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Abstract. Mechanical Q-factor measurements of single crystalline calcium fluoride CaF9 bulk material
are presented. Resonant modes between 27 and 100 kHz were investigated on a cylindrical test sample
(2 75 mm x 75 mm). For selected modes low temperature measurements of the mechanical Q-factor were
done within a temperature range from 5 to 300 K. For the QQ-measurements a ring-down technique was
used. The substrate was suspended as a pendulum by means of a tungsten wire loop. The highest Q-factor
has been achieved around 60 K with 3 x 10® which is the highest Q-factor reported on CaFg up to now.

PACS. 43.40.-r Structural acoustics and vibration
Mechanical and elastic waves; vibrations — 04.80.Nn

1 Introduction

Interferometric  gravitational wave detectors like
GEO600 [1], LIGO [2], VIRGO [3], or TAMA [4]
are among instruments with the highest sensitivity for
lengths changes ever developed. The design resolution of
the displacement of the British-German detector GEO600
is better than h ~ 10722, Ground based gravitational
wave detectors have a detection bandwidth from several
10 Hz up to a few kHz. Different kinds of noise are
limiting the sensitivity of current detectors. Thermal
noise is one of the fundamental noise sources of the
optical components. Several approaches exist to overcome
this limitation. One of the most promising attempts is
cooling the crucial parts of the optics to minimize thermal
noise [5]. In addition it is possible to influence the spectral
distribution of the thermal noise. By the use of high-Q
materials most of the thermal noise occurs around the
mechanical resonances of the test mass. These resonances
are in the range of several 10 kHz and so well above the
detection band of an interferometric gravitational wave
detector. Accordingly, the thermal noise level within the
detection band is lowered. Therefore, low loss materials
are needed providing a high mechanical Q-factor at low
temperatures. Candidates for substrate materials are
high-purity single-crystals as silicon [6] or sapphire [7].
Especially sapphire is planned to be used as a test
mass material in the Japanese Large Scale Cryogenic
Gravitational Wave Telescope (LCGT, [8]).
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Gravitational wave detectors and experiments

During the recent years calcium fluoride has become
an interesting optical material [9] due to its high trans-
mittance from 0.13 pm to 12 pm [10] and low absorp-
tion (1 ppm/cm, measured by the Perugia group within
the STREGA project [11]). In addition, calcium fluoride
shows a high laser damage threshold [12,13] which allows
the use of higher laser powers in the interferometers. This
is required to lower the photon shot noise of the system.

The Q-factor of a system at a given frequency is related
to the losses ¢ at the same frequency by [14]:

(1)

The mechanical loss ¢ is directly linked to the thermal
noise of the system by the fluctuation-dissipation theo-
rem [15]. The thermal noise power spectrum z2 is given
by [16]:

- T

2 x = = 2

0 (2)

for a one-dimensional harmonic oscillator far away from
its resonance. 7" is the sample temperature and ¢ the me-
chanical loss.

The mechanical Q)-factor is a strongly temperature de-
pendent parameter [17]. Therefore, it is necessary to inves-
tigate this dependence in order to optimize the detectors.
During the recent years, only a few measurements con-
cerning the internal mechanical losses of calcium fluoride
were published. Yan et al. [18] measured the Q-factor of
calcium fluoride bulk material at room temperature. They
found a highest value of 4.5 x 107. Yamamoto et al. [19]
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Fig. 1. Schematic overview of the measuring setup. The test substrate is suspended as a pendulum in a special built cryostat [20].
A second test sample (here 90 degrees rotated for clarity) is symmetrically placed in the probe volume for thermometry using
a Lakeshore DT-670 temperature sensor. The test sample is excited by means of a comb-like electrostatic actuator which is fed
by a high-voltage amplifier. The sample vibration is read-out by a Michelson-like interferometer. The whole setup is computer

controlled.

investigated the @Q-factor of a thin calcium fluoride disk
(@ 100 mm x 3 mm) at discrete low temperatures around
10 K and 70 K. They found a top value of 9 x 107 at 12 K.

In this paper we present detailed @Q-factor measure-
ments between 5 and 300 K on calcium fluoride bulk ma-
terial. Different suspension geometries were used in order
to distinguish between losses arising from the test sample
and losses from the suspension.

2 Experimental setup
2.1 Overview

The experiments were carried out in a special built cryo-
stat to determine the mechanical @Q-factor at different
temperatures. The cryostat consists of a probe chamber
(@ 300 mm x 500 mm) which is temperature-stabilized
between 5 and 325 K. The temperature stability is better
than 0.25 K/h. Avoiding gas-damping, the probe volume
can be evacuated to a pressure lower than 1073 Pa us-
ing a turbo-molecular pump. Details of the cryostat are
given in [20]. Figure 1 shows a schematic overview of the
measuring setup.

The test sample was suspended as a pendulum by
means of a tungsten wire loop [21]. It is necessary to use a
thin wire to lower the influence of the suspension material
as much as possible. A 75 pm wire was chosen although
a 50 pum wire would have been sufficient to withstand the
mirror weight. The thinner wire cuts into the substrate
material due to the low hardness of CaF9. This reduced
the Q-factor by a factor of approximately 5. Before sus-
pending the substrate the wire was polished with a 3 pm
diamond paste [22].

A second test sample was placed in the probe cham-
ber for thermometry. A temperature sensor DT-670 from
LakeShore [23] was attached to that substrate. The setup
is symmetric for both substrates and therefore the tem-
perature of both substrates should be the same. This has
been confirmed in a separate test run.

The substrate is excited to resonance vibrations by
means of an electrostatic driving structure. The structure
is fed by a high (up to 1600 V) AC voltage with the res-
onant frequency [24]. The substrate vibration is recorded
by a Michelson-like interferometer [25]. The distance be-
tween the beamsplitter and the substrate is compared to a
reference arm. The difference of the lengths can be directly
read out of the interferometer with a resolution of approx-
imately 0.1 nm in a frequency range from 0.1 to 500 kHz.
Using an FFT algorithm the vibrational amplitude at the
resonances is obtained from the interferometer signal. Af-
ter reaching some nanometers of amplitude the exciter is
switched off and the subsequent ring-down is recorded by
a computer. The amplitude follows an exponential law:

A=Ay-e U7, (3)

with the initial amplitude Ag, the time ¢ and the charac-
teristic ring-down time 7. The mechanical Q)-factor of the
system is connected to this ring-down time by [14]:

Q = 7Tf07—a (4)

with the resonant frequency fj.

The measurement error of a ring-down experiment is
better than 2% for the fit algorithm and lower than 1%
for the measurement of the resonant frequency. All mea-
surements were carried out several times. However, the
repeatability of these measurements limits an over-all er-
ror of the Q-values to about 10%...20%.

The temperature was stabilized for each measurement
and the probe chamber evacuated to a pressure lower than
1073 Pa. Afterwards, the high voltage was switched on and
the modes of interest were measured. For each tempera-
ture step this took between 15 and 90 minutes depending
on the ring-down time of the modes. Typically, the probe
temperature was stable to 0.3 K within this time frame.
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Table 1. Sample parameters of the CaFa-single crystals. All
thermal and elastic properties are listed for 300 K. The refer-
ences given for the different parameters contain the full tem-
perature dependence down to 4.2 K.

Parameter Value
manufacturer Schott [26]
orientation (100)

polishing Hellma-Optik [27]
flatness A/4 (A =633 nm)
diameter 75 mm

thickness 75 mm

density p 3.18 g/cm? [26)
Poisson’s ratio o 0.28 [28]

thermal expansion coefficient o 1.8 x 107° K™™' [29]
thermal conductivity 9.71 2 [30]

specific heat capacity C
elastic constants

890 = (28,31]

Cu 1.64 x 10" N/m? [28]
Cr2 5.30 x 10*° N/m? [28]
Cua 3.37 x 10*° N/m? [2§]

2.2 Test samples

The measurements were made on CaFs-single crystals
manufactured by Schott [26]. The sample parameters are
given in Table 1. The crystal’s [100] direction is paral-
lel to the cylindrical axis. All substrate surfaces (front,
back, circumference, and bevels) were polished to an op-
tical quality by Hellma-Optik Jena [27].

The substrate for the ()-measurement and the ther-
mometry substrate were identical in shape and polishing.

3 Results
3.1 Measurements at 320 K

In a first run the substrate was suspended by means of
a polished 75 pum tungsten wire. Several spectral scans
between 20 kHz and 100 kHz were performed to screen
for possible modes for the low temperature investigations.
Due to the interferometer technique it is not possible to
measure all modes of the substrate. Only modes with a
sufficient amplitude at the read-out point of the interfer-
ometer can be detected. 47 modes could be observed with
a maximum amplitude between 0.2 nm and 24 nm using
the maximum excitation voltage. Table 2 gives the mea-
sured values of selected modes. The mode number is the
consecutive number of the mode observed in our experi-
ment. The measured resonant frequencies were compared
to a finite-element-analysis using ANSYS [32] to identify
the modes and their shape. These calculations were carried
out using the room temperature values of the elastic con-
stants. The measured data were recorded during the initial
vacuum pumping. During this phase a warm-up to 320 K
takes place to support the cleaning of the probe chamber
surface. The calculated resonant frequencies agree within
2% with the measured values.

Table 2. Compilation of selected modes. Numerical calcula-
tions were done by the use of ANSYS [32] with the set of
material parameters at 300 K (see Tab. 1) and an accuracy
of £0.5 mm in diameter and length. The calculated resonant
frequencies agree within 2% with the measured ones although
the measurements were taken between 300 and 320 K during
a warm-up period.

Consecutive ~ Resonant frequency [Hz] measured

mode number measured calculated Q-factor
1 26957.6 26931 1.3 x 10°
2 29791.4 29684 5.6 x 10°
4 31796.7 32464 5.0 x 10°
8 40310.2 40856 5.6 x 10°
9 41301.7 40950 1.1 x 107
16 50476.3 50595 1.3 x 107
18 51862.3 51594 7.0 x 10°
19 52484.6 52622 7.4 x 10°
20 57421.1 57562 5.1 x 10°
24 63889.8 63888 3.6 x 10°
26 67310.4 66468 2.8 x 10°
28 70097.7 70944 2.2 x 10°

Fig. 2. Calculated mode shapes of two modes using
ANSYS [32]. A: fundamental drum mode (number 9 in Tab.
2), B: higher mode (number 26 in Tab. 2). The color indicates
the displacement along the cylindrical axis of the given point.
The colored chart represents the displacement normalized to
the highest value of the particular mode.

It is obvious that the Q-factor changes more than one
order of magnitude for the selected modes. In fact, modes
with Q-factors of less than 10% were also observed among
the modes given in Table 2. By analyzing the correspond-
ing mode shapes known from the numerical calculations
it is apparent that only modes with a small displacement
at the suspension points have high measured @Q-factors.
Figure 2 gives two examples of calculated mode shapes.
Mode A — the so called fundamental drum mode — has
low displacement around the midplane. The @Q-factor of
this mode was 1.1 x 107. In contrast, mode B has large
fluctuations around the midplane. The Q-factor of this
mode is lower and was found to be 2.8 x 10°.

The highest Q-factor was observed for the fundamental
drum mode (mode 9 in Tab. 2). The value of 1.1 x 107 is
4 times lower than the maximum (@-value measured by
Yan et al. [18] who used a different suspension geometry
and a 50 um tungsten wire for the suspension loop. In our
experiment a 75 pum tungsten wire was used as explained
above. The lower Q-factor is supposed to be due to the
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Fig. 3. Measured temperature dependence of the resonant fre-
quency of the fundamental drum mode (mode number 9, see
Fig. 2A for modeshape). All temperatures are within an error
of about 0.3 K, the resonant frequencies to better than 0.1%.

different suspension or different purity of the substrate
material.

3.2 Cryogenic Q-measurements

Due to the long measuring times only three modes were
selected for the low temperature experiment. The gravita-
tional wave detector thermal noise will be dominated by
noise contributions of modes with large displacement in
the center of the front surface. Therefore, the fundamen-
tal drum mode plays an important role. The temperature
dependence of the fundamental drum mode frequency
is shown in Figure 3. The resonant frequency increased
monotonically while cooling the sample to 5 K. The fre-
quency shift was 750 Hz in total. Thus, temperature
changes of the substrate can be monitored without at-
taching a sensor to the substrate using this dependency.

Figure 4 gives the @Q-factor of the fundamental drum
mode (mode number 9) among two other selected modes
(mode number 8 and 20 from Tab. 2) during the cool down
cycle. A measurement cycle as explained in Section 2.1 was
carried out each 10 K between 300 K and 100 K. Below
100 K the temperature steps were smaller.

The maximum @Q-factor has been observed between
60-70 K. The fundamental drum mode provides the high-
est Q-factor reaching 3.2 x 108 at 64 K. Below this temper-
ature the Q-factor decreases reaching a level of 5.8 x 107
at 5.5 K.

Yamamoto et al. presented in [19] a Q-factor of several
107 below 12 K which corresponds pretty well to our ob-
servations although the test samples have completely dif-
ferent geometries (Yamamoto et al.: @ 100 mm x 3 mm,
here: @ 75 mm X 75 mm). Also a decreasing Q-factor with
decreasing temperature below 15 K could be observed.
At temperatures around 77 K the @-value reported by
Yamamoto of ~10% was limited by thermoelastic damp-
ing due to the geometry of the test sample. Our measure-
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Fig. 4. Measured values of the mechanical Q-factor of the
CaF2 test sample for three different modes. Blue circles:
41302 Hz (mode number 9), red triangles: 40310 Hz (mode
number 8), green squares: 57421 Hz (mode number 20). All
resonant frequencies at 300 K. Orientation: (100), dimension:
@ 75 mm X 75 mm, suspension: tungsten wire loop (& 75 pm).
All temperatures are measured with an accuracy of better than
0.3 K. The Q-factor has an error of about 10...20% due to repro-
ducibility. For the lowest temperature and the highest Q-factor
error bars are plotted exemplarily for the 41302 Hz mode.

ments led to @Q-values up to a factor of 10 higher at this
temperature.

Between 100 K and 200 K dips could be observed.
These dips can be explained by resonances with the sus-
pension wire loop. The resonant frequency is strongly de-
pendent on temperature (see Fig. 3). If the substrate fre-
quency coincides with a higher harmonic of the suspension
wire energy is efficiently transferred from the substrate to
the wire. This would cause additional damping resulting
in a dip in the Q-dependence on temperature.

Two modes were measured in a second test run using
other suspension parameters to clarify the suspension’s
influence. Figure 5 shows the measured ()-values within
a temperature range from 60 K to 300 K. A shift of the
resonant dips to other temperatures could be observed
compared to previous measurements. The resonances now
occur at 144 K for mode number 8 and at 198 K for the
mode number 9. This corresponds to a resonant frequency
of 41010.6 Hz for the first and 41720.5 Hz for the second
mode obtained from the measured frequency-temperature
dependency. The difference fits very well to the separa-
tion of the suspension wire resonances which was calcu-
lated to be 680 Hz. Additionally, mode number 9 has two
more dips at around 135 K and 250 K. The seperation
of the different resonant dips of mode 9 is approximately
200 Hz. One can conclude that the resonances are based
on an interaction between substrate and suspension. Fur-
thermore, it can be predicted from these results that the
measurements below 100 K are not limited by suspension
resonances. The resonant frequency shift from 100 K to
5 K is not sufficiently large for the next higher order vio-
lin mode of the suspension to appear (for the 680 Hz and
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Fig. 5. Measured Q-factors of two modes with a different sus-
pension from that of Figure 4. The temperatures of the res-
onant dips changed compared to the first suspension setup.
The resonant frequencies belonging to these temperatures are
41010.6 Hz for mode 8 (red squares) and 41720.5 Hz for mode
9 (blue circles) respectively. The difference of these frequen-
cies corresponds well to the separation of the suspension violin
modes. In addition mode 9 has some more resonant dips (at
about 135 K and about 250 K).

the 200 Hz separation). This indicates that the measure-
ments at low temperatures were not limited by suspension
resonances for the investigated modes.

A strong resonance effect can be observed between 30
and 40 K for all modes in Figure 4. Here the mechanical
Q-factor drops to approximately 2 x 107. The resonant
frequencies at the Q-factor minima are 41230 Hz (mode
8), 42050 Hz (mode 9), and 58750 Hz (mode 20). This
effect seems to be an intrinsic effect of the substrate. Ex-
ternal influences from the measuring setup on the test
sample could be excluded by former measurements on sil-
icon test samples which were identically in shape. These
measurements led to no additional damping between 30
and 40 K. Similar resonant effects were observed in crys-
talline quartz samples [33]. Here, impurities introduced
relaxation effects in the material. Further measurements
are needed to reveal the origin of this resonance effects
in calcium fluoride. For example, relaxation effects would
exhibit a special shift of the resonant dip with frequency.
The current results do not provide exact values of the po-
sition of the lowest Q-value due to the large temperature
steps. Q-factor measurements of more modes covering a
wide frequency range with small temperature steps are
needed to investigate these effects more in detail.

The thermal noise of a mirror like substrate was calcu-
lated (see Fig. 6). The internal thermal noise is dependent
on the mechanical properties (and therefore the mechan-
ical Q-factor), the beam radius and beam profile of the
laser used in the detector. The calculation was done using
Levin’s direct approach [34] assuming a frequency inde-
pendent loss (also known as structural damping). This is
only a coarse approximation. Several experiments revealed
that the Q-factor is usually a frequency dependent value.

linear spectral density [m/A Hz]

Frequency [Hz]

Fig. 6. Displacement linear spectral density of a fused silica
and a calcium fluoride substrate. The calculation was done
using Levin’s direct approach [34]. Beam diameter: 45 mm.
Green solid: fused silica (Q = 3.8 x 10°%, 300 K, currently used
in GEO600 [36], total thermal noise), red: CaF2 (Q = 2 x 107,
300 K, dashed: structural contribution, solid: thermoelastic
contribution), blue: CaF2 (Q = 3 x 10, 64 K, dashed: struc-
tural contribution, solid: thermoelastic contribution). Ther-
moelastic noise dominates for the calcium fluoride substrates
within the detection band.

Penn et al. proposed a model for the frequency dependence
of fused silica [35]. In lack of a suitable model for calcium
fluoride a frequency independent @Q-factor was assumed.
The results for the linear spectral density of calcium flu-
oride are compared to the values of a fused silica mirror
at 300 K currently used in GEO600. The @Q-factors of cal-
cium fluoride at 300 K and 64 K were obtained from our
measurements. The @-factor for fused silica at room tem-
perature was assumed to be = 3.8x10° [36] as measured
at the real test masses of GEOG600. However, much higher
Q-factors were demonstrated at a higher quality fused sil-
ica (see e.g. [37] with 2 x 107). The calculation reveals
a possible noise improvement of one order of magnitude
between the fused silica at room temperature currently
used and calcium fluoride at 64 K for the internal thermal
noise.

Nevertheless another kind of thermal noise needs to be
taken into account arising from the thermal properties of
the test mass material. This kind of noise is called ther-
moelastic noise and is dependent on the beam radius and
the thermal properties of the material. Braginski et al.
calculated the thermoelastic power spectral density for an
infinite half space [38] and a gaussian laser beam:

5 V2 kpT?a?(1+0)%k
Sa:(f) = 5/2 ’ p202rgf2 ’

(5)

with the substrate temperature 7', the thermal expansion
coefficient «, the Poisson’s ratio o, the thermal conduc-
tivity &, the mass density p, the specific heat capacity
C, the beam radius ry (1/e of the maximum intensity),
and the frequency f. Liu and Thorne investigated the in-
fluence of a finite size of the test mass [39]. They found a
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correction factor in the order of unity which was neglected
for the calculations presented in this paper. From Figure 6
it is obvious that thermoelastic noise dominates within the
detection band at 300 K as well as at 64 K for calcium fluo-
ride with the beam parameters currently used in GEO600.
Using a larger beam diameter could overcome this prob-
lem because the thermoelastic noise decreases faster with
the beam diameter than the contribution from the inter-
nal thermal noise. Another possibility would be the use
of a non-Gaussian beam shape. Although, using calcium
fluoride instead of fused silica would improve the detec-
tor noise at frequencies above approximately 50 Hz espe-
cially at low temperatures. Fused silica — as being an amor-
phous material — can not be used at low temperatures due
to its low mechanical Q-factor (huge Debye-peak around
40 K [5]).

4 Conclusion

Systematic low temperature mechanical @Q-factor mea-
surements of a calcium fluoride single crystal were done
within a temperature range from 5 K up to 300 K. The
highest Q-factor has been observed for the fundamental
drum mode around 65 K as 3 x 108. The interaction be-
tween the test sample and the suspension was carefully
investigated. It was demonstrated that below 100 K no
resonant effects between the substrate and the suspen-
sion wire could occur. This allows the conclusion that the
measurements were not limited by the setup below 100 K.
Nevertheless, resonance effects between 30 and 40 K were
noticed. These are supposed to be relaxation processes in
the test mass material. Further investigations are ongoing.
By using calcium fluoride and the results of this pa-
per it would be possible to reduce the thermal noise of a
GEO600-like mirror especially at low temperatures. Thus,
calcium fluoride is a candidate for cryogenic optical com-
ponents for gravitational wave detectors. A larger beam
diameter or non-Gaussian laser beam would be needed
to use the full low-noise potential of calcium fluoride due
to its high thermoelastic noise contribution. Silicon which
also has high Q-factors (up to several 10%) at low temper-
atures [40] and a lower thermoelastic noise contribution
is opaque at the current wavelength of 1064 nm. Opti-
cal components made of silicon would either demand a
change of the laser to longer wavelengths or a change of
the beamsplitter towards all reflective optics [41]. Espe-
cially the high optical transmittivity of calcium fluoride
between 0.2 and 10 pm makes it interesting for the use as
a classical beamsplitter at low temperatures. Furthermore,
the temperatures needed for cryogenic operation can easily
be obtained from single-stage pulse-tube refrigerators [42]
which provide cooling powers of several 10 Watts in the
temperature region between 30 K and 100 K.

This work was supported by the DFG (Deutsche Forschungs-
gemeinschaft) under contract SFB Transregio 7. The authors
would like to thank Chr. Schwarz and P. Petruck for their
support.
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