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Polarized and depolarized components of the quasielastic light-scattering spectrum of fused-silica
optical fiber have been measured in the frequency range 100 kHz to 100 MHz at temperatures from
10 to 293 K. The depolarization ratio was found to be 0.14+0.03. In the backscattering geometry
both polarization components are seen to obey an inverse-power-law frequency dependence. Both
the temperature and frequency dependence are consistent with a model that assumes thermal activa-
tion of structural relaxations which have a wide distribution of relaxation-time constants. In the
forward direction, an additional polarized component with the same temperature dependence ap-

peared.

INTRODUCTION

Amorphous materials have several categories of ubi-
quitous but poorly characterized structural fluctuations. !
In the subkelvin regime, heat-capacity, thermal-
conductivity, and acoustic-absorption measurements in a
variety of materials indicate the presence of localized
nonharmonic modes, usually assumed to be two-level sys-
tems (TLS’s).? At higher temperatures, acoustic mea-
surements, dielectric dispersion,' neutron scattering,’
electrical noise,* and quasielastic light scattering™®
(QELS) also indicate, in various amorphous materials, the
presence of structural fluctuations. These fluctuations
typically have thermally activated kinetics above about
20 K."7 In the subkelvin regime, tunneling kinetics are
dominant.>”® Despite general agreement on these quali-
tative features, a number of basic questions remain to be
answered about the fluctuations in even the best-studied
amorphous materials, such as amorphous silica (a-SiO,).

It is not known in general whether the subkelvin prop-
erties and the thermally activated fluctuations both result
from essentially similar double-well systems (DWS’s).
Furthermore, in most materials no specific pictures for
such DWS’s have been developed, although a suggestion
has been made for a-Si0O,,’ and there is a reasonable
model for a rather special case—the orientational glass
(KBr),_, (KCN),.? In fact, it is not generally known
whether the fluctuations within the activated regime in
any one material are well described by a single type of
structural picture.

The distribution of level splittings of the structural
fluctuations has been accurately measured in many ma-
terials, including a-SiO,, in the tunneling regime below
1K, where these modes make a major contribution to the
heat capacity.? However, at higher temperatures there
has been little quantitative information on the relevant
distributions of DWS parameters. An approximately
constant density of states is known to fit ultrasonic at-
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tenuation'® and quasielastic-neutron-scattering® data
better than a distribution with some maximum splitting
of less than ~300 K, but these previous data have not
provided accurate enough information on the frequency
dependence of the spectral density to cleanly separate
density-of-states effects from kinetic effects.

One way to check whether all of these effects have a
single physical origin (or result from a collection of dis-
similar modes) is to measure several fluctuating quantities
in a single frequency range in a particular glass as a func-
tion of temperature. Such experimentally measurable
quantities include polarizability tensor fluctuations (stud-
ied via polarized and depolarized QELS), strain-tensor
fluctuations (studied via ultrasound absorption or internal
friction), and electric polarization (probed via dielectric
loss). If a number of such measurements closely track
each other, it becomes increasingly reasonable to look for
a single characteristic fluctuation structure. For exam-
ple, ultrasound absorption and dielectric dissipation often
show similar temperature dependences in the activated
regime, strongly indicating that both come from the same
sites.! However below about 40 K, dielectric loss is
much less temperature dependent than acoustic loss, indi-
cating that a new set of low-energy, low-barrier-height
fluctuations with relatively large electric-dipole to
elastic-dipole ratios must be active. !

With the exception of this series of experiments, previ-
ous light-scattering studies of glasses,*!! including a-
SiO,, have employed standard Fabry-Perot or grating-
spectrometer methods for resolving frequency shifts, and
thus have been limited to frequencies above about 100
GHz. In that frequency range, components other than
those due to structural fluctuations are also present, com-
plicating the data analysis. In particular, such experi-
ments have not resolved the line shape of the light-
scattering component due to structural fluctuations.
They have, however, demonstrated that a QELS com-
ponent apparently due to structural fluctuations is
present in a variety of glasses. Furthermore, ratios of
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depolarized to polarized QELS have been obtained for
many glasses, although not as a function of temperature. >

We have reported in an earlier paper'? the observation
of quasielastic light scattering in fused-silica optical fiber
with an inverse-power-law frequency dependence (1/f
QELS). Here we report an extensive series of similar
homodyne-detected light-scattering experiments in which
we observed polarized and depolarized components of
1/f QELS, and a large polarized QELS signal in
forward-scattered light at MHz frequency shifts and at
temperatures down to 10 K. Both previous!? and present
1/f QELS data are well described by a modified Dutta-
Horn (MDH) model*!*!3 based on the physically reason-
able assumption of a distribution of structural-
relaxation-time constants in glass. Three of the main
goals of the homodyne QELS experiments reported here
concern characterization of the structural fluctuations.
First, by combining accurate spectral data over a wide
temperature range, we determine distributions of activa-
tion energies and of level splittings in three slightly
different glasses: pure fused silica, germania-doped silica,
and stressed germania-doped silica. Second, by measur-
ing the depolarization ratio over a wide temperature
range, we have determined that a single type of fluctua-
tion appears to be dominant in a-SiO, of high purity.
That conclusion is reinforced by an approximate compar-
ison with acoustic measurements' on similar material.
Third, by determining absolute levels of two fluctuation
parameters, and by successful application of a modified
Dutta-Horn model, we hope to provide input from which
constraints on the structural model of the DWS’s may be
calculated.

LOW-FREQUENCY SCATTERING MECHANISMS
IN FUSED-SILICA OPTICAL FIBER

The experiments described here used single-mode
fused-silica optical fiber as the scattering medium which,
although used extensively in telecommunications as a
low-noise transmission line, is nonetheless a useful ma-
terial with which to study light-scattering processes. Op-
tical fibers consist of a ~125-um cylindrical fiber of a
dielectric material (typically fused silica) with a ~5-um
core of a dielectric with a higher refractive index (typical-
ly obtained by doping either the core or the cladding).
Optical fibers are particularly useful for studying process-
es which scatter light only weakly, as they allow high-
intensity incident light to be guided over long interaction
lengths. Observation of four scattering mechanisms in
fused-silica optical fiber have previously been reported:
Raman scattering,'! Brillouin scattering'* [and guided-
acoustic-wave Brillouin scattering'® (GAWBS)], Rayleigh
scattering, and 1/f quasielastic light scattering.'? In ad-
dition, a dynamical central scattering peak was first ob-
served in a glass by Firstein, Cherlow, and Hellworth in
1975.'® Since then, this central-peak scattering has been
investigated extensively as a direct way of studying two-
level tunneling systems and thermally activated structur-
al relaxations in glass.>® The 1/f QELS recently ob-
served was not identified in previous experiments due to
the lack of sufficient resolution or sensitivity at low fre-
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quencies (below 100 MHz).

Conventional Brillouin scattering in an optical fiber
produces a component shifted by >20 GHz in the back-
scattering geometry and essentially no forward scatter-
ing. Our apparatus is insensitive to the spontaneous Bril-
louin scattering, and we scrupulously avoid conditions
leading to stimulated Brillouin scattering. Thermally ex-
cited vibrations of the cylindrical fiber modulate the den-
sity of the core and hence its refractive index, creating
phase noise. This guided-acoustic-wave Brillouin scatter-
ing, or GAWBS, can be detected in the forward direction
even in 1 m of fiber.!” Figure 1 shows four low-order
modes of these mechanical vibrations. Modes which are
cylindrically symmetric have no effect on the polarization
of scattered light. However, modes with planes of sym-
metry along orthogonal diameters induce birefringence in
the fiber and depolarize scattered light. Both types of
modes can be explored using variations of our forward-
scattering homodyne-detection technique. Figure 2
shows part of the GAWBS spectrum for 100 m of single-
mode fused-silica optical fiber at room temperature along
with the quantum-noise level. The spectrum is highly
structured; each peak corresponds to a mechanical reso-
nance of the fiber with kT of energy in each mode. The
peaks are broadened by damping due either to the acous-
tic attenuation of the glass itself or to the jacket material
which covers most fibers. Inhomogeneities in the fiber di-
ameter also contribute to the broadening of the resonant
peaks. The spectral structure is well modeled as de-
scribed in Ref. 15.

Rayleigh scattering, caused by dynamic inhomo-
geneities due to temperature-entropy fluctuations, has
also been observed in fused silica.'> As shown in Fig. 3,
Rayleigh scattering appears in our homodyne-detected
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FIG. 1. Cross section of an optical fiber showing the four
lowest-order mechanical vibration modes of each symmetry: ra-
dial modes R, and R, and mixed torsional/radial modes TR,
and TR,,. Cross sections on the left indicate cylindrically sym-
metric modes which uniformly stress the fiber’s core (through
which the light propagates) and do not induce birefringence in
the fiber. Cross sections on the right indicate modes responsible
for depolarized GAWBS (Ref. 15).
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FIG. 2. GAWBS spectrum over a 1-GHz bandwidth. The
dip down to the quantum-noise level corresponds to the first res-
onance of the phase-shifting optical cavity used in making
homodyne measurements of the phase noise (Ref. 15).

backscattering spectra as a broad (~ 150-MHz-wide)
Lorentzian which dominates all other low-frequency
scattering features at room temperature.

An additional component of quasielastic light scatter-
ing in glasses has been attributed to thermally activated
structural fluctuations. This component has been
resolved spectrally in SiO, fibers and was shown to have a
frequency dependence that obeyed an inverse power
law.!? This 1/f peak also contributes a low-frequency
slope in Fig. 3. Thermally activated structural fluctua-
tions also give rise to ultrasound absorption,! dielectric
loss,! and inelastic neutron scattering.3 The peak in the
QELS signal as a function of temperature corresponded
to the temperature of the maximum expected from these
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FIG. 3. (a) Room-temperature Rayleigh scattering in

germania-doped low-birefringence fused-silica optical fiber.
The measured spectrum has two components: a 139-MHz-
FWHM-wide Lorentzian due to dynamic Rayleigh scattering
and a 1/f QELS component with a frequency exponent of 0.5.
The two solid lines below the spectrum show (b) the isolated
Rayleigh and (c) the 1/f QELS components. The spectrum is in
vacuum-noise units (VNU’s) per milliwatt of optical power cou-
pled into the fiber per meter of fiber length, and agrees with
theoretical expectations.
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other experiments. However, the previous measurements
of QELS in a-SiO, were insensitive to the depolarization
ratio of the scattering process.

EXPERIMENT

Three experimental configurations were used. All used
homodyne detection of the scattered light. A discussion
of homodyne detection and our method of data reduction
appears as an appendix to this paper.

The first experimental configuration used a polari-
zation-preserving fiber (a York V.S.0.P., Inc. fiber, type
HB600), and was able to measure polarized and depolar-
ized scattering signals independently. A diagram of this
experimental configuration appears in Fig. 4. The refrac-
tive index of the core of the fiber was elevated by ger-
mania doping. The polarization preserving properties of
the fiber were achieved by stressing the glass to induce
high birefringence in the core, thus establishing two po-
larization eigenmodes in the fiber. A beam from a stabi-
lized krypton-ion laser running on the 647.1-nm line was
coupled through a 19-cm length of single-mode
polarization-preserving fiber. This short length of fiber
acted as a spatial filter and was cut from the longer fiber
that acted as our scattering medium. Consequently, the
transverse spatial mode of the incident beam after the
spatial filter matched that of the longer fiber, resulting in
good mode overlap of signal, pump, and local oscillator
beams and high detection-system-homodyne efficiency.

After passing through the spatial filter, 25% of the
power was split off and coupled into the “back” end of
the fiber through polarization beam splitter C with polar-
ization crossed with the incident (pump) beam. The
remaining beam was passed through a Faraday optical
isolator and coupled into the “front” end of the fiber.
Roughly 4% of the light incident on the front face of the
fiber was reflected and rejected, along with the polarized
backscattered light, by polarizer A of Fig. 4. The light
reflected from the input face acted as a local oscillator to
allow the homodyne detection of backscattered polarized
QELS excited by the forward-propagating pump beam.
The “back” face of the fiber was bathed in refractive-
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FIG. 4. Experimental apparatus for measuring polarized and
depolarized backscattering. See the main text for a complete
description.
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index-matching oil to suppress its reflections. The beam
propagating backward through the fiber acted as a local
oscillator for depolarized scattering and, along with the
depolarized scattered light, was rejected by polarizer B of
Fig. 4. Blocking either polarizer A by closing shutter S,
or B by closing shutter S’, allowed only the depolarized
or polarized backscattered light, respectively, to be mea-
sured. The scattered light and local oscillator beam beat
on the face of FND-100 photodiode D1. The dc current
produced by the photodiode generated a voltage on a 50-
Q resistor, which was measured by a digital voltmeter.
The ac components were amplified with a custom low-
frequency, low-noise, high-gain preamplifier. The gain
was made to drop off 50 dB/decade below 100 KHz to
prevent amplifier saturation. The homodyne signal was
then displayed on a Hewlett-Packard model 8568 rf spec-
trum analyzer.

The fiber itself (143.5 m) was wound around an
oxygen-free high-conductance (OFHC) copper drum, 3
in. in diameter and 10 in. in length, and mounted in a
variable-temperature liquid-helium Janis dewar, model 10
CNDT. Silicon-diode temperature sensors were fastened
to either end of the drum. Except during periods of rapid
cooling, the temperature difference between the two sen-
sors was within 0.2 K. A third sensor acted to maintain
the temperature of the gas flowing through a capillary
tube from the helium reservoir to the sample chamber at
the set point. The attenuation of the fiber wound on the
drum did not vary with temperature.

The homodyne beat signal of the polarized and depo-
larized scattering was measured over a range of tempera-
tures. At each temperature, in addition to spectra of the
homodyne-scattering beat signal, we also recorded spec-
tra of the quantum-noise level and the dark- (electronic)
noise level. The quantum-noise level was obtained by
shining an incandescent lamp, covered by an ir rejection
filter, into photodiode D1 at an intensity such that the
photocurrent was the same as produced by the local os-
cillator beam during the actual experiment!” (see Appen-
dix). The dark-noise level was obtained by blocking all
light into the photodiode. In data analysis, dark noise
was subtracted from the raw-signal spectra, which were
then normalized to the vacuum noise by dividing by the
quantum-noise spectrum. This normalization procedure
also corrected for moderate frequency dependence of the
detector and amplifier response. The contribution of the
vacuum noise was then removed by subtracting 1 from
the normalized spectrum, yielding an absolute light-
scattering spectral density in units (called ‘““vacuum-noise
units”’) of the vacuum-noise spectral density (equal to
one-half quantum per unit of spectrum-analyzer band-
width).

The scattering efficiency per meter was then obtained
by dividing the corrected and normalized scattering spec-
tral density by the incident pump intensity measured by
detector D2, the length of the optical fiber, and by the
overall detection efficiency (see Appendix). The detection
efficiency was limited primarily by the transverse-mode
overlap of the scattering and local oscillator beams and
was measured independently.

In addition to the polarized and depolarized back-
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scattering, it was possible to obtain a homodyne signal of
depolarized forward scattering by using the apparatus di-
agramed in Fig. 5. The fiber was not perfectly polariza-
tion preserving. Indeed, at temperatures below ~150 K
the polarization of the incident beam in the fiber would
wander, putting up to 10% of the optical power into the
cross polarization. Therefore, the light incident on detec-
tor D1 from polarizer C in Fig. 5 contained not only the
forward depolarized scattering, but also up to 10% of the
incident beam, which then served as a local oscillator for
homodyne detection. Scattering spectra were recorded
only when the polarization in the fiber wandered slowly
compared to the time necessary to make the measure-
ment.

The third experimental configuration used a random
birefringence fiber (Hughes Research pure-silica 5-um
core with a numerical aperture of 5.26 X 10~ *) which did
not preserve polarization. This experimental apparatus,
which detected only forward-scattering light, appears in
Fig. 6.'7!® A stabilized single-frequency 647.1-nm
krypton-ion laser beam was coupled into 114 m of single-
mode fused-silica optical fiber with its jacket removed
and installed in a variable-temperature liquid-helium
Dewar. The looped fiber hung freely in the Dewar. A
silicon-diode temperature sensor hung freely within the
loop of fiber.

The output beam from the fiber was reflected from a
confocal Fabry-Perot cavity with axial-mode spacings of
approximately 748 MHz and a finesse of approximately
35. This cavity was resonant for the incident 647.1-nm
pump wave and served to phase-shift this beam relative
to the scattered light which was frequency shifted from
the pump by more than the cavity linewidth (approxi-
mately 20 MHz). In this way, forward-scattered light,
due to GAWBS and other QELS processes, which was
originally in quadrature relative to the incident beam,
was made to be in phase with the reflected beam, which
then acted as a local oscillator, allowing homodyne detec-
tion of the scattered-light signal. The data were reduced
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FIG. 5. Experimental apparatus for measuring depolarized
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analyzer traces taken with different resolution band-
widths over a variety of frequencies intervals. Our nor-
malization procedure results in near-perfect overlap. Fig-
ures 7(a) and 7(b) show polarized (p) and depolarized (d)
backscattering at room temperature and 84.2 K, respec-
tively. At the colder temperature the spectral line shapes
clearly obey an inverse power law over three decades of
frequency bandwidth, with the depolarized scattering
0.14 times the polarized. At room temperature, the depo-
larized scattering shows clear 1/f behavior below 500
kHz. Above this frequency the strength of scattering due
to other thermally excited mechanisms becomes compa-
rable to the 1/f QELS component. The line shape of the
polarized scattering spectrum is similar to the total (both
polarized and depolarized) backscattering spectrum at
room temperature of the germania-doped random-bire-
fringence fiber shown in Fig. 3. This spectral line shape
can be fitted well by a superposition of a Lorentzian and
an inverse-power-law spectrum. The Lorentzian’s ampli-
tude and linewidth are consistent with predictions for the
conventional (dynamic) Rayleigh line of fused silica. !*2°

At frequencies below 75 kHz, microphonic pickup by
the fiber and laser cavity created an intermittent noise
level which precluded reliable measurement of the light
scattering.?! The limited bandwidth of our present low-
noise preamplifier and the decreasing 1/f signal at higher
frequencies limited the bandwidth of absolute measure-
ments to below 100 MHz.

The temperature dependence of the polarized and
depolarized scattering efficiencies at 1 MHz is shown in
Fig. 8 and is similar to that reported earlier for a non-
polarization-preserving fiber. The depolarized data in-
clude points from both forward and backward depolar-
ized scattering. In general, spectra of these two scatter-
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FIG. 7. (a) Homodyne-detected polarized (p) and depolar-
ized (d) backscattering at room temperature. The polarized sig-
nal is dominated by Rayleigh scattering, while 1/f QELS be-
havior is clearly visible in the depolarized signal. The scattered
power is measured in vacuum-noise units (VNU’s) at the photo-
detector and normalized with respect to laser power coupled
into the fiber and the fiber length. (b) Homodyne-detected po-
larized (p) and depolarized (d) backscattering at 84.2 K. Both
polarized and depolarized scattering signals show 1/f behavior
for over three decades of frequency.
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FIG. 8. Temperature variation of both polarized and depo-
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low temperatures, where experimental uncertainties are most
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ing geometries agreed well. That the temperature depen-
dence of both the polarized and depolarized scattering
track each other so well indicates that it is likely that
both arise from the same structural fluctuations. This
sort of temperature dependence is also similar to that
measured for the ultrasound absorption in fused silica,
which has been interpreted in terms of interactions with
double-well systems. ! The ~80-K peak in the 1-MHz
structural fluctuations found by light scattering coincides
well with the peaks found via ultrasound absorption and
dielectric dispersion,"?>?* when one multiples the latter
two dissipation parameters by 7 to convert to fluctuation
magnitude. A comparison of light-scattering data and
appropriately adjusted ultrasound absorption data' (Fig.
9) shows similar temperature dependencies. It is reason-
able to presume that these two effects (and dielectric
dispersion) come from the same transitions, at least in
this temperature range.

Figure 10 shows several typical spectra of forward
scattering obtained using the third of our experimental
set ups (Fig. 6) at three different temperatures. The peaks
correspond to GAWBS modes of the pure-silica core
fiber.!>1® As each GAWBS mode is excited by kT of en-
ergy, the area under each peak would be expected to de-
crease linearly with temperature. Spectra of forward
scattering at 295, 100, and 2 K are shown in Fig. 10 as
traces (a), (b), and (c), respectively. Note how the
GAWBS peaks fall monotonically with temperature,
while the background level between the peaks is highest
in the 110-K spectrum. Several peaks do not change
height at all with temperature. These peaks are due pri-
marily to the unstripped ends of the fiber which come out
of the Dewar and are at room temperature at all times.
Figure 11 shows the peak heights of various frequency
components as a function of temperature. Between 293
and 80 K, the GAWBS peak at 49.6 MHz is seen to fall
slightly faster than linearly and slightly slower between
80 and 20 K. This variation from linear behavior could
be due to a temperature-dependent ultrasound absorption
which peaks near 80 K, but the variation in peak height
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FIG. 9. Comparison of forward- and backward-polarized
1/f QELS (circles) with ultrasound-attenuation data (in units of
inverse mean free path) which has been adjusted by multiplica-
tion by temperature (solid line).
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FIG. 10. Forward-polarized scattering from a pure-fused-
silica-core fiber at (a) room temperature, (b) 110 K, and (c) 2 K.
The spectra are dominated by GAWBS peaks which arise due to
thermally excited mechanical resonances of the bulk fiber. The
background level is seen to rise initially upon cooling, reaching
a maximum height at 80 K before falling with continued cool-
ing.

basically confirms expectations for a harmonic-phonon
mode in thermal equilibrium. Damping of GAWBS reso-
nances due to ultrasonic absorption causes broadening of
the resonance linewidth, reducing the peak height at tem-
peratures where the damping is greatest.

Although the spectrum of other scattering mechanisms
cannot be isolated from that of GAWBS in Fig. 10, the
region of the spectrum between GAWBS peaks, i.e., at
11, 55, and 98 MHz, has a temperature dependence re-
markably similar to that of the 1/f QELS seen in the
backward direction (Fig. 8). However, the strength of
this scattering signal does not have a systematic frequen-
cy dependence. The scattering-efficiency—versus—
temperature curve at 98 MHz looks nearly identical both
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FIG. 11. Temperature variation of the height of the GAWBS
peak at 49.6 MHz and the background level between GAWBS
peaks at three different frequencies. The deviation from a linear
dependence of the GAWBS peak height on temperature may be
due to temperature-dependent acoustic attenuation (and
linewidth), which peaks at 80 K. The temperature variation of
the background scattering level between GAWBS peaks is simi-
lar to that of the backwards scattering.



g

101

1077

sl el o

Scattering Power (VNU/mW m)
=)
o

sl gl

I 1 1 I 1 L I

0 20 40 60 80
Frequency (MHz)

—_
o
(=)
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in shape and absolute amplitude to the corresponding
curves at both 11 and 55 MHz. It is possible that this
scattering may be due to an interaction between the DWS
responsible for 1/f QELS and the phonons producing
GAWRBS, but no model has been developed to support
this conjecture.

Figure 12 shows the scattering efficiency of polarized
and depolarized scattering in the same fiber in the for-
ward direction at 77 K. The depolarized GAWBS peaks
have very nearly equal magnitude in both spectra. How-
ever, the background level of the depolarized spectrum is
a factor of 0.13x0.01 times the polarized background. A
1/f component is visible in the depolarized spectrum,
but the apparatus needed for the polarized spectrum did
not function below ~7 MHz. One must also note that
the polarized background cannot be attributed to wings
of the Lorentzian GAWBS lines. This depolarization ra-
tio for the background is similar to the corresponding ra-
tio for backward-scattered light.

The temperature dependence of the frequency ex-
ponent of the power-law [n(w)x<w™*] light-scattering
efficiency is shown in Fig. 13. Although the scattering
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FIG. 13. Temperature variation of the frequency exponent o
of the scattered power for three fibers. The exponent was found
to be constant from 0.1 to 100 MHz. The dashed line is a pre-
diction using the modified Dutta-Horn equation, Eq. (7), and
the 1-MHz data in Fig. 8.
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power was shown in Fig. 8 to depend on whether the
scattering is polarized or depolarized, it appears that the
frequency exponent and temperature variation do not.
Figure 13 includes data obtained from polarized and
depolarized backscattering as well as forward depolarized
scattering. The data from all three scattering geometries
agree well. Also included in Fig. 13 are frequency-
exponent data from backscattering experiments done
with non-polarization-preserving fibers with cores of pure
a-Si0, and germania-doped a-SiO,. The agreement in
data from all three types of fibers suggests that a(7T) may
be insensitive to composition, unlike the absolute scatter-
ing level.

DISCUSSION

Power-law frequency spectra often can be modeled by
assuming that they arise from a collection of DWS’s,
each of which contributes a Lorentzian spectrum*

r
Slw)oe ——— . (1)
1+’
Taking D,(7) to be the probability density function of 7,
the net spectrum is given by

S(w)« fl+—;2T2D1(T)dT. 2)

When the transitions of the DWS’s are thermally ac-
tivated, 7 is given by T7=ryexp(E, /kT), where 74 is a
characteristic attempt time, typically of order 10~ s,
and E, is the activation energy. E, and 7, can each have
a distribution of values contributing to a distribution of 7,
but when the observed frequencies are much less than
10'? Hz the distribution of E, is usually much more im-
portant, due to the exponential factor, so that 7, can be
treated as a constant.

If we assume that the same DWS’s are active at all
temperatures, we obtain

Toexp(E, /kT)

S(w,T)x<
f 1+ w’réexp(2E, /kT)

E,dE, . ()

As long as D (E,), the probability density function of
E,, varies slowly compared with k7, the integrand is
dominated by values of E ~ —kT In(wr,), allowing D(E)
to be pulled outside the integral in Eq. (3). The integral
can then be solved exactly, yielding

S, *LpE) . @)
w

Both the T and o dependencies of S(w,T) are deter-
mined by the same activation-energy-distribution func-
tion. Differentiating Eq. (4) gives the Dutta-Horn equa-
tion, *

1 0InS(w,T)
, Th=1— ——1], 5
ale In(wry) | InT ®
where a= —091InS/dInw. This equation presumes that

the same DWS’s are active at each temperature, and thus
it gives a term in the temperature derivative that is purely
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kinetic, in that it simply involves shifts in the spectral
shape as a function of temperature.

The combination of very accurate measurements of the
spectral exponent with temperature-dependent magni-
tude data allows us to make an accurate determination of
the nonkinetic factors entering into the quasielastic-
scattering magnitude in the thermally activated regime.
Such factors can be of two types. First, there is the sim-
ple thermodynamic factor resulting from the ability of
states with larger level splittings E to fluctuate only at
higher temperatures. The contribution of a DWS to the
fluctuation spectrum is proportional to sech?(E /2kT),
where E is the level splitting. Thus only states with
E <2kT contribute much. In the simplest form of the
DWS picture, with a constant density of level splittings,
this would give a factor of T in the QELS intensity. The
low-temperature (below 1K) heat capacity, however,
scales as T'?, indicating that the assumption of a con-
stant density is not accurate in every regime.? A second
possible temperature factor could result if the fluctuating
sites had polarizability changes which were correlated
with their level splittings. (Correlation of fluctuation size
with activation energy, E,, would appear in both the
temperature dependence and the spectral slope, and
would thus not affect their relation.) Since we have no in-
dication in the depolarization ratio of any change in the
properties of the fluctuating sites as a function of temper-
ature, and since no other studies have indicated a need to
consider such factors, we shall assume that all the devia-
tions from the Dutta-Horn relation above about 20 K
may be attributed to the distribution of level splittings.

Equation (5) does not, in fact, fit our data. The un-
surprising conclusion is that an additional thermodynam-
ic temperature dependence is also required. If we made
the simplifying assumption that the density of states (i.e.,
of 16133\161 splittings) has the simple form EP7!, then, we
find

S(w, Ty KL
@

D(E) . (6)

In differential form, this leads to a modified Dutta-
Horn equation, '3

1 dInS(w, T

) _
s BT O

alw, T)=1-—

In(wy)

We find that over the temperature range 20-160 K that
the average deviation of the temperature dependence
from the Dutta-Horn relation is a factor of T'37%3 ie.,
B=1.31+0.3. This implies a distribution of level splittings
of E%3*03 A curve obtained from Eq. (7) using the mea-
sured temperature derivatives and B=1.3 is compared
with the measured values of a in Fig. 13. The agreement
is quite good, although there are some small systematic
residuals.

Given that a constant f=1.3 produces a good fit, we
are justified in solving Eq. (6) for D (E). The distribution
of barrier heights can be determined by isolating D (E ) in
Eq. (6) and substituting in our measured scattering-power
spectrum as well as the necessary experimental parame-
ters. Plots of D (E) for both the polarized and the depo-

larized scattering mechanisms appear in Fig. 14(a), where
the value of 8 has been taken to be 1.3. The plots are
made up of many overlapping frequency spectra, only
some of which are shown; each spectrum is taken at a
different temperature. The solid curves were taken from
actual normalized and corrected frequency spectra,
which were adjusted according to Eq. (6). The shaded re-
gion represents the envelope of experimental uncertainty.
The two distributions are seen to be exponentials with a
depolarization ratio of 0.14%+0.03. Both curves have an
inverse slope of approximately 450+75 K. These curves
closely resemble the form exp(—E /V,), proposed by
Gilroy and Philips with our value of V,/k =450+75 K
in good agreement with the original suggestion of 470 K.
The region of the polarized D(E) curve corresponding to
fiber temperatures below 70 K is shown in Fig. 14(b).
There appears to be a deviation from exponential behav-
ior below E /k =(200 K). This deviation is most likely
due to a breakdown of the modified Dutta-Horn equa-
tion, which assumes that relaxation processes are dom-
inated by thermal activation. These lower values of E
correspond to fiber temperatures of ~15 K, and a
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FIG. 14. (a) Experimentally inferred distribution of barrier
heights of two-level systems in fused silica. The horizontal axis
is in units of temperature. The individual lines correspond to
polarized (p) and depolarized (d) scattering spectra like those of
Fig. 7 taken at various temperatures which have been appropri-
ately adjusted according to Eq. (6) in the text. The shaded re-
gions represents the envelope of experimental uncertainty. The
curves are well fitted by exponentials with inverse slopes of 450
K. (b) Region of the polarized D(E) curve corresponding to
fiber temperatures below ~70 K. The constant determining the
temperature scaling of the number of thermodynamically al-
lowed thermally activated sites has been take as 3=1.3.
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significant contribution of tunneling events to structural
relaxation is likely.

A plot of D (E) for pure a-SiO, and germania-doped a-
SiO, appears in Fig. 15. The Rayleigh-scattering com-
ponent was subtracted from the spectra recorded at the
higher temperatures. The Rayleigh component was
determined by performing a least-squares fit of a superpo-
sition of an inverse power law and a Lorentzian spectrum
to the measured scattering spectrum. The temperature
dependence of the strength of the Rayleigh line deter-
mined in this way agreed well with theory.!>?° Both
these curves are also seen to be exponentials with inverse
slopes of 407+40 K. In a previous paper, '? the value of
7o was taken to be 1072 s. With this value of 7, the in-
verse slopes of the curves in Fig. 15 were calculated to be
325 K (in Ref. 12 these were incorrectly reported as 290
K). Taking into account our assumption of 7, as 10~ 1 s,
the current values are consistent with that of the previous
paper. 2

In the tunneling regime, the relaxation rate of a TLS is
only weakly temperature dependent,® e.g., going as
coth(E /2kT) in the single-phonon-relaxation regime.
The dependence of the spectral density on temperature
due to kinetics should be very weak in the tunneling re-
gime, as long as the frequencies observed are well below
the maximum rate for TLS’s with energy splitting less
than about 2kT. In other amorphous materials in which
it has been possible to distinguish between activated and
tunneling kinetics,’ tunneling kinetics usually become
dominant below about 20 K, so that the Dutta-Horn rela-
tion becomes inapplicable. In the pure tunneling regime,
at frequencies below the maximum tunneling rate, the
temperature dependence of the spectral intensity should
mainly reflect the number of fluctuating sites, i.e., the in-
tegral of the density of states. From 1.4 to 20 K the
QELS intensity increases as about T'3, which agrees
within experimental error with the extrapolated value
from the low-temperature heat capacity.

It is interesting to note that the density of states ap-
pears to be a weakly increasing function of energy over
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FIG. 15. D(E) for pure-fused-silica (S) and germania-doped
fused-silica (G) fiber cores. Both curves are well fitted by ex-
ponentials with inverse slopes of 407 K. The constant determin-
ing the temperature scaling of the number of thermodynamical-
ly allowed thermally activated sites has been taken as f=1.3.
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the entire range of temperatures explored. The average
temperature scaling of the number of active sites
(B=1.3) is in surprising agreement with the subkelvin
heat-capacity result.

At temperatures below 4.2 K, the fiber was immersed
in liquid helium with the ambient pressure pumped below
atmospheric. Under these conditions, new structure in
the scattering spectra rose above the background level
which had a clear inverse-power-law line shape. Figure
16 shows the forward depolarized light-scattering spec-
trum in flowing gas at 4.61 K (dashed spectrum) and in
liquid at 3.4 K (solid spectrum). The solid line is an
inverse-power-law fit to the higher-temperature spectrum
with a frequency exponent of a=1.1. The origin of this
new spectral structure is not clear. One possibility is that
it is due to mechanical resonances of the copper block
around which the fiber is wrapped (similar to the
GAWRBS scattering discussed earlier).

The difference between our depolarization ratio in a-
SiO,, 0.14%0.03, and that found by Winterling,11
0.30%0.03, is rather striking. Although the frequency
range of the measurements differs by about 5 orders of
magnitude (~3 MHz versus ~300 GHz), neither experi-
ment found a frequency dependence of the ratio. Both
types of measurements might be subject to poorly under-
stood artifacts—most notably that our homodyne tech-
nique requires comparing homodyne efficiences for two
substantially different experimental arrangements. A
more interesting possibility is that the depolarization ra-
tio is a sensitive function of contaminants, with relatively
little depolarized scattering resulting from displacements
of high-symmetry SiO, tetrahedra. Winterling’s low-
wave-number depolarization-ratio data appear to have
been taken from a Suprasil I sample, with relatively large
OH concentrations enhancing the scattering. Whatever
the explanation of the difference between our measured
depolarization ratio and Winterling’s may be, the relative
values of the ratio measured at different temperatures are
not sensitive to calibration errors.

The nearly constant value of the ratio of polarized to
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FIG. 16. Scattering power with fiber at (a) 3.4 K in liquid
helium and at (b) 4.6 K in flowing helium gas. The solid line is
an inverse-power-law fit to the higher-temperature spectrum,
(b), with a frequency exponent of a=1.1.



42 POLARIZATION PROPERTIES OF QUASIELASTIC LIGHT ...

depolarized quasielastically scattered light over the tem-
perature range 6-300 K gives important information
about the structural fluctuations. The constancy of the
ratio strongly suggests that the type of fluctuation caus-
ing both types of scattering is the same over the entire
temperature range. There is no reason for different
structural rearrangements to have so nearly equal ratios
of scalar and traceless components of their polarizability
changes.

Precisely what the structural fluctuations correspond
to microscopically cannot, of course, be determined from
a single ratio. A prediction for this depolarization ratio
for any given model of the fluctuation is a worthy chal-
lenge to molecular-orbital theory. Such a prediction may
then be compared with the measured value.
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APPENDIX: NORMALIZING HOMODYNE-DETECTED
SIGNALS TO THE VACUUM-NOISE LEVEL

In homodyne detection the electric field at the photo-
detector responsible for photocurrent fluctuations at fre-
quency 8 has five components:

E(t)=Re[ELOev”‘”+ES(8)e—i("’_a)'-i‘EA(S)ev”eré“
+EVS(8)eAi(w—S)t_’_EVA(S)eAi(a)+6)t] , (A1)

where E;, is the complex local-oscillator field and Eg
and E , are the complex stochastically fluctuating Stokes
and anti-Stokes fields, respectively. The polarization
state of this field is defined by the local oscillator, and the
absolute phase is defined by the pump wave at the input
to the fiber. E, s and E ,, the effective vacuum fields at
the Stokes and anti-Stokes frequencies, respectively, will
prove useful in providing a reference with which the ab-
solute scattered power can be determined.

The photocurrent from the photodetector is propor-
tional to the square of the total field amplitude,

]

P
i(2) 2 fiw

e Ac[|E(0)|2 0, —V2|Eo|(X'\e "+ X e/ 7 (1—7,)],
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|E(0)2~|E o>+ (E g EX +E}oE 4 )e ™
+(E} Es+E; o EY)e™
+(1’:Lol’jffs +EoEy4)e i
+(E}oEys+E;oE} e, (A2)
where we have used the approximation

|E ol > |Eg|,|E | |Eys|,|Ey 4| to eliminate insignificant
terms.

It is useful at this point to define two quadrature ampli-
tudes of the pump beam in terms of the Stokes and anti-
Stokes fields. The amplitude and phase quadratures (re-
sponsible for amplitude modulation and phase modula-
tion of the pump beam) can be written'3

X, = =B e O+ Egel®), (A3a)
X¢=7__é(EAe“9—E§‘e"9) , (A3b)

where 0 is the phase of the local oscillator relative to the
phase of the pump, and it has been assumed that the
pump and local oscillator are at the same optical frequen-
cy. It can be shown that forward-polarized light scatter-
ing from a thermally excited bath (as is QELS) results
solely in phase modulation of the pump beam, i..,
forward-polarized scattering contributes only to the
phase quadrature defined in Eq. (3b) above.?* Therefore,
we can set the amplitude quadrature, Eq. (3a), equal to
zero. Solving Egs. (3a) and (3b) for E , and E¢, substitut-
ing into Eq. (2), and setting X , equal to zero yields

|E ()2 =|E 5> = V2|E,|(sind)(X ye ~ '+ X 5e'®)

—V2|E (X e ¥+ xTe®) (A4)
where, as is consistent with the pump-interaction picture,
the pump phase has been taken to be zero, and the phase
symmetry of the vacuum fluctuations has been employed
to simplify the terms in X, the vacuum-noise quadrature
amplitude.

The photocurrent from the photodetector is given by

(AS)

where e is the electronic charge, 7, is the quantum efficiency of the detector, and A is the area of the detector. An
equivalent vacuum operator X, has been introduced to maintain proper fluctuation-dissipation relations.?> The
Wiener-Khintchine theorem states that the power spectral density, as displayed on a rf spectrum analyzer, of the
voltage-current fluctuations of the input signal is given by?®

(@)= [ “Ci*(0i(1)e " dr . (A6)
With the help of Eq. (4) and (5), Eq. (6) tells us that the power spectral density of the photodetector output is
2
. 1 .
(i2(8))= Ei)—eoAc (2IELo* n2(sin®0) (X, X } )+2]EL0|277q(XVXt Ysym) > (A7)

where use has been made of the fact that (X X/ Ysym= (X 'xt )sym- In the absence of the scattered fields, the power
spectrum (iqz(S)) would contain only the beat term between the local oscillator and the vacuum fluctuations (i.e., the
quantum noise). An incandescent light bulb, shined into the photodetector at an intensity such that the same dc photo-
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current is obtained as during the experiment, will also produce a quantum-noise-limited signal, with spectrum
(iqz(S)). 17 Spectra of incandescent light, measured independently, can be divided into the corresponding scattering
spectra. The resulting ratio is given by

(i(8)) _ (sin®0) (X, X% )n,
(i28)) (X, X1) ym

(A8B)

Subtracting 1 and multiplying both sides by (X\,XT, >5ym/( ( sin29)17q ) isolates the scattered-field power spectral density.
The scattered power is also given by

ns(S)Ppl

ty —

(A9)

where 75(8) is a scattering efficiency, / is the length of the fiber, and P, is the pump power in mks units. Then, with the
help of Eq. (9), Eq. (8) can be rewritten as

(iX(8))
(i2(8))

1
Iﬂhomonq < Sinze >Pp

ng(8)= (LepAcC X, X 1) ) (A10)

where 7,,m, is a homodyne-detection efficiency which depends on the spatial overlap of the local oscillator
and scattered fields, and which can be measured separately. The vacuum-noise spectral density is
(%eoAc(XVXt )sym) = +#iw(Ad /27), where A8/2m is the rf bandwidth in hertz. In our publications this vacuum-noise
level is defined as ““1 vacuum-noise unit (VNU).”

In the case of polarized forward scattering, the scattered field is entirely in a single quadrature of the
pump-local-oscillator. In this situation the phase of the local oscillator can be controlled, with the Fabry-Perot cavity
shown in Fig. 6, such that 6 is fixed at 77/2 and we can take {sin’9)=1."" In all other cases the phase of the scattered
field relative to the local oscillator is either random, evenly distributed between quadratures, or oscillating rapidly com-
pared to our detection bandwidth. In each of these situations we can take {sin’6) =1. Thus our plots of scattered
power in vacuum-noise units per milliwatt of pump power per meter of fiber length correspond to 75(8) as defined in
Egq. (10). The multimode scattering S (w, T) in Egs. (1)—(4) in the main text is also proportional to 75(w)
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FIG. 14. (a) Experimentally inferred distribution of barrier
heights of two-level systems in fused silica. The horizontal axis
is in units of temperature. The individual lines correspond to
polarized (p) and depolarized (d) scattering spectra like those of
Fig. 7 taken at various temperatures which have been appropri-
ately adjusted according to Eq. (6) in the text. The shaded re-
gions represents the envelope of experimental uncertainty. The
curves are well fitted by exponentials with inverse slopes of 450
K. (b) Region of the polarized D(E) curve corresponding to
fiber temperatures below ~70 K. The constant determining the
temperature scaling of the number of thermodynamically al-
lowed thermally activated sites has been take as S=1.3.
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FIG. 15. D(E) for pure-fused-silica (S) and germania-doped
fused-silica (G) fiber cores. Both curves are well fitted by ex-
ponentials with inverse slopes of 407 K. The constant determin-
ing the temperature scaling of the number of thermodynamical-
ly allowed thermally activated sites has been taken as f=1.3.



