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ABSTRACT

Using high-sensitivity confocal time-resolved photoluminescence (PL) techniques, we
found an ultrafast PL (40 ps-5 ns) from impurity-free surface flaws on fused silica. This PL is
excited by the single-photon absorption of sub-band gap light. Regions which exhibit this PL are
strongly absorptive well below the band gap, as evidenced by a propensity to damage with 3.5
eV nanosecond-scale laser pulses. Very high defect densities are needed to explain the damage
thresholds observed. For such high defect densities, significant interactions between defects may
strongly affect the temporal characteristics of the emission of electronic excitations. We propose
that the distribution in lifetimes observed is not simply due to a large variety of defect states, but
due to a variety of energy transfer interactions between defect states.

INTRODUCTION

The goal of the National Ignition Facility at Lawrence Livermore National Laboratory is
to obtain nuclear fusion in a laboratory setting using laser-based inertial confinement fusion.
Laser pulses from 192 beams implode a fuel capsule, increasing the temperature and pressure to
the regime where nuclear fusion can occur. Such high energy laser pulses can cause damage in
the final focusing optics. This laser damage from nanosecond-scale pulses occurs in a regime
with important differences from femtosecond laser damage. For nanosecond scale pulses, the
electronic excitations have sufficient time to transfer their energy to the lattice [1]. This fact
plays a key role in the development of laser-assisted absorption fronts [2], which lead to the large
damage sites caused by temperature-activated absorption. Another important point is that, for
the ns-scale pulses at the focusing optics, the intensities in pulses for which damage occurs is
only near 2 GW/cm?, which is much lower than intensities at which multiphoton absorption x**’
processes are observed. In order to explain this laser damage, high defect densities are required.
We previously estimated that absorptivities of at least t=1000 cm™ are required to explain laser
damage of silica surface flaws [3]. For example, if the absorption cross-section ¢ of a defect is
very high at 10"° cm™, the defect density required is # = a / 6 = 10" cm™. For smaller cross-
sections, n would have to be greater.

We recently discovered a novel photoluminescence with distributed fluorescence
lifetimes in surface flaws in fused silica that are associated with laser damage by high fluence,
ns-scale lasers [3]. This PL exhibits a broad distribution in lifetimes and emission and excitation
spectra; some of the spectral characteristics of this PL were observed previously [4]. We have
only found it associated with surfaces and nano-structured materials, particularly surfaces created
by fractures [5]. The surfaces from which we observe this PL have a high density of defects. At
such high defect densities, interactions between the defects likely become important. We
suggest that Forster Resonance Energy Transfer (FRET) [6, 7] and other energy transfer
mechanisms lead to the broad distribution in lifetimes observed. In particular, energy transfer
between randomly distributed donors (also called sensitizers) and acceptors leads to stretched



exponential decay models [8-10]. We develop a way to fit such models, accounting for
instrument response and low photon count histograms. We find that the model fits our data well,
suggesting that FRET may play a role in the novel photoluminescence in laser damage-prone
fused silica.

THEORY AND EXPERIMENT

Stretched exponential decay model

The high defect densities required to explain nanosecond-scale laser damage lead to small
average spacing between defects. For the value mentioned above of n = 10" cm™, the average
distance is just under 5 nm. For higher densities obtained for smaller absorption cross-sections,
distances between defects will be smaller. At these distances, energy transfer via dipole-dipole
interactions may affect the temporal characteristics of the fluorescence lifetime decays.

The expected fluorescence lifetime decay of a set of donor defects in the presence of a
randomly distributed acceptor species has been extensively studied. The model was first worked
out in the three-dimensional case by Foerster [9]. Additional cases have been worked out
subsequently [8]. The generalization to fractal dimensions was found in Klafter et al. [10]. In
each case, a stretched exponential model was obtained.

Consider an energy transfer transfer rate between a donor and acceptor of the form

a)(R)zl(&js (0.1)

The rate of emission from a donor species in the presence of an acceptor species with
concentration 7 is [8]:

k(1) =exp| —VnRyT (1-4/s) (/)" | 0.2)
V', is the volume of unit sphere in A dimensions. This expression may also be used for fractal
dimensions A[10].
By combining many of these parameters, a simplified fitting model may be used:
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For using this model to fit experimental data obtained via time-correlated single photon counting
(TCSPC) [11-13], it is necessary for the model to account for the finite bin width of the
measurements, and the instrument response. Wraparound of the fluorescence decay due to the
high repetition rate of the lasers used for TCSPC must also be taken into account. If the duration
of'each time bin is Az, and the time to the next excitation pulse is NAz, then integrating Eq.
(0.3) we obtain for the i bin
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I'(a,x) is the incomplete gamma function, and T'(a) is the gamma function. The functional

form of (0.4) is then convolved with a measured instrument response (IRF;), and fitted to the data
using a maximum likelihood procedure as described in [12]. One additional fitting parameter in
addition to 4, 1, and B is a temporal shift in the position of the IRF.

Experiment

The fluorescence lifetime decays of fused silica surface flaws are measured as described
previously [3]. Briefly, a 405 nm pulsed laser diode with 150 ps pulse widths (LDH-405,
Picoquant, Berlin, Germany) was focused using a high numerical aperture objective onto a 2N
Vicker’s indentation. The fluorescence was collected using the same objective, filtered (using a
580 nm bandpass filter), and measured using a single photon counting avalanche photodiode
(PDM module, Micro Photon Devices, Bolzano, Italy). The time difference between the laser
pulses and the fluorescence photons is measured using a PicoHarp 300 (Picoquant, Berlin,
Germany). The instrument response is measured by exciting Silver nanoparticles dried on a
fused silica substrate.
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Figure 1: Fluorescence lifetime decay of 2N silica Vicker’s indentation is fitted to stretched
exponential fit, accounting for instrument response and finite bin widths.

In Figure 1, we show the fluorescence lifetime curve measured from a 2N Vicker’s
indentation on fused silica. The stretched exponential model developed in the previous section
fits well to the fluorescence lifetime decay. The quality of fit obtained with the four parameters
of the stretched exponential fit (A, t, p, and IRF shift; y’=1.6) is comparable to that obtained by a
four-exponential fit with varying lifetimes (10 parameters; y°=1.2) and a four-exponential fit
with fixed lifetimes of 0.04, 0.2, 1.0, and 5 ns (6 parameters; x2=2.0). The normalized residuals
calculated from the stretched exponential fit are similar to those of the other fits (Figure 2). The



fit is good over two orders of magnitude in photon arrival time. The high quality fit of the
stretched exponential with fewer parameters is consistent with the model described above where
energy transfer interactions play an important role in the temporal characteristics of the
fluorescence lifetime decay of the novel photoluminescence or fluorescence from fused silica
surface flaws.
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Figure 2: Normalized residuals plotted for three different fits of the data in Figure 1. The fits
include a four-exponential fit with 10 parameters, a four-exponential fit with fixed lifetimes and
6 parameters, and the stretched exponential fit with 4 parameters.

DISCUSSION AND CONCLUSION

We have proposed that the distributed fluorescence lifetimes measured in fused silica
surface flaws are related energy transfer interactions within a high density of defects. The
stretched exponential model naturally results from these models, and is shown to fit the data well
with fewer parameters than other common decay models. These results offer preliminary
support for this model. Further experiments detailing spectral characteristics and varying
concentrations of defects will shed further light on the role of energy transfer interactions.
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