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Abstract

Increased absorption of optical materials arising from the exposure to ionizing radiation must be accounted for to
accurately analyze the laser-induced breakdown spectroscopy (LIBS) data retrieved from high-radiation environments.
We evaluate this effect on a specific example that mimics the diagnostics placed within a gas-cooled fast reactor coolant
stream. Analysis is performed on the LIBS data measured with 1% Xe gas in an ambient He environment and the
measured optical absorption from the gamma- and neutron-irradiated low-OH fused silica and sapphire glasses. No
significant change in the number of shots required to reach a 30~ detection level was observed up to 10 Mrad gamma
dose and exposure to a 1.7x10'” n/cm? neutron fluence. In contrast, the spectral dependence of absorption results in
either a systematic overestimation or underestimation of line intensity ratios, depending on the line of interest selected
for analysis. Moreover, if lines from different spectral regions are used to create Boltzmann plots, this attenuation
also leads to statistically significant changes in the calculated temperatures for calculations using Xe II lines only,
lowering them from 8000610 K to 6800+810 K for the case of exposure to the 1.7x10'” n/cm? flux, and broadening
the temperature range required for a 95% confidence interval. In the case of measuring the Xe spectrum, these effects
may be mitigated using only the longer-wavelength spectral region, where radiation-attenuation is relatively small, or
through analysis using the iterative Saha-Boltzmann method.

Keywords: laser-induced spectroscopy (LIBS), gamma irradiation, neutron irradiation, advanced reactor, linear
absorption

1. Introduction 13 mechanisms such as multiphoton ionization and inverse
12 bremsstrahlung [6, 8].
15 However, the deployment of LIBS instrumentation
16 in nuclear reactors will likely require that the optical
17 components such as windows, lenses, and fibers be ex-
e posed to high doses of ionizing radiation. For success-
19 ful LIBS implementation, these optics must remain op-
20 tically transparent to both the excitation source (driv-
21 ing laser) as well as the plasma emission. It is well-
22 known that optical materials such as glass experience
23 damage at the atomic and molecular level that results
2« in macroscopic changes to the material properties such
»s as linear absorption and refractive index [9—12]. If not
2 accounted for, the altered linear absorption could in
Email addresses: 1garr@unich.edu (L.J. Garrett), 27 turn alter the perceived spectral line intensities when the
ijov@umich.edu (I. Jovanovic) 23 plasma emission is transmitted through optics. Because

There is significant interest in the development of
optical spectroscopy instrumentation for diagnostic ap-
plications in advanced reactor systems [1-5]. LIBS
has been proposed as a candidate for instrumentation
due to multiple capabilities, such as not requiring sam-
ple preparation, its sensitivity to non-radioactive mate-
rials, its compatibility with analytes of arbitrary phase
or composition, and its ability to make remote mea-
surements [6, 7]. In LIBS, a high-power laser pulse,
typically in the nanosecond range, is focused onto a
sample, leading to ionization of the material through
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these changes are nonuniform across the optical spec-
trum, more significant increases in absorption occur in
the blue to UV spectral region.

Here, we present an analysis framework to predict
the effects of irradiation on the analysis of the mea-
sured LIBS spectra. Calculations are performed based
on linear absorption data from recent irradiation stud-
ies [12, 13] and LIBS measurements of 1% Xe in an
ambient He environment, which mimic the conditions
relevant to gas-cooled fast reactor fuel cladding failure
monitoring [2]. Due to the relatively small increases
in absorption at the relevant Xe emission wavelengths,
the detectability of individual spectral lines was found
to be largely unaffected by 10-Mrad gamma irradiation
for both the fused-silica glass and sapphire. However,
the more pronounced change of transmission induced
by exposure to a combined neutron and gamma flux re-
sults in a one order of magnitude increase in the number
of laser shots required for a statistically significant line
intensity measurement. The spectrally dependent na-
ture of the transmission changes was also found to lead
to significant errors in measuring the Xe/He line inten-
sity ratio and the extracted physical parameters such as
plasma temperature, which can be calculated based on
relative line intensities. However, if analysis is focused
to lines within the NIR region where attenuation is min-
imal, all-observed changes become negligible. These
results will support the development of corrective cal-
ibrations for LIBS systems exposed to large doses of
ionizing radiation.

2. Method and Calculation Details

The decrease in spectral line intensity is determined
from the measured spectral absorption, quantified as the
transmission 7'

T =107P4, (1)

where D, is the absorbance in the units of optical den-
sity (OD). Using linear interpolation, the spectrally-
dependent transmission is determined and multiplied by
the measured spectrum. Transmission spectra for the
materials studied as a function of the radiation dose can
be seen in Fig. 1. The effects studied in this work are
separated into two categories: those impacted by a sin-
gle spectral line and those impacted simultaneously by
multiple spectral lines.

2.1. Single-Line Effects
Single-line detectability is characterized based on the
signal-to-noise ratio (SNR), which is defined as

SNR = Iy/o. ()
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Figure 1: Transmission curves for (a) gamma-irradiated Infrasil-302,
(b) neutron-irradiated Infrasil-302, (c) gamma-irradiated sapphire,
and (d) neutron-irradiated sapphire windows.

Here, Iy is the intensity of the spectral line and op is
noise, corresponding to the standard deviation of the
background. This value was calculated based on the
spread observed in the region nearest the spectral line of
interest that is devoid of spectral features over a wave-
length range equal to the width of the line. The def-
inition of standard deviation dictates that for a stable
measurement, the SNR scales as

SNR =aN'"?, 3)

where a represents a fitting constant and N is the num-
ber of laser shots. Using this relation, the number of
laser shots required to achieve a desired SNR can be es-
timated. For this study, the detectability limit is defined
based on the 30 criterion, such that lines are considered
observable if their peak intensity is at least three times
greater than the standard deviation of the background.
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Both here and in all further calculations, the peak
line intensity is determined by fitting a spectral line to a
Voigt profile distribution [14—16], which is given by

27722 .\
1w 21~ ep(===0) y
I T ——1I 5d(=)+Yo.
R e R a1 (R B e
1

“)
Here, Ay is the wavelength at the line center, wy is the
Lorentzian half-width at half maximum (HWHM), wg
is the Gaussian half-width at HWHM, v is the frequency,
c is the speed of light, and yy is the vertical offset. The
background is defined as a steady region near the peak
that covers a span equal to the full-width at the base
of the fitted peak as determined by Eq. (4). Once the
number of shots required to reach the 30 detection level
is known, the time required is calculated by dividing
the number of shots by the laser repetition rate. These
calculations are performed with the original experimen-
tal data collected with a setup that was not exposed to
ionizing radiation, and with the data adjusted for the
radiation-induced attenuation.

2.2. Multi-Line Effects
Optical emission line ratios are commonly used to
determine the relative component concentrations in a
given elemental matrix [17]. Here, the ratio of both the
Xe I and the Xe II line intensities were compared to
that of the prominent He I line at 587.56 nm. Parame-
ters such as the plasma temperature that can be used for
normalization are commonly calculated using the rel-
ative line intensities of multiple spectral lines via the
Boltzmann plot method [18-20]. In this study, we com-
pare the standard Boltzmann plot method and the Saha-
Boltzmann plot method as first described by Yalgin et
al. [21] and later adapted by Aguilera and Aragén [22]:
ln( Iod ) = —LE*- + ln(Nohc)
8 jA,‘ j kBT J Z(T)
In this expression, g; is the upper level degeneracy, A;;
is the transition strength, kp is the Boltzmann constant,
T is the plasma temperature, E; is the upper level en-
ergy, Ny is the species number density, A is Planck’s
constant, c is the speed of light, and Z(T) is the parti-
tion function. Asterisks denote quantities that must be
adjusted for ionic transitions [21, 22]. This method in-
creases the accuracy through the inclusion of spectral
lines across the ionization states. The assumption of lo-
cal thermodynamic equilibrium (LTE) is supported, but
not confirmed by the McWhirter criterion. Given as

3
N, >> 1019(2)1/2 AE
¢ e e

®)

(6)

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

where n, is the plasma electron density in m™3, e is the

fundamental charge and AFE is the largest difference be-
tween subsequent energy levels, this relation describes
the threshold at which the electron collision rates sur-
pass radiative decay rates by a sufficient degree for LTE
to be achieved [16, 23]. It is assumed that Stark and in-
strumental broadening are the most significant contrib-
utors to spectral line broadening, allowing the plasma
density to be calculated as

rer (A"
-
w

where 1, is a reference electron density value, AA is
the Lorentzian component of the spectral line FWHM
as determined by 4, w is the line-specific Stark broaden-
ing parameter as found in literature, and m is a scaling
parameter assumed to approximately equal to 1 [24].
If LTE or near LTE conditions exist, the value calcu-
lated using Stark broadening parameters should be in
reasonable agreement with the value calculated using
the Saha-Eggert equation such that

)

P

N (mks TV (B AE
" =N, Z(D) \ 22 kol

Here, N; is the atomic population of the i-th quantum
state, Z(T) is the partition function of the i-th quan-
tum state, % is the reduced Planck constant, E., is the
species ionization energy, and AE is a plasma correc-
tion factor [16]. Similarly to the single-line effects,
the multi-line effects are studied using the experimental
LIBS data, which is then adjusted for radiation-induced
attenuation.

3. Experiment

3.1. LIBS Data Collection

A schematic of the experimental setup used for the
Xe LIBS measurement is shown in Fig. 3. The exper-
imental cell contained a certified mixture of 1% Xe in
He (99.999% purity) at room temperature and a pres-
sure of 1.00 bar (1.00x10° Pa). Prior to filling, the cell
was evacuated to a pressure of 107 Pa (107 mbar) to
prevent contamination from air. A 1064-nm Nd:YAG
laser (Surelite, Continuum) was focused into the cell by
a 100-mm focal length lens to induce gas breakdown.
The laser produced 10-ns, 250-mJ pulses at a repetition
rate of 10 Hz. The resultant LIBS signal was collected
using a collimator (CC52, Andor) and directed into an
echelle spectrograph (Mechelle, Andor) through a 0.4-
mm diameter optical fiber bundle. An intensified CCD



116

17

18

19

120

121

122

123

124

1-0 L T T T ]
(a)
08r -
06 -
04F -
0.2+ g
00f J“-**-u , Lo L P . Joe N
400 500 600 700 800 900
T T g T T -ﬂ' -f" T T . T
(b) E ---- Unirradiated Glass
_L:' 0.6F Y Post Gamma Irradiation
2 E E § —— Post Neutron Irradiation
= 849 2 :
o 04 E g2 ! E 5 £ E 1
3 8 = = = b5 = 2
N o 2 @ ! ME a 1= ?
© g =Xy i 2 e & 3
g 02r = i ?‘ il = 2 @ = k
o i " @ =
[=] b3 ! !":_ ;' = 2 b,
z 0.0 L AL -ﬂ'.\h. ANt N A L

4850 4875 4900 4925 4950 4975 5000 ~

825 830 835 840

—
e)

06

0.4r

=m=r=Xe Il 492.15nm

f}(\e 11 497.17nm

|

Xe Il 487.38nm

* Xe |l 488.35nm

0.2f

Xe |l 486.24nm

0.0F

Xe | 823.16nm

==== Unirradiated Glass
Post Gamma Irradiation J
—— Post Neutron Irradiation

Xel828.01nm
Xe | 834.68nm

4850 4875 4900 4925 4950 4975 5000 =

825 830 835 840

Wavelength (nm)

Figure 2: (a) Full measured spectra and the spectra adjusted for the expected linear absorption changes in (b) Infrasil-302 and (c) sapphire windows

in the range of 485-500 nm and 825-840 nm

(iStar T334, Andor) was used to record spectra. A gate
delay of 1 ps was used to minimize the contribution
of continuum radiation while still maintaining an en-
vironment conducive to LTE conditions. Additionally,
a gate width of 1 us was selected, allowing for mini-
mal spectral line variation over the collection time [23].
Each spectrum results from the accumulation of 20 laser
shots. Wavelength calibrations were performed using an
Ar lamp (Pen Light, Oriel).

Figure 3: Setup for Xe LIBS measurements
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3.2. Linear Absorption Measurements

The optical absorption was measured by irradiating
the Infrasil-302 fused-silica glass and sapphire (Her-
aeus) in the dry tubes of the Co-60 irradiator located
at the Nuclear Reactor Laboratory (Ohio State Univer-
sity) and in the water pools of the research reactor at
the Radiation Science and Engineering Center (Penn-
sylvania State University). For the gamma irradiation,
the Infrasil-302 glass received a total dose of 10 Mrad,
while the sapphire received a total dose of 3.6 Mrad.
For the neutron irradiation, samples were exposed to
combined neutron and gamma radiation with fluences
of 3.4x10'® neutrons/cm? and 1.7x10!7 neutrons/cm?,
respectively. Absorption was measured using a broad-
band light source (DH-2000-BAL, Ocean Insight) and
UV-NIR spectrometer (HR-4000 CG-UV-NIR, Ocean
Insight). Further details on this measurement can be
found in Ref. [12, 13].

4. Results and Discussion

Figure 2 shows the calculated effect on the spec-
trum if light were to travel through a 1.2-cm window
made of the materials investigated after receiving the
maximum dosage for each irradiation method. While
all cases demonstrate more significant effects at lower
wavelengths, the exposure to high neutron fluxes proved
to be detrimental in the detection of spectral lines in
the important region of 400-500 nm, where the major-
ity of Xe II emission is found. It can be noted, how-
ever, that minimal effects are observed in the near-IR
spectral region, where the Xe I spectral emission is lo-
cated; suggesting that it may be beneficial to focus cal-
culations basing on the Xe I lines since the attenuation
is nearly constant and over 75% of the line intensity is
maintained.

Table 2 shows the changes to the single line de-
tectability as a function of received radiation dose for
select Xe transitions. For the gamma irradiations, the
transmission of all lines over 400 nm remains above
75% for both tested materials, resulting in negligible
changes to the number of laser shots required to meet
the 30~ detection criterion. In contrast, the line atten-
uation resulting from neutron damage leads to up to a
10X increase in the minimum number of laser shots to
meet the 30 detection criterion. Due to the high repeti-
tion rate from the available laser systems, the required
measurement time in these cases would remain tolera-
ble. For example, for the laser used in this study that
operates at 10 Hz, all measurement times would remain
shorter than 1 second.
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Figure 4 and Table 3 compare how the observed line
intensity ratios for the Xe I 828.0-nm emission and Xe II
484.4-nm emission to the He I 587.6-nm change for
different window materials and radiation doses. Due
to the increased attenuation at shorter wavelengths, the
radiation-induced attenuation reduces the line intensity
ratio of short wavelength Xe emissions and increases
the line ratio for long wavelength Xe emissions com-
pared to the true value.
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Figure 4: Gamma dose dependence of (a) intensity ratio of 828-nm
Xe I line and 587-nm He I line; (b) intensity ratio of 484-nm Xe II
line and 587-nm He I line

Boltzmann and Saha-Boltzmann plots are con-
structed by selecting the Xe I and Xe II lines that are
resolvable, could be attributed to a single transition, and
when possible had relatively high upper level energies
(Table 1) [28]. Figure 5 displays the calculated Boltz-
mann plots for the Xe I and Xe II lines separately, while
Figure 6 displays the Saha-Boltzmann plots for both
the original data and the radiation-induced attenuation-
corrected data. The LTE assumption is supported for
the calculated plasma density of 2.25+0.35x10'7 cm=,
which meets the McWhirter Criterion [16, 29]. This
value was calculated by averaging the plasma density
calculated individually for the 484.4 nm, 541.9 nm,
603.6 nm, and 605.1 nm lines associated with Xe II us-
ing the Stark data published by Konejevic [30, 31] and
the Lorentzian component of their respective FWHM
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Table 1: Wavelength, transition probability, degeneracy, and upper and lower energy levels of Xe transitions according to NIST [25-27]

Species Wavelength Einstein coeff. Lower level Upper level
(nm) (107s71) Degeneracy Energy (eV) Degeneracy Energy (eV)
Xel 764.202 2.1 1 9.4472 3 11.0691
828.012 3.69 3 8.4365 1 9.9335
834.682 42 3 9.5697 5 11.0547
840.919 0.306 5 8.3153 3 9.7893
Xe Il 433.052 14 6 14.0737 8 16.9360
484.433 11 6 11.5390 8 14.0977
487.650 6.3 6 13.5841 8 16.1259
526.044 2.2 2 12.9254 4 15.2816
526.195 8.5 4 14.0009 4 16.3565
627.082 1.8 4 14.0009 6 15.9775

Table 2: The minimum number of laser shots a 30~ detection level for
the examined materials as a function of the irradiation method and
received dose.

Spectral Line Irradiation Condition Shots for 30

828.0 nm Unirradiated 1+1
Infrasil y Irradiation 242

Infrasil n Irradiation 4+2

Sapphire y Irradiation 1+1

Sapphire n Irradiation 1+1

484.4 nm Unirradiated 1+1
Infrasil y Irradiation 2+2
Infrasil n Irradiation 17+5

Sapphire y Irradiation 1+1

Sapphire n Irradiation 5+3

Table 3: Neutron flux dependence of the line intensity ratios

Sample Flux (n/cm?) Ig2s/Is87 Liga/Iss7
Infrasil-302 O (Unirradiated) 0.382+0.0008  6.74+0.008
3.4x10'6 0.497+0.0008  7.24+0.009
1.7x10"7 1.45+£0.0009  9.46+0.009
Sapphire 0 (Unirradiated) 0.382+ 6.84+0.008
3.4x10'6 0.509+0.0008  6.51+0.007
1.7x10"7 6.93+0.007 4.57+0.009
values. This value was found to be in good agree-

ment with the density as calculated by the Saha-Eggert
equation (Eq 2.2) where a density of approximately
9x10'6 cm~* was calculated. Error bars reflect the 95%
confidence interval around the calculated temperature,
as determined from the slope produced from linear re-
gression. The changes in calculated temperature and
the fit error resulting from attenuation corrections are
shown in Table 4. When the Xe I lines alone are used,
no significant change in temperature is noted, due to the
nearly uniform reduction in line intensities. As a result,
the line slope from which the temperature is calculated
remains nearly constant. In contrast, significant changes
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can be observed when only Xe II lines are used, since
they are located in more strongly attenuated spectral re-
gions and span a greater spectral range. While the ob-
served differences can be mitigated if the ionic line cor-
rections are applied within the Saha-Boltzmann plot, the
irradiation-induced attenuation acts to reduce the good-
ness of fit for the linear regression, as evidenced by the
decrease in the associated R? value and increased fitting
error.

(a) 185 I ®  Unirradiated ]
) ® Post Gamma Irradiation: Infrasil-302
D Post Neutron Irradiation: Infrasil-302
-19.0 Post Gamma Irradiation: Sapphire
- Post Neutron Irradiation: Sapphire
qi -19.5
(&)
<
é -20.01
£
-20.51 ~E
210} )
9.8 100 102 104 106 108 110 11.2
Upper Level Energy (eV)
-19}+
(b)
-20

In(IA/g;Ay)
N

22 A Unirradiated I
L Post Gamma Irradiation: Infrasil-302 ™
L Post Neutron Irradiation: Infrasil-302

23 L Post Gamma Irradiation: Sapphire

Post Neutron Irradiation: Sapphire
. .

15.00 15.25 15.50 15.75 16.00 16.25 16.50 16.75 17.00
Upper Level Energy (eV)

Figure 5: Boltzmann plots using the spectral data both before and
after accounting for radiation-induced attenuation for (a) Xe I lines
only and (b) Xe II lines only.
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Figure 6: Saha-Boltzmann plot using the spectral data before and after
accounting for radiation-induced attenuation. Circles represent points
originating from Xe I transitions, while triangles denote points origi-
nating from Xe II transitions.

Table 4: Comparison of the calculated temperatures for both the
Boltzmann plot and Saha-Boltzmann plot

Method Irradiation Condition Temperature (K) R?

Xe I Boltzmann Unirradited 7810+390 0.9993
Infrasil y Irradiation 7770+390 0.9990

Infrasil n Irradiation 7370+410 0.9909

Sapphire y Irradiation 7800+390 0.9992

Sapphire n Irradiation 7740+400 0.9987

Xe II Boltzmann Unirradiated 8000+£610 0.9779
Infrasil y Irradiation 8000+850 0.9755

Infrasil n Irradiation 8600+890 0.9960

Sapphire y Irradiation 8000840 0.9759

Sapphire n Irradiation 6900880 0.9603

Saha-Boltzmann Unirradiated 7900+350 0.9983
Infrasil y Irradiation 8100+460 0.9981

Infrasil n Irradiation 7660+500 0.9978

Sapphire y Irradiation 8000+410 0.9981

Sapphire n Irradiation 8100+490 0.9981

5. Conclusion

We used the linear absorption data from the gamma
and neutron irradiation of fused-silica glass and sap-
phire windows to investigate the effect on the quanti-
ties derived from the analysis of LIBS spectra in which
the emitted light travels through one of these materials.
For a LIBS measurement of Xe in an ambient He envi-
ronment, it was found that for spectral lines which ex-
perience the most significant attenuation, the required
number of laser shots to detect the line with the same
statistical certainty increases from 1 to 10 shots, while
the detectability of lines that are minimally attenuated
remains largely unchanged. However, the repetition
rate of commercially available lasers allows for mea-
surement times in the investigated case to remain rela-
tively short, on the order of seconds. This effect may be
more pronounced if analysis were based on less promi-
nent spectral lines. The nonuniform attenuation across
the spectrum was found to have more noticeable effects
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on calculations that rely on the comparison of line in-
tensity ratios, effectively overestimating the Xe/He line
ratio of shorter-wavelength Xe spectral lines such as the
484.4-nm Xe II line and underestimating the line ratio of
longer-wavelength Xe lines such as the 828.0-nm Xe I
line. This effect also manifests in the calculation of tem-
perature using Boltzmann plots such that the error on
the resultant temperature value increases.

The results of this study suggest that the observed ef-
fects may be negligible or mitigated through the intro-
duction of additional calibrations for spectral lines rel-
evant to helium-cooled fast reactors. However, it must
be noted that the Xe concentration used is significantly
greater than what would be expected within a reactor
coolant stream during standard operation. This likely
greatly improves the predicted single-line detectability
observed. To more accurately predict the effects within
a reactor environment, the same analysis could be ap-
plied to a spectrum resulting from ppm to ppb concen-
trations of Xe as well as a spectrum that includes other
expected fission fragments to help account for matrix
effects [17, 32]. In addition, studies suggest that ef-
fects of thermal annealing, which may occur concur-
rently within the glass, depending on the proximity to
the reactor high temperatures of the reactor core, can
repair some of the radiation damage observed [12, 13].
Therefore, corrections must also consider the these ef-
fects. Other future work may include the analysis of
spectra relevant to other nuclear reactor monitoring ap-
plications such as examining the radiation-induced at-
tenuation effect on spectral lines that have been pro-
posed for monitoring impurities in molten salt-cooled
reactors [1].
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