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Abstract
In the recent years, the light dark matter particles or Weakly Interacting Slim

Particles (WISPs) have received attention from the community as an alterna-

tive particle candidate for dark matter. Among this theoretical particle class are

axions, axion-like-particles (ALPs), and hidden photons. The hidden photon is

a well-motivated candidate for dark matter and retains a vast parameter space.

With the goal to search for hidden photons, a new detection method was devel-

oped using the broadband radio-frequency acquisition to cover a large parameter

space.

This thesis presents an experiment using the haloscope resonant cavity tech-

nique for the search for hidden photons in the unexplored mass range below 2.08

µeV named WISPDMX, the acronym for Weakly Interacting Slim Partcle Dark

Matter Experiment. The experiment is located at the Institut für Experimen-

talphysik of Hamburg Universität, Hamburg. The experiment consists of a refur-

bished accelerator resonant cavity, two modified tuning plungers, and a unique

real-time acquisition system. At the moment, the readout system of WISPDMX

can return the broadband spectrum up to 500 MHz with a very high resolution

(50 Hz). In the first science run, WISPDMX is able to detect a signal at the power

level of 10−20 Watt/
√

Hz.

WISPDMX is the very first haloscope type experiments searching for hidden pho-

ton and possible light dark matter candidates. Thus the theoretical foundation for

such kind of experiment has to be studied such as the power developed inside the

hidden photon haloscope resonator. Extended studies of the expected linewidth

of the hidden photons conversions and of the broadband gain are carried out.

With the fully functional experiment, the first science run of WISPDMX has been

executed from 23rd October 2017 to 2nd November 2017, with the total acquisition

time is 61.1 hours. An algorithm for the signal scan was developed for different

ranges and applied to the instantaneous and time-averaged spectra.



Finally, the result from the first science run of WISPDMX is presented and demon-

strates that WISPDMX is currently the most sensitive experiment in the allowed

parameter ranges of the hidden photon.



Kurzfassung

Schwach wechselwirkende leichte Teilchen (Engl. Weakly Interacting Slim Parti-

cles (WISPs) sind als alternative Kandidaten für dunkle Materie in den vergan-

genen Jahren näher in den Blickpunkt gerückt. Zu diesen Teilchen zählen Axionen,

unter diesen Teilchen sind Axionen, Axion-ähnliche Teilchen (Axion-like particles,

ALPs) und versteckte Photonen (Hidden Photons, HP). Das versteckte Photon ist

ein gut motivierter Kandidat für dunkle Materie und deckt einen breiten Parame-

terraum ab. Mit dem Ziel nach versteckten Photonen zu suchen, wurde eine neue,

breitbandige Detektionsmethode entwickelt.

Diese Arbeit befasst sich mit einem Experiment, das die Haloskop-Resonanztechnik

verwendet, um nach versteckten Photonen im bisher nicht untersuchten Massen-

bereich unterhalb 2.08 µeV zu suchen: WISPDMX (Weakly Interacting Slim Par-

ticle Dark Matter Experiment). Das Experiment befindet sich am Institut für

Experimentalphysik der Universität Hamburg. Es besteht aus einem wiederver-

wendeten Hohlraumresonator, der mit zwei mechanischen Vorrichtungen zur Fre-

quenzeinstellung und einem einzigartigen Echtzeit-Datennahmesystem betrieben

wird. Zum heutigen Zeitpunkt kann das Auslesesystem von WISPDMX ein Breit-

bandspektrum bis zu einer Frequenz von 500 MHz mit einer guten Auflösung von

50 Hz aufnehmen. Mit der ersten Datennahmeperiode (1st science run) ist dieses

System ist in der Lage, ein Signal mit einem Leistungslevel von 10−20 Watt/
√

Hz

zu detektieren.

WISPDMX ist eines der ersten Haloskop-Experimente für die Suche nach versteck-

ten Photonen. Daher müssen die technisch-experimentellen Grundlagen, wie die

im Haloskop-Resonator entwickelte Leistung bei Konversion eines versteckten Pho-

tons, untersucht werden. Umfangreiche Studien der erwarteten Linienbreite kon-

vertierter versteckter Photonen und der Breitbandverstärkung wurden ausgeführt.

Mit einem voll einsatzbereiten Experiment wurde die erste wissenschaftliche Daten-

nahme mit einer Gesamtdauer von 61.1 Stunden zwischen dem 23ten Oktober und



dem 2ten November durchgeführt. Ein Algorithmus für eine Signalsuche (signal-

scan) wurde für unterschiedliche Frequenzbereiche entwickelt und auf die instan-

tanen (Einzelspektren) und zeit-gemittelten Spektren angewendet.

Schließlich wird die Auswertung der ersten Datennahme von WISPDMX vorgestellt.

Die Ergebnisse demonstrieren, dass WISPDMX derzeit das empfindlichste Exper-

iment zum Nachweis versteckter Photonen im erlaubten Parameterraum ist.



“Empty your mind. Be formless, shapeless like water. Now you put water into a

cup, it becomes the cup. You put water into a bottle, it becomes the bottle. You

put water in a teapot, it becomes the teapot. Now water can flow or it can crash.

Be water my friend.”

Bruce Lee



To my brother, Nguyen Le Hai.
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Chapter 1

From Dark Matter to Hidden

Photon

Abstract

This chapter will present a brief introduction to the concept of dark matter, its

general characteristics, and one of the light dark matter particle candidates: the

hidden photon. Section 1.1 will discuss briefly the observational evidence for the

existence of dark matter, ranging from interplanetary-scale to universe-scale. In

section 1.2 the three classes of dark matter candidates which are suggested in

models beyond the standard model of particle physics will be dicussed. Section

1.3 will present the direct and indirect search method for dark matter particles

which depend on the distribution of dark matter in the Galaxy. The two last

sections will present the properties of the hidden photons, related experiments,

and observations.

1.1 On the Properties of Dark Matter

1.1.1 Origin of Dark Matter Concept

The term “Dark Matter” was firstly introduced by Fritz Zwicky in the early 1930s.

Zwicky was the first one to apply the virial theorem to estimate the total mass of

the Coma Cluster [1]. The variance of projection velocities of visible matter (stars,

1
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galaxies) in the Coma cluster is measured via spectral measurements. Under the

assumption that the structure is in virial equilibrium, one can then determine the

mass of the structure:

M =
σ2R

G
, (1.1)

where R is the radius of the structure, G is the gravitational constant. Zwicky’s

study shows that the total gravitational mass in the Coma cluster is about two

orders of magnitude larger than the visible mass in galaxies. Therefore, Zwicky

concluded, that an unknown and invisible form of matter exists in the Coma

cluster.

Similar to the velocity dispersion measurement in the galaxy cluster, measurements

on the rotational curves of the spiral galaxies show that the outer parts of the disk

are rotating with an unexpected high velocity [2, 3]. This is contrary to the

expected result from Newtonian gravitation where the velocity at the radius r

should decline with increasing distance from the nucleus of the the galaxy:

v =

√
GM(r)

r
, (1.2)

where M(r) is the mass contained in the sphere of radius r. Further studies on

high luminosity spiral galaxies lead to the conclusion that the rotational curves

are flat, at nucleus distances as great as 50 kpc [4, 5]. The profiles of the rotation

curve show flat distributions as in Fig. 1.1. The high outer velocity shows that

there exists an invisible mass distributed in the outer region of the spiral galaxies.

The lack of visible mass is another evidence for dark matter and their halo which

extends beyond the visible disk of the spiral galaxy.

Independent from the dynamical argument provided by the velocity dispersion and

velocity curves, X-ray observations provide an additional insight into the gravi-

tational properties and invisible mass of the cluster of galaxies. The intracluster

medium maintains a hot-gas with temperature of ∼ 107− 108K visible in thermal

X-ray emission. Studies on the distribution and temperature of the hot gas allow

the determination of the gravitational potential of the cluster, and eventually, its

total mass. These studies have shown that the mass of the hot gas in the cluster

dominates over the mass of the stellar objects (stars and galaxies). However, the

total observable mass is still not sufficient compared with the mass required to

confine the hot gas [6–9]. Clusters of galaxies have typically a high fraction of
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Figure 1.1: Rotational velocity curves of seven high-luminosity spiral galaxies.
The rotational curves show flat profiles to large distances [5].

dark matter at ∼ 84%, hot gas of ∼ 14% with the rest composed of stars and

galaxies [9].

The gravitational lensing effect is a complementary probe of dark matter and

cosmological models. Gravitational lensing observations are categorized into two

types: strong lensing and weak lensing. In the case of strong lensing, multiple

images are created or even the so-called Einstein’s ring is formed when the source

and the massive lens are located in the same line of sight of the observer. The first

full ring was observed from B1938+666 where the mass of the lens inferred from

the lensing is ∼ 2× 1010M� and much larger than the visible mass [10].

The weak lensing follows the statistical analysis of background objects in which

their images are stretched due to the gravitational lensing from the matter distri-

bution along the line of sight. Thus this method requires a large dataset in order

to apply the statistical methods. The most well-known application, and also the

most famous evidence for dark matter, is the Bullet cluster 1E 0657-558. The Fig.

1.2 (left) shows the two subclusters after collision. The mass distribution inferred

from weak lensing (green contour) shows that the clumps of mass distribution

follows the distribution of member galaxies. However, the X-ray mapping of the

hot gas shows the bow shock, and the hot gas is separated by the ram-pressure-

stripping during the collision [11]. The separation is possible if only the dominant

mass is in the collisionless components which are the dark matter contents of the

two subclusters [12].
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Figure 1.2: Left : Optical stellar components overlapped with green contours
mapping representing the mass distribution obtained from gravitational lensing.
Right : Gas distribution reconstructed from Chandra X-ray satellite, the centre
of gas distribution could be determined and presented as the blue cross in the

left image. Image from [12]

Lastly, on the cosmological scale, the cosmic microwave background (CMB [13])

observations provide evidence for the hot Big Bang and for dark matter [13]. The

CMB photons represent the radiation coming directly from the epoch when matter

and radiation decoupled. In the last four decades, observational satellites such as

the COsmic Background Explorer (COBE - [14, 15]), the Wilkinson Microwave

Anisotropy Probe (WMAP - [16]) and the recent Planck satellite have continu-

ously refined their measurements of the CMB anisotropies. The result shows a

near perfect black body spectrum with temperature of 2.726K with higher order

anisotropies [16, 17]. The inflationary stage of the early Universe causes small

fluctuations in the cosmic matter distribution. The fluctuations are predicted to

increase by gravity and become the seed for the large scale structure. At the stage

where the matter and radiation are coupled, traces of fluctuation in the matter

distribution also prevails in the radiation distribution. The radiation fluctuation

from gravity instabilities are visible as the CMB anisotropy. In the framework of

the standard Big Bang cosmological model, as known as Lambda cold dark matter

model (ΛCDM), the study on the power spectrum of the anisotropies provides an

estimates of parameters of the ΛCMD. From the WMAP 9 Years Results [16] and

Planck Satellite [18], the main parameters are listed in Table [1.1]

The component abundance Ωi = ρi
ρc

is the normalised ratio between the compo-

nent density (ρi), and the critical density (ρc = 3H2

8πG
). These parameters show that

total matter content Ωb + Ωc is dominated by cold non-baryonic dark matter since

Ωb � Ωc. The study of CMB provides an additional method to understand the

nature of dark matter and their abundance in the Universe.
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Table 1.1: ΛCDM Parameters from WMAP 9 Years [16] and Planck 2015
Result [18]: the density of the baryonic matter, the density of non-baryonic
matter, and the Hubble Constant. h is the reduced Hubble Constant defined as

H0 = 100h km s−1 Mpc−1.

WMAP Planck

100Ωbh
2 2.26± 0.04 2.21± 0.03

100Ωch
2 11.46± 0.43 11.99± 0.27

H0 68.0± 0.70 67.31± 0.96

In conclusion, there are properties required for a particle to be considered a can-

didate for the dark matter [19, 3]

• It has to have a finite mass.

• Dark matter must be non-baryonic from the CMB observations.

• It has a weak coupling with photon or even no coupling with the photon.

However, under extreme conditions, like plasma resonance or magnetic field,

the coupling between the dark matter and photon could be revealed.

Search for the dark matter particle is an effort that has been lasting for 70-80

years, but the identity of the particle is still unknown. Many theories have been

proposed for the solution of the dark matter particle. In the following section,

the possible extensions of the standard model of particle physics and its candidate

particles are reviewed.

1.2 Dark Matter Particle Candidates

The standard model in particle physics (SM) is the theory describing three of the

four known fundamental forces: electromagnetic, weak force, and strong force, but

it does not include the gravitational interaction [20–22]. The Lagrangian of the

SM contains all the kinetic terms defining the motions of the field, the mass terms

to represent the particle masses, and coupling terms to describe the interaction

between the particles. The SM explains the relationship between elementary par-

ticles and their interaction surprisingly accurate, hence make the SM the most

successful physics theory. Still, there are problems with the SM. The SM can

not provide a tool to approach the gravitational force, neutrinos mass, matter
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anti-matter asymmetry, and does not include candidate particle for dark matter.

Physicists are therefore forced to expand the SM model to include additional par-

ticles and invent theory beyond standard model (BSM): Supersymmetry (SUSY)

is the most widely considered BSM theory with axions and the hidden sector.

1.2.1 Neutrino

On the explanation for the dark matter, the neutrino is the only candidate within

the SM of particle physics that could satisfy the criteria introduced in the previous

section. Neutrino oscillation experiments during the last three decades show that

the neutrinos carry a small mass and could be the dark matter particles. However,

the CMB observation gives a different constraint on the role of the neutrino in

which it provides a much lower contribution to the density 100Ωνh
2 < 0.25 [18].

The free streaming length of the neutrino dark matter does not support the large-

scale structure. Observation shows the “bottom-up” formation in contrast with

the “top-down” formation with the presence of neutrino dark matter.

A sterile neutrino is a theoretical particle which is connected to and can mix with

the known SM neutrinos. The sterile neutrino has a mass that does not depend on

the Higgs mechanism but a so-called Majorana mass. In particular, the Majorana

mass can have an arbitrary scale that is very different from all other fermion

masses. This lead to the case that the sterile neutrino could have a higher mass

than the SM neutrino and solves the obstacles which SM neutrino can not.

1.2.2 Weakly Interacting Massive Particles (WIMP)

Supersymmetry (SUSY)relates between fermions and bosons, introducing a condi-

tion for each particle in the SM must have one or more “superpartner” with equal

mass but with a spin different of 1/2 [23–27]. SUSY is one of the extensions of the

SM that could be discovered at TeV-colliders or with astrophysical observations.

Recent possible signals have been seen in observations with AMS-02 and Fermi-

LAT [28]. Low-energy SUSY could support a stable supersymmetric particle that

could play a role in explaining the dark matter in the universe. The lightest SUSY

particles (LSP) is stable against its decay and thus becomes a candidate for dark

matter[29]. The LSP is so-called a weakly interacting massive particle (WIMP).

The WIMPs can also arise from the extra-dimensional theory which is motivated
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by string theory. However, as LHC has reached the TeV energy scale with up-

grades in the statistical analysis method. Method and together with many decades

of experiments and search techniques development, none of the SUSY or WIMPs

have been detected.

1.2.3 Weakly Interacting Slim Particles

There is a hypothesis of an additional set of neutral SM particles but charged

under a U(1) symmetry. This set of particle is located in the hidden sector. The

hidden sector field does not have sufficient similarity with the gauge group of the

SM (SU(3) × SU(2) × U(1)) of the visible sector. The hidden sector is similar to

a black box with limited interaction with the visible sector.

The hidden sector theory has been predicted in string theory or higher dimensional

theory where the hidden field is located on the brane. Nevertheless, hidden sector

theory remains irrelevant to the normal world, but in different contexts, the hidden

sector could produce signatures that can be observed via high energy physics

experiment and astrophysics.

• Visible sector and the hidden sector could interact via a messenger particle

which makes the hidden sector detectable. A simple model of hidden sector

contains an extra U(1) gauge symmetry with the equivalent gauge boson.

The messenger particle is the so-called hidden photon (γ′).

• The visible sector field could be charged under the gauge field of the hidden

sector. Thus would exist a “fifth force” (or dark force) interacting with the

SM particles which are well-known.

• The hidden sector could have a completely different set of physical laws,

which may appear hideous in comparison to SM physics.

The hidden sector is solely detectable via the messenger particle. In the simplest

model, the hidden photon has a weak coupling with the SM field, effectively mak-

ing this type of dark matter not detectable with classic experiment approaches.

The QCD axion, the theoretical pseudo-Nambu-Goldstone boson from the Peccei-

Quinn solution to the strong CP problem [30–33], is a profoundly motivated par-

ticle candidate for the dark matter. In the early universe, cold axion populations

arise from vacuum realignment in which Peccei-Quinn symmetry breaks before or
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after the inflation. These cold axions were never in thermal equilibrium with the

baryonic matter and could provide the dark matter.

Besides the QCD axions, other axion-like particles (ALPs) arise from various BSM

models [34]. In these models, the ALPs are not necessarily related to the strong

CP problem. Nevertheless, ALPs could couple to photons similar to axions. Differ-

ently from axions, mass and coupling constant of ALPs are not necessarily related

to each other. In either astrophysical or laboratory conditions, searches for these

particles share similar techniques.

The three types of particles previously mentioned: the hidden photon, axion, and

ALP as grouped into a new particle class which is the so-called weakly interacting

slim particles (WISPs).

1.3 Dark Matter Candidate Searches

In general, there are three methods currently employed in the experimental search

for dark matter: direct detection, indirect detection, and collider searches.

1.3.1 Direct Dark Matter Searches

As described in further detail in section 1.3.4, the Earth travels through the dark

matter halo of the Galaxy, the dark matter particle bombarding the Earth contin-

uously. Direct dark matter search experiments look for the dark matter interaction

with the ordinary matter in the detector, e.g., by measuring the elastic scattering

between the dark matter particle and the nucleus of the target material. The

signal event is expected to be rare because of the weakly interacting characteristic

of the dark matter. Experiments with large target mass must be placed deep un-

derground to reduce the background from cosmic rays (mostly neutrons produced

in the interaction of cosmic rays and atmosphere, and they show similar signal as

expected from dark matter). However, to unambiguously identify this low-energy

interaction, a detailed knowledge of the signal signatures is needed [29, 35, 36].The

rate of interaction depends on the dark matter density and its velocity distribu-

tion, as well as the outcome of scattering, which is model dependent. On the

hardware side, the careful use of the radio-pure material is necessary to have low

background noise.

For the last five decades, experiments have been constructed to look for the dark
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matter signal from nuclear scattering. The null results of these experiments keep

lowering the limit of the cross-section and widening the the particle mass range.

XENON100 [37, 38], XENON1T [39], and CDMS-II [40] experiments have the

highest mass for detection, they provide strong limit and constraints on spin-

independent scattering, though the results are still null. DAMA (DAMA/LIBRA)

in Italy [41, 42] presents the first evidence for the annual modulation and cumu-

latively reaches the significance of 9σ by observing more than 15 cycles [43, 44],

but XENON100 shows a negative result. Further experiments of the same type

with DAMA are under construction or in the data taking process. The CoGeNT

experiment has claimed an annual modulation which is compatible with a light

dark matter particle in the mass range of (7− 11) GeV/c2 [45, 46]. The CDMS-II

collaboration reported the observation of 3 events of their silicon detectors [47].

Direct dark matter detection by observing the elastic scattering applies mostly for

WIMPs. In the case of WISPs, due to their very light mass, the recoil energy is

much lower below the energy threshold of detection. Different to WIMP searches,

WISP searches are based on very diverse methods, including radio, optical, X-

ray detection technique. E.g., ADMX [48] searches for the radio signal from the

conversion of axions to photons, CAST and SHIPS [49–52] search for the WISPs

from the Sun.

1.3.2 Indirect Dark Matter Searches

Indirect dark matter detection is a technique that utilizes astrophysical observa-

tions of SM particles to detect the products of the annihilation or decay of dark

matter particles from galactic to cosmological scale. This method is different from

the observation of large-scale structure and CMB mentioned in section 1.1 which

proves the existence of dark matter, and relies on general relativity. The signa-

ture in indirect search are the SM products of dark matter annihilation and decay.

Most of the final states result in the unstable SM particles which quickly decay and

hadronize into stable states. There are channels where dark matter particles could

decay into stable SM particles like photons, neutrinos, protons and antiprotons,

electron and positions. These stable final states set apart the three main messen-

ger particles for indirect search: signal from gamma-ray photons, neutrinos, and

cosmic rays.
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• Gamma-rays are an excellent messenger for indirect searches for WIMPs.

Gamma-ray searches allow to reveal the origin of the signals, and high dy-

namic ranged instruments allow to resolve spatially the dark matter source

in the case of detection. Main challenge of this method is the astrophysi-

cal background emission. Experiments being used are Fermi LAT [53, 54],

H.E.S.S [55], MAGIC [56], VERITAS [57].

• Neutrinos preserve directional information and point back to the source,

making them a useful particle for indirect searches. Experiments being used

are IceCube, DeepCore [58, 59], ANTARES [60].

• Cosmic-ray hadronic particles could be created by the annihilation and decay

of dark matter. The local charged cosmic-ray fluxes can be highly sensitive

thanks to the low backgrounds for anti-matter produced by ordinary astro-

physical processes. Due to the diffusion processes in the Galaxy, tracking

of the source is a challenge. Experiments being used are PAMELA [61],

AMS-02 [62, 63].

The astrophysical searches could be apply for WISPs dark matter candidates.

ALPs can mix with photons and consequently be searched for in astrophysical

observations, where the energy-depenedent modulations of gamma-ray spectrum

is the signature of ALPs-photon mixing [54].

1.3.3 Accelerator Searches

Dark matter particles can be created in colliders. The Large Hadron Collider

(LHC) accelerates two proton beams for collision with a center-of-mass energy of

14 TeV. Collided protons can produce dark matter particle with the mass ranges

from GeV to several TeV. This assumption depends strongly on the hypothesis

that dark matter couples to SM at the very high energy. The production could

occur at the moment of collision or in the reaction chain. After the discovery of

the Higgs particle in 2012, ATLAS and CMS detector collaboration, together with

LHCb and ALICE, have been searching for extradimensional and BSM signals.

Dark matter could be searched via missing energy due to the weakly interaction

of dark matter and the baryonic detector material. An example of a candidate

event that could be picked for analysis is a single jet or for signatures with missing
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transverse momentum (energy) photon, or hadronic jet or leptonically decaying

W to Z boson.

1.3.4 Dark Matter Distribution in the Galaxy

Direct dark matter search, which is described in the section 1.3.1, requires an

understanding of the distribution and density of the dark matter at the Earth’s

position in the Galaxy. The understanding of the halo composition could deter-

mine the velocity of the dark matter particle in the rest frame of the laboratory.

Thus determine the signal shape that could be observed in the spectrum. A general

result could be applied for both WIMPs and WISPs searches but vary significantly

for different experiment type. The velocity relative to the local rest frame distri-

bution of dark matter is widely described by Maxwell-Boltzmann distribution:

f(v)dv =
dv

(2π)3/2σ3
exp

(
−|v|

2

2σ2

)
. (1.3)

The dispersion velocity σ =
√

3/2vc with vc the local circular speed which recent

studies show values ranging from (200± 20) kms−1 to (279± 33) kms−1 [64]. The

commonly used value is 270km/s as an average result from different analyses [65].

The velocity profile (1.3) is truncated at the velocities exceeding the escape veloc-

ity of the Galaxy [36] which defines a cut-off in the description of the halo velocity

profile. The value of the escape velocity in the 90% confidence interval ranges

from 498 kms−1 to 608 kms−1 [66]. One can choose the model for the dark matter

density profile, which leaves the density in the range of (0.2− 0.6) GeVcm−3. The

value widely used is 0.3 GeVcm−3 derived from the mass modelling of the Milky

Way and observational results [64, 67, 68]. The underlying assumption (dark mat-

ter distribution to be Maxwellian, its truncation, and related parameters) are not

necessarily true for all considered types of dark matter particles. The local in-

homogeneities of the dark matter distribution can be mapped with a large scale

observation (GAIA satellite).

The mapping of star movement, e.g., rotation velocity is the indirect observation

for the dark matter density. N-body numerical simulations have been performed to

understand the halo formation and structure. The simulation usually contains only

dark matter and shows the triaxial velocity distribution [69–72]. The predicted

halo structure presents cusped profiles with steep variations towards the center

of the halo, while the observations show generally a flat-core profile. Moreover
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the prediction of sub-haloes is not consistent with observations. The emptiness of

baryonic matter can play an important role in the result of the simulation. The

large scale structure simulation with the presence of baryonic particles give a bet-

ter match result with the observation, and gas outflows change the distribution of

gas and star [73]. Simulation with the presence of Super Massive Black Hole gives

a good constraint on the halo density and information of sub-halo structure. RO-

MULUS [74] is a state-of-the-art cosmological N-body+Smoothed-Particle Hydro-

dynamics simulation to develop an improved signal model for direct dark matter

searches.

One should notice the freedom of picking the value of the parameters (circular

velocity, escape velocity, and dark matter density) which are relevant to the in-

terpretation of the experimental results. Above all, the adoption of the Maxwell-

Boltzmann profile (1.3) is widely used to the early stage of signal shape spectrum

prediction.

1.4 Hidden Photon

The most straightforward and prominent model of hidden sectors theory is the

introduction of a hidden photon as an additional gauge field U(1) which kinetically

mixes with the eminent electromagnetic gauge field U(1) of the SM. The hidden

photon γ′ at sufficiently low mass could be so-far undetected, it would be long-

lived and as a DM candidate [75]. In contrary, the hidden photon couples weakly

with the SM particles renders themselves very light or even massless. The very

low energy approach such as an extremely sensitive detector or low noise cryogenic

experiment would be practical.

1.4.1 Lagrangian and Kinetic Mixing

The extent SM Lagrangian with the hidden U(1) is given by:

L = −1

4
W a
µνW

a,µν − 1

4
BµνB

µν − 1

4
XµνX

µν

1

+
m2
χ

2
XµX

µ

2

− χY
2
BµνX

µν
3

+
1

2

m2
W

g2
+

1

2
m2
W (W 1

µW
1,µ +W 1

µW
1,µ).

+ mass terms. (1.4)
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In the Lagrangian (1.4), the Xµ and g stands for the hidden photon field U(1)

and gauge coupling respectively, the Wµν and Bµν are the familiar electroweak

terms from the SM. The term (1),(2), and (3) from Lagrangian (1.4) are the self-

interacting term, the mass term of the hidden photon, and the interacting term

between the hidden field and the electroweak field via the kinetic mixing. Mean-

while the mass of the hidden photon could arise from either Higgs or Stückelberg

mechanism.

From a field theory perspective, the kinetic mixing can be generated from loops of

heavy charged particles [76, 77]. Integrating out these particles, the size of the ki-

netic mixing χY can be estimated as a loop factor, for two heavy fermions (charged

particles) with mass mi and charges Qi,v, Qi,h with i = 1, 2 for each particle. The

kinetic mixing can be infered from the gauge coupling gh in the hidden sector by

[77]:

χY = −4

3

gY gh
π2

QvQh ln
m1

m2

. (1.5)

At a lower mass of the hidden photon and lower energy regime, with the condition

mγ′ � mW , Lagrangian (1.4) reduced to a simpler form with the self-interaction of

the hidden field (and its mass term), the electromagnetic field, and the interaction

between them:

L = −1

4
FµνF

µν − 1

4
XµνX

µν − χ

2
FµνX

µν +
m2
X

2
XµX

µ + ejµA
µ. (1.6)

The mixing with photon at lower energy is given by χ = χY cos(θW ) in which

θW is Weinberg angle, Fµν = ∂µAν − ∂νAµ is the field strength of the regular

electromagnetic field, correspondingly theXµν = ∂µXν−∂νXµ for the field strength

tensor of the hidden field. The physical corollary of the kinetic mixing term could

be shown by displaying the Lagrangian in the diagonal eigenbasis, since the hidden

U(1) is assumed to be spontaneously broken (by two mechanism mentioned above),

the hidden photon field has a mass [75]. In order to simplify the Lagrangian (1.6)

to get rid of the kinetic mixing term by introducing two ways of re-defintion either

the ordinary photon field or the hidden photon field.
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1.4.2 Shifting the Aµ

Inserting the shift

Aµ → Aµ − χXµ (1.7)

into (1.6), the mixing term could be cancelled but the new electromagnetic currents

followed by the kinetic mixing parameter.

L = −1

4
FµνF

µν − 1

4
XµνX

µν +
m2
X

2
XµX

µ + ejµ(Aµ − χXµ). (1.8)

Undoubtedly, the Lagrangian above provides a massless boson A which couples

to electromagnetic current ejµ, and an uncharged vector boson X with mass mX

coupled to the SM current via −eχjµ. The extended Coulomb interaction is given

by [75, 78]:

V (r) = q1q2
α

r

(
1 + χ2e−mXr

)
. (1.9)

With q1, q2, r, α, respectively, are the charge of particle 1 and particle 2, the dis-

tance between them, and the fine-structure constant. The first term of the po-

tential (1.9) is the Coulomb interaction, the second term stands for a new force,

as mentioned “fifth force” or “dark force” mediated by the massive boson X. In

this scenario, the new force at a short distance could not be distinguished because

mX � 1/r, these conditions shorten the interacting distance of force and couldn’t

be observed. On the other hand, if the χ is small, the force becomes frail and

unable to observe.

1.4.3 Shifting the Xµ

There is an additional method to remove the kinetic mixing term by the shifting

Xµ → Xµ − χAµ. (1.10)

The shift leaves our Lagrangian (1.6):

L = −1

4
FµνF

µν − 1

4
XµνX

µν +
m2
X

2
(XµX

µ − 2χXµA
µ + χ2AµA

µ) + ejµA
µ.(1.11)
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The physical phenomena inferred from this Lagrangian is different and indepen-

dent from the previous approach. Again, the kinetic mixing term is removed but

the charged particles are charged under the regular electromagnetic field from the

previous section, and there is no substitute component that modified the charge.

Thus the approach of the prior section is inapplicable. Nevertherless, by rewriting

the mass term of the Lagrangian (1.11)

−m
2

2

[
Xµ Aµ

] [1 χ

χ χ2

]
=

[
Xµ

Aµ

]
. (1.12)

One can show there is a mixing or an oscillation between the hidden photon and

the hidden field with the ordinary photon A ↔ X. This mixing is analogous to

the non-diagonal mass term of the neutrino oscillation, e.g. the oscillation matrix

for Dirac neutrinos (ν1, ν2):[
ν1

ν2

]
=

[
cos θ sin θ

− sin θ cos θ

][
ν1

ν2

]
. (1.13)

Taking the same similarity from neutrino experiments, to observe the oscillation,

one requires an intense photon field as the source of the photon field, a distance

preserved for the oscillation could take place and a sensitive detector. On the

Earth laboratory, a source of the high-intensity laser could be created and ranging

in a broad wavelength which could cover a wide mass range of hidden photon.

1.5 Search for Hidden Photon

In the previous section, one has seen the brief theoretical foundation of the hidden

photon as the mediator or messenger particle between the hidden sector and visible

sector. From the same Lagrangian, but following different approaches, one can

infer different physical interpretation and related phenomena. The following sub-

sections explain the hidden photon search techniques and related experiments,

together with their results presented in Fig. 1.3 as exclusion limits for the kinetic

mixing constant χ and mass of the hidden photon.



Chapter I. From Dark Matter to Hidden Photon 16

10 5 0 5 10
Log10(m ′)

16

14

12

10

8

6

4

2

0
Lo

g 1
0(

)

Xenon10+DAMIC

Coulomb

CMB

Cold Dark Matter

CMB-FIRAS

mwLSW

CAST

Jupiter-Earth

HB Stars

Solar LifetimeTSHIPS

LSW

DP
B

Co
sm

ol
og

y

Beam dump

SN1987

Y3s

EW

Dish Antenna

Figure 1.3: The exclusion limit of the kinetic mixing constant χ to the mass
of hidden photon mγ′ from the combination of direct and indirect searches.

The oscillation/conversion from hidden photon to photon (and vice versa) is one of

the main mechanism which is widely adopted in many direct and indirect searches.

1.5.1 Indirect Search for the Hidden Photon

• Following the approach from section 1.4.2 in observing the extended Coulomb

interaction or the “fifth force”. High precision measurements of the Coulomb

law has been done to search for a “fifth force”. The Cavendish type exper-

iments have been done since a half-century ago with an accuracy of about

one part in 1016 [78–80]. Spectroscopy can provide a sensitive tool to test

Coulomb’s law on atomic at much shorter scales by observing the atomic

transitions [81, 82]. On the larger length scale, one can also look at magnetic

fields of Earth and Jupiter which have been mapped with great precision.

These experiments result in the top left corner and the labelled “Coulomb”

part of Fig. 1.3.



Chapter I. From Dark Matter to Hidden Photon 17

• Several stellar objects (Sun, Horizontal Branch stars) show a mild differ-

ence to the standard theoretical model for stellar cooling. Observations have

shown deviations from the expected behavior, indicating in all cases more

rapid cooling. The hidden photon, likewise WISPs, could explain this non-

standard cooling mechanism: hidden photons produced in the high luminos-

ity core would leave the star interior without interaction with the medium

due to weak interaction with baryonic matter. The hidden photon carries

away the energy can not be detected directly but could explain the over-

efficient cooling [83]. In Fig. 1.3, the regions “Solar Lifetime” and “HB

Stars” are the exclusion limits from the observations of the cooling abnor-

mality.

• Observations of CMB anisotropy also constrain the hidden photon parameter

[84, 17]. By taking into account the refractive properties of the primordial

plasma showing that the medium effects are significant when a resonant

hidden photons and photons conversion is possible. This is similar to the

Mikheev-Smirnov-Wolfenstein effect (MSW) in neutrino physics which leaves

the imprint of neutrinos on the CMB [85]. The observationals result from

CMB [86] set a large exclusion range in Fig. 1.3.

• The observation of SN1987A constrain the hidden photon which kinetically

mixes with the photon. The constraints are realized because the excessive

Bremsstrahlung radiation of the hidden photons can lead to a rapid cooling

of the SN1987A progenitor core, in contradiction to the observed neutrinos

from that event [87].

1.5.2 Direct Search for Hidden Photon

• Instead of looking for the extended force, one could directly search for the

new exchange particle. From the previous section, the charge particle Q

(concerning normal U(1)) carries a hidden charge QX = −χQ coupled to

the hidden photon. This charged particle can be produced in scattering

experiments where the hidden photon at GeV mass range can hide, e.g., with

fixed target experiments [88, 89], beam dumb experiment [90, 91]. Hidden

photons are produced in a process similar to ordinary Bremsstrahlung off an

electron beam incident on a target. They are emitted at a small angle in

forward direction and carry most of the beam energy. Because of their feeble
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interaction with SM particles, they can traverse the beam dump and can be

observed in a detector behind the beam dump by their decay into fermions.

• Scattering experiment built for WIMPs mentioned in section 1.3.1 could also

be utilized to search for hidden photon. Similar to the ordinary photons,

hidden photons can be absorbed by electrons in the bulk of a silicon device

and lead to an ionization signal.

• Helioscope Experiment The Sun is a well-known laboratory with an ex-

tremely high number of photons which is produced at its centre. The photons

could oscillate to hidden photons and escape to the outer stellar surface of

the Sun. In this environment the oscillation is enhanced by the plasma

resonances (similar to MSW effect). The oscillation could lead to a more ef-

ficient cooling. Helioscope uses a similar setup as the LSW type experiments

but replace the laser source with the Sun [92–94, 49]. CAST in CERN [50]

and SHIPS experiment in Hamburg Sternwarte [52] are the two helioscope

experiment that have set constraints on the hidden photon.

• Light-shinning-through-wall The light-shining-through-wall (LSW) is a

type of experiment could be used to detect either hidden photons, axions

or ALPs. In the LSW experiment, an intense laser beam is shot into an

optically thick wall with the photon detection type system located on the

other side of the wall. The oscillation happens firstly during the path from

the laser source to the wall (A X), the hidden photon would pass through

the wall and subsequently, restore into detectable photon by the second

oscillation (X  A). In the case of LSW, there are two oscillations taking

place in one to produce a “shining” photon, thus the probability for the

two conversions would be smaller than a single oscillation detection [95–97].

This simple concept is improved with two resonator cavities, one plays a

role of converting the photon to hidden photon. This hidden photon travels

“through the wall” to the other cavity and has the resonant conversion to

an observable photon [48, 98].

• Dish Antenna A newly developed concept uses a dish antenna to detect

the photon from the converted hidden photon [99]. The faint electromag-

netic waves which are emitted perpendicularly to the conducting surfaces are

focused using a spherically shaped mirror. The hidden photon-induced light

emerging from any part of the mirror is gathered at the center of the sphere
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where various detectors (e.g., PMT) can be suitably placed. Representation

for this type of experiment is the Dish Antenna experiment in Tokyo [100]

and FUNK at KIT [101].

1.5.3 Hidden Photon as Cold Dark Matter

One can consider the hidden photon as a candidate for the cold dark matter

particle [102]. The parameter space of hidden photon as a CDM particle is limited

to the region below the CDM line in Fig. 1.3. There are very few experiments and

observations could contrain the hidden photon below the CDM line. Especially

from the mass range of 10−16 − 10−4 eV there is no measurement which can cover

this parameter range. WISPDMX is the only experiment which could cover a

large fraction of this mass range. In the next chapter, the underlying foundation

of WISPDMX is presented.





Chapter 2

Haloscope Experiment for Hidden

Photon Search

Abstract

The haloscope type experiment described in the following is a direct search

method for hidden photons, and it was inspired by the axion haloscope. This

chapter will present the principles of the hidden photon haloscope experiment.

The first section will describe briefly the motivation of the hidden photon

haloscope experiment and the second section will present the expected power

developed inside the cavity from the conversion of hidden photons to SM

photons. Section 2.3 will present the broadband sensitivity to hidden photon

which includes the off-resonance regions. In section 2.4, the relation between the

hidden photon signal profile and the spectral resolution of the WISPDMX is

considered. Finally, section 2.5 will discuss the sensitivity of the haloscope

experiment, and, in particular, WISPDMX with its broadband sensitivity.

2.1 Introduction

The search of axion dark matter has been carried out for more than three decades,

from direct to indirect search, with numerous detection techniques were used and

new ones are being developed. The experiments exploit the coupling of axion

to photon by observing the conversion of the axions into photons which can be

detected. One type of experiment that has been widely used in searches for axions

21
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and axion-like-particles (ALPs) dark matter are so-called axion haloscope [103].

The conversion between axions and photons in the presence of a strong magnetic

field can be made more efficient by employing a resonator with the resonance at

the frequency corresponding to the energy of the produced photons. The energy

of the converted photons equals the total energy of the axion. The expected

axion signal is located at the frequency equivalent with the rest mass energy while

the signal profile spreads accordingly to its kinetic feature. A similar analogy

is applied to hidden photon but with a small modification of the form factor G
and the fact that the hidden photon does not require the magnetic field for the

conversion. The oscillation between the hidden photon and photon is amplified by

the electrical field structure of the resonator without the ambient magnetic field

unlike the case of the axion. The following sections will present the theoretical

basis of the haloscope type experiment such as the power developed in the resonant

powered by the hidden photon conversion.

2.2 Search of Hidden Photon in the Resonant

Cavity

Section 1.4.3 has shown that the oscillation between the hidden photon to the SM

photon which is similar to the neutrino oscillation. In the resonator, the conversion

between the hidden photon to photon is similar to the case of axion conversion

[102]. From the Lagrangian 1.11, the equation of motion for the photon field A in

the first order of the kinetic mixing term is given by:

∂µ∂
µAν = χm2

γ′X
ν , (2.1)

with χ the kinetic mixing constant between hidden photon and photon, and mγ′

the mass of the hidden photon. It is trivial to see that the hidden photon acts as

a source for the SM photon. Under the assumption that the hidden photon is cold

dark matter, the energy density of the hidden photon is equal to cold dark matter

density ρCDM

ρCDM =
m2
γ′

2
|X|2, (2.2)

with |X| the spatial component of hidden photon field Xµ. Because the structure

of dark matter in the galatic scale is clumped, the local dark matter density on
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Earth (0.3GeV
cm3 ) is higher than the average density in the Universe (∼ keV

cm3 ). In

general, the structure formation has a significant influence on the local hidden

photon condensate. However, in this context, two possible scenarios can describe

the behavior of the hidden photon field which is limited in the region where the

laboratory is located [102].

1. The hidden photon field has the same direction (at least in the local region

of the laboratory). The direction of the field is presented by the vector n̂

given by:

X = n̂

√
2ρCDM
mγ′

. (2.3)

2. The hidden photon field behaves like gas, homogeneous and isotropic. The

argument in equation 2.3 is still valid, however, the final result must be

averaged in all the direction.

The search for hidden photons in scenario (1) requires the knowledge on the relative

orientation of the cavity to the unknown direction of the field. Inside the resonator,

the electromagnetic field could be written in terms of the resonant electric field:

A(x) =
∑
i

αiAi(x), (2.4)

Ci =

∫
d3x|Ai(x)|2, (2.5)

with Ci is the normalization coefficients, αi is the expansion coefficient which could

be retrieved by solving the resonant cavity equation with the source and loss by

the absorption of cavity walls:(
d2

dt2
+
ω0

Q

d

dt
+ ω2

0

)
αi(t) = bi exp(−iωt), (2.6)

ω0 and Q are the resonant frequency and quality factor of the resonance i. The

hidden photon which oscillates to the electromagnetic field take the role of the

source bi:

bi =
χm2

γ′

Ci

∫
dVAi ·X (2.7)
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Hence the expansion αi coefficient could be retrieved by solving the equation 2.6:

αi =
bi

ω2
0 − ω2 − iωω0

Q

exp(−iωt), (2.8)

with ω is the frequency given by the energy of the hidden photon: ω = Eγ′ . The

power developed at the resonance of the cavity is:

P =
U

Q
ω0 (2.9)

While U is the total energy stored in the cavity and given by

U =
|αi|2ω2

2

∫
d3x|Ai|2. (2.10)

By replacing the ω0 = mγ′ as the conversion of hidden photon with the mass equal

to the resonant frequency, one can obtain the power measurablemeasurable with

an antenna in a resonant cavity powered by the conversion of hidden photon to

photon:

Pout = κχ2mγ′ρCDMQV G. (2.11)

with V the volume of the cavity, κ is the coupling factor between the probe and

the antenna. The maximum value of κ is 0.5 at the critical coupling state between

the antenna and the cavity where the antenna absorbs half of the energy at the

resonance while the other half of the power dissipates inside the cavity’s resistive

walls. The G is the form factor of resonance which characterizes the sensitivity of

a resonant mode to the hidden photon field, given by

G =
|
∫
dVA(x) · n̂|2

V
∫
d3x|A(x)|2

. (2.12)

For the scenario (1), the angle θ between the A(x) and n̂ must be known or

assumed to vary over time. On the scenario (2), the angle is averaged and the

form factor G can be calculated intuitively from the electric field of the resonance

given by

G =
1

3

|
∫
dV A(x)|2

V
∫
d3x|A(x)|2

(2.13)

given 〈cos2(θ)〉 = 1/3.
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2.3 Broadband Gain

In most of the axion haloscope experiments, the frequency region surrounding

the resonance is considered. The experimental setup is built to benefit for the

resonant amplification of this particular region. However, in the hidden photon

haloscope experiment, it is possible to search for the hidden signal at the frequency

off-resonance by having the broadband scan cover a wide range of frequency. The

experiment which performs the broadband search, e.g., WISPDMX, could have

the off-resonance spectrum to characterize the coupling of hidden photon and

photon. The equation 2.11 shows the power output of the cavity with the hidden

photon mass at the resonant frequency, the term QG denotes the gain of the

hidden photon signal at the resonance frequency1. The Q(ω) factor follows the

Lorentzian profile with the peak at the value of Q(ω0). One can conservatively

imply the form factor G under the amplification of the resonance is constant as the

off-resonance field structure follows equation 2.13. The gain at the frequency ω

under the influence of resonant modes i is given by Qi(ω)Gi, and with the existence

of multiple resonances, the total gain at the frequency is given by:

G(ω) =
∑
i

Qi(ω)Gi. (2.14)

The broadband gain provides the possibility of hidden photon search in a wide

mass range outside of the resonance. Especially for the case of the WISPDMX

that the spectrum covers the broadband frequency of 0-500 MHz. Fig. 2.1 shows

the broadband gain from a single resonance and the total gain contributed from

the four resonant modes which have the high form factor (G > 0.1).

1it is important to keep in mind that in this section “the resonance” is sensitive to the hidden
photon, with G > 0.01
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Figure 2.1: The broadband gain in the coverage of the WISPDMX. The blue
line is the gain of the ground mode TM010 and the orange line is the total gain
of all four hidden photon sensitive resonances. The gain at the off-resonant

frequency is developed by accumulating the gain from the other modes.

2.4 Hidden Photon Signal Profile

In section 1.3.4, the distribution of dark matter in the Galaxy have been discussed.

The requirements of dark matter particles discussed in 1.3.4 are equally applied

to the hidden photon dark matter particles. In the haloscope experiment searches

for hidden photon, one assumption is considered is that the Solar system travels

in the region with the CDM density of ρCDM0.39GeVcm−3. In the scenario (2),

where the hidden photon CDM behaves like a gas, the mean kinetic energy of the

particles to the local frame of the CDM halo is given by 1
2
mγ′ v̄

2; where v̄ is the

velocity dispersion of the hidden photons in the halo. The total energy of non-

relativistic hidden photons is the total rest mass energy and kinetic energy of the

particle:

E = mγ′c
2 +

1

2
mγ′ v̄

2. (2.15)

By considering the signal of the hidden photon without the kinetic energy in the

spectrum, one could expect a peak in a single channel at the frequency of the
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particle mass. However, the kinetic energy of the hidden photon determines the

signal line shape on the spectrum as the hidden photons follow a Maxwellian

velocity profile centered at the frequency of the particle’s mass. In the Galaxy’s

halo frame, the laboratory’s motion is the combination of the Earth’s motions

(orbital-vo and rotational motion-vR) to the Solar System and the Solar system’s

motion to the halo (vS):

vlab = vS + vo + vR. (2.16)

The Maxwellian profile would modulate between the maximum and minimum

values of vlab due to the Earth having its yearly revolution and daily rotation. The

Maxwellian energy distribution f(E) and the parameterized energy distribution

f(u) of hidden photons are [104, 105]:

f(E)dE =

√
3

2π

dE

r

1
1
2
mv̄2

exp

[
−1.5(r2 +

E
1
2
mv̄2

)

]
sinh

(
3r

√
E

1
2
mv̄2

)
,(2.17)

or

f(u)du =

√
3

2π

du

r
exp

[
−3(r2 + u)/2

]
sinh(3r

√
u), (2.18)

r = vlab/v̄ is the ratio between the laboratory velocity and the halo’s rms velocity

(270 km/s). The unit u = E
1
2
mv̄2

reflects the relation between the DM particle mass

and the physical width of the distribution as following:

u =
mγ′v

2
γ′/2c

2

98Hz(mγ′c2/µeV)
=

∆f

98Hz(mγ′c2/µeV)
. (2.19)

The distribution and the width of the hidden photon line depend on the ratio

r or vlab given by equation 2.16. One can safely neglect the contribution of the

rotational velocity of the Earth but maintain the term on the orbital motion of

the Earth around the Sun (vlab = vE). The signal profile modulates between the

lineshapes of the highest vE and lowest vE in absolute value.

vE = vS + v0, (2.20)

v2
E = v2

S + v2
o + 2vSvov̂S · v̂o. (2.21)

The magnitude of the Sun velocity is 230 km/s with respect to the Galaxy center,

and in the direction of 60◦ above the ecliptic plane of the Earth’s orbit, given the

v̂S · v̂o = cos(60◦). Hence the ratio r modulates between two equivalent values of
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two maximum and minimum vE :

vE =

246.256 km/s - max velocity

216.642 km/s - min velocity
(2.22)

r =

0.912 - max r

0.802 - min r
. (2.23)

However, the variation in relative velocity of the lab to the halo does not show

any significant afteration in the derived results. From this point, the value of r

is assumed to be 0.85 as the contribution from the orbital velocity is negligible

(vlab = vS). Fig. 2.2 shows the ideal profile of the hidden photon signal to the

maximum and minimum of the Earth velocity in the Halo rest frame. However, the

exact lineshape must describe hidden photon CDM particle limited to the escape

velocity of the Sun and higher than the escape velocity of the Galaxy. The first

case defines the lower end of the line shape, where the Sun captures the particle

with vγ′ < vEscape Sun [106]. Any hidden photon dark matter particles are fallen

into the Sun and could not travel to the Earth. Nevertheless, the vEscape Sun is

equivalent with u = 0.16 and it is negligible, one could adopt u = 0 as the lower

limit. In the second case, the hidden photon particle can escape the gravitation

potential of the galaxy vγ′ > vEscape Galaxy, and does not contribute to the tail

of the Maxwellian lineshape. Numerical simulations indicate that the upper-end

truncation occurs at velocities of 450–650 km/s [68, 107], which corresponds to

u = 2.78–5.80. In the following calculations, the truncation velocity of 550 km/s

(u = 4.15) as well as the ratio r = 0.85 are assumed.

The final profile must follow the Maxwellian profile and includes the truncation

of the escape velocity at u = 4.15. One can determine the power that can be

recovered in a bandwidth δu by an integration around the peak of the profile

(u = 0.76 for a profile with r = 0.85). The optimal bandwidth is the one which

has the largest fraction of energy which could be recovered. One can see in Fig.

2.2, the signal profile spreads on mutiple value of u, the total energy which could

be recovered inside a bandwidth ∆u is given by integrating around the maximum

value of the profile within the range of ∆u. A qualitative example can provides

an insight to the bandwidth effect.

• If the bandwidth is high, e.g., 6u, it will cover most of the signal, but the

noise floor will also increase due to the size of bandwidth. The undersampling
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Figure 2.2: The profile of the hidden photon signal. The profile follows the
modulation between the lineshapes of the maximum and minimum vS + vo

of the signal will result in a low SNR.

• If the bandwidth is narrow, e.g., 1u, and only a single channel is under

attention. One can see that the bandwidth covers only a small fraction of

the signal.

The optimal bandwidth is determined from the a function which could reflect both

the fraction of signal recovered and the width of bandwidth (which is proportional

to the noise).

F(∆u) =
Energy in the bandwidth

Total energy of the signal
× 1

Width of bandwidth
(2.24)

=

∫
∆u
f(u)du

∆u
∫∞

0
f(u)du

(2.25)

with f(u) is given by 2.18, the optimal bandwidth result in a highest value of F .

From the calculation, the optimal bandwidth is ∆u = 3.03 as shown in Fig. 2.3.

Fig. 2.4 shows the value of u and the optimal width (3.03u) to the mass and

equivalence frequency of the hidden photon. A hidden photon with high mass

(e.g., 2µeV) needs a wider optimal bandwidth (600 Hz) while a lighter hidden

photon requires a more narrow bandwidth. In WISPDMX, the width of a channel

is 50 Hz, this width is optimal in resolving the signal at the frequency of 40.54



Chapter II. Haloscope Experiment for Hidden Photon Search 30

Figure 2.3: The fraction of signal energy recovered concerning the size of the
bandwidth. The optimal width (u = 3.03) returns the largest fraction (the red

indicator).

Figure 2.4: The value of u to the mass of hidden photon in Hz, together with
the optimal bandwidth 3.03u .
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MHz, oversampled at a higher frequency, but undersampling at lower frequency.

At the resolution of WISPDMX and lower frequency, the recovered signal suffer

from the undersampling and causes the sensitivity to decrease proportionally with

the
√
f . The oversampling problem is resolved by scanning multiple channels with

the total width equal to the optimal bandwidth, e.g., the two channels scan is more

effective than the single channel scan at the frequency range of 59.059-100.6 MHz.

The optimum sensitivity achieved with the multiple channel scan is shown in Fig.

2.5 which shows an effective gain factor for the hidden photon signal received in

multiple channels of WISPDMX measurements. The frequency ranges for achiev-

ing the optimal sensitivity by summing over a given number of channels are given

in Table 2.1. This factor can be utilized to modify the term stand for local dark

matter density in equation 2.11 and determines the equivalence sensitivity of WIS-

PDMX.

Figure 2.5: The power recovered from a single channel scan to multiple channel
scan. The colored lines illustrate the signal’s energy recovered with the scanning
over a fixed number of spectral channels, from one to twelve. The upper black
envelope line describes the recovered energy of the WISPDMX with the strategy

of multiple channel scan.

In conclusion, one can either search for the signal in the conservative method of

single channel scan under the assumption that the particle energy is concentrated
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in one channel or multiple channel scan. The concept of the signal profile presented

in this section provides an efficient method to optimizing the signal bandwidth.

Table 2.1: The number of channels required for the scan on the different range
of frequency.

Nr. of Channels Range (MHz) Number of Channels Range (MHz)

1 0.000 - 59.059 7 263.763 - 304.804

2 59.059 - 100.600 8 304.804 - 345.345

3 100.600 - 141.641 9 345.345 - 386.386

4 141.641-182.182 10 386.386 - 426.926

5 182.182 - 223.223 11 426.926 - 467.967

6 223.223 - 263.763 12 467.967 - 500.000

2.5 Sensitivity of the WISPDMX

In section 2.2, the power output from the conversion of hidden photon to SM pho-

ton in a haloscope type experiment has been presented. Under the circumstance

of the experiment, it is necessary to determine the sensitivity of the hidden photon

haloscope type experiment. By converting the equation 2.11 from natural units to

SI units, one can obtain

Poutput/W = 2.434× 108χ2κQ
V

liter
Gγ′

mγ′

eV

ρ0

GeV/cm3 . (2.26)

The power output in a hidden photon haloscope with typical WISPDMX param-

eters is:

Poutput/W = 1.632×10−16
( χ

10−12

)2 κ

0.1

Q

50000

V

447 liter

Gγ′
0.3

mγ′

µeV

ρ0

GeV/cm3 (2.27)

The values of the parameters are given in the Table 2.2. In the haloscope experi-

ment, the primary sources of background noise are from the cavity walls and the

amplifier chain. The walls of the cavity produce a spectrum of thermal blackbody

photons which is comparable with the power spectrum of the white noise gener-

ated from a resistor at the same temperature while the noise from the amplifier

mostly depends on the amplifier’s specification. The signal-to-noise ratio (SNR)
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Table 2.2: The values of parameters typical for WISPDMX.

Parameter Value Note

Antenna Coupling -κ 0.1 0.5 at Critical Coupling
Cavity Volume -V 447
Local DM Density -ρ0 0.4 GeV/cm3

Quality Factor -Q ∼ 104 Q = 50000 for TM010

Mass of HP -mγ′ up to 2.2µeV
Form Factor - G ∼ 0.3− 0.6

is characterized by the Dicke radiometer equation:

SNR =
Poutput

√
t

kB(Tcavity + Tamplifier)
, (2.28)

with kB the Boltzmann constant, Tcavity and Tamplifier are the effective thermal

temperature of the cavity walls and the amplifier chain, and t is the integration

time. On a different approach using the Dicke radiometer equation, the more

extended the integration time, the noise power decreases proportionally with
√
t.

From the equation 2.27, one could derive the sensitivity of the WISPDMX in the

language of SNR:

χ = 2.9 · 10−15
√

SNR

(
t

1s

)−1/4

(
T

100K

)1/2(
κ

0.1

Q

50000

V

447 liter

Gγ′
0.3

mγ′

µeV

ρ0

GeV/cm3

)−1/2

. (2.29)

The function 2.30 is the sensitivity calculated only at the resonance. The char-

acterization of the broadband sensitivity requires the terms that can describe the

broadband properties of the experiment. In section 2.4, it has been shown that the

signal at lower masses (below 60 MHz) will be undersampled and lead to decrease

the sensitivity. One can introduce an term which modified the sensitivity at lower

mass ε(mγ′) in which this term can be deduced from Fig. 2.5. While in section 2.3,

the total gain QG has been generalize for the production of hidden photon signal

in the off-resonant regions. Therefore, the gain QG and ε(mγ′) of the bandwidth

sensitivity are the function of frequency or hidden photon mass. The coupling κ

can be measured using the reflection parameter of the antenna and it generally is
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a function of frequency. The broadband sensitivity is given by:

χ(mγ′) = 2.9 · 10−15
√

SNR

(
t

1s

)−1/4

(
T

100K

)1/2(
κ(mγ′)

0.1

(Q · G)(mγ′)

50000 · 0.3
V

447 liter

mγ′

µeV

ρ0ε(mγ′)

GeV/cm3

)−1/2

.(2.30)

From a spectrum obtained by a single instantaneous acquisition, the scan for the

hidden photon signal can be performed over the noise power of a single spectrum.

The averaging of these single spectra decreases the noise power by a factor of

1/
√
N with N is the number of the single spectra or number of acquisitons during

a science run. Hence he sensitivity of the averaged spectrum increases2 by the

factor of N1/4.

During the science run of the experiment, the haloscope type experiment allows

the resonator tuned to shift the resonant frequencies. Thus in each acquisition,

the profile of the gain changes with respect to the new resonant frequencies. The

gain of the averaged spectrum is given

(QG)averaging =
1

N

∑
j

∑
i

(Qi,jGi,j). (2.31)

With (Qi,jGi,j) is the gain of the resonance j at the acquisition i with the total

number of measurements is N . On the sensitivity, the averaging process decreases

χ by the factor of
√
N as the noise floor decrease with the same factor. The result

sensitivity of the averaged datas is:

χ(mγ′)averaged ∝

(
σsingle√
N

N∑
j

∑
i(Qi,jGi,j)

)1/2

(2.32)

∼ N1/4(∑
j

∑
i(Qi,jGi,j)

)1/2
. (2.33)

2The increase of sensitivity mean the lower value of χ the experiment can constrain.



Chapter 3

On WISPDMX - The Hidden

Photon Detector

Abstract

From the theoretical foundation of the haloscope type experiment mentioned in

the previous chapter, the WISPDMX (WISP Dark Matter Experiment) was

created as an experiment searching for the hidden photon cold dark matter in

the broadband mass range up to 2.07 µeV. WISPDMX operates at room

temperature but still achieves sufficient sensitivity with the high efficiency and

sensitivity as a result of the acquisition system and the amplification factor from

the resonant cavity. This chapter will present the grand structure of WISPDMX.

Together with the development of the acquisition system, the frequency

calibration system, and the acquisition system followed up by the detailed

information of each component.

3.1 WISPDMX Components

The WISPDMX experiment is located in the Institut für Experimentalphysik of

Hamburg Universität. The first development started in 2013. Fig. 3.1 shows the

reduced setup of the WISPDMX with the resonant cavity and two tuning plungers.

WISPDMX consists of three primary systems: The mechanical system (MS), the

frequency calibration system (FCS), and the acquisition system (AS). Fig. 3.2

35
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Figure 3.1: A photo of WISPDMX experiment with the 208 MHz resonant
cavity with two modified plungers. The experiment is located at Institut für

Experimentalphysik of Hamburg Universität, Hamburg.

shows the schematic structure of WISPDMX with the three aforementioned com-

ponent groups. The mechanical system includes the mechanical components of

the experiment: the resonant cavity, the two plungers with the gearbox, and two

stepper motors. The frequency calibration system provides the information of

the resonant modes during the tuning, and data taking, It measures the criti-

cal coupling of the magnetic loop antenna. Finally, the acquisition system plays

an essential role in recording the broadband spectrum of the cavity field at very

high resolution. Table 3.1 shows the components and functions of each system

previously mentioned.

3.2 The Mechanical System

The mechanical system consists of the 208 MHz resonant cavity, two plungers and

their driving motors. This section presents the structure of each component and

the simulation for the understanding of the field configurations of the cavity. The

simulation not only reveals the field structure at the resonant modes, but also

provides their behaviours during the plungers tuning.
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Figure 3.2: Schematic diagram of the WISPDMX, divided into three groups.
The Mechanical Components (box with dash-line border) contain the 208
MHz cavity designed for SPS accelerator (8), and two tuning plungers (4a, 4b).
The Frequency Calibration System (the blue box) contains radio switches
(2a, 2b), Spectrum Analyzer (1), and two loop antenna (L1 and L2 as 3a and 3b)
coupled with the cavity. Moreover, The Acquisition System (the gray box)
contains the antenna L2, amplifier chain of 80 dB (5), ADC (Alazar ATS9360),
and the CUDA FFT Unit (Nvidia GPU) (6). The antenna (3b) and the amplifier

chain are shared between the calibration system and acquisition system.

Table 3.1: The components and missions of three main groups of component
in WISPDMX.

Components Function

Mechanical System
- Cavity
- Two plungers with gearbox
- Stepper Motors

- Medium of the conversion
- Frequency Tuning

Frequency Calibration System

- Magnetic loop antenna
- Cables
- Amplifier chains
- Network Analyzer
- Spectrum Analyzer

- fi, Qi tracking.
- Antenna development
- Measure the antenna coupling

Acquisition System

- Magnetic loop antenna
- Cables
- Amplifier chains
- Analog Digital Digitizer
- GPU

- Acquire the cavity spectrum.
- FFT

Additional Component

- Radio switches and driver.
- Power supply
- Host computer
- Thermometer

- Control signal flow to FCS or AS.
- Powering the stepper motors.
- Controlling driver and interface.
- Record temperature.
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3.2.1 The Cavity

The resonant cavity of WISPDMX was first designed as a 200 MHz resonator for

the SPS Accelerator at CERN, and later modified into a 208 Mhz resonator used

in the acceleration ring of HERA experiment [108–110]. WISPDMX utilizes the

208 MHz version of the resonant cavity. The 208 MHz HERA resonance cavity is

made by the similar technique of the SPS, the two cold-form copper shells with

the nose cone line are welded together to form the main body. The main body

has a diameter of 96 cm and a volume of 447 liters, with the wall thickness of 8

mm to 10 mm at the nose cone. There are six ports created by cold-forming with

the diameter of 20cm and oriented perpendicular with the former beam-line axis.

These six ports were used to install the tuning plungers and powering couplers

(Fig. 3.1 and Fig. 3.3).

Figure 3.3: The 3D rendering image of the 208 MHz resonant cavity at dif-
ferent view angles. The simulation study in CST uses this model for further

calculation.

The inner surface of the cavity, and the joint surface of the injected ports are

polished to maintain the high electromagnetic reflectivity (Fig. 3.4). The water-

cooling pipes are welded to the outer walls of the cavity to dispense the heat from

the cavity wall during cavity operation for particle acceleration. However, the

cooling pipes are not used for the current stage of WISPDMX.
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Figure 3.4: The photo of the inner surface inside the cavity. The surface is
polished to maintain the high electromagnetic reflection, one can see the two

nose cones preserved for the beam line.

In the frequency of interest below 500 MHz, there are ten resonant modes (Table

3.2 - TE and TM are the acronyms of Transverse Electric Mode and Transverse

Magnetic Mode) with four of them are highly sensitive with the hidden photon

field. Any deformation of the cavity due to ambient temperature and atmospheric

fluctuation could lead to a noticeable shift of these resonant frequencies.

Table 3.2: The ten resonant modes in the range of 500 MHz. The resonant
frequency of each mode is calculated with the FCS1.

Mode Frequency (MHz)

TM010 207.992± 0.002

TM011 314.875± 0.002

TE111-1 321.639± 0.002

TE111-2 322.688± 0.002

TM110-1 390.987± 0.002

TM110-2 392.278± 0.002

TE210-1 397.843± 0.002

TE210-2 399.020± 0.002

TM020 455.074± 0.002

TM012 461.730± 0.002
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A test on the temperature dependence has been conducted by monitoring the res-

onant frequencies of four modes: TM010,TE111-1,TE111-2,TM020. Without cavity

tuning, the four modes are monitored continuously in 24 hours with the FCS. The

cavity is located in the laboratory with the heater turned off to get rid of the

temperature fluctuation from the heater’s operation. Outside of the laboratory,

the temperature decreased until the morning of the day after. The day-night tem-

perature variation gradually changes the laboratory’s temperature and leads to

the contraction/expansion of the cavity and causes the resonant frequency shift.

There are three thermosensors attached to the outer wall of the cavity to track the

cavity’s temperature. The reference temperature is the average of the three ther-

mosensors’s output. Fig. 3.5 shows the progression of four resonant frequencies

when the temperature decreases and decline when the temperature increases. The

isolating walls of the laboratory significantly reduce and delay the influence of out-

side temperature change. Whenever the temperature of the laboratory decreases,

the cavity contracts and thus leads to the variation of the resonant frequency into

higher value, and vice versa in case of expansion. The shifting rate of each mode

is given in Table 3.3.
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Figure 3.5: The ambient temperature shift in compare the resonant frequen-
cies shift. The ∆fi stands for the shifting of the four modes to their initial

value: TM010,TE111-1,TE111-2,TM020.
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Table 3.3: The shifting rate (kHz) of each resonant mode per Kelvin.

Mode Shifting Rate (kHz/K)

TM010 3.2± 0.1

TE111-1 4.9± 0.2

TE111-1 5.0± 0.2

TM020 7.0± 0.3

3.2.2 The Tuning Plungers

The primary function of the plungers in WISPDMX is to tune the resonant fre-

quencies. With the insertion of plungers, the field inside the cavity is deformed

and (mostly) tuned into higher frequency, allowing the search of hidden photon

at higher masses. WISPDMX uses two plungers for tuning. The plungers are

installed into the cavity via the preserved insertion ports in the main body of the

cavity. The Institute of Experimental Physics modeled the plungers. The plungers

are manufactured by Mechanical Workshop, Hamburg Universität. The inner rod

is made from polished copper which distorts the cavity field with the tuning range

from 0 mm to 110 mm. The aluminum outer shield covers the tuning rod and

works as a frame of the plunger. The entire plunger is solid-built and even ready

to work in vacuum condition. The gearbox, placed on top of the plunger, controls

the inner cylindrical thread to push the inner rob to cavity. The inner rod moves

in/out 1 mm for every four rotations of the motor/handle. The gearbox is attached

to a handle for manual control and shares the same axis with the stepper motor

(Trinamic QSH6018). The stepper motor has 200 steps per revolution (1.8◦ for a

step angle) but can be driven at 2000 micro steps at 5% accuracy. Fig. 3.7 is the

3D rendered image of the plunger, the Fig. 3.6 shows one of two plungers. Fig.

3.1 shows the final setup of the WISPDMX with two plungers on two insertion

ports.
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Figure 3.6: One of the two plungers used for tuning the cavity. The handle
and the stepper motor are attach directly to the gearbox located on the top of

the frame.

Figure 3.7: The 3D rendered photo of the plunger. One can see the inner rod
in blue color, the plunger frame, and the gearbox on the top.

During the calibration of the first plunger, a small fault has been detected in the

operation of the first plunger: the gear-slip caused by imperfect gears placement.

A potential meter is used to measure the slip, the gearbox moves the plunger to



Chapter III. On WISPDMX - The Hidden Photon Detector 43

an arbitrary position and returns to the initial position with the same number

of rotations. The gear-slip causes the shift of 0.1-0.2 mm from the initial posi-

tion, and the slip happens at the turning point where the gearbox changes the

turning direction. The solution for the gear-slip is elementary: the slip occurs at

the turning point after the plunger did its insertion, by turning the plunger to

negative position (e.g., -1 mm) and having the second slip at negative position

before traveling back to the initial position. The two gear-slips are automatically

canceled.

3.2.3 Simulation in Computer Simulation Technology

The simulation of the cavity and the plungers is implemented in the simulation pro-

gram Computer Simulation Technology (CST). The CST uses the Finite-Difference

Time-Domain (FDTD) as a numerical analysis technique used to computational

electrodynamics. Since it works in the time domain, FDTD solutions covers a

wide frequency range within a single simulation and treats nonlinear material nat-

urally. The CST Microwave Studio (CST MWS) is the framework which is used

to perform the simulation. The most powerful tool of CST MWS is its time do-

main solver. Generally, the time domain solver is faster and takes less memory

as compared to frequency domain solver. It is important to note that the speed

and memory requirements for computation may vary for diffrent structure and its

complexity. In some cases, the frequency domain solver takes less time than other

depending on the transient behavior of the excitation source, or number of eigen

modes. The following steps show the process of the simulation:

1. Modeling of the object and setting up boundary conditions of the model.

CST offers a wide range of modeling tools and accepts 3D input from well-

known modeling applications.

2. Creating the mesh grid for the FDTD with either types of mesh’s geometry:

hexahedron or tetrahedron. The mesh density affects the quality of final

result significantly, and a higher density means higher accuracy of the field

during simulation. However, the computation time eventually increases as

the density increases.
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3. Choosing the solver and exporting the results. The solver solves the Maxwell’s

equations on each mesh cell and depends on the geometry of the simulated

model.

For WISPDMX, the model used in the simulation is the SPS 200 MHz resonator

with the simple cavity walls and the plungers with no frame and gearbox. Fig 3.8

shows the 3D modeling of the cavity and its cross-section with two plungers at the

initial position and at the depth of 150 mm.

Figure 3.8: Left: The cavity model created in the CTS for simulation. One
can see the six insertion ports where the tuning plungers or the power couplers
could be inserted Middle: The simple cavity model for simulation with two
plungers at the zero positons. Right: Similar to middle model but with two

tuning plungers at a depth of 150 mm.

The WISPDMX has two plungers installed on the two top ports at 35◦ and −35◦.

There are two inputs for each simulation run: the depths of plunger I and plunger

II. The range of plunger depth is from 0 mm to 150 mm, with each step size of 10

mm leads to a total of 162 simulation runs. The mesh grid is created locally inside

the cavity but neglected outside of the cavity to reduce calculation cost. The mesh

density is increased at the edges and sharp corners of the model to achieve high

precision of field calculation, for each simulation run there are more than 5000

mesh cells created. Fig. 3.11 shows the mesh grid created for the middle model

of Fig. 3.8. The output of each simulation run is ten resonant frequencies of the

modes located in the 0-500 MHz together with their equivalent electromagnetic

field configuration. The electric field structure determines the sensitivity of a

resonant mode to the hidden photon field. Meanwhile, the magnetic field structure

provides an insight to the field density inside the cavity and supports the study of

antenna location for optimal coupling.
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Figure 3.9: The mesh grid of middle model given in the Fig. 3.8.

Figure 3.10: The electric field configuration of TM010 with the plungers’s
position of (0,0) and (150,150). The reference models are middle and right

model in Fig. 3.8.

Figure 3.11: The magnetic field configuration of TM010 with the plungers’s
position of (0,0) and (150,150). The reference models are middle and right

model in Fig. 3.8.
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Despite the fact that physical working depth of plunger is 0 mm to 110 mm,

the simulation input of plunger depth is extended up to 150 mm to exploit any

possibility of field enhancement sensitivity.

3.2.4 Results From Simulation and Measurement

The preliminary results are used to scan for the frequency location of actual res-

onant modes at the position (0 mm,0 mm) of the plungers. The result from the

simulation of 200 MHz cavity with plunger depths at (0 mm, 0 mm) and mea-

surement are given in Table 3.4. One can see the difference from simulation and

measurement result which arise from input model of the simulation: the 200 MHz

resonant cavity of SPS while the measured cavity is 208 MHz. However, the results

of 208 MHz cavity could be inferred from simulation’s result by scaling the output

from the simulated model due to their similarity in geometry. The modes TM111,

TM110, and TM210 are decoupled into two modes with different polarizations, and

their locations are fairly close, the simulation does not realize the split due to fact

that the solver treats each mode independently. On the other hand, the output

of these modes still apparently shows correct evolution of each mode during the

tuning.

Table 3.4: The frequencies of the ten resonant modes as outputs from simu-
lation and results from measurement.

Mode Simulation Measurement

TM010 199.2039± 0.0001 207.992± 0.002

TM011 293.4276± 0.0001 314.875± 0.002

TE111-1 308.4336± 0.0001 321.639± 0.002

TE111-2 308.4381± 0.0003 322.688± 0.002

TM110-1 387.58757± 0.00001 390.987± 0.002

TM110-2 387.58930± 0.00003 392.278± 0.002

TE210-1 388.49400± 0.00006 397.843± 0.002

TE210-2 388.49798± 0.00004 399.02± 0.002

TM020 430.66557± 0.00003 455.074± 0.002

TM012 452.8291± 0.0007 461.73± 0.002
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The electric field configuration is used to calculate the form factor G using the

formula:

Gi =
|
∫
dVEi(x) · n̂|2

V
∫
d3x|Ei(x)|2

, (3.1)

with i is indicating the resonant mode. The grand simulation with a total of 162

runs, with each run producing ten electric field configurations. With a total of

2560 value of G, one can see which resonant modes are sensitive to the hidden

photon field. The hidden photon sensitive modes are set under the scope of the

comparison between the simulation and measurement. Within the range from 100

MHz to 500 MHz there are four out of ten modes which are sensitive to the hidden

photon: TM010, TE111-1, TE111-2 and TM020 given in the Table 3.5. At the lower

position of the plungers, the hidden photon sensitivity of six other modes increase

as the depth of the plunger increase.

Table 3.5: The form factor G of resonance modes with different plunger setup.
One can see there are four hidden photon sensitive modes: TM010, TE111-1,

TE111-2 and TM020.

Plungers TM010 TM011 TE111-1 TE111-2 TM110-1 TM110-2 TE210-1 TE210-2 TM020 TM012

0 - 0 0.433 0.000 0.679 0.679 0.000 0.000 0.000 0.000 0.321 0.000

0 - 110 0.431 0.09 0.521 0.677 0.035 0.000 0.000 0.000 0.323 0.018

110-110 0.429 0.1 0.5204 0.622 0.040 0.008 0.000 0.001 0.324 0.009

150-150 0.428 0.1809 0.383 0.369 0.265 0.048 0.000 0.001 0.326 0.014

The tuning of the cavity shifts resonant modes to different frequencies. It is not

necessarily shift to higher frequencies but could lower the frequencies as well. The

simulation provides estimates to understand the behavior of resonant modes during

measurement. The subsequent measurement of these four modes is necessary to

have a better understanding of the tuned field configuration and confirms the result

from the simulation. As the plunger moves to the desired positions, the frequency

of the four resonant modes is extracted using the FCS. The plunger is tuned with

a step size of 10 mm and from 0 mm to 110 mm. As a result from the symmetry of

the two plungers positions, it is needless to turn two plungers to a position which

yields the same field, e.g., 20 mm of plunger I and 50 mm of plunger II produces

the same field as 50 mm plunger I and 20 mm plungers II. The simulation’s result

from a 200 MHz cavity is scaled to compare the result with measurements of the
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208 MHz cavity. The scale factor is given by the formula:

fj =
f0(200 MHz cavity simulation)

f0(208 MHz cavity measurement)
× fj(200 MHz cavity simulation). (3.2)

The scaling is necessary because the geometry of the real 208 MHz cavity is not

known to a sufficient accuracy to predict the resonant frequencies. One can as-

sume the scaling is intolerable despite of the similarity in geometry of two models.

But it is important to keep in mind that simulation is to study mainly the field

configuration and obtain the evolution trend of resonances during tuning. Fig.

3.12 shows the comparison of the resonant frequencies between simulation and

measurement. The difference is larger at high tuning position but shows a similar

evolution trend of frequency shift for varying the postions of the plungers.
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Figure 3.12: Left: TM010. Right: TM020. The comparison between the
results from simulation and measurement, the quantity shown in the color bar

is given by ∆f = fmeasurement − fscaled-simulation.

The measurement also confirms the simulated results of the quality factor Q. Dur-

ing the frequency calibration, the fitting of Lorentzian functions to the resonant

spectrum returns the resonant frequency and quality factor of the mode. In the

measurement, a loop antenna under coupling with the cavity is connected to the

cavity and measure the field amplitude as a function of frequency. The weakly

coupled antenna ensures that the quality factor is preserved. Table 3.6 shows the

quality factor from simulation and measurement. One can see that the measure-

ment result has a good agreement with the simulation’s with relative derivation

below 5%. Section 3.3 explains further details on the Lorentzian fitting function

and the antenna coupling state to quality factor.
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Table 3.6: The quality factor of four important resonant modes resulted from
simulation and measurement.

TM010 TE111-1 TE111-2 TM020

Simulation 53082 62076 62080 47920

Measurement 55405± 6 59772± 9 58896± 114 44338± 2

The measurement of the cavity with multiple plunger positions also provides the

optimal tuning scenario which the four hidden photon sensitive modes cover the

widest frequency range. The optimal scenario is so-called the “L-shape” where

plunger I is tuned from 0 mm to 110 mm, and consecutively plunger II from 0

mm to 110 mm. In this optimal track, the four modes cover a range of 1.07 MHz,

5.161 MHz, 3.782 MHz, and 3.794 MHz respectively. Table 3.7 shows the resonant

frequency of four modes at different positions of plunger, and the frequency range

these modes cover.

Table 3.7: The resonant frequency of the four hidden photon sensitive modes
at the begining, middle, and the end of the “L-shape” scenario.

Plungers (I-II) TM010 TE111-1 TE111-2 TM020

0 mm-0 mm 207.992± 0.002 321.639± 0.002 322.688± 0.002 455.074± 0.002

110 mm-0 mm 208.532± 0.002 318.13± 0.002 323.196± 0.002 456.916± 0.002

110 mm-110 mm 209.062± 0.002 316.478± 0.002 319.214± 0.002 458.8677± 0.002

Range 1.07± 0.003 5.161± 0.003 3.782± 0.003 3.794± 0.003

Fig. 3.13 shows the evolution of the four hidden photon sensitive modes during

the plungers tuning following the “L-shape”.
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Figure 3.13: The evolution of four hidden photon sensitive modes concerning
the position of two plungers which is tuned following the “L-shape”.

In this section, one can see that the mechanical system is the heart of WISPDMX

and irreplaceable obviously. The study on simulation is essential to learn about

the field behaviors during tuning and to collect the electric field configurations to

calculate the form factor G. The tuning measurement strongly confirmed the result

from simulation despite the setback on adoption of 200 MHz cavity modeling.

3.3 Frequency Calibration System

In the last section on the mechanical system, one can realize the plunger tuning and

ambient factor (room temperature, atmospheric pressure) could shift the resonant

modes and decrease the sensitivity of the experiment. Monitoring the resonant

modes is essential and results in many inputs for later signal search, these are
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the targets for the development the frequency calibration system (FCS). Antenna

calibration and development are also one mission of the FCS.

3.3.1 Setup of the Frequency Calibration System

The schematic setup of the FCS in WISPDMX is shown in Fig. 3.2. It contains

a spectrum analyzer with tracking function (Rohde-Schwarz FSP7), two magnetic

loop antennas, and the amplifier chain. However, the development of FCS also

covers the study of antenna coupling to the cavity, and an antenna development

which required a network analyzer (Anritsu 73769A). To characterize the feedback

of cavity at resonance, one can send and record a trackable signal to the cavity

from either a network analyzer or a spectrum analyzer with tracking function.

The observed parameter is the transmission or S21. On the contrary, the coupling

between probe/antenna and cavity can only be exploited by network analyzer

(spectrum analyzer does not record reflected signal) - observed parameter is the

peflection or S11. The coupling previously mentioned is handy in interpreting

the proportion of the injected signal sent into cavity or received from the cavity.

However, the spectrum analyzer is more efficient and has higher resolution in

recording transmission parameter. Hence the spectrum analyzer is used in the

science run of the WISPDMX. The network analyzer has advantage in recording

and analyzing the reflection parameter is adopted into the development of antenna.

In general, the FCS has two main developments depend on target parameter. Fig.

3.14 shows the schematic setup to measure transmission parameter (S21) and

reflection parameter (S11).

3.3.2 Transmission Parameter: Quality Factor and Reso-

nant Frequency Tracking

The setup of transmission measurement is: The sweep signal (at -20 dBm) is send

from spectrum analyzer (with tracking function) to the cavity. The response signal

is pickup by the magnetic loop antenna, amplified by amplifier chain, and sent to

the input of the spectrum analyzer. The spectrum analyzer collects 10 sweep-and-

record spectrums at the resonance with resolution of 300 Hz, then averaging and

exported into disk. Fig. 3.15 shows the output of the spectrum analyzer after at

each resonant mode.
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Figure 3.14: The general setup to measure transmission or reflection param-
eter. DUT is a technical term for Device Under Test, for WISPDMX, DUT is

the cavity-antenna complex.

The load quality factor -Q0- of the cavity range from 30000 to 70000 for different

resonant modes, the quality factor primarily depends on resistive skin losses of

the inner plating surface. The oscillating electric field of the resonance penetrates

copper wall, for a classical conductor at room temperature, the electrons behaves

classically, the penetrating depth is given by

δ =

√
2ρcopper

ωµcopper

(3.3)

with ω is the angular frequency of field (∼ 2π×108 Hz), ρcopper is the resistivity of

copper 1.68×10−8Ωm, and µcopper is the permeability of copper (1.26×10−6H/m).

At TM010 of the cavity at 208 MHz, skin effect depth is 4.5 µm while in higher

mode TM020 at 454 MHz, skin effect depth is 3.06 µm. The unload quality factor

at TM010 (208 MHz) can be estimated as:

Q0 ∼
µ0V

µcopperSδ208 Mhz

(3.4)

One can estimate the volume of cavity is 0.44m3 and total surface of ∼ 3.3m2.

The expected Q0 at room temperature is approximately ∼ 30000.
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Figure 3.15: The average spectrum output of four hidden photon sensi-
tive modes. From these spectrums, the quality factor is obtained by fitting
a Lorentzian function to sweep spectrum returned by the spectrum analyzer.

The quality factor could be obtained by several methods using the transmis-

sion measurement [111]: “3dB Method”, “Resonance Curve Area Method”, and

“Lorentzian Fit”. The Lorentzian Fit is chosen to calculate not only the quality

factor but also resonant frequency (f0). The power spectrum to frequency is fit to

a Lorentzian profile given by

P (f) =
A0

4
(
f
f0
− 1
)2

Q2 + 1
+ A1, (3.5)

where f0 and Q are resonant frequency and quality factor of the mode, A0 and A1

as maximum power and constant background of the field after excitation caused

by the sweep from spectrum analyzer. The curve fit is used to determine the value

of f0 and Q 2. This method is substantially more robust in presence of noise and

useful in a sense that the fit also returns resonant frequency which is an input for

“3dB Method”. The results from the fit have high accuracy and are very optimistic

due to many sweeping points and spectrum averaging function (as noise reducing)

2The Lorentzian function given in 3.5 which can be used to fit the power spectrum. While the
formula in [111] is used to fit the transmission parameter S21 output from a network analyzer.
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of the spectrum analyzer. Fig. 3.18 shows the Lorentzian profile fit perfecly to

the power spectrum of TM010 and TE111−1.
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Figure 3.16: Lorentzian Fit on the sweeping spectrum at TM010 and TE111−1

from Fig. 3.15.

Table 3.8: The resonant frequency and quality factor of four hidden photon
sensitive modes. The error from curve fit indicates high accuracy from the fit

function and clean power spectrum data.

Mode f0 (MHz) ∆f0 (Hz) Q ∆Q

TM010 207.992 0.38 46451.455 0.08

TE111-1 321.639 1.2 48693.477 0.23

TE111-2 322.688 1.01 51106.787 0.30

TM020 455.074 0.56 33955.64 0.05
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Transmission measurement using spectrum analyzer is the latest development of

FCS and currently applied in the science run of WISPDMX. The advantage of

this approach provides the WISPDMX the ability to track the smallest change in

the resonance frequency with high precision during the cavity tuning or under the

ambient environmental factors. At the moment of writing this thesis, there is no

downside on this setup apparently.

3.3.3 Reflection Parameter: Backbone of the Antenna Mea-

surement

The power built-up inside cavity emerges from the injection of signal via antenna

or, in the case of WISPDMX, the hidden photon is converted into electromagnetic

radiation and excited the cavity. The antenna coupling κ is a quantity need to

be determined or increased for higher sensitivity. The reflection parameter (S11)

provides a method of measuring the strength of coupling between the probe and

cavity’s field. The S11 is the backbone of antenna development, but there is

one point reader must take into concern that the noise generated by antenna or

the insertion format of the probe to the cavity also play important roles on the

endorsement of the antenna in a science run of WISPDMX. A noisy but high

coupled probe would not be referred over a quite one. The coupling state of

antenna with cavity allocated in three stage: under coupling (UC), critical coupling

(CC), and over coupling (OC). In the CC, the probe collects half the energy from

resonant mode and causes the broadening of resonant profile. In the language of

the S11, at CC, there is no reflection when a signal is sent to the antenna, and

antenna radiates full signal into cavity. The reciprocity symmetry ascertains the

same gain and frequency for both transmitting and receiving behavior. Hence

the CC state assures that the probe collects most of possible signal/energy from

cavity.
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Figure 3.17: The Lorentzian profiles of TM010 at Critical Coupling and Under
Coupling of the antenna.
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Figure 3.18: The reflection parameter S11 of TM010 at Critical Coupling and
Under Coupling of the antenna.

The coupling factor κ required to calculate the hidden photon and photon coupling

χ could be infered from here. The coupling factor has the maximum value of 0.5

at Critical Coupling (as the probe draws half of energy built-up inside cavity) and

equivalent to this, S11 must be close to 0. The coupling factor is given by

κ = 0.5× (1− S11). (3.6)
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The type of probe used in WISPDMX is the magnetic loop antenna. The signal

received by the antenna is enhanced if a higher magnetic flux flows through it.

The CST simulation output provides the magnetic field configuration so one could

obtain a geometrical position of probe for the higher sensitivity. Fig. 3.19 shows

the magnetic field lines of TM010 and TE111−2, the magnetic field lines of the TM010

and TE111−2’s are perpendicular and parallel with beam axis. If an antenna is fed

to cavity in the area indicated by the red box, and the loop’s plane is perpendicular

with the field line of TM010, the gain of the antenna for TM010 is larger than

the TE111−2. Hence, one can create a probe critical coupled with TM010 but

under coupled with TE111−2 and vice versa. This inconvenience results in multiple

sciences runs with different antenna setup.

Figure 3.19: The magnetic field configuration of TM010 and TE111−2. The
indicated red box is the region where antenna is fed into cavity. The magnetic
field lines in the red box of TM010 are perpendicular to beam axis while in other

modes, the magnetic field is parallel with the beam axis.

3.3.4 Antenna Design

There are three main developments for an optimal antenna of WISPDMX. Fig.

3.20 shows the three main antenna designs for WISPDMX experiment: AN-1,

AN-2, AN-3, and the antenna AN-0 is built to calibrate the 208 MHz cavity. Fig.

3.20 shows four representative antennas previously mentioned.

The AN-0 is the antenna arrived together with cavity, it is solid built and con-

nected to a the N-output flange which can be connected to the antenna port

preserved in the body of cavity. The antenna loop is made from cooper with

the diameter of 1.2cm, the end of the loop is grounded to the wall of the cavity.
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The AN-0 has the broadband coupling (homogeneous coupled with all over the

frequency) with the cavity. However, the geometrical shape of the AN-0 is a dis-

advantage of this antenna, which its loop does not fully position inside the cavity

(Fig. 3.22). The shallow length of antenna causes the decreasing of magnetic flux

and reduces the coupling of AN-0 antenna, notwithstanding the S11’s response is

moderately beneficial.

Figure 3.20: The four antennas used in the development of the WISPDMX:
AN-0, AN-1, AN-2, and AN-3.

The AN-1 is the first development of a magnetic loop antenna to increase κ.

The motivation of AN-1 is injecting the antenna deeper into the cavity to reach a

higher flux and obtain CC state. The AN-1 is created by tearing away the outer

insulation and metallic shield of a RG-59 coaxial cable, then the bare copper core
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is shaped into a loop and connected to the metallic shield to form a closed system.

The AN-1 locates itself at a deeper position than AN-0 and provide a higher signal

(from the sweeping of network analyzer).

Figure 3.21: The relative positons of the AN-0 and AN-1.

The AN-2 is the next development of AN-1, AN-2 is a composition of antennas

with each of them has different loop diameter. Notably, AN-2 is built with an

“antenna plunger”. One can inject the antenna into cavity and adjust either the

depth of antenna or the direction of the loop to approach CC state. The “antenna

plunger” has a flange to mount onto top port of the cavity.

Both of the AN-1 and AN-2 has a significant high coupling with resonances, but

unfortunately, these antennas result in a spectrum with high noise floor (Fig.

3.22). The source noise could arise from :

1. The self-generated noise from antenna: the metallic shield connection with

copper wire is fragile, small current travels through mesh wire could self-

radiate (as micro loop antennas) and increases the noise floor in multiple

frequencies.

2. The insertion method of the AN-1 and AN-2 is insecured and renders the

cavity unsealed under stray electromagnetic field. The structure of AN-1

and AN-2 is one of the foremost reason that increases noise floor.

The sealed mechanism of the AN-0 could prevent the stray field entering into

cavity. Furthermore, one can learn the structure of AN-0 to mimic the design of

the next antenna.

The AN-3 is the hybird of between AN-0 and AN-1. The loop is created from

the a copper wire and connected to the N-port-flange of AN-0. AN-3 provides
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Figure 3.22: The spectrum of AN-0 and AN-2. One can see that AN-2 in-
troduces into the power spectrum a significant amount of noise which decreases

the sensitivity of WISPDMX by a factor of 10.

a remarkable lower noise power spectrum but still maintain high coupling. The

AN-3’s loop stands on the base of AN-0 which optimally blocks stray field from

entering the cavity. Fig. 3.23 shows the power spectrum of AN-0 and AN-1 in

which AN-3 produces a same level noise floor as AN-0, the noise peaks at 200 MHz

is suspected to arise from the insecured connection between the loop and core of

AN-0 base.

The reflection parameter plays an important role during the antenna development.

However, noise performance of these antennas rejects several antenna designs from

being used in the WISPDMX experiment. The main antenna used in the first

science run is the AN-0. The principles of antenna design presented in this section

have laid a foundation for future development of a high coupling and low noise

antenna.

One can retrieve the κ of the AN-0 at the frequency below 500 MHz by measuring

the reflection parameter of the AN-0. The κ is calculated from the equation 3.6.

Fig. 3.24 shows the κ of the AN-0 to the frequency under 500 MHz.
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Figure 3.23: The power spectrum of AN-0 and AN-3. One can see the noise
floor is significant reduced.

Figure 3.24: The coupling of the AN-0 to the cavity to the frequency under
500 MHz.
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3.4 The Acquisition System

The acquisition system (AS) is the most important group of components which

acquiring the power spectrum of cavity’s field. The signal from the magnetic loop

antenna is amplified by two room temperature low noise amplifiers, WBA0105-

45R and WBA0105B, with a overall gain of 80dB, noise figure NF = 0.518 3.

After amplification, the signal is fed through a 1m coaxial cable to input of the

digitizer. The digitizer converts the analog voltage signal in the output to digital

sample with the sampling rate of 1GS/S4. After 10 seconds of acquisition, the

data is transfered to GPU for Fast Fourier Transform (FFT) at resolution of 50

Hz. The final sum spectrum is exported to hard drive for offline data analysing.

Diagram 3.25 presents the structure of AS.

Figure 3.25: The simplify diagram on the structure of the acquisition system.

3.4.1 The Central Signal Digitizer

An off-the-rack ADC has built-in memory and on-board FFT processor provides

direct output spectrum. From analog input signal to the final FFT power spec-

trum, the entire operation regularly follows three following steps:

1. Converting the analog signal to digital signal is the main function of an

ADC. The output samples stored in a memory buffer represents time-domain

evolution of the input signal. An acqusition with higher bit rate (BR) and

3The calculation of the noise figure is given in the Appendix A
4the prefix M and G denotes a factor of 106 and 109 respectively.
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sampling rate produces the smoother digital signal. The bit rate increases

SNR5 of the ADC given in the following formula: SNR = 6.02 BR + 1.76

dB.

2. Storing the buffer on device memory: the number of samples can be stored

proportional to memory size. A higher sampling rate fills device memory

faster.

3. Fast Fourier Transforming: the sample buffer in time-domain is transformed

into frequency-domain and constructs the frequency/power spectrum. The

CPU or FPGA board could perform transformation.

The common ADC in the market has three features built-in. However, the WIS-

PDMX’s requirement of a high-resolution broadband spectrum output demands

an essential upgrade from the common one to a tailored signal digitizer. WIS-

PDMX’s acquisition system has the Alazar ATS9360 modified by manufacturer

to stream the data directly to host memory which can store up to 20 GS with a

sampling rate of 1 GS/s (20 seconds of acquisition returns 40 GBytes of data).

Subsequently, data at the host memory is streamed to GPU. Inside GPU, the

CUDA-powered function prepares an extended buffer for FFT-CUDA. The FFT-

CUDA transforms the prepared buffer into frequency domain. Finally, a spectrum

stacking function sums the spectrums, returns it to host memory, and exported to

disk. The accelerated CUDA-FFT together with others CUDA-powered functions

are specialized in the intensive array manipulation which significantly reduces the

time of each process. The schematic diagram of the system is illustrated in Fig.

3.26. The introduction of GPU separates the traditional linear work managed by

host CPU into the parallel and repeated processes managed by GPU.

5The SNR of the ADC mentioned here is understand as the dynamic range of ADC
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Figure 3.26: Schematic Diagram of the acquisition system. The ADC converts
analog input signal into the digital signal at sampling rate of 1 GS/s. The sample
is streamed directly to host memory grid which is reformed into two memory
grids. Once the memory grid is filled, GPU starts getting data from memory

grid, assembles the sample arrays, FFT, and stacks the spectrums.

3.4.2 Output Data from ADC

At each acquisition, output data from the ADC (Alazar ATS9360) is streamed

continuously to host memory. In general, the output contains all of the physical

result embedded in the time domain samples. The data quality test is necessary

to ensure the physical input from streamed sample from ADC to host memory can

be reconstructed. The quality test contains three steps: 1) Send the input signal

from a Signal Generator to input port of ADC. 2) Acquire the raw data from ADC

and export into a independent binary file for later analyzing. 3) Recover time-

domain data from raw sample and transform into frequency domain to obtain the

spectrum of the input signal. The setup is given as follows:

1. A signal generator (Tektronix AFG 3252) sends a signal of at -10 dBm (or

200 mVolt peak-to-peak) 6 at the frequency of 1 MHz and 200 MHz to ADC

input port.

2. The Alazar takes 20 MS at the sampling rate of 1 GS/s, and the 12-bit

sample code is stored in the most significant bit of in 2-byte format. These

20 MS raw data are exported into a binary file.

3. Reconstruct raw data from the binary file into physical time-domain data,

then transform into frequency domain as voltage/power spectrum. The sig-

nal read from spectrum is compared with output of the signal generator.

6P = V 2

2×50Ω
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The input range of ADC is ±400 mV and covered in the full 16-bit sample value,

the data encoded inside the binary file has equivalent value for 400 mV and -400

mV are 216 − 1 and 0. Thus the physical value measured is proportional to the

16-bit value, conversion from direct output data to physical input given by

V =
16-bit value

216 − 1
× 0.8 Volt− 0.4 Volt (3.7)

The reconstructed input signal of each measurement is given in the left panel of

Fig. 3.27, the peak-to-peak amplitude of the 200 MHz signal is slightly lower than

200 mV caused by skin effect at a higher frequency while the amplitude at 1 MHz

shows more identical value with output from the signal generator. An oscilloscope

is connected to output side of the coaxial cable to measure the amplitude and

power of the actual input which the ADC records, given in Table 3.9.

Table 3.9: The value of actual input recorded by ADC from a 200 mVpp from
a signal generator. The skin effect at high frequency causes the power decline
during transmission from signal generator’s output to input port of ADC/Oscil-

loscope.

Frequencies 1 MHz 200 MHz

Mean (mVpp) 196.109 183.3

Min (mVpp) 192.7 180.7

Max (mVpp) 198.4 193.2

σ (µVpp) 699.2 772

Equivalent Power 9.613 · 10−5 W 8.4 · 10−5 W

The Fourier transform is applied to the time-domain data to recover the power of

test signals. The result is given in the right panel of Fig. 3.27. The powers read at

the designated frequency are 9.722 · 10−5Watt and 8.55 · 10−5Watt for a signal of

1 MHz and 200 MHz respective. The slight aberrations in the results (Table 3.9)

is caused by the loss from cables and ports at the inputs of oscilloscope or ADC.
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(a) Left The time domain and Right Frequency domain signal of 1 MHz signal at -10
dBm (10−4 Watt) power.
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(b) Left The time domain and Right Frequency domain signal of 200 MHz signal at
-10 dBm (10−4 Watt) power. The signal at high frequency losts their sinodial shape due

to the low sampling rate.

Figure 3.27: The time domain output from the ADC is transformed into
frequency domain as a power spectrum to inspect the quality of raw signal.

Despite of slight contrary, the raw output data from ADC has a good agreement

with input signal and retains the physical characteristic of input. The test with

input signal from a signal generator confirms the output data from ADC is well

maintained before hitting GPU for parallel processing acceleration.

3.4.3 Data Handling Process

There are two main algorithms adopted to create the high-efficiency signal dig-

itizer: large memory grid allocation and multi-threading. The massive memory

grid is designed to stream the largest sample chunk possible (10MS) from the

ADC to a buffer element of a memory grid. A grid of memory comprises of 1000

buffers takes up to 20GBytes of memory, which are equivalent to 10 seconds of

acquisition. The program allocates two memory grid to optimize with the multi-

threading programming. The threading is created to have one thread managing

the ADC while the other handling the GPU, thread communication ensures the

two threads can synchronize perfectly after any event finished in one thread. On
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the memory management, the two thread share host memory for output storage

of thread-I and input source of thread-II. In conclusion, the first thread (thread-I)

administrates ADC and write data to memory, while the other thread (thread-II)

waits and copies data from a memory grid filled from the first thread.

Fig. 3.28 presents the flow of data from ADC to host memory grid, and after-

ward to GPU for three 10-second-acquisition of AS before the ignition of acquisi-

tion, thread-I allocates two memory grid (Grid-I and Grid-II), and thread-II like-

wise starts the memory allocations in GPU. In the algorithm analysis below, the

two bullet points of each acquisition present status of two thread simultaneously

(graphical presentation given in Fig. 3.28).

1. First Acquisition

• Thread-I: The ADC is having the analog input signal into digitized

sample, sending a chunk of 10MS to Grid-I. The process takes approx-

imately 10.01 seconds.

• Thread-II: The thread and GPU are in idle mode, waiting for the first

memory grid (Grid-I) to be filled.

2. Second Acquisition:

• Thread-I: The ADC takes the new batch of data and fills the Grid-II.

Before starting the second acquisition, thread-I has alerted thread-II

via thread communication.

• Thread-II: The buffer from the Grid-I is being copied to GPU. Until the

final stack spectrum is exported, the total time is less than 4 seconds.

The time break down is presented in Appendix B. After exporting the

stack spectrum, the thread goes back to idle mode waiting for alert

from thread-I.

3. Third Acquisition:

• Thread-I: The ADC sends the sample directly and writes over Grid-I.

Before starting the third acquisition, thread-I has alerted thread-II via

thread communication.

• Thread-II: After getting alerted by thread-I, thread-II, again, performs

a similar task to the previous acquisition, but input data streamed from

Grid-II.
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(a) The First Acquisiton.

(b) The Second Acquisition.

(c) The Third Acquisition.

Figure 3.28: The graphical representation on the application of multi-
threading and memory management for the AS.

As one can see, the manipulation of the multi-threading and memory management

has greatly increased the performance of the whole system with the starting point

of a linear system. From an off-the-rack ADC, the ADC was revamped and tailored

to a high-efficiency and approach a real-time system if one can get rid of the

initialization process of ADC in each acquisition.

3.4.4 The GPU Acceleration

The combination of the ADC at a high sampling rate and GPU to yield a high-

resolution broadband spectrum is unique. The acceleration is not solely from

the multi-threading but also the advantages of the GPU. The Nvidia CUDA is
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a parallel computing platform and programming model that enables a dramatic

boost in computing performance. In the CUDA environment, a function must be

initiated to divide the task and instruct thousand of CUDA cores, harnessing the

parallelization computing power. In previous section, one has seen that thread-II

transfers the samples from memory grids to GPU, after this step, it is necessary

to decide the length of the FFT input. Depending on the designated resolution,

the number of sample as an input for FFT must possess a particular length given

by the formula:

∆f =
fS
N
, (3.8)

with fS is the sampling rate, N is the number of samples. Therefore the sampling

rate of 1 GS/S allows WISPDMX cover broadband range of 500 MHz. A 50 Hz to

10 Hz spectrum resolution requires an input of 20 MS to 100 MS. A more extended

buffer can be constructed by accumulating multiple and sequential sample chunks.

Fig. 3.29 shows the function “Buffer Assembling” creating a 20 MS buffer from

two 10 MS chunks. The function instructs each CUDA core performs a “simple

task” of copying samples from the chunks to the accumulating buffer.

Figure 3.29: The algorithm chart of the processes in the GPU. There are three
main CUDA-powered functions: The Buffer Assembling Function, CUDA-FFT

Function, and The Spectrum Stacking Function.

After the assembling, the accumulated buffer is ready for transformation to fre-

quency domain. The CUDA Fast Fourier Transform library (CUDA-FFT) pro-

vides the GPU-accelerated FFT implementations that perform up to 10-20 times

faster than CPU-only alternatives. The CUDA-FFT transforms individually the

expanded buffer into 10MC spectrums, as shown in Fig. 3.29 as the “CUDA-FFT

Function”.

Finally, the spectrums returned from CUDA-FFT are summed to form a stacked
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one. The summing of multiple 10 MC arrays is a cumbersome task for a tradi-

tional CPU-based computation but simple for the GPU-type one. The function

“Spectrum Stacking” (shown in Fig. 3.29) instructs the CUDA core to sum the

value at the corresponding index from multiple spectrum. The stacked spectrum

which contains the spectral information from input memory grid is exported to

host-memory and saved to hard disk and ready for off-line analysing and signal

scan. At this point, the full cycle of signal digitizer is completed and takes approx-

imately 4.02 seconds (at conditions of 10 second acquisition and ∆f = 50 Hz). A

reader can reference Appendix B for the time break down of each GPU processes.

3.5 From Stacked Spectrum to Noise Reduction.

A radio receiver which is used to measure the average power of the noise com-

ing from a radio telescope in a distinct frequency range is called a radiometer.

The structure of WISPDMX receving system consists of a probe and acquisition

system resembles a radiometer apparatus. The noise voltage recorded has zero

mean and varies randomly on the short timescales. However, the noise power is

always greater than zero and decreases when it is averaged over much longer times.

The averaging of a considerable number of spectrums decreases the noise power

following the Dicke Radiometry Equation:

σaverage =
σsingle√
N

, (3.9)

with σsingle, σaverage are the noise power from a single spectrum and averaged spec-

trum respectively, and N is the number of single spectrums averaged. The Dicke

Radiometry Equation can be applied to treat the noise in either time-domain (zero

mean noise) and frequency domain. The averaged spectrum could be retrieved by

dividing the stacked spectrum by the number of single spectrums. Hence the noise

power of the average spectrum is
√
N times lower than a single one. This is the

main reason why the central signal digitizer of WISPDMX prefers to collects and

stack multiple single spectrum for a lower noise in averaged spectrum. Fig. 3.30

shows the noise from a single spectrum, along with the averaged spectrums from

averaging 100 and 500 single spectrums. One can see that the averaged noise floor

decreases significantly by the averaging.



Chapter III. On WISPDMX - The Hidden Photon Detector 71

Figure 3.30: The power spectrum from a Single Spectrum, and two Averaged
Spectrums created by averaging 100 and 500 Single Spectrums.

The noise power follows the Gaussian distribution. However, the noise distribution

of a single spectrum has a long tail on the left due to the ADC quantization

processes. This noise tail is eliminated during the averaging process, and noise

power of averaged spectrum follows the Gaussian distribution nicely. Fig. 3.31

shows the distribution of the noise power of channels located within the range of

290 - 300 MHz. The noise power from averaging 100 and 500 single spectrums are

σ100 = 1.36×10−12 Watt and σ500 = 6.096×10−13 Watt respectively. The fraction

σ100/σ500 ∼
√

5 follows equation 3.9.

WISPDMX does not only search for the hidden photon signal in the interest res-

onance but also the off-resonance and characterizes this frequency range. The

spectrum of WISPDMX is a broadband spectrum with a range from approxi-

mately 0 Hz to 500 MHz, and with a resolution of 50 Hz or 10 Hz decides a single

spectrum is 40 MBytes or 200 MBytes7. A science run of WISPDMX takes 22000

acquisitions, and at a current state of digitizing PC machine, storing a large num-

ber of high resolution spectrum is not efficient. Hence WISPDMX is limited to

7Table B.1 shows the results from several acquisition configuration is given in Appendix B.
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Figure 3.31: The noise distribution of the two spectrums obtained by averag-
ing 100 and 500 independent single spectrums.

the frequency resolution of 50Hz, and an output spectrum is averaged from 500

single spectrums.

3.6 WISPDMX Data Taking

The designs and structures of the three main component groups have been pre-

sented. The final touch is to put these systems together to form the final apparatus

ready for a science run. However, there is an important feature need to be pre-

sented. As mentioned in the previous section, one can see that FCS and AS use

the same antenna and amplifier chain. Thus they share mutual output from the

amplifier, a radio switch is added to alter the destination of the signal to ADC

input of AS or spectrum analyzer input of FCS. There is an additional radio switch

to cancel out the possible signal from the output of spectrum analyzer which could

contaminate the cavity field. The control of three component system is assigned

between two PC: an acquisition PC is the host system of AS, while other PC is

managing MS, FCS, and radio switches. During the science run, after AS acquires

data, MS tune the plunger to a new depth and the AS starts a new acqusition.

In previous section, the cavity tuning shifts the resonant frequency to a new value

which is tracked by FCS. During the science run, FCS extracts the resonant fre-

quency fi and Q after a determined number of AS and MS run. The outputs of

FCS and AS are stored into local hard drive and available for the offline signal scan

and analyzing. Fig. 3.32 shows the grand structure of the three system previously

mentioned. The executive module shows the recurrent loop of the first science run:
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an FCS run after ten AS-MS iterations with MS tuning step-size of 10 microns,

thus the FCS’s step-size is 100 microns. By interpolation, the fi and Q can be

retrieved and field information on the resonances for each acquisition is obtained.

Figure 3.32: The final setup with the combination of the three system: MS,
FCS, and MS.

Most of the electronic components in MS and FCS are routed back into a Windows

desktop and controlled by the Labview. The Labview provides a wide variety

of port communication library (GPIB, VISA, USB and Serial Communication),

and smooth connections to multiple devices simultaneously. The Labview visual

programming language is used to build the commanding and data handling VI

for each device, these VIs are deployed into the central experiment controller.

The central experiment controller in Labview not only includes most of the VIs

developed for MS and FCS, but also establish the connection via TCP-IP with the

Acquisition PC where the commands for each event are sent from thread-I. Fig.

3.33 shows the panel central experiment controler.
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Figure 3.33: The panel of WISPDMX’s central experiment controller. The
Labview-programmed interface controls most of the electrical devices of the MS

and FCS.

In conclusion, the three main component systems of WISPDMX and their related

components have been created and developed. The final apparatus is ready for a

science run and search for hidden photon signal. The development also results in

a set of foundations for future development (antenna, central signal digitizer).



Chapter 4

The First Science Run of

WISPDMX and Analysis

Abstract

The content of this chapter is about the data analysis techniques for detecting a

hidden photon signal on- and off-resonance. The scan and analysis use the data

taken from 23rd October 2017 to 2nd November 2017, as known as the first

science run. The acquisition setup of the first science run is described in the first

section. The second section will present the spectrum and noise characterization.

The final section will discuss the scanning algorithm at on- and off-resonance

regions of the single-acquisition spectrum and averaged spectrum from the first

science run.

4.1 Dataset

The data used for the analysis and signal scan in this chapter are from the first

science run of WISPDMX. The run was taken from 23rd October 2017 to 2nd

November 2017 and contains a total of 22000 spectra. The first science run lasted

for ten days, with 8 secondary runs, each comprise 2000 or 3000 acquisitions, the

total acquisition time is 22000× 10 seconds (2.46 days). The off acquisition time

(∼ 7 days) is spent for multiple activities: retake a secondary run because of

a memory jam in the ADC, time for FCS and MS executions, electronic switch

75
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operation, and break between two secondary runs. Each spectrum represents 10

seconds of acquisition at the sampling rate of 1 GS/S which leaves the broadband

spectrum covering a range from 0 Hz to 500 MHz at a FFT resolution of 50 Hz

for each channel.

On the first science run, WISPDMX was set at the controlled room temperature of

(20±1)oC. The step-size of the plunger is 10 µm with the tuning range from 0 mm

to 110 mm. The signal from the cavity is picked up by the magnetic loop antenna

AN-0, amplified with a factor of 80 dB before being recorded by the central

signal digitizer. The FCS tracks the four hidden photon sensitive modes (TM010,

TE111−1, TE111−2, and TM020) after every ten acquisitoion-mechanical runs. The

dataset also contains 22000 spectra from AS, 2200×4 frequency calibration spectra

from the FSC, and a log file that records events that occur during the science runs.

Table 4.1 show the concise details on the setup of the first science run.

Table 4.1: General information on the first science run of WISPDMX.

Information on the first science run

Name Value

Duration 23rd Oct - 2nd Nov 2017

Acquisition time 61.11 hours

Secondary run 8 runs

Sampling rate 1 GS/s

Time per acquisition 10 seconds

Output resolution 50 Hz

Lab’s temperature (20± 1)o C

Plunger range 0mm - 110mm

Plunger step size 10µm

Table 4.2: The dataset of the first science run.

Spectral Dataset from first science run

Origin No. of Files Format Size Structure

AS 22000 Binary 40 MB Header (String of 100 kB) + Data (107 Floats)

FCS 2200× 4 CSV 11.5 kB Frequency (500 Floats) + Power (500 Floats)
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4.2 Data Processing

The processing and analysis of data are done using Python2.7+Scipy+Numpy+Pandas,

the Scipy provides the statistical tools for the analyzing while Numpy+Pandas

supports large array manipulation and calculation. WISPDMX does not follow

any package for signal analysis, any new function is created for the purpose of

each analyzing step. As mentioned in the previous section, the dataset contains

two type of data (Table 4.2):

1. The broadband spectrum from the AS which has a high resolution where

the signal scan is applied. The broadband spectrum is stored in the binary

format with the structure of first 100-byte header, which contains the date

and time of the acquisition, and 4×107 bytes of the 107 float numbers stands

107 channels of the spectrum.

2. The narrowband spectrum from the FCS which can be used to identify the

resonant frequencies and quality factor (fi, Qi). The spectrum contains two

arrays: an array provides the frequency channels and the other provides the

power recorded by the spectrum analyzer on the equivalent channel.

The data processing prepares inputs for the signal scan, which are: the 107-channel

spectrum from the AS ,and the resonant frequencies and quality factor (fi, Qi) of

the four hidden photon sensitive modes of the acquisition where the broadband

spectrum was acquired.

The extraction of (fi, Qi) from FCS’s data has been mentioned in section 3.3.1

by fitting a Lorentzian function to the sweep spectrum exported from spectrum

analyzer. With 2200 FCS executions in the first science run, there are a total of

2200 × 4 sweep spectra. After fitting the Lorentzian function to each spectrum

and extracted fi, Qi of the resonances, one can follow the progression of fi and

Qi during the tuning. Fig. 4.1 and Fig. 4.2 shows the variation of the fi and Qi

during the tuning of plunger-I. In Fig. 4.1 one can observe the overshoot values

from the smooth frequency curve of each mode. The ground mode TM010 is the

most stable so one can see that the growth of the resonant frequency and quality

factor are relatively steady. On the other hand, the other three higher modes have

their field highly sensitive with the tuning, and at a particular plungers positions,

their magnetic field turns out to be weaker or parallel with the probe’s plane, the
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Figure 4.1: The evolution of resonant frequency (fi) of TM010, TE111−1,
TE111−2, and TM020. One can easily notice the overshot values during the evo-
lution of the resonant frequeny, these values are also equivalent with the drop
and high variation of quality factor in Fig. 4.2. These values are hightlighted

for later treatment.

probe AN-0 could not pick up the magnetic fields related to these modes. As a

consequence, the Lorentzian line could become more shallow and buried under

the noise floor. The fit will not be efficient and return an incompatible (fi, Qi) in

comparison with local values.

The treatment is blacklisting the resonant values at their equivalent plunger po-

sitions and neglecting them in the signal scan on the spectrum recorded by the

AS, e.g., the mode TE111−2 is blacklisted at the plunger-I’s positions of 72-75 mm.

The spectrum recorded by the AS at this depth could be used to scan the signal

at the other three resonant modes but TE111−2 is ignored.
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Figure 4.2: The evolution of the quality factor (Qi) of TM010, TE111−1,
TE111−2, and TM020.

Following the filtering of unrecognized resonant modes, the linear-interpolation is

performed to obtain equivalent frequency and quality factor of the modes at the

step-size of 10 microns. After this step, the information of the resonances in the

spectrum at any position of the plungers could be retrieved.

4.3 Spectrum Characterization

Before starting the signal scan, it is useful to learn about some important details

and issues of the spectrum from the acquisition. From now on, the term “single

spectrum” stands for the 10 seconds worth of data from a single acquisition, while

the “averaged spectrum” is obtained by averaging 22000 spectra from the first

science run. Each type of spectrum carries diffrent which would be the object of

each subsection.
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4.3.1 Single Spectrum

Each single spectrum of the first science run of WISPDMX shows the same power

level and distortion. Fig. 4.3 shows the spectrum of the first and the last ac-

quisition (top and middle figure), and the stacked image of 50 spectra randomly

picked from the 22000 spectra. Instead of the expected smooth thermal noise filled

spectrum, there are several noise peaks distributed in the spectrum, and together

the distortion from the 0-200 MHz is orginated from the amplifier which is most

effective from the range 200-500 MHz. The noise peaks are suspected to origi-

nate from the electronic devices (amplifier, broken cable, radio switches) and the

stray field penetrates the cavity (although the cavity is already heavily shielded)

and the amplifier. Fortunately, most of the noise peaks appear off-resonance and

cover multiple channels contrary with the possible shape of the signal (narrower

or wider). These noise peaks disappear with an optimal setup of better shielding

and transmitting cable.

The frequency ranges where the resonance resides are the most interesting regions,

since they have the highest sensitivity to the hidden photon. The composite

spectrum of the three regions are shown in the Fig. 4.4, Fig. 4.5, and Fig. 4.6

equivalent with the region of TM010, TE111−1, TE111−2, and TM020 respectively.

On the region of twin mode TE111 and TM010, the noise is homogeneous and

histogram of each channel show the smooth noise form following the Gaussian

distribution as expected from thermal noise (Fig. 4.7 and Fig. 4.8). However,

in the region of the ground mode TM010, there is a mild level of stray field that

leaked into the cavity (or electronic noise). Fig. 4.4 shows the heat map of the

power spectra of 3000 acquisitions in the frequency band from 207 MHz to 209

MHz (a total of 40000 channels). The power level of the frequency band 207-208.5

MHz is mildly higher than the 208.5-209 MHz band, this is the stray field that

leaked into the cavity. The stray field noise follows the Gaussian distribution and

similar level of power to the thermal noise (208.5-209 MHz band) as shown in Fig.

4.9 at two frequency channels of 207.5 MHz and 208.9 MHz. Fig. 4.10 shows the

histrograms of 40000 channels collected from 3000 spectrum. At a certain degree,

one can treat the stray noise as the thermal noise during the signal scan.

The signal scan on the single spectrum is split into two scans: on- and off-resonance

scan. The region where the on-resonance scan is active has been discussed, and

they are relatively smooth and undisturbed by the electronic noise or stray field
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Figure 4.3: Top: the spectrum from the first acquisition, Middle: the single
spectrum from the final acquisition, and Bottom: the stacked image of 50 single
spectrum (randomly picked from 22000 spectra). The bottom image shows the
wavy pattern identical with spectrum’s shape of the top one. The black box

highlights the frequency range where the spectrum has high distortion.
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Figure 4.4: The composite power spectrum of 3000 acquisition in the fre-
quency band 207-209 MHz. One can see that the frequency band of 207-208.5
MHz mildly higher power than the 208.5-209 MHz band, this is the stray field
that leaked into the cavity. The stray field will become significant in the aver-
aged spectrum from multiple acquisitions, which the averaging process reduces

the thermal noise significantly.

Figure 4.5: The composite power spectrum of 3000 acquisition in the fre-
quency band 316.478-323.196 MHz equivalent with 134360 channels.
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Figure 4.6: The composite power spectrum of 3000 acquisition in the fre-
quency band 455.074-458.868 MHz equivalent with 75880 channels.

Figure 4.7: The heat map of 134360 channel histogram, collected in 3000
spectrum and in the range of 316.478-323.196 MHz.
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Figure 4.8: The heat map of 75880 channel histogram, collected in 3000 spec-
trum and in the range of 455.074-458.868 MHz.

Figure 4.9: The distribution of thermal noise (channel at 208.9 MHz) and
the stray field noise (channel at 207.5 MHz) with their equivalent Gaussian fit.
Either noise types follow the Gaussian distribution. To some extent, one can
treat the wideband Gaussian-like noise as the thermal noise during the scan for

the signal.
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Figure 4.10: The heat map of 40000 channel histograms, collected in 3000
spectrum and in the range of 207-209 MHz. The stray noise band shows a mild
different to the thermal noise band which follows the Gaussian distribution. Fig.

4.9 shows two slides at the channel of 207.5 MHz and 209 MHz.

with the ground mode is an exception. However, the stray noise field level at the

ground mode is similar and shares a same properties with the thermal noise so

one can apply the same scanning algorithm on the ground mode.

The off-resonance scan focus on the off-resonance region, which is broad, noisy

and distorted. The distortion of the noise under 200 MHz can be simply solved

by fitting a polynomial function and then flatten the spectrum. The noise, which

is electronic noise and stray field noise, can be cataloged into two types:

1. Noise band: this noise spreads over a wide frequency band, and several

high peaks distributed evenly along the band. Fig. 4.11a shows the typical

noise band in the spectrum which covers a wide band of frequency and has

significantly higher power than the local thermal noise. Fig. 4.11b shows

another type of noise band which shows peaks with equal distance. This

type of noise band usually has the base of dense noise similar to the one in

4.11a but buried under the thermal noise.

2. Noise peak: a single noise peak which can be mistaken for a signal. However,

the width of the peak is broader or narrower than the allowed signal width

of hidden photon particles in the region (mentioned in section 2.4). Fig.

4.11a shows a single noise peak which spreads over a high number of channel
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width in the region where the signal shape should be narrow, e.g., the one

in the figure spans 20 bins in the region only allows 2-channel signal width.

In the contrary with broad noise peak, there is a type a single noise peak

which spreads over a narrow channel width in the region where the signal

shape should be wider. The one in the Fig. 4.11d spans five bins in the

region allows 10-channel signal width. However, this narrow noise peak

can become a signal candidate on the averaged spectrum, the thermal noise

reducing from the averaging process could reveal the broader base of the

noise and tackle more channel to become a signal candidate.

(a) (b)

(c) (d)

Figure 4.11: The two type of noise which can be found in the off-resonance
region in the spectrum.

4.3.2 Averaged Spectrum

The averaged spectrum is generated from the 22000 single spectrum. The thermal

noise floor is reduced with the factor of
√

22000 and reveals a tremendous amount

of sub-structure buried under the single spectrum’s noise floor. Fig. 4.12 shows
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the averaged spectrum and the single spectrum over the full frequency range from

0 to 500 MHz, one can see that there is the surging of the in number of peaks and

sub-structure distributed in the averaged spectrum.

Figure 4.12: The single spectrum in comparison with the averaged spectrum.

In the averaged spectrum, the resonance regions suffer from the “new noise” where

the new noise floor appears and contaminates these regions. In the ground mode,

the stray field noise at 207-208.5 MHz becomes more visible than the single spec-

trum level (Fig. 4.13), similar to the TM020 where the noise contaminates 2/3 of

the band shown in Fig. 4.14. Fortunately, the twin mode TE111 is is almost noise

free and shows no sub noise structure (Fig. 4.15).
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Figure 4.13: The region of the TM020. The averaging process makes the stray
field noise become more visible than in a single spectrum.

Figure 4.14: The region of the TM020. A sub-noise-struture is revealed
through the averaging process and contaminates 2/3 of the region.
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Figure 4.15: The single spectrum in compare with the averaged spectrum.
This region is smooth and does not contain much of the stray and electronic

noise.

4.4 Signal Scan

4.4.1 Signal Scan on a Single Acqusition Spectrum

The signal scan presented here is a single channel under the assumption that the

the hidden photon signal is concentrated. In the case of a signal that spread on

many channels in which the hidden photon at a higher mass range covers multi-

ple channels. One strategy of multiple channel scan is selecting the consecutive

channels with each of them has high significance level. The consecutive channels

condition is a strong cut and effective in filtering out the stray or electronic noise.

4.4.1.1 Resonance Signal Scan

The resonant signal scan is limited in the tuning range of the four resonant modes

(TM010, TE111−1, TE111−2, and TM020) with the information of the resonance given

by the FCS. The scan of the signal follows primarily three steps:
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1. Choosing a Region of Interest (ROI) which is centered at the position of the

resonance and the width of 100 kHz ROI = {fi− 50 kHz, fi + 50 kHz}. The

significance level is given by

S =
P1 channel − µROI

σROI

, (4.1)

with µROI and σROI are the mean power and noise power of the ROI. If the

power excess in a channel (within the ROI) provides a S > 3, the channel is

recorded and become a level-I signal candidate.

2. If any of the level-I signal candidates is located in the area of central reso-

nance which is much narrower than the ROI ({fi− 10kHz, fi + 10kHz}), the

channel becomes a level-II candidate signal.

3. Tracking the position of the level-II candidate signal in multiple consecutive

spectra: The channel’s position of the candidate signal must reside in the

same channel with the allowed range of 3 channels. E.g., a level 2 candidate

signal is located in the channel 1000 of the first spectrum scan, if this can-

didate is found in the next three spectra within the bin 997 to 1003. This

signal will become level-III signal candidate.

The level-III signal candidates are inspected manually by testing the expected vari-

ation of the amplitude during the tuning. In the haloscope experiment, the hidden

photon signal is amplified by a Q factor at the resonant frequency. The tuning

of the cavity shifts the resonances to another resonant frequency, in this scenario,

the signal’s amplitude decreases. Vice versa, a signal amplitude will increase if

the resonance approaches its position. Hence, the level-III signal candidate must

vary concerning the distance between itself and the resonant peaks. Fig. 4.16

shows the illustration of the evolution of the hidden photon signal by the relative

position between the signal and the resonant frequency. The amplitude decreases

when the resonance moves to a new frequency range which caused by the cavity

tuning.

4.4.1.2 Off-Resonance Signal Scan

WISPDMX is the only haloscope experiment that is acquiring broadband spectra

which cover not only the resonant range where the hidden photon signal is strongest
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Figure 4.16: An illustration of the hidden photon signal’s amplitude inside the
resonant region. The point indicates the amplitude of the signal and different
color represents the different state where the position of the resonant frequency.
One can see that with the hidden photon amplitude is highest if they are in the
center of the resonance and decrease if the resonant shifting to another position

by the cavity tuning.

but also could be used to constrain the off-resonance hidden photon sensitivity.

The off-resonant range covers a much larger band than the resonance scan, with

a total range of 488.4 MHz. One important feature of the off-resonance signal

is: the hidden photon signal must attain the same amplitude for every spectrum

even with the shifting of resonance during cavity tuning, which is contrary to the

behavior of the signal in resonance.

The full spectrum is separated into smaller bands with a width of 1 MHz. Due

to the decrease of the amplification profile of the amplifier chain under 200 MHz,

the power spectrum below 200 MHz has a steep background. Hence, before the

signal search one must flatten the band by fitting a first-order polynomial function

to the spectrum, the fitting function corresponds to the average power spectrum

of each channel which follows a steep background. Fig. 4.17 shows a spectrum

where the noise power is over the flatten background. The signal scan algorithm

is defines as follows:

1. From a single acquisition spectrum. The signal candidate is the channel with

S > 2. The position of the signal candidate is recorded into a candidate
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Figure 4.17: The flatting process to treat an uneven spectrum band. The
band’s width is chosen to have the flattening line is the first order polynomial

function.
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counting table which given a value “1” if in that channel S > 2 or “0” is

S < 2.

2. Repeat the previous step with 22000 spectra. However, after each spectrum

scan, the candidate counting table is accumulated into the stacked counting

table. The stacked counting table records the channels with S > 2. At the

significance of two sigmas, the false alarm rate is 1 of 20. Hence a thermal

noise channel should produce at least 1100 counts in 22000 spectra. If the

number of counts in a channel is higher than 1100, one can assure that the

source that causes the surging has the distribution with the mean greater

than the thermal noise which could be signal or stray and electronic noise.

One can expect that after the two previous steps, the number of single channel

candidates would be numerous. It is better to apply the multi channel search on

these single channel candidates. One can restrict the condition for the signal to

satisfy the linewidth’s requirement expected from equivalent frequency range, e.g.,

from the range of 0-59.059 MHz, the hidden photon line width is limited in one

channel. If two or more consecutive channels have high significance, these channels

are rejected. A similar method applies for the range of 467.967-500 MHz, where

the line width spans over 12 channels, one can reject the candidate if its span

is less or more than 12 channels. A conditional function for the signal could be

fomulat as follow

ncandidate =

6= nHP(f) → reject

= nHP(f) → accepted as a strong signal candidate
, (4.2)

with ncandidate is the width of the candidates, nHP(f) is the linewidth of the hidden

photon signal equivalent with the frequency range (given in Table 2.1).

4.4.2 The Scan on the Averaged Spectrum

For the reason that the averaged spectrum has the thermal noise reduced with the

factor of
√

22000 and contains complex sub-structure which has been exhibited in

section 4.3.2. The algorithm used in the single spectrum scan becomes impracti-

cal because the averaged spectrum is unique and does not permit cross spectrum

comparison. The single channel scan would return a large number of single chan-

nels which has the significance level larger than 5 (S > 5). It is better to use the
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single channel scan on the resonant regions where the noise floor is much milder

and smoother than the off-resonant region. The multiple channel scan would be

more practical to search for the signal candidate with the tight condition of the

line width. The signal scan is given as follows:

1. Single channel search: similar to the off-resonance scan. The list of single

channel candidates is retrieved after spectrum flattening and application of

the significance level threshold on each channel. With the list of candidates,

one could constrain the on-resonance regions if the candiate is located in

the stray or electronic noise area or the candidate belongs to the wide noise

peak.

2. The multiple channel search is similar to the one mentioned in section 4.4.1.2

with the condition given by the equation 4.2.

In conclusion, the signal scan on the averaged spectrum shares many mutual fea-

tures from the on- and off-resonance scan algorithm at single spectrum level. How-

ever, the scan on the level of the averaged spectrum would return a large set of

candidates because there are no other spectra to compare. Lastly, throughout the

presentation on the signal scan’s algorithm, one can see that the signal linewidth

conditions is a strong cut to filter out the bad candidates.



Chapter 5

Result from the First Science Run

Abstract

This chapter will present the result from the signal scan of the first science run.

The first section will show the detectable power of the WISPDMX in the first

science run. The second section will show the result of the signal scan, and the

final section will present the exclusion limit generation from the result of the first

science run.

5.1 Detectable Power, Noise Power

The signal from the antenna before arriving to the central digitizer is amplified by

the amplifier chain with the amplification factor of ∼ 80 dB. The power output

Poutput(f) of the cavity picked up by the antenna can be retrieved by the following

equation:

Poutput(f) = P (f)× 10−g(f)/10, (5.1)

where g(f) is the amplification factor of the amplifier chain as a function of fre-

quency (Fig. 5.1), P (f) is the power in the bandwidth of 50 Hz. With the

given amplification factor, one can calculate the lowest power detectable of WIS-

PDMX at two level: single spectrum and averaged spectrum. With the current

WISPDMX’s setup for the first science run, even without cooling, the detectable

95
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Figure 5.1: Amplification factor of the amplifier chain.

Figure 5.2: The lowest detectable power of WISPDMX with the setup of the
first science run.
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Figure 5.3: The noise power of the single spectrum and averaged spectrum in
the bandwidth of 50 Hz.

power is 10−19 − 10−18 Watt. The noise power σsingle of the single spectrum is

calculated by averaging the noise spectrum of each single spectrum from dataset,

while the noise power of the averaged spectrum σaveraged is calculated from the

σsingle by:

σaveraged =
σsingle√
22000

. (5.2)

The noise power at the level of the single spectrum and averaged spectrum are

∼ 8 × 10−19 Watt and ∼ 5 × 10−22 Watt. Fig. 5.2 and Fig. 5.3 show the

lowest detectable power level and the noise power level of the single spectrum and

averaged spectrum. One can see that at the level of single spectrum the effective

system temperature is ∼ 30 Kelvin while the averaged spectrum has the effective

temperature of ∼ 0.3 Kelvin.

5.2 Result from Single Spectrum Scan

On the single channel scan at the resonances of four hidden photon sensitive modes

(TM010, TE111−1, TE111−2, and TM020) with the equivalent mass range are: 0.8602-

0.86461 µeV, 1.3088-1.3358 µeV, 1.8820-1.8977 µeV. The number of level-I signal
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candidates with significance level larger than 3 (S > 3) is approximately 5 to 8

candidates in the ROI of 100 kHz. At the level-II test, all of these candidates are

located outside the region of the resonance (20 kHz).

However, the level-III test is extended to the level-I candidates. To pass the

level-III test, in a consecutive spectra and at the region of 6 channels around the

frequency of the candidates, there must be a channel which has high significance.

The result is negative for all of the candidates, in the consecutive spectrums, these

candidates show the significance level lower than three S < 3 in the expected

region.

On the multiple channel scan for hidden photon signal with linewidth, the 5-

channel scan is apply for the TM010, 8-channel on the twin modes TE111, and

11-channel on the TM020. On every single scan, there are no consecutive channels

which have a significance level larger than two. In conclusion, there is no detection

in the region of the resonance above the level of 2σsingle.

In the off-resonance search, the counting table exported from the scan of 22000

spectra gives a total of 72724 single channels which give the count larger than 1100

(including the resonant region). The signal width condition is applied to detect

the consecutive channels and reduces the total candidates down to 1439 which

cover 3523 channels. Table 5.1 shows the number of candidates in their respective

frequency range.

Table 5.1: The candidates from the off-resonance search at single spectrum
level with the condition of signal linewidth.

No. of Chs Range (MHz) No. of Candidate No. of Channels Range (MHz) No. of Candidate

1 0 - 59.059 444 7 263.763 - 304.804 0

2 59.059 - 100.600 652 8 304.804 - 345.345 4

3 100.600 - 141.641 68 9 345.345 - 386.386 1

4 141.641-182.182 62 10 386.386 - 426.926 3

5 182.182 - 223.223 156 11 426.926 - 467.967 14

6 223.223 - 263.763 17 12 467.967-500 18

These are the final candidates of the off-resonance scan, but it is impossible to dis-

tinguish these candidates from the noise or signal. These candidates are recorded

to compare to the result of the next science run, if any of these candidates are

still resident in the same frequency they would be a strong candidate for hidden

photon signal.
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5.3 Result from Averaged Spectrum Scan.

During the signal scan on the averaged spectrum, there a total of 21295 single

channel candidates with significance level larger than 5σaveraged. The signal width

condition is applied again to detect the consecutive channels, the condition reduces

the total channels down to 634 candidates and cover 1573 channels. Table 5.2

shows the number of candidates in their respective frequency range.

Table 5.2: The candidates from the signal search at averaged spectrum level
with the condition of signal linewidth.

No. of Channels Range (MHz) No. of Candidate No. of Channels Range (MHz) No. of Candidate

1 0 - 59.059 275 7 263.763 - 304.804 9

2 59.059 - 100.600 159 8 304.804 - 345.345 1

3 100.600 - 141.641 83 9 345.345 - 386.386 14

4 141.641-182.182 32 10 386.386 - 426.926 5

5 182.182 - 223.223 21 11 426.926 - 467.967 1

6 223.223 - 263.763 28 12 467.967-500 6

Once again, the result previously presented shares the same situation with the

result from the off-resonance scan at the single spectrum level. These candidates

are recorded and compared with the candidates of the next science run.

5.4 Exclusion Limit from the First Science Run

While the result in the signal scan at two levels of the single spectrum and averaged

spectrum show a large number of signal candidates, it would not be compelling to

conclude these candidates were signal or not. The second science run is necessary

and provides good opportunities to have a longer record track for these candi-

dates. In another word, if these candidates prevail in the result of the second run,

there would be firmly conclusion on the characteristic of the candidate: signal or

noise. In the end, the result from the signal scan by analysing the data set of

the first science run does not yield any hidden photon signal but many prominent

candidates. These are conclusions on the result of the scan:

1. At the level of the single spectrum, the resonance region and off-resonance

region show no track of hidden photon signals at the level above 2σsingle.
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2. At the level of averaged spectrum, the averaged spectrum also shows no track

of hidden photon signal at the level above 5σaveraged.

5.4.1 Limit Generation

From equation 2.27, one could retrieve the exclusion limit for the mixing constant

between the hidden photon and photon. One could divide two sides of the equation

to the noise power σ

S =
Poutput

σ
=

1

σ
1.632× 10−16

( χ

10−12

)2 κ

0.1

Q

50000

V

447 liter

Gγ′
0.3

mγ′

µeV

ρ0

GeV/cm3 .

(5.3)

The first term (Poutput

σ
) is the significance level S of not detecting any hidden photon

signal, given in the section 5.2. The exclusion limit of χ at the significance level S

can be retrieved from the equation 5.3

χ = 7.8× 10−12
√

Sσ

(
κ(mγ′)

0.1

(Q · G)(mγ′)

50000 · 0.3
V

447 liter

mγ′

µeV

ρ0(mγ′)

GeV/cm3

)−1/2

. (5.4)

In this equation, (Q · G)(mγ′) and ρ0(mγ′) are functions of frequency or the mass

of the hidden photon explained in section 2.5. The κ is extracted by measuring

the reflection parameter of AN-0 given in section 3.3.3. The exclusion limit of

the single spectrum and averaged spectrum at their equivalent significance level of

2σsingle and 5σaveraged is given in the Fig. 5.4. The exclusion limit in the resonant

region is given in Fig. 5.5.

The exclusion limit at the region of the resonance is barely greater than the single

spectrum because the averaged gain (
∑

j

∑
i(Qi,jGi,j)

N
) is worse than the gain from

a single spectrum. The tuning of the resonance causes a frequency offset, which

significantly modifies the Lorentzian profile which is the main reason that the

averaged gain is lower than the single spectrum’s gain. However, the averaged

gain at the off-resonance region is close to the gain of a single spectrum because

the tuning does not alter the Lorentzian curve here. Fig. 5.6 shows an example

on the averaged gain calculated from two single acquisition gains at two different

positions of the plungers.
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Figure 5.4: The exclusion limit of the mixing constant χ as a function of
frequency for two spectrum levels: single spectrum and averaged spectrum.
The exclusion limit for the single spectrum is generated at the significance level

of 2σsingle while the averaged spectrum is generated at 5σaveraged.

Figure 5.5: The exclusion limit of the mixing constant χ at the resonant
region.

Figure 5.6: An example of the averaged gain calculated from the gain at
position (0,0) and (110,110) of the plungers.
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In conclusion, the scan at the level of the averaged spectrum increases the sensitiv-

ity at the off-resonance region and set stronger exclusion limit at the off resonance

region but the exclusion limit at the resonant region is almost unchanged1.

1it is important to remember that the exclusion limit of the single spectrum is set at 5σ



Chapter 6

Conclusion and Future

Development

6.1 Conclusion

The primary objective of the WISPDMX is the search for hidden photons which

are a theoretical candidate for dark matter. During the last three years, from

a simple setup and an inefficient acquisition system, WISPDMX has been put

under intense developments and significant upgrades, resulting in the three opti-

mized systems: the Frequency Calibration System, the Mechanical System, and

the Acquisition System. The three systems have been brought together to form

the final form of the WISPDMX as the most sensitive experiment in performing

searches for the hidden photon particle in the mass range of 10−7 to 10−6 eV.

In chapter 2, the theoretical foundation of the experiment is presented, from the

axion haloscope type experiment to its application as a hidden photon haloscope

using the resonant cavity which WISPDMX is the first experiment implementing

such a system. The power developed of the hidden photon haloscope experiment

has also been shown and accompanied by the studies on the broadband gain and

hidden photon linewidth. These studies are essential to the WISPDMX as a halo-

scope experiment but acquires broadband data at the frequency nearly 0 Hz to 500

MHz, it means that the WISPDMX be able to search for the hidden photon mass

and exotic light particle with the mass below 2 µeV. The analysing and signal scan

technique on the dataset of the first science run have been presented in chapter

5. The scan on the data set of the first science run shows no signal on both the

103
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Figure 6.1: The exclusion limit of the mixing constant χ to the mass of hidden
photon. The exclusion is draw from the result of WISPDMX’s first science run.
One can see that WISPDMX is the first experiment which could put some

constraints on the χ below the line drawn by the Cold Dark Matter.

single spectrum and averaged spectrum level at 2σ and 5σ respectively. The limit

for the mixing constant of hidden photon and photon with respect to the mass of

the hidden photon is shown in Fig. 6.1 and Fig. 6.2 together with exclusion limit

from other studies.

The result from the first science run search also contains many signal candidates

which, at the stage and information from the first science run, could not be distin-

guished from the stray/electronic noise or a signal. The information and details

of these candidates are stored and put under the scope for the next science run to

have a better conclusion on the nature of the candidates.

6.2 Future Development

With the current setup of WISPDMX, the experiment suffers strongly from the

electronic noise and stray field noise. In order to reduce this noise, it is ideal

to have the cavity and devices shielded from the ambient environment. A new
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Figure 6.2: The exclusion limit of the mixing constant χ to the mass of hidden
photon at smaller scale from Fig. 6.1.

science run from with the shielded apparatus would return a smooth spectra and

reduce the external noise. There is a huge space for development for WISPDMX,

and WISPDMX itself also plays a role as a testbench for multiple developments

for future experiments, e.g. the unique central acquisition system of WISPDMX

which could be apply for different experiment which require a high resolution

broadband spectra. At the moment of writing this thesis, there are several ongoing

developments are being executed:

1. New antenna: The AN-3 antenna is the foundation of the new antenna

development stage with the higher coupling with the cavity and less internal

noise like the AN-0.

2. High-resolution Central Digitizer: one can have the central acquisition sys-

tem to get into very high resolution, in theory, as low as 0.1 Hz, with could

be done by extending the 20 MS buffer into 10 GS buffer, with FFT is

accelerated by the GPU as mentioned in section 3.4.4.

3. Acquisition System 2: with the lock-in amplifier with an inverse dynamic

range of 120 dB, the alternative acquisition could probe into even lower

energy than 10−18 Watt of the current setup.
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Certainly, there are plans for the next science run which would define WISPDMX

itself as one of the most sensitive direct experiment searches for the hidden photon

in the sub-eV mass range. If there are hidden photons as light cold dark matter

particles, there is a possibility that WISPDMX may find it.



Appendix A

Measurement of Noise Figure

A.1 Noise Figure and Noise Factor

Noise Figure (NF) and Noise Factor (F) are measures of degradation of the signal-

to-noise ratio of the input (SNRi) to the output’s SNR (SNRo), caused by com-

ponents in a radio-frequency (RF) signal chain. The noise figure is the difference

in decibels (dB) between the noise output of the receiver to the noise output of

an ideal receiver with the same overall gain and bandwidth when the receivers

are connected to matched sources at the standard noise temperature T0 (290 K at

room temperature). The noise power density from a simple load is equal to kT ,

where k is Boltzmann’s constant, T is the absolute temperature of the load. The

noise factor is described as:

F =
SNRi

SNRo

. (A.1)

The NF is defined as the noise factor in dB unit

NF = 10 · log(F ) = 10 · log(
SNRi

SNRo

) (A.2)

the signal to noise ratio of input and output is given by

SNRi =
Si
Ni

(A.3)

SNRo =
So
No

=
GSi

GNi +Nx

(A.4)
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the input energy density, Si + Ni, is amplified by a power gain of G and adds a

certain amount of internal noise from the device Nx to the input, G(Si+Ni)+Nx.

The noise factor can be reduced into

F =
GNi +Nx

GNi

=
G · kTB +Nx

G · kTB
=

Nx

GkTB
+ 1. (A.5)

In the previous equation, B is the frequency bandwidth, the reference input noise

is the thermal noise at the room temperature (290 Kelvin) with the power density

of -174 dBm.

A.1.1 Noise Factor of a Cascade of Amplifier Chain

A simple amplifier chain is a combination of at least two amplifiers with gain

G1, G2, noise factor F1, F2, and injected device noise Nx1, Nx2. With the input

energy density of Si and Ni, the output energy density after the first amplification

stage is

So1 = G1Si, (A.6)

No1 = G1Ni +Nx1. (A.7)

After the second stage the energy density is given by

So1 = G1G2Si, (A.8)

No1 = G2(G1Ni +Nx1) +Nx2. (A.9)

The noise factor of the amplifer chain can be written by replace the internal noise

term with noise factor using (A.5)

F = F1 +
F2 − 1

G1

. (A.10)

From the equation (A.10), when assembling an amplifier chain, the noise factor of

the chain can be reduced by increasing the gain and decreasing the noise factor of

the first stage.
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A.1.2 Noise Figure Measurement by Gain Method.

A simple method to measure the Noise Factor of an amplifier is gain method using

a spectrum analyzer. The input port of the amplifer is left open or connected to a

50 Ohm dummy load to eliminate the interference from stray field while the output

is connect directly to the spectrum analyzer. Figure (A.1) shows the schematic

digram of the setup with denotation of the input and output power density.

Figure A.1: Gain method setup: the amplifier connects directly with the
spectrum analyzer to measure the noise figure.

The noise figure is given by

NF = 10 log(F ) = 10 logNo − 10 logG− 10 log(kT ), (A.11)

at the room temperature the noise density of the input is -174 dBm/Hz, the output

noise density No could be obtained by using the spectrum analyzer.

A.2 Amplifier chain of WISPDMX

. The amplifier chain of WISPDMX consist of two WanTcom amplifer, the

WBA0105B and the WBA0105-45R, their specifications are given in the table

below:

Table A.1: specifications summary of two amplifiers used in WISPDMX.

Frequency Constraints (Mhz) Gain (dB) Noise Figure Noise Factor

WBA0105B 100-550 35 0.80 1.202

WBA0105-45R 150-550 44 0.50 1.122
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The first stage of the amplifier chain is the WBA0105-45R due to the high gain

and low noise figure, while the last stage is the WBA0105B. Using the equation

(A.10), we can obtain the theoretical noise factor F = 1.1266 and equivalent with

NF = 0.518.

The gain method with the spectrum analyzer can be used for the evaluation of

the previous theoretical result. The noise density measured at 208 MHz give the

value of 10 logNo = −94.40 dBm/Hz, input noise density at the room temperature

(296.35 K) 10 log(kT ) = −174 dBm/Hz the gain at 208 Mhz is 10 logG = 79.22.

NF = −94.40 + 174− 79.22

= 0.38

The noise figure measured by the gain method is false because its value is lower

than the noise figure of the first stage amplifier. The main reason is the gain

method is inaccurate due to the unstable noise source.
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Appendix C

Decive Specification

C.1 The Analog Digital Converter

The analog-digital converter used in WISPDMX experiment is the ATS93601 pro-

duced by Alazar Tech. This is a fast 12-bit waveform digitizer based on the 8-lane

PCI Express Gen2 interface. The card is equipped with an onboard FPGA-FFT

and boasting data throughput as fast as 3.5 GB/s (3500 MB/s) and sample rate of

1.8 GS/s across two simultaneous inputs. The primary features are listed below:

• 1.8 Giga-sample per second real-time sampling per channel

• 3.5 Gigabytes per second throughput across x8 PCIe Gen2

• 2 channels sampled at 12-bit resolution

• 4096-point on-FPGA FFT Engine

• 8 gigabytes of on-board dual-port Memory

• Variable frequency external clock capable

• Up to 800 MHz full power bandwidth

• Fixed ± 400 mV input range

• 57.1 dB SNR

1http://www.alazartech.com/product/ats9360
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• Continuous streaming mode

• Trigger input and trigger output connectors

• Half-length PCIe Gen2 x8 Card

• AlazarDSO Software allows quick start-up

• Support for Windows and Linux

C.2 The Graphical Processing Unit

In our modified setup for the acquisition system, the GPU plays a role of perform-

ing a massive amount of fast Fourier transformations and returns the spectra to

the memory. The graphical processing unit acquired in WISPDMX is the Nvidia

GeForce GTX TITAN X2. The Table C.1 shows the main specification information

of the GPU which are essential for the development of the acquisition. Noteworthy

to mention that the GPU of 12 GB, the GPU could be able to handle a massive

sample array to result in a high-resolution FFT.

2https://www.geforce.com/hardware/desktop-gpus/geforce-gtx-titan-x/
specifications

https://www.geforce.com/hardware/desktop-gpus/geforce-gtx-titan-x/specifications
https://www.geforce.com/hardware/desktop-gpus/geforce-gtx-titan-x/specifications
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Table C.1: The Nvidia TitanX Specification

Engine Specs

CUDA Cores 3072

Base Clock (MHz) 1000

Memory Specs

Memory Clock 7.0 Gbps

Standard Memory Config 12 GB

Memory Interface GDDR5

Memory Bandwidth (GB/sec) 336.5

Technology Support

OpenGL 4.5

CUDA Yes

Bus Support PCI Express 3.0

Thermal and Power Specs

Maximum GPU Tempurature (in C) 91

Graphics Card Power (W) 250 W
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