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The detection of metallic silver on Chemical Vapour Deposited (CVD) grown silicon carbide and in Pebble Bed
Modular Reactor (PBMR) supplied tri-structural isotropic (TRISO) coated particles (with 500 μm diameter
zirconium oxide surrogate kernel) has been studied with femtosecond Laser Induced Breakdown
Spectroscopy (femto-LIBS). The SiC layer of the TRISO coated particle is the main barrier to metallic and
gaseous fission products of which 110mAg is of particular interest for direct cycle high temperature reactors.
This work is a feasibility study for diagnosing and profiling silver transport through the silicon carbide layer of
fuel particles for a high temperature gas reactor in out-of-reactor experimentation. The zirconium oxide is a
surrogate for the enriched uranium oxide fuel. The conclusion reached in this study was that femto-LIBS can
achieve good surface spatial resolution and good depth resolution for studies of silver in experimental coated
particles. The LIBS technique also offers a good alternative for a remote analytical technique.
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1. Introduction

The motivation for this study was the development of diagnostics
for the profiling of silver through the SiC layer of the Pebble Bed
Modular Reactor (PBMR) supplied tri-structural isotropic (TRISO)
coated particles (CPs). The PBMR fuel (Fig. 1) consists of TRISO coated
particles (CPs) (Fig. 1) in a graphite matrix. The three layer system,
Inner Pyrolytic Carbon (IPyC)–Silicon Carbide (SiC)–Outer Pyrolytic
Carbon (OPyC), forms the primary barrier to fission product release,
with the SiC layer acting as themain pressure boundary of the particle
[1,2]. This silicon carbide layer must prevent the transport of the
radioactive products of the fission reactions as well as any gaseous
products. The activation product, 110mAg, which is produced in the
fission process in a reactor, can create a possible radiation hazard
during maintenance of a direct cycle reactor. Plate-out occurs when
the SiC layer fails to confine silver inside fuel coated particles and this
leads to the entrainment of silver (Ag) in helium gas circulating
through the reactor core [3,4]. The containment of silver inside the
coated particles is a function of the temperature and SiC quality. The
SiC layer must also have a high thermal conductivity to transport
the fission-generated heat to the steam or helium gas used to drive
the electrical generators.
Historically, some problems to manufacture the large number of
fuel coated particles required for a reactor with a minimal fraction of
failures of the SiC layer were identified. [5,6]. One particular problem
associated with such coated particles has been the leakage of the
radioactive silver isotope 110mAg [7,8], hence the use of silver in the
present study. The percentage of coated particles that fail is relatively
low (10−3%, [8]) but should ideally be at least two orders of
magnitude lower. The 110mAg transport mechanism in the intact SiC
layer of TRISO coated particles has been studied for approximately
30 years without arriving at a satisfactory explanation for silver
transport. It is still not clear why silver is preferentially lost from
irradiated kernels though it appears it is not a straightforward
diffusion mechanism [9]. PBMR has embarked on an experimental
programme to study possible mechanisms in out-of-reactor research
environment studies. Part of this experimental programme was to
identify suitable analytical techniques for silver profiling.

Laser Induced Breakdown Spectroscopy (LIBS) offers advantages
for such studies since it is a non-contact diagnostic method.
Femtosecond LIBS (femto-LIBS) in particular offers additional advan-
tages which are described in this paper. The present work is a
feasibility study for femto-LIBS diagnostics, with the aim of pro-
ducing depth profile information of silver leakage, with two main
simplifications.

The first simplification is the use of PBMR supplied zirconium
oxide (ZrO2) coated particles (CPs) rather than enriched UO2, though
with the same dimensions. ZrO2 has similar physical and thermal
n spectroscopy of silver within surrogate high
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Fig. 1. PBMR fuel showing UO2 fuel kernel and coated particle with CVD SiC coating.
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properties to UO2 [10,11] and is therefore often used as a “surrogate”
to study problems associated with uranium fuel [12]. It has the
advantage of being non-radioactive, making handling far easier.
Enriched UO2 is actually relatively harmless from the point of view of
radioactivity [13] but is an alpha particle emitter and a chemically
toxic substance. Therefore the generation of particles that can be
transported through the atmosphere (as in LIBS), and can result in
inhalation, must be avoided. After fission, UO2 is very radioactive and
further handling restrictions then apply.

The second simplification is the use of non-radioactive silver
(containing the isotopes 107Ag and 109Ag). This is not a serious
limitation, since neither the loss characteristic nor the spectral
emission should depend on isotopic mass. The fraction of silver in
the fission products of uranium [14] is relatively high (0.6%) so it is not
critical that a very low limit of detection of silver is achieved.
However, the complexity of the spectrum of uranium (N300,000 lines
of U I in the visible and near UV [15]) and to a much lesser extent
zirconium means that finding isolated spectral lines of silver for LIBS
intensity measurements could be a challenge. Some of the difficulties
of detecting impurities in bulk uranium and plutonium oxides have
been reported in Ref. [16].

In the present work we focussed on laser parameters with the
ultimate application in mind. For study purposes, radioactive fuel
coated particles may be contained in thick-walled chambers under
vacuum to exclude penetrating and airborne radiation losses.
However, study of coated particles in a hot cell facility without a
vacuum is also a possibility. In either case, there may not be close
access to the fuel coated particles so the use of very short focal length
lenses to focus the laser beam on the sample could be ruled out.
Because of the relatively small size of the kernels (500 μm diameter),
good surface spatial resolution is required (b25 μm). Good depth
Please cite this article as: D.E. Roberts, et al., Femtosecond laser in
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resolution is also required because the typical silicon carbide coatings
are only 35 μm thick, while the transition region where silver could be
trapped dictates a depth resolution of b1 μm. In addition, since we
would like to detect silver as a function of depth in the CP, it is
necessary to drill through most or all of the CP without having a hole
of too low an aspect ratio. Finally, it would be highly desirable to
minimise heat transport out of the ablation zone to avoid cracking the
SiC layer or heating up of the fuel.

All these requirements point to the use of a femtosecond laser for
LIBS. Sub-diffraction limited ablation means spatial resolutions of
b20 μm can be achieved even with a relatively long focal length lens.
Also depth resolutions of b1 μmare readily achievable, while the short
pulses and low threshold for ablation mean virtually no heat-affected
zone around the ablation area.

2. Experimental details

The experimental setup to view the LIBS plasma perpendicular to
the sample is shown in Fig. 2. Two femtosecond laser systems were
used in this study, with similar parameters. The first was a Coherent
Legend regenerative amplifier system. The second was a Clark-MXR
2110 regenerative amplifier system. Both systems produce pulses at
1 kHz repetition rate with an average power of near 1 W, with
durations of approximately 130 and 200 fs respectively. The Coherent
Legend beam could be sent to a Michelson interferometer to generate
double pulses with a separation of up to 3.4 ns [17].

The laser beam at the fundamental wavelength of the femtosecond
laser (795 nm or 772 nm for the two systems respectively) was
focused with a long focal length lens A (f=300–500 mm) onto the
sample C via a small elliptical mirror B with minor axis width of
10 mm. This led to minimal blocking of emitted radiation from the
duced breakdown spectroscopy of silver within surrogate high
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Fig. 2. Femto-LIBS setup for ablation of a ZrO2 coated particle.
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laser induced plasma at the sample, for collection by the large
diameter (100 mm) lens D used to focus this light onto the fibre optic
input of the spectrometer. The lens D was positioned so as not to
restrict the solid angle of radiation from the back of the kernel.

The imaging spectrometer was an Andor Shamrock SR-303i with a
turreted triple grating that can cover a wide wavelength range with
different resolutions and is fitted with a DH734-18F-03 ICCD camera
that enables spectra to be recorded for any pre-set delay time after the
laser pulse with a minimum exposure (gate) time as low as 2 ns. The
slit width was normally 50 μm with gratings with reciprocal
dispersions of 10.7, 2.5 and 1.1 nm/mm resulting in wavelength
resolutions of approximately 0.05–0.5 nm depending on the choice of
grating. Wavelength calibration was done with a low pressure Hg-Ar
lamp.

Some measurements were done with a Jarrel-Ash 82-410
spectrometer with a grating with reciprocal dispersion of 1.6 nm/
mm (wavelength resolution of approximately 0.2 nm with 10 micron
slit width) and a fast response time (1 ns rise time) high gain
photomultiplier detector. This gave an excellent time resolution from
each laser pulse but only the total intensity in one narrow band of the
spectrum, corresponding to a single spectral line, could be recorded at
a time.

The laser was normally operated in burst mode with the
oscilloscope triggered at the start of the burst and the number of
pulses needed to penetrate the sample obtained from the delay on the
signal from a photodiode viewing the transmission from the rear of
the sample (Fig. 2). There was zero time delay between the start of
each pulse and the Jarrel-Ash recording. The fibre was mounted on a
Please cite this article as: D.E. Roberts, et al., Femtosecond laser in
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magnetic base and could be replaced by a camera for lining up with a
He-Ne laser beam colinear with the femtosecond beam. The sample
was on a precision x-y-z translation stage to optimise positioning of
the beam on the sample.

Fuel CP experiments were done with the jig shown in Fig. 3. This
was made from a 600 μm thick aluminium oxide plate in which a
matrix of holes with a spacing of 1 mmwas drilled with a Q-switched
Nd:YAGmicro-machining facility. To contain the CPs these holes were
tapered, with an entrance diameter of 730 μm and exit diameter
560 μm for both ZrO2 kernels and PBMR supplied coated particles. All
spheres were fixed in position with epoxy glue.

A matrix of smaller holes of 250 μm entrance diameter and 160 μm
exit diameter were drilled around these holes (Fig. 3) for alignment
purposes. The signal on the photodiode used for kernel transmission
measurements could be optimised on a small hole with the
femtosecond beam at low power, such that no ablation occurs. After
this alignment, the x-y-z stage then simply had to be moved by a
multiple of 1 mm in one or two axes to position the beam on the
centre of a sphere.

Three sets of experimental samples were prepared for this study:

• SiC layers were deposited on flat graphite samples using a chemical
vapour deposition (CVD) method. A thin (20 μm) layer of silver
paint (SPI conductive paint containing 43% silver solids) was also
applied.

• Spherical ZrO2 kernels, with a thin (20 μm) layer of silver paint
applied to the front and back surfaces of the kernel to simulate
leakage of silver from the interior.
duced breakdown spectroscopy of silver within surrogate high
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Fig. 3. Jig to contain surrogate fuel kernels showing a row of ZrO2 kernels and a row of
PBMR supplied coated particles complete with pyrocarbon and silicon carbide coatings.
The smaller holes are for alignment. (The scale shows intervals of 0.5 and 1.0 mm).
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• PBMR supplied experimental coated particles containing silver,
also with a thin layer of silver paint applied to the front and back
surfaces.

3. Results

The experiment was conducted in two parts. The first involved the
detection of silver on the surface of silicon carbide to determine the
sensitivity of depth profiling. The second was the detection of silver as
a function of depth (a few 100 μm depth) in the PBMR experimental
CPs containing silver.

Double femtosecond pulses with an appropriate pulse separation
are known to lead to significant increases in line emission intensities
and therefore signal to noise ratios [18–22]. For this reason, we
initially used double femtosecond pulses as in Ref. [17]. However,
subsequently it was found that low signal to noise ratios were not a
concern so the LIBS measurements were moved to the Clark laser to
make the Coherent system available for unrelated experiments.

The depth of substrate ablated per laser pulse in the femtosecond
regime is primarily a function of pulse fluence [23,24]. The depth–
fluence characteristics were therefore measured for the substrates of
interest: silver paint and silver foil, CVD silicon carbide and ZrO2.

The fluence was calculated from measurements of beam average
power, P, pulse repetition rate, fR, and focal length, f, of the lens
imaging on the target. It was found from measurements of the power
transmission of apertures of different radii that the pulse fluence
profile, F(r), was a good approximation to a Gaussian distribution:

FðrÞ = F0 expð−2r2

ω2 Þ; ð1Þ

where ω was the waist radius at which the intensity fell to 1/e2 of its
peak value at the focusing lens. From aperture measurements over a
long distance of beam propagation (30 m) it was possible to estimate
the beam quality factor [25] as:

M
2 = 1:3F0:2: ð2Þ
Please cite this article as: D.E. Roberts, et al., Femtosecond laser in
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If the beam is focussed by a lens of focal length f to a waist radius
ω0

/ on the substrate then from [25]:

ω=
0 =

M2λf
πω0

: ð3Þ

The fluence on the beam axis can then be estimated from Eq. (3)
and the relation:

Fð0Þ = 2Et
πω = 2

0

: ð4Þ

Here the pulse energy Et=P/fR.
Ultimately, it may be necessary to do some measurements in a

vacuum to prevent airborne transport of radioactive materials.
Therefore tests were done to find the difference in ablation efficiency
in air and vacuum. Measurements of the ablation depth per pulse as a
function of pulse fluence for 25 μm thick silver metal foil in air and
vacuum are shown in Fig. 4(a). The ablation rate was about a factor of
two lower in air than vacuum at a fluence of 40 Jcm−2 even though
only 0.7% of the beam power was absorbed by the air plasma (Fig. 4
(b)). At the transition fluence of 20 Jcm−2, where air and vacuum
efficiencies start to differ, the power absorbed by air breakdown was
negligible (Fig. 4(b)) but the visible radiation from the beam fell off
significantly here (Fig. 4(c)) suggesting that the reduction in ablation
efficiency was due to the modification of the beam propagation
characteristics rather than the reduction of pulse energy.

Measurements of the ablation depth per pulse as a function of
pulse fluence are shown in Fig. 5 for silver foil, silver paint and SiC, all
with planar samples. These are average depths, in the case of solid
silver for drilling through 25 μm thick foil and in the other cases for
drilling depths of from 20 μm to 100 μm as measured with a
microscope with a calibrated depth of focus. For these flat surface
studies, low fluences could be used for which there was little
difference between vacuum and air ablation. Measurements on ZrO2

CPs in air require higher fluences in order to drill through the whole
sample (500 μm to 900 μm, depending on the coating). For fluen-
cesb10 Jcm−2 penetration could not be achieved no matter how
many pulses were used.

Initial depth profiling measurements with SiC were made on
planar samples coated on 3 mm square graphite substrates from a
similar CVD coating facility used for the manufacturing of the CPs. An
indication of the good surface spatial resolution achievable with the
femto-LIBS setup is shown in Fig. 6 with the camera focussed on the
surface (Fig. 6(a)) and below the surface (Fig. 6(b)).

Fast frame measurements of silver and silicon line intensities from
CVD silicon carbide coated with silver paint are shown in Fig. 7. These
records correspond to 10 successive laser pulses on the surface. For
each pulse only the first 100 ns of the LIBS time sequence is shown
and the bulk of the 1 ms between pulses, which is of no interest, is not
recorded. The results in Fig. 7 were obtained with the Jarrell Ash
spectrometer centred on a well-isolated Ag I line (328.07 nm, Fig. 7
(a)) then on an isolated Si I line (288.16 nm, Fig. 7(b)) and show
clearly the transition from the silver layer to the underlying silicon
carbide substrate. Energy level diagrams for these and other lines used
in the LIBS measurements are shown in Fig. 8.

Fig. 7(a) shows the first 10 laser shots ablating the surface. The first
five pulses in Fig. 7(a) are mainly due to Ag I radiation while the sharp
spikes in subsequent frames are from the short-lived continuum
radiation after removal of the silver layer. The first pulse is
significantly larger than the following pulses. This is due to the
higher continuum intensity (but not silver line intensity after
subtraction of the continuum) and is typical of ablation of a fresh
surface where a thin layer of oxide and/or grease contamination is
more easily ablated and yields a stronger continuum than the bulk
material.
duced breakdown spectroscopy of silver within surrogate high
0), doi:10.1016/j.sab.2010.09.001
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Fig. 4. (a) Removal rate per pulse for silver foil in air and vacuum (b) power absorbed by
air breakdown plasma and (c) radiation from air plasma, for 150 fs pulse duration.
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Fig. 6. Hole ablated in SiC sample with 512 pulses at 29 μJ/pulse. Focus on the surface
(a) and below the surface (b).
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The silicon line intensity is seen to appear on the 5th frame after
“burn through” of most of the silver (Fig. 7(b)). It peaks at later times
than the continuum intensity as seen clearly on subsequent frames.
Peak relative intensities of silver and silicon lines from fast frame
recordings are shown in Fig. 7(c) where, using the ablation-fluence
characteristics of silver and silicon (Fig. 4), the time scale has been
converted to a depth scale. Conversion of the intensity scale to an
absolute density scale is discussed in the next section.

The depth resolution seen in Fig. 7(c) is about 1 μm. The smeared
out transition for silver to silicon removal is mainly due to the
Gaussian fluence profile. The depth resolution can be further
improved by working at nearer to the ablation threshold. A significant
improvement would be made with a “top hat” spatial distribution of
fluence which is one of the aims of future work.

A typical LIBS recording with the Andor spectrometer showing the
relative complexity of the spectrum from a ZrO2 kernel is shown in
Fig. 9. Lines of Zr II were particularly persistent so a delay of 200 ns
with a gate width of 500 ns was used for recording spectra. The line
and continuum intensity were fairly uniform up to about halfway
through the kernel before falling off steadily to penetration (Fig. 10).
Results of depth profiling right through a PBMR supplied experimen-
tal CP containing silver, with silver paint on the surface in addition, are
shown in Fig. 11. Fig. 11(a) shows clearly the resonance lines of Ag I
(328.07 nm, 338.29 nm, see Fig. 8) emitted from the surface (paint)
layer. Fig. 11(b) shows Zr I and Zr II lines from the bulk of the CP after
duced breakdown spectroscopy of silver within surrogate high
0), doi:10.1016/j.sab.2010.09.001
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penetration through the surface layer. The Ag I resonant line emission
from the silver inside the CP is seen in Fig. 11(c). From depth profiling
calculations, the position of this silver could be found to ±2 μm. The
lines are very strongly broadened due to the large optical depth as
well as exhibiting re-absorption at the centre of the lines due to
plasma inhomogeneity. Finally, Fig. 11(d) shows the Ag I resonance
lines from the surface layer at the back of the CP. These are seen in
absorption in the continuum emission from the plasma.

4. Discussion

Here we consider the estimation of absolute densities of silver from
line intensities in order to see the likely detection limits comparedwith
minimum densities needed to be measured in future scenarios. It was
necessary to use a calibration free technique [26,27] since measure-
ments with ZrO2 and ultimately uranium samples containing known
Please cite this article as: D.E. Roberts, et al., Femtosecond laser in
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amounts of impurities was not considered feasible. Since we are not
concerned with measurements of trace elements within the bulk of the
zirconium itself, problems with lack of stochiometry should not arise.

The density of silver atoms relative to the (known) density of
silicon or zirconium atoms in the sample could be estimated from the
relative intensity of a neutral silver line to a neutral silicon or
zirconium line. If we assume local thermodynamic equilibrium (LTE)
holds (discussed below) the relative density for zirconium is [27]:

nAg

nZr
=

IAgλAgUAgðTeÞgAgAAg

IZrλZrUZrðTeÞgZrAZr
expð EAg−EZr

kTe
Þ: ð5Þ

This assumes that the total particle densities consist of predom-
inantly neutral species (see below). Here I is the intensity and λ the
wavelength of a line with upper level energy E, statistical weight g and
transition probability A. U is the partition function.

Strong and reasonably well-isolated lines chosen for the density
ratio estimates were Ag I 338.29 nm, Zr I 360.12 nm and Si I
288.16 nm (Fig. 8). An advantage of the Ag I and Zr I lines is that
they are fairly close in wavelength so knowledge of the relative
response of the detection system is not critical. Calculated ratios nAg/
nZr and nAg/nSi as a function of electron temperature for unit line
intensity ratios are shown in Fig. 12. Spectral line parameters were
obtained from Refs. [28,29] and partition functions from Ref. [30]. For
the Ag I and Zr I lines, EAg–EZr=0.068 eVbbkTe so the exponential in
Eq. (5) is a very weak function of Te in the range of interest. However,
due to the close packed energy level structures of the heavier atoms,
the partition functions are strong functions of Te. This means it is
necessary to measure Te to make reasonable estimates of the density
ratios using Eq. (5) and Fig. 12.

The electron temperature was measured from the relative
intensity of two spectral lines assuming LTE [31]:

IA
IB

=
λBgAAA

λAgBAB
expð−ΔEAB

kTe
Þ: ð6Þ

From Eq. (6), the percentage error in the estimate of Te is the
percentage error in measuring the intensity ratio multiplied by kTe/ΔE
so the larger ΔEAB the better (except insofar as it is then more difficult
to satisfy the LTE criterion, as seen below). Silver is a convenient
element for the determination of Te since the upper levels of the non-
resonance doublet 520.91 nm and 546.55 nm and the resonance
doublet 328.07 nm and 338.29 nm have a relatively large energy
separation (Fig. 8). Specifically, for 546.55 nm and 338.29 nm,
ΔE=2.383 eV (Fig. 8). The relative response of the system for these
different wavelengths was measured with a tungsten-halogen quasi-
continuous light source. We then found a spatial and time averaged
Te=0.85±0.1 eV for the delay and detection window used.

For both density ratio and Te measurements from Eqs. (5) and (6)
it is implicitly assumed that the spectral lines used are optically thin
[32]. The optical thinness of the lines studied could be readily checked
from the relative intensity of the lines within each doublet.

If both lines A and B of a doublet are optically thick, their intensity
ratio IAmax/IBmax would approach unity, as seenwith the lines in Fig. 11
(d). This was, of course with solid silver. No attempt was made to
analyse the strongly self-absorbed lines as in Fig. 11(c) as the densities
expected in practical applications would be too low to cause such
effects. In scenarios with surface coatings of silver where Te and ne

were measured the densities were considerably less than solid values.
In the case of optically thin lines, the ratio, assuming spatial
homogeneity and LTE would be very close to the ratio of statistical
weights of the upper levels. This is indeed approximately the case for
the lines shown in Fig. 11(a).
duced breakdown spectroscopy of silver within surrogate high
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Fig. 8. Neutral silver, silicon and zirconium transitions used in the present work.
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To investigate the assumption of LTE a necessary (though not
sufficient [33]) condition for LTE given by McWhirter [34] was used.

ne N 1:6 × 1018T1=2
e ðΔEÞ3m−3 ð7Þ
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Here Te is in K and ΔE in eV. The RHS of relation (6) does not
depend too sensitively on Te so Te derived from relation (6) which
assumes LTE for use in criterion (7) to justify LTE is not too critical. ΔE
is the energy gap for which electron collisions populate an upper state.
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Fig. 10. Intensity of Zr I line and continuum from zirconium dioxide coated particle as a
function of number of laser pulses. Penetration of coated particle occurs after 660 pulses.
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Fig. 11. Twenty-eight nm spectral region at different depths of coated particle with
silver surface paint layer and silver in the PBMR supplied coated particle. (a) Ag
resonance lines at front surface. (b) Zr I and Zr II lines at depth 100 μm. (c) Strongly
reabsorbed Ag lines from the interior of the experimental coated particle. (d) Ag lines
from back surface paint layer seen in absorption.
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Referring to Fig. 8, ΔE=3.60 eV (5p3G5), 3.66 eV (5p2P1/2), 5.08 eV
(4s1P1/2) and 6.04 eV (5d2D3/2) respectively. Criterion (7) is therefore
easiest to satisfy for the Ag/Zr density ratio, neN0.78×1022 m−3 and
hardest for the Te measurement, neN3.5×1022 m−3.

To check whether inequality (7) was satisfied, the electron density
was found from line widths. These were dominated by electron
impact (Stark) broadening for the LIBS plasma studied:

ne =
Δλ
w

1023m−3 ð8Þ

where Δλ is the line width (FWHM) corrected for instrument
broadening and w the stark broadening parameter (usually quoted
for ne=1023 m−3). These parameters have been calculated [35] for
the resonance doublet of neutral silver (328.07 nm and 338.29 nm)
and also measured [36] for the non-resonance doublet of 520.91 nm
and 546.55 nm. Average values of ne=6×1023 m−3 were found for
the conditions of interest implying relation (7) should be satisfied for
all the measurements reported here. This density was also sufficiently
low to justify the assumption that particle densities are predom-
inantly of neutral species (see Eq. (5)).

In addition to satisfying Eq. (7) it is necessary to evaluate the
implications of doing measurements on a highly transient and
inhomogeneous plasma [33]. The advantage of working with neutral
lines is that relevant relaxation times are much shorter than the time
required to approach a Saha equilibrium between ionised and neutral
species.

From Eq. (18) of Ref. [33] we can estimate the relaxation time from
the excitation cross-section of the resonance transition of Ag I as
τR≈0.04 ns. This is sufficiently short compared with the time of
≈30 ns over which the bulk of the radiation is emitted that the
plasma can be assumed to be quasi-stationary. With an estimate of an
atom diffusion length from Eq. (20) of Ref. [33] as D≈0.4 cm2s−1, the
diffusion length over τR is λ≈0.04 μm. This is considerably less than
typical plasma dimensions of the order of 1 mm. Overall, therefore,
LTE should be a reasonable assumption for the temperature and
density measurements reported here.

We could measure intensity ratios down to 10−4 for the Ag I to Si I
lines and about 5×10−2 for the Ag I to Zr I lines (higher due to line
overlap). This implies estimates of density ratios down to 0.037% for
nAg/nSi and 0.026% for nAg/nZr (from Fig. 12). These limits should be
completely adequate for studies with uranium plasmas.

5. Conclusions

We have experimentally found that femto-LIBS can achieve good
surface spatial resolution and good depth resolution for studies of
silver in experimental coated particles. We have detected and profiled
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Fig. 12. Ratio of density of neutral silver to neutral silicon or zirconium for unit line
intensity ratios.
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silver with a depth resolution of approximately 1 μm, through a
diameter of larger than 500 μm. We have shown that we could
measure density ratios down to 0.037% for nAg/nSi and 0.026% for nAg/
nZr. This detection sensitivity should be sufficiently good that there
should not be a major problem in investigating the loss of radioactive
silver from actual high temperature gas reactor fuel kernels contain-
ing enriched uranium (with expected 0.6% silver content). One
problem with femto-LIBS is that good depth resolution comes at the
expense of good signal to noise ratios of LIBS signals, especially
important when producing depth profile information through 500 μm
depth. One potential way of improving this in future work is to use
double-pulse LIBS [18–22]. In addition, further future work involves
the detection of other impurities of concern to the nuclear fuel safety,
for example caesium and strontium.
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