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Hydrogen loading is one of the most effective methods for enhancing the photosensitivity of optical fibers.'
Very recently, it has been demonstrated that the index modulation (An) and thermal stability of gratings
written in hydrogen-loaded fibers may be improved by pre- or post-exposure to a uniform.uv beam.? It is
becoming increasingly important to understand how hydrogen reacts in the glass under uv-irradiation, and
to determine which reactions are important for photosensitivity. A better understanding will allow greater
flexibility in the grating writing process, and will also enable predictions of long-term behavior. To
investigate hydrogen-related effects, experiments such as infrared, ultraviolet, Raman, and ESR
spectroscopy have been carried out on hydrogen-loaded preforms or fibers.” The enhanced photosensitivity
has been attributed to the efficient formation of color centers such as Ge E’, but some reports suggest that
significant contributions to the index modulation also arise from the presence of species such as GeH 3 or
photoinduced water.! Hydroxyl groups are a by-product of some of the reactions producing these
photosensitive species, and infrared measurements do provide evidence for the formation of significant
quantities of SiOH and GeOH bonds.'? However, there is no clear-cut evidence that An tracks changes in
the hydroxyl level. Finally, although densification seems to be a less important mechanism in hydrogen-
loaded fibers than in unloaded fibers,” structural changes that occur upon uv irradiation of hydrogen-loaded
fibers are not well understood.

An important spectroscopic technique that has not yet been applied to this problem is nuclear magnetic
resonance (NMR).. NMR has been successfully used to characterize the short-range structure of many
amorphous systems, including aluminosilicate, borate, and chalcogenide glasses.” In a typical pulsed NMR

experiment, the nuclear magnetization is induced by a strong magnetic field B,Z (usually several tesla),

and then rotated by a hard (100 - 1000 W) radio-frequency pulse into the xy-plane for detection.
Information about the local environment of a particular nuclear spin with spin quantum number I and
gyromagnetic ratio y is obtained by Fourier transforming the real-time free-induction decay of the

magnetization ’M‘ = {(Npin /V)B(,Y2 K2 I(I + 1)}/3kgT, which precesses at a frequency near v, = YB,/2n

about the static magnetic field B,Z. The spectrum, which is usually a plot of signal intensity as a function
of normalized frequency Av/v, (or equivalently AB/B,), reflects the different local magnetic fields seen by
nuclei that occupy chemically inequivalent sites.

To obtain a better understanding of which hydrogen-related species form upon uv irradiation, we have
carried out 'H (proton) NMR experiments on hydrogen-loaded SiO,/GeO, fiber preform material.
Hydrogen is one of the best nuclei for NMR studies because of its relatively high gyromagnetic ratio.
Unlike most other spectroscopies, a single NMR spectrum can in principle reveal all the different types of
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hydrogen bonds which are present. Spectral selectivity is enhanced through the use of specialized pulse
sequences that average out the effects of specific spin interactions. In addition, if the time scale of the
magnetization relaxation varies from one species to another, the timing of the detection process can be
weighted in favor of observing a particular site. The principal disadvantage of NMR is its low sensitivity
compared to other techniques like ESR, so we cannot identify low-level hydrogen species (e.g. from a site
which represents less than 0.1 % of the total signal). The small size of the nuclear magnetization also
necessitates the use of large (several milligram) preform samples in our study.

In our experiment, the 30 mg sample consists of several plates cut from a preform with a 650 pm diameter
core consisting of 85 % SiO, and 15 % GeO,, surrounded by a pure SiO; cladding. The plates are thinned
mechanically to 180 pum in thickness to ensure that the bulk of the sample is hydrogen-loaded. In addition,
one side of each plate is polished to reduce scattering of the uv light at the air-glass interface. The sample
is then hydrogen-loaded at a pressure of 5 X 10’ Pa (500 atm) at room temperature for 4 weeks. This high-
pressure treatment results in a hydrogen concentration of approximately 5 X 10 mol H,/ mol Si0,,! which
provides a large proton signal for the NMR measurements. The uv source is cw 244 nm radiation
produced by frequency-doubling the 488 nm line of an Ar ion laser. The 30 - 50 mW uv beam is focused
to a roughly circular spot of 1 mm in diameter with a cylindrical lens, and the sample is translated through
the beam in 0.5 mm increments every 6 min. Thus, a typical total fluence is on the order of 2 kJ/cmz,
which produces gratings with approximately 95 % reflectance in a hydrogen-loaded fiber using the same
set-up. Prior to the NMR experiments, the sample is crushed to a powder to facilitate the rapid sample
spinning required to narrow the NMR spectrum.
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Figure 1 'H NMR spectrum of a hydrogen-loaded and uv-irradiated SiO,/GeO; preform, with 8 = Av/V,.

Figure 1 shows the "H NMR spectrum of a hydrogen-loaded uv-irradiated germanosilicate preform, derived
from room temperature measurements made on a homebuilt® 187 MHz (4.4 T) spectrometer. In hydrogen-
bearing solids, the strong dipole-dipole interaction between hydrogen nuclei causes each nucleus to see a
wide range of magnetic field values at its site, which could result in a broad featureless spectrum. To
overcome this problem, we use a special technique known as combined rotation and multiple-pulse
spectroscopy (CRAMPS)" to reduce the effect of dipolar coupling and thus artificially narrow the 'H NMR
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spectrum. In this experiment, we used a sample spinning frequency of 1.8 kHz and a multiple-pulse
sequence known as BR-24. The chemical shifts, d = Av/v,, are referenced to tetramethylsilane.

The spectrum of Fig. 1 shows three distinct peaks at & = 0.8, 4.3, and 6.6 ppm, indicating that there are
three different chemical environments for hydrogen atoms in uv-exposed germanosilicate core material. A
previous experiment we performed on a hydrogen-loaded but unexposed fused silica sample showed only
one peak with a chemical shift just below 5 ppm, which we take to be the signal corresponding to unreacted
molecular hydrogen in the glass. Assuming that the 4.3 ppm peak in the germanosilicate preform is also
due to unreacted molecular hydrogen (because no efforts were made to remove it), it appears that two
major new hydrogen-related species are produced by the uv irradiation.

The large, symmetric peak at 0.8 ppm corresponds to a species with a long (few millisecond) dipolar
dephasing time; that is, a species that experiences only weak dipolar coupling. From the chemical shift
value, long lifetime, and previously published NMR data on silica gel and amorphous silica systems, it is
most natural to attribute this signal to “isolated” (non-hydrogen-bonded) hydroxyl sites.” The chemical
shifts of hydroxyl species vary from about O to 10 ppm and increase with the degree of hydrogen bonding.5
We believe the 6.6 ppm peak represents strongly hydrogen-bonded SiOH and/or GeOH sites, with the
hydrogen bonding resulting from interactions between two adjacent hydroxyl groups. This interpretation is
consistent with the large quantities of hydroxyl observed in other experiments,3 as well-as the short dipolar
dephasing time (tens of microseconds) of the 6.6 ppm peak. Comparisons of the 0.8 and 6.6 ppm peaks
may prove fruitful, because at least two reports on unloaded fused silica irradiated at short uv wavelengths
(< 200 nm) provide evidence for reactions in which isolated hydroxyl groups are converted to hydrogen-
bonded groups (or vice versa).” These processes are accompanied by the creation of E’ centers,
nonbridging oxygen hole centers, and possibly molecular water.” Molecular water can be detected with
NMR, but its signal overlaps that of the unreacted H,. Thus, annealing studies will be required to
differentiate between H; and H,0, and ESR measurements can confirm the presence of the paramagnetic
defects. The NMR signals of hydride species such as SiH or GeH have not been studied in oxide glasses,
but have been observed in amorphous Si/Ge:H alloys.>® The chemical shifts of the hydride groups are -
small and negative,® so we cannot assign the 6.6 ppm peak to SiH or GeH.

In conclusion, we have demonstrated the feasibility of using NMR to investigate bond formation and
photosensitivity in fiber optic materials. To identify the hydrogen-related species more accurately, we need
to acquire data from simpler reference samples, such as GeO, and crystalline SiO,/GeO, materials. We
also plan to investigate changes in the NMR spectrum with annealing and exposure time, and carry out
ESR measurements on the same samples to investigate defect formation.
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