
LIGO
HWS

Update on Mechanical Loss Studies in Fused Silica

Steve Penn
Hobart and William Smith Colleges

LSC Meeting, March 2006
LIGO DCC  LIGO-G060140-00-Z



LIGO
HWS

2

Surface Loss Dependence

• Loss dependent on 
V/S ratio

• Loss dependent of 
surface condition

• Pristine surface 
condition dependent 
on initial preparation 
and annealing to 
reduce internal 
stress
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Frequency Dependence

• Loss has frequency power law 
dependence

• Broad distribution of relaxation times 
arising from thermally activated 
asymmetric double-well potentials

• Frequency range (500 Hz — 500 GHz)

• Temperature range (32 — 300 K)
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FIG. 1. Light scattering spectra of silica: Intensity spectra for
the temperatures 300, 200, 125, 80, 50, 32, and 19 K (from
top to bottom, left scale) and the resulting susceptibility spectra
x 00!n" for the temperatures 300, 80, 32, and 19 K (bottom, right
scale, smoothing over five points) are shown. The dashed lines
correspond to power-law fits of the low-frequency part of the
susceptibility spectra.

frequencies the boson peak is observed. The signal passes

through a minimum and shows features of a central

peak. At frequencies of 35 and 20 GHz two narrow

peaks are observed that correspond to the longitudinal

and transversal Brillouin lines and are due to a leakage

from imperfect polarization and to the finite aperture,

respectively. Apart from the Brillouin lines, the central

peak shows a power-law frequency dependence, and its

shape considerably changes with temperature.

The susceptibility representation, x 00!n" ! I#$n!n" 1
1% of the Stokes side, excludes the trivial temperature
dependence due to the Bose factor n!n". The suscep-

tibility data in Fig. 1 have been smoothed by adjacent

averaging over five points. The presence of two contri-

butions to the low-frequency light scattering in glasses can

be distinguished by the different temperature dependence:

the vibrational contribution dominates at high frequencies

and scales with the Bose factor (i.e., the susceptibility is

temperature independent), whereas the relaxational spec-

trum that dominates at lower frequencies strongly changes

with temperature. As can be seen by the crossing of the

spectra at different temperatures, this is not simply due

to an increase of the susceptibility with temperature as

would be expected in the case of higher-order scattering

processes. For all temperatures, the low-frequency wing

of our spectra shows a power-law behavior. The tempera-

ture dependence of the exponent, a!T ", is shown in the
inset in Fig. 2: a is proportional to temperatures up to

200 K, with a ! T#319 K.

FIG. 2. Light scattering susceptibility (solid lines) normalized
to internal friction obtained from the Brillouin lines at 35 GHz
[20]. Dashed lines are power-law fits to the light scattering
data. Symbols show internal friction at the same temperatures
(references in the caption of Fig. 3) (!: 300 K, ": 200 K, #:
125 K, $: 80 K, %: 50 K, and ": 32 K). The inset shows the
exponent a!T" of the low-frequency wing of the light scattering
susceptibility. The solid line corresponds to a proportionality fit
up to 200 K and yields a ! T#319 K.

Let us see if this frequency and temperature dependence

of relaxations can be described within our present un-

derstanding of glasses. In 1955 Anderson and Bömmel

attributed relaxations in silica to thermally activated pro-

cesses with a broad distribution of relaxation times [4].

Theodorakopoulos and Jäckle calculated the light scatter-

ing due to structurally relaxing two-state defects and have

shown its relation to the acoustic attenuation [10]. This

approach was refined by Gilroy and Phillips [11]. The

ADWP’s responsible for the thermally activated transi-

tions are assumed to be the same that at lower tempera-

tures (T & 1 K) relax via tunneling and are responsible for
the low temperature anomalies of glasses, i.e., the parame-

ters for the potential wells are taken from the tunneling

model [12]. Following the assumption that the distribution

of asymmetry parameters D is flat, the light scattering sus-

ceptibility x 00!n" and the internal frictionQ21 depend only

on the distribution of barrier heights g!V " [7,8,10,11]:

x 00!n" ~ Q21 ~
Z `

0

2pnt

1 1 !2pnt"2 g!V " dV . (1)

Here the relaxation time t ! t0 exp!V#kBT ", where
t0 is the fastest relaxation time that occurs. As-

suming an exponential distribution of barrier heights,

g!V " ! V21
0 exp!2V#V0", the model predicts for

the low-frequency wing of the relaxation spectrum,

n ø !2pt0"21, a power-law susceptibility spectrum

with an exponent proportional to temperature [11]:

a ! kBT#V0. The inset in Fig. 2 shows that the

exponents of our silica data agree with the model for tem-

peratures below 200 K and we obtain V0#kB ! 319 K.
At 300 K the observed exponent is less than expected

from the model. Since the exponent of the susceptibility
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cannot become higher than 1 for relaxation processes and

is already close to 1 at room temperature, the deviation

at 300 K comes as no surprise. Indeed at higher tem-

peratures up to Tg it is found that the exponent remains

constant at 1 [26]. The simple assumption of thermally

activated relaxations over barriers with an exponential

distribution of barrier heights can therefore well account

for the observed temperature dependence of the spectral

shape of the low-frequency light scattering data of silica.

Within the model of Theodorakopoulos and Jäckle the

distribution of activation energies is reflected in the light

scattering susceptibility just in the same manner as in the

internal friction [i.e., x 00!n" ~ Q21; cf. Eq. (1)] [10,11].

Taking the internal friction at a frequency that is also

accessible to light scattering spectroscopy, the propor-

tionality constant can be eliminated in order to directly

compare the results of both techniques. In Fig. 2 we plot

the susceptibility data of Fig. 1 scaled to the internal

friction measured at 35 GHz [20]; a single factor is used

for all spectra, showing that the temperature dependence

of x 00!n" around 35 GHz is the same as that of the internal
friction. Acoustic data from different experiments have

a scatter of about a factor of 2, and within a factor of 2

follow the extrapolations of the light scattering data. It ap-

pears that relaxations indeed show up in the same manner

for both techniques and that with good approximation the

spectral shape of relaxations in silica shows a power-law

behavior with an exponent a ! T#319 K over the whole
available frequency range 500 Hz , n , 500 GHz.
This can be further demonstrated by comparing the dis-

tributions g!V " of the barrier heights obtained from the

different experiments. Equation (1) can be further simpli-

fied, assuming a broad distribution of barrier heights g!V ".
In this case the susceptibility spectrum x 00!n" and the in-
ternal friction Q21!T " for 2pnt0 ø 1 directly reflect the
distribution of correlation times and thus the distribution

g!V " [8]:

x 00 ~ Q21 ~ Tg!V ", where V ! kBT ln!1#2pnt0" .
(2)

Assuming that g!V " is temperature independent and that
thermally activated transitions determine the light scatter-

ing spectra and the internal friction at temperatures above

some 10 K, this distribution of barrier heights can be di-

rectly extracted from the data by rescaling the axes with

T . Explicitly, we multiply the log!n" axis by T and divide
the Q21 and x 00 axes by T .
Then a master curve for g!V " should result for the

rescaled x 00!n" spectra and for the acoustic data Q21!T "
for the different frequencies. Since the amplitude of the

light scattering data has already been fixed with respect

to the acoustic data, the only parameter for the rescal-

ing is n0 ! !2pt0"21. Unlike the acoustic experiments

our spectra cover this cutoff frequency at the transition

from the power-law relaxational contribution to the vibra-

tions in the range of the boson peak (cf. Fig. 1). From

the light scattering spectra we obtain n0 ! 800 GHz (i.e.,
t0 ! 0.2 ps), which is in good agreement with previous
results taken from acoustic data [5,10], and we use this

value for the rescaling of all the data. For the rescaling of

the light scattering data we use the frequency range where

the power law holds and where the contribution from vi-

brations to the spectra is negligible. In principle, the dis-

tribution g!V " can be obtained from a single experiment

at one frequency (cf., e.g., [7,8]). The light scattering ex-

periment, however, probes the temperature and frequency

dependence of the susceptibility simultaneously, allowing

a cross test of the model [13].

Figure 3 shows the result of this rescaling procedure.

The light scattering data from the different temperatures

show an excellent agreement and the exponential distribu-

tion as discussed above. Within the scatter of the acoustic

data of about a factor of 2, we obtain a master curve for

all the available data (10 , T , 200 K). The rescaling
of the abscissa involves both the temperature and the fre-

quency of the data. Therefore at a fixed barrier height of

say V#kB ! 200 K, we compare data that have been ob-
tained at a temperature of 200 K and a frequency of about

200 GHz with those obtained at a temperature of 10 K and

a frequency of 500 Hz. Considering this range, it is indeed

surprising that the scaling works so well. The rescaled

acoustic data cover the range both above and below the

temperature of the loss peak found in silica at temperatures

between some 25 and 130 K [5,6]. (In Fig. 2 the presence

FIG. 3. Distribution of barrier heights g!V " as obtained from
the different techniques at different temperatures and frequen-
cies by rescaling the data. Solid lines: light scattering; sym-
bols: internal friction (solid squares: 35 GHz [20], solid circles:
930 MHz [21], solid up triangles: 748MHz [21], solid down
triangles: 507 MHz [21], solid diamonds: 330 MHz [21], open
squares: 43 MHz [22], open circles: 20 MHz [4], open up trian-
gles: 10 MHz [23], crosses: 660 kHz [11], open down triangles:
201 kHz [23], open diamonds: 180 kHz [7], crossed squares:
90 kHz [24], crossed circles: 66 kHz [23], crossed down trian-
gles: 11.4 kHz [6], crossed circles: 3170 Hz [25], stars: 484 Hz
[25]). The inset shows the rescaling of the light scattering data
alone (T ! 200, 125, 80, 50, and 32 K).
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Wiedersich, Adichtchev, and Roessler, PRL 84, pp2718-2721, March 2000
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Mechanical Loss Model

• Bulk Frequency Loss Term — asymmetric double-well 
potential from strained Si-O-Si bonds — C4 ≈ 0.77

• Surface Loss Term — strained Si-O-Si bonds with larger angle 
distribution near surface — C2 < 0.1

• Thermoelastic Term — compression/expansion creates 
thermal gradient. Loss from heat flow.

€ 

φ f , VS( ) = C1 V
S( ) f C2 +C3 f

C4 +C5φTh
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•Suprasil 312 rod with attached bob 
made from Suprasil 311-3 raw stock 

• Slow Anneal: 

• 1°C/hr from anneal point to 
stress point (1150–1030 C)

•2°C/hr down to 900 C

•V/S = 5.5 mm

• f0 = 198, 722, 1894, 3610 Hz

•ORDERED MARCH 2005
6

Cantilever Rod Sample
1 Required • Suprasil 312 • 11 March 2005
Steven Penn •315-781-3759
Hobart and William Smith Colleges
LIGO Science Collaboration
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Large Cantilever Modes
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198 Hz 722 Hz
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Large Cantilever Modes
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1894 Hz 3610 Hz
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Phil Willems suggests an alternate low-loss suspension.
“Just suspend the sample rod at the nodal points.”
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N
odal Suspension

Q = 86 million
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Annealed, then Damaged:  Q = 102 million

Annealed again, Still minor damage:  Q = 161 million
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Measurement Q

Before Annealing 86 million

Annealed, 
Badly damaged 102 million

Annealed again, 
Still some damage 161 million
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DAMAGE
Pits in surface
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• High loss with low frequency 
dependence indicative of 
suspension loss.

• Suspension has high torsional 
mode and thin (100 micron) 
fibers.  Possible source of loss.

• Moving to thicker suspension 
fibers (1-2 mm) and model the 
loss.

• Need to work with Heraeus to 
correct surface defects. 
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Conclusions

• Our model for the mechanical loss in fused silica explains 
the existing low loss data, but we need to finish 
measurements in regime of low frequency and high V/S.

• Hai-Ping Cheng of UFlorida does atomic level modeling of 
FS.  She is trying to develop a predictive model for loss in 
FS that describes our data and hopefully agrees with our 
model.  If that works, then hopefully she can expand that 
model to the various coating materials.

• Gari has ordered the fused silica cylinders for studies of  
optimal annealing cycle vs sample size.


