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The Raman scattering spectrum of silica was measured to low temperature and very
small frequency shifts. Strain-free cooling of a long silica.-core fiber allowed us to in-
vestigate Raman scattering of the two-level tunneling systems to 1.5 K. A considerable
central line broadening from relaxation of two-level tunneling systems is evident, al-
though the predicted strong scattering contribution from resonant bvo-level tunneling cen-
ters at very low temperature and small frequency shift was not observed.

PACS numbers: 61.40.Df, 71.25.Mg, 78.30.-j

The Raman spectrum of silica at low tempera-
tures and small frequency shifts is of particular
interest because of the possibility of observing
two-level tunneling systems which are character-
istic of the amorphous state. ' ' The two-level
systems have been observed directly by ultrasonic
absorption' but their density of states can only
be inferred from heat-capacity measurements. ~

In this respect, a spectroscopic technique such

as far-infrared absorption or Raman scattering
would be highly desirable. Two-level systems
have been seen by far-infrared absorption between
2 and 12 cm ' in silica' and silicate glasses."
The relevant absorption is much stronger in the
mixed glasses than in silica but, even there, dif-
ficulties with other absorption processes pre-
vent the extraction of a. reliable density of states. '
Relaxation processes associated with the two-
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FIG. l. Experimental arrangement. MS, mode-
stripper; F-P, Fabry-Perot interferometer; PM,
photomultiplier; LA, low-noise preamplifier. Tem-
peratures from 1.5 to 450 K were attainable in the
double insulated stainless-steel Dewar.

level systems have been observed by Haman scat-
tering in silica and borosilicate glass' and one
might expect to see the scattering from their di-
rect excitation at frequency shifts of 5 cm ' and
temperatures of 1.5 K.' Unfortunately, under
just these conditions, the Raman spectrum of
silica is extremely weak.

A fiber provides a conveniently cooled sample
where light is gathered from its entire length. By
using a 290-m fiber, we have measured the Ra-
man spectrum of silica at frequencies as low as
2 cm ' and temperatures to 1.5 K. To analyze
the spectrum we used a triple-pass Fabry-Perot
interferometer followed by a double-grating spec-
trometer which provided an unambiguous separa-
tion of inelastic and elastic scattering. The re-
sults clearly show the Baman scattering from the
relaxation process but we do not observe direct
scattering from the two-level systems.

- The basic features of the experimental appara-
tus are illustrated in Fig. 1. Raman scattering
from an optical fiber is analyzed with a triple-
pass Fabry-Perot interferometer' followed by a

double-grating spectrometer. The signal is de-
tected with a photomultiplier, processed with a
lock-in amplifier, and displayed on a chart re-
corder. The fiber is mounted strain-free in a
Dewar and immersed in liquid nitrogen or helium.

The fiber has been demonstrated to be a useful
medium for Raman scattering inasmuch as all
the Raman light emitted in a solid angle corre-
sponding to the numerical aperture is collected
from the entire fiber." For forward scattering,
the price to be paid is the presence of the exciting
line along with the Raman light. The Raman
spectrum of silica is fairly weak —especially at
small frequency shifts. Separation of the spec-
trum from wings of the exciting line is already a
serious problem in the 90' scattering geometry
from bulk samples. '" For a long fiber, the en-
hanced Baman signal permits additional filtering
which more than overcomes the disadvantages
from the strong exciting light.

The spectral output from the fiber is a con-
tinuum which is sampled'Py the Fabry-Perot chan-
nel spectrum providing discrete points on the
Stokes and anti-Stokes Raman spectrum. An ex-
ample of such a scan is given in Fig. 2. A con-
venient free spectral range is 2-5 cm '. The
resolution of the double spectrometer has to be
sufficient to separate the peaks passed by the
interf erometer.

There are two important features of the series
Fabry-Perot double- spectrometer arrangement.
First, the contrast ratio of the triple-pass Fabry-
Perot is extremely high. The interferometer
mirror ref lectivity at 441.6 nm (He-Cd) was 0.86
so the contrast between maxima and minima' can
be as high as 2 &10'. The plate spacing was ad-
justed with piezoelectric transducers so that the
laser line fell on a transmission minimum. High-
er contrast ratios are possible with higher reflec-
tivities but in our case this increased the sensitiv-
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FIG. 2. Raman spectrum of silica-core fiber obtained with the experimental arrangement shown in Fig. l.
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ity to alignment drift. This drift was the major
experimental difficulty; signal-to-noise ratio ap-
peared adequate with only 10 mW of laser power.
The second advantage of preceding the spectrome-
ter with the interferometer occurs because only
the frequency-shifted light appears in the channel
spectrum, as illustrated in Fig. 2, and sits on
top of the wings of the laser light scattered within
the spectrometer.

The fiber diameter is relatively large (150 pm)
and the silicone coating is thin (35 pm). Trans-
mission decreased only (1-2)'%%uo when the fiber
was cooled. Earlier work had shown that uncoat-
ed fibers could be cooled" but that silicone-coated
fibers suffered high scattering loss" —probably
due to bending losses induced by shrinkage of the
coating. Two fibers were pulled from the same
preform: one with a small diameter and thick
coating and the other with a large diameter and
thin coating. When immersed in liquid nitrogen
the former fiber suffered high scattering loss
while the latter did not.

The fiber was 290 m long and was fed into the
top of the Dewar through thin tubes filled with
silicone sealant. The total length of fiber outside
the Dewar was 90 cm and approximately ~ m of
fiber in the Dewar remained at elevated tempera-
tures. The diameter of the step-index silica core
was 5.85 pm and the index difference to the
borosilicate cladding was 0.0033. At a wavelength
of 441.6 nm the fiber supports four modes and al-
most all the energy is confined to the core. OH

content was of the order of 100 ppm.
The Raman spectrum is obtained using informa-

tion from both the Stokes and anti-Stokes scans.
The scattered intensities are first corrected for
the spectral response of the entire system which
includes the frequency dependence of the fiber
loss, photomultiplier sensitivity, and grating ef-
ficiency as well as the ' dependence of the Ba-
man cross section. Here, we assume that, over
the relatively small region of interest, these ef-
fects can be lumped together and treated as a
linear correction. The correction factor is ob-
tained by comparing Stokes and anti-Stokes inten-
sities between 20 and 25 cm '. At these frequen-
cies it is known from earlier Raman'" and in-
frared" measurements that the spectrum can be
treated as a distribution of harmonic oscillators.

The major uncertainty comes from the drift in
the alignment of the triple-pass Fabry-Perot in-
terferometer. The peak transmission always
fell off over the half hour required for a scan.
Because of this drift many scans were taken at
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FIG. 3. Normalized Raman scattering intensity of
silica for temperatures extending down to 1.5 K.

each temperature and results compared for scans
in both directions. While not entirely satisfactory,
the procedure permitted identification and rejec-
tion of those scans with the worst deviation origi-
nating from the drift. Active stabilization of the
interferometer would be highly desirable.

At the lowest temperatures (4.2 and 1.5 E) the
anti-Stokes intensity did not go to zero at high
frequencies. The residual intensity was consis-
tent with the signal from 1.4 m of fiber at room
temperature. To obtain the correct low-tempera-
ture spectrum this room-temperature contribu-
tion was subtracted from the data.

The results are plotted in Fig. 3 as normalized
scattered intensity. ' The Stokes spectrum, after
correction for instrumental response, is plotted
as I„,&u '[n(v, T) +1] ' and anti-Stokes as I„.~ '
x n '(~, T). The factor of ~is included to be con-
sistent with earlier work" and n(&u, T) is the
thermal population factor.

The reduced Baman spectrum of Fig. 3 shows a
definite increase at the lowest frequencies. The
spectrum can be described as a temperature-de-
pendent central line broadening superimposed on
a distribution of harmonic oscillator modes. This
picture was proposed by Winterling' to explain the
excess scattering in the 5-20-cm ' region in bulk
silica. The present results, extending the range
to both lower frequencies and lower temperatures,
establish the concept of the central line broaden-
ing. A similar broadening has been observed
closer to the line center in nonsilicate glasses. '
The mechanism for the broadening is uncertain
although various arguments, based primarily on
the depolarization ratio of scattering from bulk
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samples, '" suggest that these are relaxation
processes associated with two-level systems. It
is not clear just how many relaxation processes
are required to describe the broadening adequate-
ly though a single process appears insufficient. '

our primary aim in these experiments was to
observe the scattering from direct excitation of
the bv o-level systems. Estimates of the intensity
of this scattering have been made by Theodora-
kopoulos and Jackie. ' The essential feature of
the argument is to relate the scattered intensity
from direct excitation of the two-level systems
to the scattering from structural relaxation of
the same centers. Thus, knowing the magnitude
of the relaxation scattering, one can estimate the
direct scattering. For example, at 5 cm ' it is
expected that the direct scattering at 1.5 K should
be comparable to the relaxation scattering at room
temperature. Also, the scattered intensity should
increase substantially in going from 4.2 to 1.5 K.
Instead, we actually observe a further slight de-
crease of the Raman signal at 1.5 K. It thus ap-
pears that the Raman cross section for direct ex-
citation of the two-level systems is more than
an order of magnitude weaker than predicted.

In conclusion, we have demonstrated a new

technique for Raman spectroscopy of glasses at
low frequency and low temperatures. By using
an optical fiber as the sample, it is possible to
achieve strong Raman signals and to cool the sam-
ple to low temperatures. The use of a series
Fabry-Perot interferometer and double spectrom-
eter permits resolution of the spectrum at very
low frequencies. Measurements with a 290-m
silica-core fiber between room temperature and
1.5 K at frequencies down to 2 cm ' clearly veri-
fy the presence of a broadened central component
in the spectrum. However, we do not observe the
expected direct scattering from two-level sys-
tems although the experimental signal-to-noise
ratio should have been sufficient by more than an

order of magnitude.
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