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Using microwave cavities one can build a resonant microwave-shining-throughwalls exper-
iment to search for hidden sector photons and axion like particles, predicted in many
extensions of the standard model. This talk presents a feasibility study of the sensitivities
which can be reached using state of the art technology.

1 Motivation and Introduction

Axions, axion-like particles (ALPs), hidden photons and similar weakly interacting slim particles
(WISPs) occur often in models beyond the standard model and may be dark matter candidates.
Laser-light-shining-through-the-wall (LSW) experiments like ALPS at DESY are currently the
most sensitive probes of WISPs. ALPS exploits a resonant optical cavity in order to enhance
the power available for photon — WISP conversion.

The idea is to exploit microwave cavities instead of optical resonators [1, 2, 3]. With current
technology increased sensitivity in certain mass range can be expected. First test experiments
have already been done (Livermore; Perth), or are being set-up (Daresbury; Yale).

2 Two Cavity setup with very high isolation

A crucial ingredient for the experiment is to achieve sufficient shielding. For the intended
sensitivity one has to achieve roughly a shielding of 300 dB (a factor 10%° in power) between
the emitter and the receiver cavity.

Both, the emitting and receiving cavity will be shielded. For the transmitter leakage a
good reference level is the ambient electromagnetic parasitics level (cell phones, radio and TV
stations etc.) which is usually many orders of magnitude above the thermal noise level. As we
cannot keep this background noise below a certain level, the more critical shielding part will be
on the receiver side.

One can obtain and measure realistically and in a straightforward manner a shielding value
of about 100 dB in a single shell (box) by conventional means in the RF and microwave range
(of course higher values are possible). These kind of shielding shells are usually demountable
and not soldered. Many examples for this can be found in stochastic cooling systems but also
all kind of modern microwave electronics and RF systems in particle accelerators.

The receiving side demands higher requirements and the box in the box concept can be
applied, summing up the attenuation of the individual shielding shells [3]. The innermost
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shielding layer is provided by the receiving cavity itself.

However, in order to provide sound test data, the shielding between those boxes needs to
be constantly monitored and recorded over the full lifetime of the experiment. This makes sure
one is not fooled by electromagnetic leakage (the shielding might degrade due to bad and ageing
contacts).

Test tones with the frequency are emitted between the particular shielding shells [3]. They
are small signals in the uWW range on different frequencies (f0+Af2, f04+Af3). Inside the first
shell of the receiving setup, the signals are detected by a pick up antenna (PU). The amplitude
of the test tone fO + Af3 allows to quantify any potential leakage through the outermost
shielding layer. This PU antenna will also see — if there is leakage from the transmitting cavity
— signals at f0 (which would be a veto condition for the measurement). The same principle is
used to monitor the second shell with the signal f0 + Af2 emitted in the first shielding box
and detected inside the receiving cavity. By looking for the test signals in our signal spectrum
we can evaluate the leaked signals and determine the amount of shielding achieved (of course in
the desirable case where we observe no signal at this frequency we know the minimal amount
of shielding).

The detected signals are then fed into a mixer where it is combined, i.e., multiplied with
the local oscillator on f0+ Af1 (superheterodyne concept). It is about 20..30 KHz offset from
the carrier {0 since the desired intermediate frequency is in the audio range (otherwise we could
get too much data for a 2 weeks signal observation). It then passes through a low frequency
band pass filter, is converted into a digital data with an analog digital converter (ADC) and is
then recorded. The last bandpass filter reduces the total amount of noise by eliminating the
noise from high frequencies where we do not expect a signal. The recorded signal will then be
analyzed with a FF'T method. A proper signal should appear at frequency Af1 in the Fourier
analysis.

We have to transport signals and small amounts of DC power for preamplifiers and signal
converters through those shells (receiver side) without degrading the performance of the shield-
ing. The number of cables going in- and out of the cavity needs to be minimized. Very likely
the ONLY reliable way for this is using optical transmission for RF /microwave signals, but also
of getting in a few Watt of DC power for feeding the small signal amplifiers and mixers. we then
use an electro optical converter (EOC) to change the signal into an optical signal which is then
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@ Figure 1: The box in a box concept [3].
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transmitted to the outside of the box with a glass fibre (dotted lines) where it is reconverted
with an opto electrical converter (OEC). In a similar way the power to the amplifier is fed in
with an EOC-OEC set.

Photonic Power Module foTE L
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2.1 Optical Link on Receiver side

Such DC power transmission using optical fibers (with
LEDs at one end and photocells on the other side) has
been developed about 30 years ago to supply DC power
to small electronic units on high voltage potential in
HV transmission systems. Commercial systems for op-
tical fiber based DC power transmission (5 Watt) are
available from industry, but there is a question mark Figure 2: Fiber power transmission
about how well they would work at cryo-temperatures system from JDSU.

and / or in very strong magnetic fields.

3 A milli-Hz range observation bandwidth setup

One advantage of the microwave-shining-through-walls setup is that the frequency of the de-
tected signal must be exactly the same frequency as used to produce the new particles. This
can be used to suppress noise — and therefore improve signal to noise — by using a narrowband
detection method.
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Figure 3: Measured results CERN BE-Note 2009-026 [4]

A simple test experiment has been performed with standard RF instrumentation in order
to crosscheck feasibility of very low observation bandwidth implementation [4]. Using a com-
mercially available vector spectrum analyzer (Agilent 9020 MXA) and a standard low-noise
amplifier a sensitivity for a detection of 10722 with 10 measurements of 300 s each has been
demonstrated at room temperature [4]. A weak signal is generated in the signal generator and
is then further attenuated down to 190dBm = 10~22W. This signal is then amplified by a
total of 33.8 dB and combined (i.e. mixed) with the reference signal in the vector spectrum
analyzer which also records the signal and performs the FFT. In the lower panel the observed
signal averaged over 10 measurements (this smoothes out the fluctuations of the envelope of the
narrowband filtered and peak detected noise) is shown (the resolution bandwidth is 3 mHz).
A narrow signal line is observed which is clearly distinct from thermal background (-199 dBm)
plus the noise from the amplifier (2dB).
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In a more advanced setup at cryogenic temperatures we can assume noise temperatures of
the order of 10 K. Combining this with integration times of the order of 1000 s we theoretically
achieve a sensitivity of 1.4 - 1072°TW. At a frequency of 5 GHz this corresponds to a tiny flux
of 0.04 photons per second [3].

Thus by reducing the observation bandwidth down to the milli- and microHz rage we can
gain a lot on thermal noise background reduction, provided that the frequency of our axions is
defined with the same resolution.(i.e. RF cavity generation and receiver concept).

4 Rectangular waveguide TE10n resonator in a LHC mag-
net

So far, much of the discussion over the last years on axion emitter and receiver cavities has been
focused on single mode type cavities (e.g. TMO010 mode in a pillbox and a solenoid magnet
around). Essentially we are aiming for a situation where the RF electric field is parallel to
the DC magnetic field over a volume as large as possible. When going to higher frequencies
with single mode cavities the volume is getting inevitably smaller and thus also the receiver
cross-section and sensitivity for a given distance between emitter and receiver cavity. For a
single mode cavity we cannot expect a very strong directionality in the antenna diagram since
the maximum linear dimension of the radiating volume (and accordingly by reciprocity for the
receiver antenna) is comparable to a single free space wavelength. Higher order mode (with a
well defined mode pattern) radiating and receiving structures should exhibit an axion radiation
pattern with much better antenna directivity as compared to an elementary dipole. This raises
the question, why not use the a TE10 mode waveguide in the bore of an LHC Magnet?

For the waveguide in the LHC magnet, z
would be along the beam axis and y in the

direction of the static magnetic field (up to 8 ¥ X 7 - X
Tesla) /J_____ e }
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of frequency are given in [5]. For the TE101
resonator (rectangular waveguide with aspect

ratio 2/1) we can assume an unloaded Q value . _ .
of about 8000 for 10 GHz (X-band) at room Figure 4: TE101 mode pattern in a rectangular

temperature and no magnetic field. At cryo waveguide.

temp assuming copper with a RRR value of
100 the Q would be 10 times higher, but due to the magneto-resistance in the end probably
just better by a factor of 3..5.

A table in [5] shows rectangular waveguide dimensions from L-band up to X-band (8.2 to
12.4 GHz). The CW power handling capability of an X-band waveguide in air is roughly 200
kW. A X-band waveguide would nicely fit into the beam-screen of an LHC magnet. For higher
frequencies i.e. around 100 GHz one may consider A PACKAGE of say up 20 waveguide in
parallel.

The losses for (non overmoded) metallic waveguides increase dramatically towards higher
frequencies and accordingly the power handling capability decreases. One can gain about a
factor of 10 in losses by using overmoded waveguides (tallguide). As an alternative above 50
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GHz dielectric waveguides with a metallic shielding become competitive In a way a optical fiber
In the microwave range.

We may consider using the anti-cryostat for the axion transmitter part. Then we are no
longer restricted by the cryo power dissipation limit of 2 Watt per meter of the LHC main dipole
beam screen, but we could apply water cooling along the 15 meter long waveguide and possibly
dissipate 10 KW maybe even 100 KW CW. Of course this does not make sense for the receiver
cavity (low noise temperature required). An anti cryostat has been designed and successfully
tested inside a LHC dipole magnet for the purpose of performing magnetic measurements [6].
Its internal temperature was 300 K.

Another important point is the medium
inside the waveguide on the (warm) transmit-
ter side. Air can be better than vacuum as
multipacting has to be considered! A quick
analysis with the ESA multipactor calculator
shows that in vacuum and without magnetic
field we are already for 10 KW power from
the generator in a critical region. (But those
results need to be re-checked with a magnetic Figure 5: Anti-cryostat.
field present)

Upsiream end
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5 Axion radiation patterns

The waveguide inside the LHC magnet can serve as a phased array antenna. These kind of
slotted atennas are widely used in maritime radars but also for final approach landing radar on
airports and of course for all kind of military applications. There is a strong analogy to the axion
radiation (and reception) pattern. The slots allow to concentrate the electromagnetic radiation
towards the receiving cavity. They are not centered, in order to cut though wall currents and
thus provide an electric and magnetic polarization of each slot. This kind of antenna structure
(often at higher frequencies than shown here) can be used in standing and in travelling wave
mode. Both is shown in Figure 6. On the left we see nicely the forward and backward radiation
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Figure 6: Axion antenna diagrams.
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lobe (phi=90 and 270 degree respectively). This case corresponds to the standing wave pattern
of a laser beam. As a reminder, the basic law of antenna design: The radiation characteristic
of a group of radiating elements is equal to the characteristic of the group (isotropic radiators)
to be multiplied with the characteristic of the individual radiator (e.g. dipole).

On the right side we have the radiation pattern of a travelling wave antenna (end-fire
antenna) Note that the relative spacing of the radiating elements is smaller than in the last
slide i.e the antenna is shorter and thus the directional diagram becomes wider. This case
corresponds to the travelling wave pattern of a laser beam.(v=c)

6 Conclusion and Outlook

In this note we have argued that microwave cavity experiments can provide a powerful tool
to search for weakly interacting sub-eV particles, in particular for hidden sector photons and
axion like particles.

The electromagnetic interference problem, in particular for the receiver cavity is an impor-
tant issue for microwave axion detection experiments. Here the combination of the box in the
box concept, together with optical fiber powered diagnostic equipment in the space between
the first shielding and the actual cavity, can make a significant contribution. Very narrow band
signal detection using a say 10 days trace record with about 50 Giga-samples and 24 bit vertical
resolution should return via FF'T microHz resolution and related thermal noise reduction. A
phaselock method to possibly reduce the relative phase noise down the microHz level has been
presented and discussed. Higher order mode emitter and receiver cavities, possibly in a single
or in two LHC magnets were discussed and analyzed in terms of their axion radiation pattern
(far-field). Highly directional axion emitter and receiver structures may significantly increase
the detection probability.
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