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Abstract

Second-generation interferometric gravitationaltevdetectors will operate at
temperatures noticeably above room temperatunedyStas done to determine what
effect elevated temperatures would have on thedXxaating thermal noise of the
detector mirrors. Results show that increased éeatpre increases loss angle in a
manner that is more significant at higher frequesiciTrends show that the increased
temperature will have a negligible effect at the [d00 Hz) frequencies important to
second-generation detectors.

l. Introduction

Within the next few years, construction of advahdesigns of interferometric gravitational
wave detectors will become a reality[1]. Theseasmbed designs promise greatly improved sensitivity,
and will make detection of gravitational waves §f2]. In order to improve sensitivity, researctta
reducing noise sources of all types continuesitodlly. One important area of research is in the
reduction of thermal noise[3]. Thermal noise ipexted to be the limiting noise source for advanced
interferometers, especially in the band aroundH®0and the optical coatings of the mirrors hasbee
shown to be a major contributor[4]. Coating thern@se is also the limiting noise source for laser
frequency stabilization[5]. Even a minor reductadrcoating thermal noise can substantially improve
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detector sensitivity and lead to an increasedaftietection.

Designs for the advanced Laser Interferometer i@teonal-wave Detector (LIGO) detectors
call for increased laser power and more energgdtor the interferometer arms[1]. While these giesi
aspects will increase sensitivity and lower quans@msing noise, they will raise mirror temperata®s
high as 20°C above room temperature; comparedsathean 1° increase in mirror temperatures for
initial LIGO interferometers[6]. Using the Fluctian-Dissipation Theorem, it has been shown that th
thermal noise in sensing the position of a coatgdbmusing a Gaussian-profile laser can be written
as[7]

S,(f) = 2k,Tgg (- 0) (72 fwY), (1)

WhereS(f) is the power spectral density of the position edigis the Boltzmann's constafitjs the
temperatureg is the substrate material's Poisson ratoig the half-width of the Gaussian beam, and
e 1S the effective loss angle of the mirror. FroguBtion 1, it is easy to see that the thermal noise
depends directly on temperature. However, it isknown howge: depends on temperature, if at all.
It is important to determine experimentally whettiex increased mirror temperatures in Advanced
LIGO interferometers will substantially effect therror thermal noise.

Initial LIGO mirrors are currently made as a fusddta substrate with alternating &ayers of
dielectric materials: silicon dioxide (Sipand tantalum pentoxide (3@s). Past experiments have
shown that a major source of thermal noise in tireons is due to the mechanical loss of the optical
coatings, and that the X3 is the largest contributor to that loss[8]. Ispense to these studies,
research has taken place into reducingDOFa effect by doping and other methods[9]; howelitle is
know about the loss mechanisms 0§da Some insight into these mechanisms may poskély
learned by studying its response to varying fregie=nand temperatures, which may help the efforts t
reduce thermal noise in advanced interferometers.

[l. Experiment

The method used to study the thermal noise crarsiots under varying temperature is similar
to that in previous experiments[8]. The samplaeldse measurement was a coated silica disk, 7.6 cm
in diameter and 0.25 cm thick, commercially polh&nd coated with 30 layers of alternating SiO
and TaOs with a total coating thickness ~4uh. The sample was welded to a low-loss silica
suspension, which required a small, 1 cm radius-sewpular part of the sample face to go uncoated t
prevent coating damage near the weld. The entgpeision was placed in a low2®rr vacuum,
and the resonant frequencies were excited usimeatrostatic comb exciter placed close (<0.5 @m) t
the sample. After removing the excitation sigtiad, sample's ringdown was measured using a
birefringence sensor.

After a record was made of the sample's ringdatwmas fit to determine its characteristic
decay time<). The decay time is related to the quality fa¢€@y of the sample by the relation

Qmeasured = ncnr , (2)

Assuming that all other loss sources can be ignahedtotal loss of the samplBiia=1/Qmeasured , CAN
be approximated as the sum of the intrinsic logh®kubstrate plus the loss associated with the
coating[10],

E
A = 0(1,)+ =0 (1,). ©

Here the subscriptsandc represent the substrate and the coating, respgctande/Es represents the
ratio between the energy stored in the coatingth@dubstrate. Values f&r/Es were calculated using
a finite element model[10], and are given in Tahl&sing equations 2,3, and the measurements taken
from the sample, calculations were made for thaeabfg. for each of the measured normal modes
and temperatures.

Heating was done using a 25 ohm, 7 cm radiush@ader placed in the vacuum chamber



approximately 6 cm from the sample. The heaterpeagered by a stepping power supply, which was
controlled by second power supply. Temperaturemaasured using a type K thermocouple mounted
<1 cm from the sample face. The thermocouple \albrated at 0° and 100° C temperatures, and
values were recorded using a LabVigwogram. In order to heat the sample, the conttihges

listed in Table 2 were applied to the heater pasugply. The sample was heated for no less than fou
hours to allow the system to reach a steady sedtwdeach normal mode was excited and the
ringdown was measured.

lll. Results

Four normal mode frequencies were measured o3@? & range: the two degenerate Butterfly
(n=0, I=2) modes (~2700 Hz), one of the degenerate (H=0, I=3) modes (~6100 Hz), and one of the
degenerate Bongo (n=1, I=1) modes (~9400 Hz). Bhamulated loss angles for each frequency and
temperature can be seen in Table 2 and are shokigune 1. Study of the figure shows that
increasing temperature does increase loss. Isasapparent that the temperature effects incredbe
frequency. This is more clearly seen in Figurehzrg each frequency line has been normalized to its
room temperature loss angle.

It is important to recognize that the experimeetsures the effect of temperature on the
coating loss. The loss of the silica substrateatn temperature is so low, that the coating loss
completely dominates the loss measurements[8].afptemperature effects of the substrate to appear
in our measurements, the substrate loss would toasteange drastically over a short temperature
range. This is contrary to the current understagndf the substrate loss mechanisms|7].

When making measurements of mechanical lossa®, éine many conditions that can increase
the measured loss, but few, if any, that can re@udeor this reason, the values quoted abovéharse
measured with the highest Q. The uncertainty aatemtwith them is the statistical error carrie@giov
from the fit to the ringdown. Systematic errors aliminated in this approach. The statisticabrsr
are small enough to be ignored in the figures.

IV. Discussion

Although this is the first heating experiment tsftype, there have been measurements made of
coating loss at sub-zero temperatures. In onergmpst, a sample of similar geometry and coating
was cooled to as low as 4 K, and found that temipexdnad no effect on coating loss[11]. These
results agree with the data seen in this experim&hé cooling experiment measured lower (2500 Hz
and 1100 Hz) frequency modes than did the heakpgrement. The heating experiment showed the
effects of temperature becoming much less pronabat®wer frequencies, so much so that the
cooling experiment would not have seen any effatthose frequencies.

A more recent paper studied the effects of coatimghermal noise in Titania-doped Tantala
coated Silicon wafers in order to better understhedoss mechanisms involved in the noisier Tantal
coating layers, and the effects of Titania dopit2]| This study showed an increase in mechanssl |
with decreasing temperatures. Although these tedol not directly agree with the findings of this
paper, they do not dispute it, considering the déd&trences in temperature ranges. It is of note,
however, that the two experiments combined maytgoitwo separate loss peaks, possibly indicating
loss mechanisms in the coatings.

A simple linear extrapolation of the trends seethe data to the temperature and frequency
range planned for Advanced LIGO shows a less tBarliange in coating loss, leading to a negligible
effect on gravitational wave detection. Of cours#jl there is more data available, there is rasoa
to expect a truly linear relation, but these eeglults appear promising for Advance LIGO and other
second-generation detectors that will not use anjig mechanisms. Additional experiments are
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underway to increase understanding of this mechgnigluding a study of pure T@s coating
samples in order better understand its materigdgatees and design improved mirror coatings.
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Figure 1: Loss angle vs. temperature for each of the measured normal modes:
Bongo~9400 Hz, Hex~6100 Hz, Bf-h and Bf-1~2700 Hz. The effect of
temperature is more pronounced at higher frequencies.

e 10-4 Loss Angle vs. Ternperature for All Modes
T T T . . o
m— Bongo
=== Hay
||||||||| BFh
-I-IIBFl
5_ -
=
o
panp]
[y
T
w
w
3 o
I
1 Iy
il —I-I—I-I-I-I-I-I_ T'IIL'-H".E\ d""h.‘ |
-I-I—I-l ““ - “
- ||||||||||||||||||||||||||'- - -
||||||||||||||||||I|||I " .
_“__-------
-
-"""'-’
€ I I L . L 1 1
25 30 345 A0 45 a0 o B

Ternperature [*C]



Figure 2: Loss angles vs. temperature for each measured mode, normalized to its

room temperature loss angle. The temperature effect is more obvious than in Figure
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Table 1: Table of EC/ESvalues used in computing ¢pc. Values were
calculated using values of dU/U from[9]. EC/ES=dU/U*t; wheret isthe
coating thickness (t = 4.6 um).

Mode Name Mode ID Ec/Es

Butterfly n=0, I=2 0.0073
Hex n=0, I=3 0.0073
Bongo n=1, I=1 0.0075




Table 2: Measured frequencies and Q's for therfeeasured modes. The
vacuum chamber was heated by a ring heater usingteol voltage input into
a stepping amplifier. Phi's were calculated usiqgggion (3).

Mode Frequency [Hz] |Temperature [C]|Q [x107] Phi [x104]

Bf-low 2683.6 24.8 3.8 3.5
Bf-low 2688.4 32.5 3.7 3.6
Bf-low 2693.0 42.5 3.7 3.6
Bf-low 2696.1 50.3 3.6 3.8
Bf-low 2698.4 56.1 3.4 3.9
Bf-high 2684.2 24.9 3.9 3.4
Bf-high 2688.6 32.6 3.9 3.5
Bf-high 2693.4 42.9 3.8 3.5
Bf-high 2696.7 50.5 3.7 3.6
Bf-high 2699.3 56.9 3.7 3.6
Hex 6111.1 24.9 3.9 3.4
Hex 6122.2 33.2 3.7 3.6
Hex 6133.7 43.0 3.6 3.7
Hex 6141.0 50.6 3.3 4.0
Hex 6147.1 56.0 3.6 3.7
Bongo 9379.3 24.9 3.5 3.6
Bongo 9401.7 32.9 2.5 5.0
Bongo 9422.0 42.8 2.3 5.4
Bongo 9436.7| 51.3 2.2 5.5




