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Overview
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‣ Introduction to Axions and Axion Like Particles (ALPs) 

• Hints of these particles in astrophysical observations 

‣ Light Shining through a wall style experiments 

‣ ALPS II 

• Overview 

• Spatial overlap  

• Dual resonance 

• Optics progress 

• Detection schemes 

• Magnets  

• Future challenges and plans
Figure 1. The principle of a light-shining-through a wall experiment: light, typically from a strong laser,
is shone into a magnetic field. WISPs could be created by interaction of the laser light with the magnetic
field or just by kinetic mixing. A barrier blocks the light, but WISPs easily traverse it. In the second part of
the experiment behind the wall, some WISPs convert back to photons giving rise to the impression of light
shining through a wall. The WISPs have to move over macroscopic distances, so that only the production of
on-shell particles is relevant here.

A clear observation of light generated in a very well shielded environment could only be
explained by yet unknown WISPs which pass any barrier. The principle of “light-shining-through-
a-wall” (LSW) experiments is shown in Figure 1.

WISPs produced by laser light as well as reconverted photons originating from these WISPs
have laser-like properties. This allows to

• guide them through long and narrow tubes inside accelerator dipole magnets and

• to exploit resonance effects by setting up optical resonators (cavities).

The ALPS-I experiment at DESY has improved previous results by a factor of 10 in 2010. Future
increases in sensitivity rely basically on three corner stones:

• An optical resonator in front of the wall is the best means to “store” the injected laser light
and thus to amplify the available laser light power. The resonator houses a standing light
wave created by the superposition of the light waves reflected by the two mirrors defining
the resonator. In the resonator the field strength of the light wave moving towards the “wall”
is much larger than the field strength of the injected laser light. The ratio of the square of
both field strengths is called the power built-up factor in the following.

• With a second resonator behind the wall the back conversion probability of WISPs into pho-
tons can be greatly enhanced. To understand this, one has to keep in mind that an optical
resonator also works for very faint light in exactly the same way as sketched above. Indeed
it has been verified experimentally in the microwave regime that even a light wave with an
expectation value for the number of photons inside the resonator much below one is am-
plified as anticipated. Now the wave function of the WISPs propagating in the resonator
behind the wall can be described as consisting out of a large “sterile” part and a tiny photonic
component. Consequently, the photonic component is amplified in the resonator in exactly

– 3 –
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Axions and Axion like particles (ALPs)
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‣ Axion and ALPs would explain various astrophysical phenomena 

• Stellar cooling excesses 

• TeV transparency 

• Cold dark matter candidate 

‣ Coupling between ALPs and photons

AXION and ALPs

HIDDEN PHOTONS

WISPs Dark Matter 

On Axion 
• The strong CP problem : why the dimensionless 

parameter θ is so unnaturally small.

• Spontaneous U(1) symmetry breaking at a specific 

energy scale f
a
 (Peccei & Quinn 1977) to solve CP-

violation → existence of Axion (?). 
• Coupling with photon:

• Presence of B-field necessary 
for photons to couple to ALPs
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Light Shining Through a Wall
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Laser

Magnet String

Production Cavity (PC) Regeneration Cavity (RC)

Wall

Detector

‣ Light Shining through a Wall approach to search for ALPs 

• Primakov effect: 

• Photons in B-field couple to ALPS and traverse optical barrier 

• ALPS in B-field convert back to photons and are detected 

‣ Optical cavities resonantly enhance probability of Ɣ ➜ a ➜ Ɣ 
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‣ ALPS II will take place in two stages (both use 1064 nm NPRO laser) 

‣ ALPS IIa: 

• 10 m cavities, no magnet string 

• Sensitive to Hidden Photons 

‣ ALPS IIc: 

• 100 m cavities 

• 5.3 T HERA dipole magnets (10 per cavity for 468 Tm)

ALPS II

5

kinetic mixing

Laser
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Production Cavity (PC) Regeneration Cavity (RC)

Wall

Detector
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ALPS II optics concept

6

Laser

Magnet String

Production Cavity (PC) Regeneration Cavity (RC)

Wall

Detector

‣ Production cavity ➜ increase number of photons interacting with B-field 

• 150 kW circulating power of 1064 nm light 

‣ Regeneration cavity boosts probability of a ➜ Ɣ 

• Power buildup factor of 40,000 

‣ Must maintain dual resonance of the cavities 

‣ Must maintain spatial overlap of the cavities 

• ALP field preserves spatial Eigenmode of the photon generating it
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ALPS II optics concept
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Wall

Detector

‣ Production cavity ➜ increase number of photons interacting with B-field 

• 150 kW circulating power of 1064 nm light 

‣ Regeneration cavity boosts probability of a ➜ Ɣ 

• Power buildup factor of 40,000 

‣ Must maintain dual resonance of the cavities 

‣ Must maintain spatial overlap of the cavities 

‣ Two independent detection methods with TES and heterodyne scheme
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ALPS II optics concept
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‣ Production cavity ➜ increase number of photons interacting with B-field 

• 150 kW circulating power 

‣ Regeneration cavity boosts probability of a ➜ Ɣ 

• Power buildup factor of 40,000 

‣ Must maintain dual resonance of the cavities 

‣ Must maintain spatial overlap of the cavities 

‣ Two independent detection methods with TES and heterodyne scheme 

‣ Number of photons regenerated at detector port:

Auto-Alignment Locking Procedure and Other Calculations

Aaron Spector

March 20, 2017

We start by stating that women are the product of time and money.

Women = ⇥$ (1)

Now we introduce the axiom that time equals money.

Women = time⇥ $ (2)
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‣ RC must maintain 95% spatial overlap with the PC Eigenmode 

• Central breadboard (CBB) used to maintain alignment 

• Active alignment of end mirrors

Spatial Overlap

9

‣ CBB demonstrated alignment 
stability in long term measurement 

• RMS alignment drift < 1 µrad
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Dual Resonance
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‣ 95% of light from PC must couple to RC 

• Line-width of RC for 1064 nm: 12.5 Hz (ALPS IIc) 

• RC RMS frequency noise must be < 1.4 Hz (ALPS IIc) 

• RC RMS length noise must be < 0.5 pm (ALPS IIc) 

‣ Length stabilization system for the RC 

• RC length actuated, tracks changes in length of the PC
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ALPS II Optical Layout
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Optical Layout Table 1
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Production Cavity

‣ Must maintain power build of 150 kW in fundamental mode 

• 30 W input power (amplified NPRO at 1064 nm) 

• Design power build up factor of 5000 

• Frequency stabilization and automatic alignment systems 

‣ Tested optics subsystems on 20 m confocal cavity

13

Characterization of optical systems for the
ALPS II experiment
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1Institut für Experimentalphysik, Universität Hamburg, Luruper Chaussee 149, D-22761 Hamburg,
Germany
2Deutsches Elektronen-Synchrotron (DESY), Notkestraße 85, D-22607 Hamburg, Germany
3Max Planck Institute for Gravitational Physics (Albert Einstein Institute), Callinstraße 38 D-30167
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Abstract: ALPS II is a light shining through a wall style experiment that will use the principle
of resonant enhancement to boost the conversion and reconversion probabilities of photons to
relativistic WISPs. This will require the use of long baseline low-loss optical cavities. Very high
power build up factors in the cavities must be achieved in order to reach the design sensitivity
of ALPS II. This necessitates a number of di�erent sophisticated optical and control systems to
maintain the resonance and ensure maximal coupling between the laser and the cavity. In this
paper we report on the results of the characterization of these optical systems with a 20 m cavity
and discuss the results in the context of ALPS II.
© 2016 Optical Society of America
OCIS codes: (140.3410) Laser resonators; (140.0140) Lasers and laser optics.
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Production Cavity

‣ Measured power build up factor of 4000 at 0.5 W input power 

• Losses of 77 ppm 

‣ High Power operation with 30 W input power 

• 50 kW stable operation 

• Thermal effects ➜ reduce circulating power

14
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Regeneration Cavity
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‣ Designed power build up factor of 40,000 

• Measured power build up factor of 14,000 

• 55 ppm losses 

• Similar to the PC losses 

‣ Currently designing control 
electronics for RC length 
stabilization system 

• Seismic noise studies 

• 5 kHz bandwith 

• Fast actuator
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Optics Status Summary
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Requirement Status

PC circulating power 150 kW 50 kW

RC power buildup factor 40,000 14,000

CBB mirror alignement < 5 µrad < 1 µrad

Spatial overlap > 95% work ongoing

RC length stabilization < 0.5 pm work ongoing
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Detection Schemes
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‣ TES detector still in development 

‣ Heterodyne detector being developed at the University of Florida 

‣ Interference beat note between measurement signal and local oscillator 

• Phase relation between measurement signal and LO fixed 

• Coherently sum by demodulating at difference frequency 

• Demonstrated long term data run with no spurious signals from ADC

ν

ν+f

f
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‣ Using HERA dipole magnets 

•  5.3 T superconducting magnets 

• 600 m radius of curvature  

• Unbend cold mass 

• 2 have been unbent 

• Successfully operated 

• 48 mm free aperture

Magnets
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Summary and Timeline
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‣ Optics work progressing 

• Production cavity circulating power 

• Measurement of regeneration cavity power build up factor 

• CBB demonstrates alignment stability 

‣ Detectors in development 

‣ Timeline 

• Clearing HERA tunnel begins in May 

• ALPS IIc optics commissioning beginning 2019 

• ALPS IIc data runs in 2020
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Long baseline optical resonators

20

LIGO

squeezed light/ vacuum 
magnetic birefringence 

experiments

plot from LIGO T-1400226-v6

ALPS IIa design sensitivity

ALPS IIc design sensitivity

20
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Long baseline optical resonators
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LIGO

squeezed light/ vacuum 
magnetic birefringence 

experiments

plot from LIGO T-1400226-v6

ALPS IIa design sensitivity

ALPS IIc design sensitivity
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20m Cavity (February 2016)

20m Cavity (September 2015)

ALPS IIa PC (September 2016)
ALPS IIa RC (February 2017)
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Thanks for listening!

> Any questions

22
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Stellar energy loss excess

‣ WDs, RGs, and HB systematically cool more efficiently than expected 

• Axion or ALP coupling to photons and electrons best explains excesses

23

-110GeV1014.0 −×=γag

13105.1 −×=aeg
best fit: 

χ2
min/d.o.f. = 1.14
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TeV Transparency 

‣ Energetic photons undergo pair production

24

• Expected to attenuate 
high energy photons 
from extra-galactic 
sources 

• Intergalactic space 
appears transparent for 
these photons 

• Coupling to axions of 
ALPs could explain this
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‣ Must maintain 95% spatial overlap with the PC 

• Central breadboard used to maintain alignment 

• RMS alignment requirement: 5 urad (ALPS IIc)  

• Active alignment of end mirrors 

‣ Measured alignment drift of PC RC mirrors on central breadboard 

• RMS < 1 urad

Spatial Overlap
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‣ Aligned RC with PC transmitted 
beam as alignment reference  

• Frequency stabilized PC 

• Observed flashes of 
fundamental mode in 
transmission of the RC 
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Length Stabilization

26

‣ RC RMS length noise must be < 0.5 pm (ALPS IIc) 

• Filter by RC transfer function 

• Must obtain bandwidth of at least 5 kHz in control loop
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Projected Length Noise Spectrum
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Figure 4: Spectra of the frequency noise relative to the light circulating in the ALPS IIc
PC for the free-running noise at the error point of the RC length lock (yellow), the RC
length noise with the length lock engaged (purple), and the RC length noise with the length
lock engaged and being filtered by the RC transfer function for 1064 nm (green).

stabilization system.
Figure 4 shows the relative frequency noise between the light circulating in the PC and

the length of the RC with and without the length control engaged. The free-running noise
at the error point of the length stabilization system is given by the yellow curve. Again, this
is found by calculating the sum of the spectra shown in fig. 3. With the length stabilization
engaged a projection of the spectra of the RC length noise is shown in purple in fig. 4. Here
we assume that the transfer function of the length control for the RC has three integrators
with a double zero at 500Hz and a double pole at 50 kHz. Since the RC pole frequency for
green is 7.5 kHz this will give us nearly 34� phase margin at 5 kHz.

The green spectra shown in fig. 4 is the length noise of the RC with respect to the PC
circulating field filtered by the transfer function of the RC for 1064 nm light. The RMS
of this spectra, given by the dashed green line, must be suppressed below 2Hz for the RC

5
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Detection Schemes

28

‣ Transition Edge Sensor (TES) 

• Microcalorimeter measuring 
temperature change induced by 
particle/photon on absorber 

• 25 x 25 µm tungsten chip 

• SQUID readout
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Heterodyne Detection
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‣ Interference beat note between measurement signal and  local oscillator 

• Phase relation between measurement signal and LO fixed 

• Coherently sum by demodulating  

• SNR = square root of NS 

• Demonstrated 2 week data run with no spurious signals from ADCDemodulation On/Off Resonance

Preliminary Results Mainz Meeting 7 March 2017

9

Time (s) 103 104 10510110010-1

10-5

10-4

10-3

10-2

S ¼ NLO þ SI cos!t# SQ sin!t (29)

where

SI ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
cos! SQ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
sin! (30)

are the two quadrature components of the signal.
The shot noise or variance in each quadrature can be

calculated from the number of photons detected:
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erate a beat signal at !. These two contributions are
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to shot noise ratio is then:
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If we could adjust the phase to guarantee that! $ 1 all the
time, our signal to noise in the in-phase quadrature would
be

ffiffiffiffiffiffiffiffiffi
2NS

p
. This phase includes for example the distance

traversed by the axion field, which is not commensurate
with the other optical paths. Therefore, it is currently not
clear how to adjust this phase. Instead, it is likely that our
starting phase during the detection process is arbitrary and
that we have to combine both quadratures to measure the
amplitude in the signal:
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where NS is the number of regenerated photons in the
signal field. As expected, to obtain a signal to noise ratio
(SNR) of 1 requires one detected photon.

Using Eq. (7), assuming qL=2 $ 1, and impedance-
matched cavities (T1 % V), the number of regenerated
photons can be approximated as follows:
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where & is the measurement time and Pin is the power of
the first laser coupled into the axion generation cavity.
During this measurement time the standard deviation in
the number of detected photons increases with

ffiffiffi
&

p
.

Consequently, the signal to shot noise increases as
ffiffiffi
&

p
.

E. Noise sources and efficiencies

So far, this analysis assumes that the phase! is constant.
Changes in the detection phase can be understood as phase
modulation of the signal:
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where ~!ðfÞ is the linear spectral density of the phase
fluctuations. This modulation shifts power into other fre-
quency components and reduces the main signal.
Consequently, the amplitude of the phase modulation has
to be sufficiently small. This condition is roughly equiva-
lent to requesting that the rms-phase fluctuations stay
below about 1 rad:

'!rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 1

1=T

~!2ðfÞdf
s

< 1 rad: (38)

Note that this phase is the differential phase between the
two laser fields, which is controlled by a heterodyne phase-
locked loop. The reference signal for this phase-locked
loop is also used to demodulate the signal itself. Sources
for potential phase changes are changes in the distance
between the two cavities, differential changes in the dis-
tance between BS1 and BS2 and between BS1 and the axion
generation cavity, and changes in the phase of the reference
signal. A satisfactory solution could be to mount all optical
components on a breadboard made from a material with a
very low coefficient of thermal expansion such as a
Zerodur (SCHOTT North America, Inc.) or ULE
(Corning) and temperature stabilize the entire breadboard
to keep the geometric and optical distances stable. Large
variations in the phase of the reference signal are not
expected, as this is a radio frequency phase and typical
cable lengths are shorter than the wavelength of the rf
signal. Length changes of the photon-regeneration cavity
will in first order change the phase of both fields by the
same amount. Note that the axion generation cavity is the
reference length of the entire experiment and any changes
in it will be tracked by the laser fields.
Not every photon which reaches the active area of the

photodetector will generate an electron. Some photons will
be reflected; others will excite electron-hole pairs which
recombine in the active area. These effects reduce the
efficiency of the photodetector. Typical quantum efficien-
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and the leakage field is ! out of phase with the directly
reflected component. Consequently, the superposition be-
tween carrier and sidebands maintains its phase modula-
tion character, i.e., the generated photocurrent does not
show any modulation at the phase modulation frequency.
If the carrier is slightly off resonance in the optical cavity,
its round-trip phase shift is not exactly a multiple of 2!,
and the superposition between carrier and sidebands can no
longer be described as a pure phase modulation but in-
cludes now also some amplitude modulation. The ampli-
tude modulation is directly proportional to the round-trip
phase shift (modulo 2!) or the frequency offset between
the carrier field and the resonance frequency of the cavity.
Moreover, it changes sign as the cavity passes through
resonance. This signal is detected, amplified, filtered and
fed back to the laser’s frequency actuators.

Axions regenerated as photons in the photon-
regeneration cavity will have the same frequency as the
laser photons. Thus, resonant photon regeneration requires
that an eigenfrequency of this cavity must be well within
the linewidth of the resonance of the axion generation
cavity. This resonance condition may be achieved and
maintained by means of laser 2 of frequency !2 that is
offset from the frequency of laser 1. Light from laser 2 will
first be mixed with some light picked off from laser 1; the
beat signal will be demodulated with a tunable rf fre-
quency. The demodulated signal will then be amplified
and filtered before it is fed back to the frequency actuators
of the laser 2 to maintain a heterodyne phase lock between
the two lasers. The difference frequency is then identical to
the rf frequency! ¼ !1 "!2, which will be set to equal a
multiple of the free spectral range of the photon-

regeneration cavity. The field from laser 2 is then injected
into the photon-regeneration cavity and one of the eigen-
frequencies of this cavity is then locked to the frequency of
laser 2 using again the Pound-Drever-Hall scheme de-
scribed above, the sole difference being that here the feed-
back controls the length of the second cavity (through
piezotransducers acting on one of the mirrors), rather
than controlling the laser frequency as is done in the axion
generation cavity.

D. Heterodyne detection of the signal

The axion field will coherently generate a signal field ES

at laser frequency !1 with a phase which depends on the
geometric distance between the two cavities. After leaving
the photon-regeneration cavity, this field has the form [see
Eq. (12)]:

ES ¼ ESOe
i!1tei" " ¼ kad: (27)

This field, mode matched to the photon-regeneration cav-
ity, will propagate towards the photodetector which is also
used to generate the Pound-Drever-Hall signal for the
cavity stabilization. In addition, the field from laser 2 is
used as the local oscillator for the signal field. The photo-
diode signal is the beat between the two fields, given by

S ¼ jESOe
ið!1tþ"Þ þ ELOe

i!2tj2

¼ E2
LO þ 2ELOESO cosð!tþ"Þ (28)

where we have assumed that ESO & ELO. The limiting
noise source in the detection process will be shot noise.
Therefore, it is convenient to express the signal in terms of
the number of photons in both fields:
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FIG. 4 (color online). Schematic of the Pound-Drever-Hall stabilization and locking technique of the two cavities, and the
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S ¼ NLO þ SI cos!t# SQ sin!t (29)

where

SI ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
cos! SQ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
sin! (30)

are the two quadrature components of the signal.
The shot noise or variance in each quadrature can be

calculated from the number of photons detected:

"I ¼
ffiffiffiffiffiffiffi
2 "N

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2NLO

p
¼ "Q: (31)

The factor
ffiffiffi
2

p
is a fundamental consequence of the detec-

tion process. The local oscillator beats with the vacuum
fluctuations at frequency !0 þ! and at !0 #! to gen-
erate a beat signal at !. These two contributions are
statistically independent and add quadratically. The signal
to shot noise ratio is then:

SI
"I

¼
ffiffiffiffiffiffiffiffiffi
2NS

p
cos!;

SQ
"Q

¼
ffiffiffiffiffiffiffiffiffi
2NS

p
sin!: (32)

If we could adjust the phase to guarantee that! $ 1 all the
time, our signal to noise in the in-phase quadrature would
be

ffiffiffiffiffiffiffiffiffi
2NS

p
. This phase includes for example the distance

traversed by the axion field, which is not commensurate
with the other optical paths. Therefore, it is currently not
clear how to adjust this phase. Instead, it is likely that our
starting phase during the detection process is arbitrary and
that we have to combine both quadratures to measure the
amplitude in the signal:

S# ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2I þ S2Q

q
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
: (33)

Similarly, the shot noise in both quadratures adds quadrati-
cally,

"# ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"2

I þ "2
Q

q
¼ 2

ffiffiffiffiffiffiffiffiffi
NLO

p
; (34)

and the signal to shot noise is

S#
"#

¼
ffiffiffiffiffiffi
NS

p
; (35)

where NS is the number of regenerated photons in the
signal field. As expected, to obtain a signal to noise ratio
(SNR) of 1 requires one detected photon.

Using Eq. (7), assuming qL=2 $ 1, and impedance-
matched cavities (T1 % V), the number of regenerated
photons can be approximated as follows:

NS ¼ #2
F $
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ðgB0LÞ4Nin
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16
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Pin@!0
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where & is the measurement time and Pin is the power of
the first laser coupled into the axion generation cavity.
During this measurement time the standard deviation in
the number of detected photons increases with

ffiffiffi
&

p
.

Consequently, the signal to shot noise increases as
ffiffiffi
&

p
.

E. Noise sources and efficiencies

So far, this analysis assumes that the phase! is constant.
Changes in the detection phase can be understood as phase
modulation of the signal:

!ðtÞ ¼ h!ðtÞiT þ '!ðtÞ

¼ !0 þ
1ffiffiffiffiffiffiffi
2%

p
Z 1
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where ~!ðfÞ is the linear spectral density of the phase
fluctuations. This modulation shifts power into other fre-
quency components and reduces the main signal.
Consequently, the amplitude of the phase modulation has
to be sufficiently small. This condition is roughly equiva-
lent to requesting that the rms-phase fluctuations stay
below about 1 rad:

'!rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 1

1=T

~!2ðfÞdf
s

< 1 rad: (38)

Note that this phase is the differential phase between the
two laser fields, which is controlled by a heterodyne phase-
locked loop. The reference signal for this phase-locked
loop is also used to demodulate the signal itself. Sources
for potential phase changes are changes in the distance
between the two cavities, differential changes in the dis-
tance between BS1 and BS2 and between BS1 and the axion
generation cavity, and changes in the phase of the reference
signal. A satisfactory solution could be to mount all optical
components on a breadboard made from a material with a
very low coefficient of thermal expansion such as a
Zerodur (SCHOTT North America, Inc.) or ULE
(Corning) and temperature stabilize the entire breadboard
to keep the geometric and optical distances stable. Large
variations in the phase of the reference signal are not
expected, as this is a radio frequency phase and typical
cable lengths are shorter than the wavelength of the rf
signal. Length changes of the photon-regeneration cavity
will in first order change the phase of both fields by the
same amount. Note that the axion generation cavity is the
reference length of the entire experiment and any changes
in it will be tracked by the laser fields.
Not every photon which reaches the active area of the

photodetector will generate an electron. Some photons will
be reflected; others will excite electron-hole pairs which
recombine in the active area. These effects reduce the
efficiency of the photodetector. Typical quantum efficien-
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S ¼ NLO þ SI cos!t# SQ sin!t (29)

where

SI ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
cos! SQ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
sin! (30)

are the two quadrature components of the signal.
The shot noise or variance in each quadrature can be

calculated from the number of photons detected:

"I ¼
ffiffiffiffiffiffiffi
2 "N

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2NLO

p
¼ "Q: (31)

The factor
ffiffiffi
2

p
is a fundamental consequence of the detec-

tion process. The local oscillator beats with the vacuum
fluctuations at frequency !0 þ! and at !0 #! to gen-
erate a beat signal at !. These two contributions are
statistically independent and add quadratically. The signal
to shot noise ratio is then:

SI
"I

¼
ffiffiffiffiffiffiffiffiffi
2NS

p
cos!;

SQ
"Q

¼
ffiffiffiffiffiffiffiffiffi
2NS

p
sin!: (32)

If we could adjust the phase to guarantee that! $ 1 all the
time, our signal to noise in the in-phase quadrature would
be

ffiffiffiffiffiffiffiffiffi
2NS

p
. This phase includes for example the distance

traversed by the axion field, which is not commensurate
with the other optical paths. Therefore, it is currently not
clear how to adjust this phase. Instead, it is likely that our
starting phase during the detection process is arbitrary and
that we have to combine both quadratures to measure the
amplitude in the signal:

S# ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2I þ S2Q

q
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
: (33)

Similarly, the shot noise in both quadratures adds quadrati-
cally,

"# ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"2

I þ "2
Q

q
¼ 2

ffiffiffiffiffiffiffiffiffi
NLO

p
; (34)

and the signal to shot noise is

S#
"#

¼
ffiffiffiffiffiffi
NS

p
; (35)

where NS is the number of regenerated photons in the
signal field. As expected, to obtain a signal to noise ratio
(SNR) of 1 requires one detected photon.

Using Eq. (7), assuming qL=2 $ 1, and impedance-
matched cavities (T1 % V), the number of regenerated
photons can be approximated as follows:

NS ¼ #2
F $

%

F a
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where & is the measurement time and Pin is the power of
the first laser coupled into the axion generation cavity.
During this measurement time the standard deviation in
the number of detected photons increases with

ffiffiffi
&

p
.

Consequently, the signal to shot noise increases as
ffiffiffi
&

p
.

E. Noise sources and efficiencies

So far, this analysis assumes that the phase! is constant.
Changes in the detection phase can be understood as phase
modulation of the signal:

!ðtÞ ¼ h!ðtÞiT þ '!ðtÞ

¼ !0 þ
1ffiffiffiffiffiffiffi
2%

p
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where ~!ðfÞ is the linear spectral density of the phase
fluctuations. This modulation shifts power into other fre-
quency components and reduces the main signal.
Consequently, the amplitude of the phase modulation has
to be sufficiently small. This condition is roughly equiva-
lent to requesting that the rms-phase fluctuations stay
below about 1 rad:

'!rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 1

1=T

~!2ðfÞdf
s

< 1 rad: (38)

Note that this phase is the differential phase between the
two laser fields, which is controlled by a heterodyne phase-
locked loop. The reference signal for this phase-locked
loop is also used to demodulate the signal itself. Sources
for potential phase changes are changes in the distance
between the two cavities, differential changes in the dis-
tance between BS1 and BS2 and between BS1 and the axion
generation cavity, and changes in the phase of the reference
signal. A satisfactory solution could be to mount all optical
components on a breadboard made from a material with a
very low coefficient of thermal expansion such as a
Zerodur (SCHOTT North America, Inc.) or ULE
(Corning) and temperature stabilize the entire breadboard
to keep the geometric and optical distances stable. Large
variations in the phase of the reference signal are not
expected, as this is a radio frequency phase and typical
cable lengths are shorter than the wavelength of the rf
signal. Length changes of the photon-regeneration cavity
will in first order change the phase of both fields by the
same amount. Note that the axion generation cavity is the
reference length of the entire experiment and any changes
in it will be tracked by the laser fields.
Not every photon which reaches the active area of the

photodetector will generate an electron. Some photons will
be reflected; others will excite electron-hole pairs which
recombine in the active area. These effects reduce the
efficiency of the photodetector. Typical quantum efficien-
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S ¼ NLO þ SI cos!t# SQ sin!t (29)

where

SI ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
cos! SQ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
sin! (30)

are the two quadrature components of the signal.
The shot noise or variance in each quadrature can be

calculated from the number of photons detected:

"I ¼
ffiffiffiffiffiffiffi
2 "N

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2NLO

p
¼ "Q: (31)

The factor
ffiffiffi
2

p
is a fundamental consequence of the detec-

tion process. The local oscillator beats with the vacuum
fluctuations at frequency !0 þ! and at !0 #! to gen-
erate a beat signal at !. These two contributions are
statistically independent and add quadratically. The signal
to shot noise ratio is then:

SI
"I

¼
ffiffiffiffiffiffiffiffiffi
2NS

p
cos!;

SQ
"Q

¼
ffiffiffiffiffiffiffiffiffi
2NS

p
sin!: (32)

If we could adjust the phase to guarantee that! $ 1 all the
time, our signal to noise in the in-phase quadrature would
be

ffiffiffiffiffiffiffiffiffi
2NS

p
. This phase includes for example the distance

traversed by the axion field, which is not commensurate
with the other optical paths. Therefore, it is currently not
clear how to adjust this phase. Instead, it is likely that our
starting phase during the detection process is arbitrary and
that we have to combine both quadratures to measure the
amplitude in the signal:

S# ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2I þ S2Q

q
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
: (33)

Similarly, the shot noise in both quadratures adds quadrati-
cally,

"# ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"2

I þ "2
Q

q
¼ 2

ffiffiffiffiffiffiffiffiffi
NLO

p
; (34)

and the signal to shot noise is

S#
"#

¼
ffiffiffiffiffiffi
NS

p
; (35)

where NS is the number of regenerated photons in the
signal field. As expected, to obtain a signal to noise ratio
(SNR) of 1 requires one detected photon.

Using Eq. (7), assuming qL=2 $ 1, and impedance-
matched cavities (T1 % V), the number of regenerated
photons can be approximated as follows:

NS ¼ #2
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where & is the measurement time and Pin is the power of
the first laser coupled into the axion generation cavity.
During this measurement time the standard deviation in
the number of detected photons increases with

ffiffiffi
&

p
.

Consequently, the signal to shot noise increases as
ffiffiffi
&

p
.

E. Noise sources and efficiencies

So far, this analysis assumes that the phase! is constant.
Changes in the detection phase can be understood as phase
modulation of the signal:

!ðtÞ ¼ h!ðtÞiT þ '!ðtÞ
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1ffiffiffiffiffiffiffi
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where ~!ðfÞ is the linear spectral density of the phase
fluctuations. This modulation shifts power into other fre-
quency components and reduces the main signal.
Consequently, the amplitude of the phase modulation has
to be sufficiently small. This condition is roughly equiva-
lent to requesting that the rms-phase fluctuations stay
below about 1 rad:

'!rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 1

1=T

~!2ðfÞdf
s

< 1 rad: (38)

Note that this phase is the differential phase between the
two laser fields, which is controlled by a heterodyne phase-
locked loop. The reference signal for this phase-locked
loop is also used to demodulate the signal itself. Sources
for potential phase changes are changes in the distance
between the two cavities, differential changes in the dis-
tance between BS1 and BS2 and between BS1 and the axion
generation cavity, and changes in the phase of the reference
signal. A satisfactory solution could be to mount all optical
components on a breadboard made from a material with a
very low coefficient of thermal expansion such as a
Zerodur (SCHOTT North America, Inc.) or ULE
(Corning) and temperature stabilize the entire breadboard
to keep the geometric and optical distances stable. Large
variations in the phase of the reference signal are not
expected, as this is a radio frequency phase and typical
cable lengths are shorter than the wavelength of the rf
signal. Length changes of the photon-regeneration cavity
will in first order change the phase of both fields by the
same amount. Note that the axion generation cavity is the
reference length of the entire experiment and any changes
in it will be tracked by the laser fields.
Not every photon which reaches the active area of the

photodetector will generate an electron. Some photons will
be reflected; others will excite electron-hole pairs which
recombine in the active area. These effects reduce the
efficiency of the photodetector. Typical quantum efficien-
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S ¼ NLO þ SI cos!t# SQ sin!t (29)

where

SI ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
cos! SQ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
sin! (30)

are the two quadrature components of the signal.
The shot noise or variance in each quadrature can be

calculated from the number of photons detected:

"I ¼
ffiffiffiffiffiffiffi
2 "N

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2NLO

p
¼ "Q: (31)

The factor
ffiffiffi
2

p
is a fundamental consequence of the detec-

tion process. The local oscillator beats with the vacuum
fluctuations at frequency !0 þ! and at !0 #! to gen-
erate a beat signal at !. These two contributions are
statistically independent and add quadratically. The signal
to shot noise ratio is then:

SI
"I

¼
ffiffiffiffiffiffiffiffiffi
2NS

p
cos!;

SQ
"Q

¼
ffiffiffiffiffiffiffiffiffi
2NS

p
sin!: (32)

If we could adjust the phase to guarantee that! $ 1 all the
time, our signal to noise in the in-phase quadrature would
be

ffiffiffiffiffiffiffiffiffi
2NS

p
. This phase includes for example the distance

traversed by the axion field, which is not commensurate
with the other optical paths. Therefore, it is currently not
clear how to adjust this phase. Instead, it is likely that our
starting phase during the detection process is arbitrary and
that we have to combine both quadratures to measure the
amplitude in the signal:

S# ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2I þ S2Q

q
¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NLONS

p
: (33)

Similarly, the shot noise in both quadratures adds quadrati-
cally,

"# ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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¼ 2

ffiffiffiffiffiffiffiffiffi
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p
; (34)

and the signal to shot noise is

S#
"#

¼
ffiffiffiffiffiffi
NS

p
; (35)

where NS is the number of regenerated photons in the
signal field. As expected, to obtain a signal to noise ratio
(SNR) of 1 requires one detected photon.

Using Eq. (7), assuming qL=2 $ 1, and impedance-
matched cavities (T1 % V), the number of regenerated
photons can be approximated as follows:

NS ¼ #2
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where & is the measurement time and Pin is the power of
the first laser coupled into the axion generation cavity.
During this measurement time the standard deviation in
the number of detected photons increases with

ffiffiffi
&

p
.

Consequently, the signal to shot noise increases as
ffiffiffi
&

p
.

E. Noise sources and efficiencies

So far, this analysis assumes that the phase! is constant.
Changes in the detection phase can be understood as phase
modulation of the signal:

!ðtÞ ¼ h!ðtÞiT þ '!ðtÞ
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where ~!ðfÞ is the linear spectral density of the phase
fluctuations. This modulation shifts power into other fre-
quency components and reduces the main signal.
Consequently, the amplitude of the phase modulation has
to be sufficiently small. This condition is roughly equiva-
lent to requesting that the rms-phase fluctuations stay
below about 1 rad:

'!rms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 1

1=T

~!2ðfÞdf
s

< 1 rad: (38)

Note that this phase is the differential phase between the
two laser fields, which is controlled by a heterodyne phase-
locked loop. The reference signal for this phase-locked
loop is also used to demodulate the signal itself. Sources
for potential phase changes are changes in the distance
between the two cavities, differential changes in the dis-
tance between BS1 and BS2 and between BS1 and the axion
generation cavity, and changes in the phase of the reference
signal. A satisfactory solution could be to mount all optical
components on a breadboard made from a material with a
very low coefficient of thermal expansion such as a
Zerodur (SCHOTT North America, Inc.) or ULE
(Corning) and temperature stabilize the entire breadboard
to keep the geometric and optical distances stable. Large
variations in the phase of the reference signal are not
expected, as this is a radio frequency phase and typical
cable lengths are shorter than the wavelength of the rf
signal. Length changes of the photon-regeneration cavity
will in first order change the phase of both fields by the
same amount. Note that the axion generation cavity is the
reference length of the entire experiment and any changes
in it will be tracked by the laser fields.
Not every photon which reaches the active area of the

photodetector will generate an electron. Some photons will
be reflected; others will excite electron-hole pairs which
recombine in the active area. These effects reduce the
efficiency of the photodetector. Typical quantum efficien-
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