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Abstract The Advanced Mo-based Rare process Experiment utilizes a cryogen-free
dilution refrigerator to operate its low-temperature detectors. Mechanical vibration
originating from its pulse tube refrigerator can affect the detector performance. A
mechanical filter system has been installed between the 4K and still plates with eddy
current dampers in addition to a spring-loaded damping system previously installed
below the mixing chamber plate of the cryostat. The filters significantly mitigated
vibrations and improved the detector signals.
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1 Introduction

A low-temperature thermometer coupled to a massive absorber is a promising tech-
nique for detection of neutrino-less double beta decay [1-3] or weakly interacting
massive particles (WIMPs) [4-6] owing to their excellent energy resolution and low
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detection threshold. However, such thermometers may also be sensitive to external
energy, such as mechanical vibration, entering the detector. Vibration, in particular,
may induce friction between the absorber and its support. The released energy is mod-
ulated by the thermal circuit and eventually may reach the thermometer, manifesting
itself as an unstable baseline. Common sources of vibrations include 1 K-pot [7] or
pulse tube refrigerators [8] (PTR) for the precooling of cryostats. Pirro et al. [7,9] pre-
sented a set of preliminary vibration isolation stages that were reflected in the design
of the CUORE cryostat [10,11].

The AMOoRE experiment [12,13] attempts to measure neutrino-less double beta
decay of 1000\ fo. Tt uses metallic magnetic calorimeters [14] (MMCs) with SQUID
readouts to measure phonon and scintillation signals, respectively. For its first run,
the vibration from its PTR perturbed the baselines and caused severe deterioration
of the phonon and scintillation signals. The deteriorated raw signals also degraded
the major performances specifications of the detector, such as energy resolution and
particle discrimination via the phonon-to-scintillation ratio [15] or the phonon pulse
shape [16]. A preliminary vibration isolation stage called the “mass-spring-damper”
(MS) system was devised and installed [ 17]. Although the results were very successful,
they came at the expense of reduced cooling power and experimental space, and the
system is not scalable for the future version of the AMoRE experiment.

This article describes further development of vibration isolation methods for the
AMOoRE-pilot experiment. We present a new mechanical filter, a spring suspended still
(SSS) with eddy current dampers (ECDs). The effects of vibration isolation stages can
be measured in both the acceleration and the MMC signals.

2 Vibration Isolation

Equation 1 in the notation of our previous work [17], describes the response of a one-
dimensional oscillator driven at frequency f with amplitude Xy and damping ratio
n:

by 1

Xo \/<1 i <%>2)2 - (2%)2' (1

To mitigate vibration, i.e., to decrease x, one desires aminimal fj, the natural frequency

of the system. To decrease fy = %\/g while leaving the mass of the system m fixed,

most vibration isolation efforts focus on minimizing the spring constant k.
For practical applications, the effect of gravity should be considered as well. The
oscillator drops from its rest position by Ad = %. The natural frequency can be

rewritten using Ad, fy = % ﬁ. This equation is analogous to the pendulum equa-
tion, where the extension length Ad replaces the pendulum length /. In fact, a rigid
pendulum alone can isolate horizontal vibrations.

The above equation also implies that the available vertical dimension, confining
the maximum Ad, limits the lower bound of fy. The 1.4 Hz base frequency of PTR
vibration is relatively low, and one needs Ad =~ 25 cm to produce a natural frequency
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of 1 Hz. This dimension in sample space is not readily achievable in commercially
available refrigerators. The isolators discussed below are designed to fit in the mixing
chamber and the still assembly.

Although the one-dimensional driven oscillator model is simple and powerful, its
effectiveness has limitations in practical applications. First, any real oscillator has at
least six degrees of freedom, three linear and three angular, and one of them can be
converted into other modes. Second, real springs can store mechanical energy and
release it in its internal modes [18]. For the suspension springs, these internal modes
are commonly referred to as “surging” frequencies; they are lower for larger wire and
coil diameters. Vibrations at multiples of the internal-mode frequencies are transmitted
through the isolators. The springs used for the MS and SSS have their first internal
modes at approximately 20 and 230 Hz, respectively.

3 Vibration Isolation Stages

Figure 1 shows the vibration isolation stages below the 4K stages of the AMoRE-
pilot experiment. For the default Leiden Cryogenics CF-81 1400 dilution refrigerator,
the vibration source, PTR, is rigidly bolted on the 4K plate. A radioactivity shield of
approximately 250 kg is installed below the mixing chamber. This weight significantly
attenuates the vibration at the mixing chamber. The AMoRE-pilot detector module is
mechanically decoupled from the PTR via a mass-spring-damper and spring suspended
still (SSS).

Fig. 1 Schematic of the
AMORE-pilot detector and its Eddy current
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The mass-spring-damper decouples the detectors from the mixing chamber plate of
the dilution refrigerator [17]. From its own weight, the detector assembly drops 6 cm
from its rest position, and a 2 Hz natural frequency is achieved. Layers of copper tape
deliver cooling power to the detectors. Our previous article [17] describes additional
technical details of the mass-spring-damper.

The SSS is a new vibration isolation stage introduced for the AMoRE-pilot. It
was originally designed by the scanning tunneling microscopy community [19], and
amodified version was built for AMoRE by Leiden Spin Imaging B.V. [20]. Here, the
still plate is suspended from the 4K plate via a set of stainless-steel springs, and the
rigid G11 supporting rods were removed. The rigid LN precooling lines were replaced
by flexible lines. The resulting structure has a natural frequency of 3 Hz and provides
effective vibration isolation above 10 Hz.

Three eddy current dampers (ECDs) provide damping (n > 0) and suppress res-
onances at the lower harmonics of 1.4 Hz [19]. Each ECD consists of two parallel
arrays of neodymium permanent magnets and a copper fin in the middle. Vertical
motion of the fin relative to the magnets induces resistive force proportional to the
velocity of the motion. The gap between the magnet arrays can be adjusted for critical
damping (n = 1). The strength of eddy current and resulting damping force increase at
lower temperatures as the resistivity of the copper fin decreases. Stray magnetic fields
varying over time can induce unwanted noise in SQUIDs. The permanent magnets
form a Halbach array [21,22] to minimize external stray fields. The magnet arrays are
attached to the still flange to reduce its motion relative to the SQUIDs at the mixing
chamber.

Compared to the mass-spring-damper, an SSS with ESDs has a few advantages.
It does not require extra experimental space. Little cooling power is lost because the
3He circulation of the dilution unit is left untouched. These advantages make an SSS
easy to scale up for a later version of the AMoRE experiment. For the AMoRE-pilot,
both the mass-spring-damper and the SSS are used for maximum vibration isolation.

4 Isolation Results

The effect of the SSS was measured at the still flange using Geospace GS-11D geo-
phones. This method is sensitive above 4.5 Hz, the natural frequency of the geophones,
and below 500 Hz where the signals diminish below the sensitivity of the geophones.
The measurements were made at room temperature and at 4K, where the cryostat
operates and the ECDs are most effective. For all spectral density calculations, we
averaged two-seconds samples using a Hanning window.

Figure 2 shows the results of the geophone measurements converted to acceler-
ations. Vibrations above 10 Hz are suppressed in both the vertical and horizontal
directions. In the acoustic frequency range, from 40 Hz to 500 Hz, the average vertical
acceleration dropped from 9.1 x 107> to 3.4 x 10~ m/s?/+/Hz. For the horizontal
data, measurements are presented at room temperature instead of at 4K because the
geophone malfunctioned during the low-temperature measurement. The room tem-
perature data still show improvements. The horizontal peak at 7 Hz appears to be
amplified by the SSS, yet this resonance will be suppressed at 4 K. In the measured
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Fig.2 Acceleration spectrum with PTR on before and after SSS, measured by geophones at the still in the
horizontal (left, 300 K) and vertical (right, 4 K) directions (Color figure online)
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Fig.3 Crystal 4 signal and noise before (rigid) and after (MS + SSS) vibration isolation. Left shows pulses
from 2614.5 keV gamma from 2087 decay overlaid. Right compares the baseline noise spectra from the
same channel (Color figure online)

Table 1 Comparison of the detector baseline rms integrated from DC to 10 kHz before and after vibration
isolation

Channel 2 phonon 3 phonon 4 phonon 2 photon 3 photon 4 photon
Before isolation (1073 x ®g) 108 558 75.6 83.7 48.8 153
After isolation (1073 x @) 0.77 0.42 0.60 0.72 4.8 1.6

spectra, several peaks appeared near 145 Hz. We interpret them as mechanical trans-
mission through the liquid nitrogen prerecording lines or the still assembly.

The quality of the heat signal from the MMCs improved significantly as shown in
the left illustration of Fig. 3. The noise spectrum of the same channel is shown on the
right. Different vibration levels are compared quantitatively by their integrated root-

mean-square (rms) power, such that I = ,/ f fj; ' D(f)2df, where D(f) is the sensor
signal spectrum. The rms-integrated baselines are compared in Table 1. The baseline
improved significantly in all cases.

Light signals improved considerably as well, and example noise spectra are shown
in Fig. 4. The rms baseline was reduced by a factor of 850 in this channel. This
reduction, however, includes contributions other than the vibration isolation stages,
such as modified clamps of the light absorber and better control of the electrical noise
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Fig. 4 Crystal 4 photon baseline noise spectrum before (rigid) and after (MS + SSS) vibration isolation
(Color figure online)

above 1000 Hz. Further physical interpretation of the noise and signal quality can be
found in [23].

5 Conclusions

The mechanical filters effectively mitigated the vibration and improved the heat and
light signals of the AMoRE-Pilot experiment. The SSS reduced the acceleration almost
by an order in the vertical direction in the 40 to 500 Hz frequency range. For the MMC
signals, the rms noise voltage was reduced more than an order of magnitude between
DC to 10 kHz. For the best channel, the energy resolution at 2614.5 keV improved to
8.7keV FWHM, comparable to the data measured in a wet dilution refrigerator [24,25].
The particle discrimination power for alpha against 8 or y events has been improved
from their pulse shapes and phonon/scintillation ratio [23].
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