 2 × f′ 0

To recover amplitude 
information  I/Q 
demodulation

→

G PsigPLOcos(2π f′ 0t + Δϕ)

G PsigPLOsin(2π f′ 0t + Δϕ)

If noise:

0

0
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Photon flux extraction

From I[n] and Q[n]

Number of photons 

 

z[n] =
(∑N

i I[n])2 + (∑N
i Q[n])2

N2

Nγ =
z[n]

G2PLOhν
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Photon flux extraction

From I[n] and Q[n]

Number of photons 

 

z[n] =
(∑N

i I[n])2 + (∑N
i Q[n])2

N2

Nγ =
z[n]

G2PLOhνIf signal: If noise:

z[t] =
(∑N

i G PsigPLOcos(2π f′ 0t + Δϕ))2 + (∑N
i G PsigPLOsin(2π f′ 0t + Δϕ))2

N2

z ∝ G2PsigPLO

z ≃ 0



LDM 2023 | Status of the initial ALPS II science run | 19th Sept. 2023 | Isabella Oceano 26

Photon flux extraction 
Signal

Signal 
Will sum coherently

 Nγ ∝ Psig

Number of photons 

 Nγ =
z[n]

G2PLOhν

No physical case
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Photon flux extraction 
Noise

Technical noises for HET mitigated by 
increasing the LO power

Number of photons 

 Nγ =
z[n]

G2PLOhν

Shot- Noise
Will sum incoherently 

 NSN
γ =

1
ηt
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Photon flux extraction
Signal + Noise

Number of photons 

 Nγ =
z[n]

G2PLOhν

Noise limited
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ALPS II’s initial science run scheme



LDM 2023 | Status of the initial ALPS II science run | 19th Sept. 2023 | Isabella Oceano 31

ALPS II’s initial science run scheme

122 m 122 m

σBN

fBN
=

∼ Hz
∼ 107 Hz
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Open shutter data comparison 


