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Abstract

Negative nonlinear absorption is reported in neutron- and gamma-irradiated high-OH con-
tent fused silica, low-OH content fused silica, sapphire, borosilicate glass, and radiation-
resistant borosilicate glass irradiated to total neutron fluences of 3.4 × 1016 n · cm−2

(42 Mrad γ), 1.7 × 1017 n · cm−2 (211 Mrad γ), and 3.6 × 1017 n · cm−2 (433 Mrad
γ). Nonlinear absorption coefficients were measured via Z-scan and are on the order of
−(10−14 − 10−10) m·W−1. The Z-scan also reveals a negative nonlinear index of refrac-
tion in neutron- and gamma-irradiated radiation-resistant borosilicate glass on the order of
−10−19 m2·W−1. Thermal annealing at temperatures up to 800 ◦C is shown to restore these
nonlinearities to their positive unirradiated values in all four materials. All Z-scan measure-
ments were performed at 532 nm with a nanosecond pulsed laser. The occurrence of negative
nonlinearities may be attributed to the presence of metallic impurities and the resulting sat-
urable absorption. A limited effect of photobleaching is observed in measurements and is
quantified in multiple Z-scans.
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1. Introduction

The performance of optical materials in extreme radiation and thermal environments is of
great importance for advanced fission and fusion reactor systems [1, 2], accelerators [3], and
space applications [4]. A fraction of these applications require the use of optics in laser-based
optical instrumentation. Laser-induced breakdown spectroscopy (LIBS), which relies upon
the application of high-power laser pulses and spectroscopic analysis, has realized broad
applications across industries that include undersea and outer space exploration [5]. The
development of LIBS-based optical sensors for the nuclear fission power generation industry
and for spent nuclear fuel analysis has the potential to significantly enhance the safety and
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economic efficiency of nuclear reactors through the provision of online and in-situ monitoring
of internal reactor conditions [6, 1]. Real-time monitoring of fission reactor operating con-
ditions, such as through analyzing off-gas stream of a molten salt reactor, has the potential
to provide instantaneous information about the integrity of internal components of reactors,
which could enhance safety and reduce the frequency of shutdowns for inspection [7, 8]. For
the fusion reactors under development, LIBS has been considered as a method to measure
impurities, and anti-corrosion materials, and to diagnose fuel retention in plasma-facing com-
ponents [9, 10]. To accomplish these goals for instrumentation, a thorough understanding is
needed of the radiation and thermal effects on various optical materials.

Fused silica, sapphire, and borosilicate glass are common and well-characterized materials
used in many optical components, including windows and lenses. These materials and their
variants, such as high-OH and low-OH content fused silica and radiation-resistant borosili-
cate glass, have a relatively well-understood linear index of refraction and linear absorption
coefficient. These properties, along with the mechanical characteristics, damage threshold,
and cost govern the selection of materials for various applications [11, 12]. The linear optical
properties of materials have been found to change when exposed to ionizing radiation, ther-
mal annealing, or a combination of the two, and these changes have also been extensively
studied [13, 14, 15, 16, 17, 18, 19, 20, 2, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31].

The nonlinear optical properties of materials have a similarly significant impact on ap-
plications that require high-power laser pulse propagation, and have been studied and char-
acterized since the advent of the laser [32, 11, 33]. However, the ionizing radiation-induced
changes of the nonlinear optical properties have not seen a similar level of attention to
date. Macroscopic nonlinear optical properties of materials depend on the light intensity
and manifest as nonlinear refraction (NLR) and nonlinear absorption (NLA). They are usu-
ally parameterized as

n = n0 + n2I, (1)

α = α0 + βI. (2)

Here, n is the index of refraction, n0 is the linear index of refraction, n2 is the nonlinear
index of refraction, α is the absorption coefficient, α0 is the linear absorption coefficient,
β is the NLA coefficient, and I is the light intensity. The NLR index and NLA coefficient
represent the aggregate effects of multiple components of the third-order nonlinear sus-
ceptibility that contribute to nonlinear optical phenomena such as two-photon absorption
(TPA), multiphoton absorption, saturable absorption (SA), reverse saturable absorption,
excited-state absorption, electrostriction, and thermal effects [34, 35, 36]. The NLR and
NLA coefficients can be measured by the technique referred to as Z-scan [32, 34, 37], which
simultaneously captures all constituent effects. A Z-scan that employs a longer pulse dura-
tion (in the nanosecond range) is sensitive both to susceptibilities with fast and with slow
excited state decay times so that the determination of the individual underlying physical
processes from Z-scan alone is generally not possible [34]. Nonetheless, there are examples
in the literature that describe Z-scan measurements of negative NLA coefficients and propose
a competition between TPA, which results from an ultrafast nonlinear susceptibility, and SA,
which represents a slow nonlinearity, that can lead to phenomena such as negative NLA in
semiconductors, nanocomposites, thin films, and doped glasses [11, 38, 39, 40, 36, 41, 42].
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Negative NLA has not been observed in bulk optical materials until the recent report of the
gamma-radiation-induced negative nonlinear absorption in optical quartz glass [43]. Here
we report that negative NLA following exposure to ionizing radiation is a more widespread
phenomenon that takes place in multiple materials (Heraeus Spectrosil 2000 high-OH con-
tent and Infrasil 302 low-OH content fused silica, sapphire, Schott borosilicate glass, and
Schott radiation-resistant borosilicate glass), that it occurs in response to both gamma and
neutron irradiation, and that in addition to negative NLA, the irradiation can also induce
a negative NLR. We further observe that the negative nonlinearities can be effectively ther-
mally annealed in all materials studied, which is akin to the traditional restoration of linear
optical transparency by thermal annealing.

2. Experiment

We constructed a post-irradiation examination (PIE) setup that incorporates the Z-
scan technique to measure the changes in NLA and NLR following irradiation and thermal
annealing. The setup is mobile and self-contained such that it can be readily deployed at
the site of irradiation, alleviating the concerns with the transport of potentially activated
materials and significant measurement delays after irradiation. The setup is described in
detail in previous work [44, 43]. Briefly, the Z-scan measurement is performed with the
second harmonic of a nanosecond Nd:YAG laser (532 nm), which is a common LIBS drive
laser wavelength. The Z-scans were performed in the thick-sample regime, where the sample
thickness, L, is greater than the Rayleigh length of the laser beam at focus, zR, such that
the Z-scan signal can be enhanced [34]. The first-order theory of Hermann and McDuff for
weak nonlinearities is used to model the results of the Z-scan and extract the NLA and
NLR coefficients [45]. Z-scan measurements were performed for all samples prior to and
after irradiation. Some samples were measured after irradiation with concurrent-irradiation
thermal annealing. Others were measured after irradiation and subsequent post-irradiation
thermal annealing steps.

Table 1: Optical sample information
Material Vendor Type OH Content

High-OH
Fused Silica

Heraeus
Spectrosil

2000
≤ 1300 ppm

Low-OH
Fused Silica

Heraeus
Infrasil
302

≤ 8 ppm

Sapphire
Guild Optical
Associates

Optical
Grade

Borosilicate
Glass

Schott
JML Optical

NBK7

Borosilicate
Glass

Schott
JML Optical

BK7G18

The samples examined are listed in Table 1. All samples were cylinders with a thickness
of 12.7 mm and a diameter of 12.7 mm, and the Z-scan laser axis of propagation (z-axis)

3



was parallel to the axis of the cylinder. Spectrosil 2000 (S2000) fused silica is a type III
commercial silica with a high purity and high-OH content [12]. Infrasil 302 (I302) fused
silica is a type I commercial silica with a higher metallic impurity content than type III,
the most significant being aluminum (20 ppm), and a lower OH content [12]. The sapphire
samples were of optical grade with the c-axis normal to the flat optical face. The Schott
borosilicate glass (NBK7) is a popular and common crown glass free of lead and arsenic with
high transmission range down to 350 nm, and the Schott radiation-resistant borosilicate glass
(BK7G18) is crown glass doped with 1.8 w% cerium. The samples are shown in Figure 1
after irradiation to a total neutron fluence of 3.4 × 1016 n · cm−2 (42 Mrad γ). Prior to
irradiation, the apparent transparency of all samples was similar to that of Spectrosil 2000,
which is shown on the left side in Figure 1(a).

Figure 1: Window samples after irradiation to a total neutron fluence of 3.4 × 1016 n · cm−2 (42 Mrad γ).
(a) From left to right: Spectrosil 2000, Infrasil 302, and sapphire. (b) Left: BK7G18 and right: NBK7.

Irradiations and thermal annealing were performed at The Ohio State University Nuclear
Reactor Laboratory. The samples were irradiated in the air while being suspended within
custom-fabricated thermal annealing furnaces that were inserted into the 6.5-inch diameter
dry tube adjacent to the nuclear reactor core. All irradiations were performed in this manner,
including those where concurrent and post-irradiation thermal annealing were studied, to
ensure the consistency of sample radiation exposure for comparison. The total neutron flux
was measured within the furnace by irradiating bare and cadmium-covered sets of flux wires
with different thermal and resonant absorption peaks, and then integrating the kerma factor
as a function of energy over the range of the neutron flux spectrum [28, 46]. The total
neutron flux was 1.7 × 1012 n · cm−2s−1, with a thermal flux of 1.3 × 1012 n · cm−2s−1,
fast (epi-cadmium, En > 0.5 eV) flux of 4.4 × 1011 n · cm−2s−1, and gamma dose rate of
7.6 × 106 rad · hr−1.

Thermal annealing was performed either post-irradiation or concurrently with irradia-
tion, using equivalent neutron fluences in both cases. The irradiation of samples with post-
irradiation thermal annealing was conducted to evaluate the radiation-induced alterations in
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the optical materials, and then to determine the efficacy of thermal annealing in restoring the
sample properties to the unirradiated state. Equivalent sample irradiations were performed
again with concurrent-irradiation thermal annealing to evaluate the efficacy of thermal an-
nealing while the samples are being irradiated, and to determine if the thermal annealing can
repair radiation damage at a rate greater than the rate at which damage is generated. Post-
irradiation thermal annealing was performed at 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C, with
the samples annealed at each temperature for 30 minutes. The NBK7 and BK7G18 samples
were annealed only to 400 ◦C because of their melting points. Concurrent-irradiation thermal
annealing was performed by heating the samples to 800 ◦C for the duration of the irradia-
tion using the custom-fabricated furnaces within the nuclear reactor dry tube. Again, the
NBK7 and BK7G18 samples were excluded from the concurrent-irradiation thermal anneal-
ing experiments due to their lower melting points. Table 2 summarizes the test conditions
and identifies three characteristic neutron fluences (referred to as n-Dose 1, n-Dose 2, and
n-Dose 3) and the associated gamma doses.

Table 2: Irradiation and thermal annealing conditions. The estimated gamma dose for each neutron fluence
is provided in parentheses. All neutron fluences are total (fast and thermal).

Label Fluence/Dose
Anneal
Type

Temp. Time

n-Dose 1
3.4 × 1016 n · cm−2

(42 Mrad)
Post

200 ◦C
400 ◦C
600 ◦C
800 ◦C

30 min.
30 min.
30 min.
30 min.

n-Dose 1
3.4 × 1016 n · cm−2

(42 Mrad)
Concurrent 800 ◦C Duration

n-Dose 2
1.7 × 1017 n · cm−2

(211 Mrad)
Post

200 ◦C
400 ◦C
600 ◦C
800 ◦C

30 min.
30 min.
30 min.
30 min.

n-Dose 2
1.7 × 1017 n · cm−2

(211 Mrad)
Concurrent 800 ◦C Duration

n-Dose 3
3.6 × 1017 n · cm−2

(443 Mrad)
Not Annealed

n-Dose 3
3.6 × 1017 n · cm−2

(443 Mrad)
Concurrent 800 ◦C Duration

3. Results

Figures 2, 3, and 4 show the results of NLA measurements for S2000, I302, and sapphire,
respectively, for three irradiation doses and with post- and concurrent-irradiation thermal
annealing. In all plots, the unirradiated Z-scan measurement is included for comparison.
The point within each sample where the maximum nonlinear effect occurs is indicated on
each Z-scan plot at Z = 0. The location of the maximum nonlinear effect varies based on the
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Rayleigh length of the Z-scan, the sample thickness, the beam quality, and the strength of
the material’s nonlinear properties [45]. For the conditions of this experiment, Z = 0 occurs
within the sample after the sample midpoint in the direction of laser propagation. The
standard error evaluated for 40 measurements at each position is included in all Z-scan plots.
All three samples annealed to the unirradiated state after heating to 400 ◦C for 30 minutes
except I302, which after n-Dose 2 required heating to 600 ◦C. Annealing at 400 ◦C had the
most significant effect in restoring all three materials’ optical properties to the unirradiated
state. Annealing at 200 ◦C reduced the negative nonlinearity by a fraction but did not restore
it to the unirradiated state. The opposite of this trend is observed later in the borosilicate
glass samples. Finally, concurrent-irradiation thermal annealing at 800 ◦C maintained S2000
and sapphire at the unirradiated NLA state within the measurement uncertainty, but I302
accumulated radiation effects during concurrent-thermal annealing resulting in a negative
NLA coefficient, evident in Figures 3(d), 3(e), and 3(f).

Figure 2: NLA measurements of Spectrosil 2000 after (a) irradiation to n-Dose 1 and post-irradiation ther-
mal annealing through 400 ◦C, (b) irradiation to n-Dose 2 and post-irradiation thermal annealing through
400 ◦C, (c) irradiation to n-Dose 3, (d) irradiation to n-Dose 1 with concurrent-irradiation thermal anneal-
ing at 800 ◦C, (e) irradiation to n-Dose 2 with concurrent-irradiation thermal annealing at 800 ◦C, and (f)
irradiation to n-Dose 3 with concurrent-irradiation thermal annealing at 800 ◦C.
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Figure 3: NLA measurements of Infrasil 302 after (a) irradiation to n-Dose 1 and post-irradiation ther-
mal annealing through 400 ◦C, (b) irradiation to n-Dose 2 and post-irradiation thermal annealing through
400 ◦C, (c) irradiation to n-Dose 3, (d) irradiation to n-Dose 1 with concurrent-irradiation thermal anneal-
ing at 800 ◦C, (e) irradiation to n-Dose 2 with concurrent-irradiation thermal annealing at 800 ◦C, and (f)
irradiation to n-Dose 3 with concurrent-irradiation thermal annealing at 800 ◦C.

Figure 4: NLA measurements of sapphire after (a) irradiation to n-Dose 1 and post-irradiation thermal an-
nealing through 400 ◦C, (b) irradiation to n-Dose 2 and post-irradiation thermal annealing through 400 ◦C,
(c) irradiation to n-Dose 3, (d) irradiation to n-Dose 1 with concurrent-irradiation thermal annealing at
800 ◦C, (e) irradiation to n-Dose 2 with concurrent-irradiation thermal annealing at 800 ◦C, and (f) irradi-
ation to n-Dose 3 with concurrent-irradiation thermal annealing at 800 ◦C.
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Figure 5: NLA measurements of NBK7 after (a) irradiation to n-Dose 1 and post-irradiation thermal an-
nealing through 400 ◦C, (b) irradiation to n-Dose 2 and post-irradiation thermal annealing through 400 ◦C,
and (c) irradiation to n-Dose 3.

Figure 5 shows the results of post-irradiation thermally annealed NLA measurements
for NBK7 glass. NBK7 exhibited the greatest magnitude of negative NLA, which appears
correlated with the high opacity of NBK7 after irradiation, as seen in Figure 1(b). The
majority of thermal annealing occurs when heating the sample to 200 ◦C, and the sample
fully anneals at 400 ◦C. BK7G18 similarly exhibited a negative NLA coefficient that annealed
after heating to 400 ◦C, shown in Figures 6(a), 6(b), and 6(c). BK7G18 also exhibited a
negative NLR index that had a consistent and expected form, shown in Figures 6(d) and 6(e)
with fit lines. The unirradiated and 400 ◦C annealed NLR curves were not discernible,
possibly due to darkening that has been observed during Z-scans in some BK7 samples [37].
The irradiated curves, however, were highly symmetric and consistent, and an NLR index
was extracted from these. It is also observed that after annealing to 400 ◦C the NLR curves
show more significant decreases in transmission than the unirradiated curves, which can be
attributed to the previously noted darkening enhanced by irradiation.

NBK7, and to a lesser degree BK7G18, sapphire, and I302, exhibited an effect that
resembles photobleaching. This was apparent when performing multiple Z-scans on the
same spot of an irradiated sample and obtaining increasing transmission peak magnitudes
in each subsequent Z-scan. This effect was tested in NBK7 irradiated to n-Dose 2 and
is shown in Figure 7. During this test, the irradiated NBK7 sample was moved to the
position of maximum transmission (0 mm), and the laser was pulsed continuously at the same
sample location. Measurements of the open aperture and reference photodiodes were taken
at periodic time intervals over 3 hours; the ratio of the open aperture diode (which measures
the transmitted power) to reference diode (which measures the incident power) with a power
fit is plotted in Figure 7. It can be seen that over time the rate of photobleaching decreases.
Potential photobleaching was also observed through consecutive Z-scans performed on the
same location in the material for irradiated I302, sapphire, NBK7, and BK7G18, which is
presented in Figs. A.9, A.10, A.11, and A.12 in the Appendix.
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Figure 6: NLA measurements of BK7G18 after irradiation to (a) n-Dose 1 and (b) n-Dose 2, both with
post-irradiation thermal annealing through 400 ◦C, (c) after irradiation to n-Dose 3, and the corresponding
NLR measurements of BK7G18 after irradiation to (c) n-Dose 1 and (d) Dose 2, both with post-irradiation
thermal annealing through 400 ◦C. Z-scans in (d) and (e) without a fit line were unable to be reliably
simulated.

Figure 7: Photobleaching test of NBK7 sample irradiated to n-Dose 2. The sample is moved to the position
of maximum transmitted intensity (0 mm), and the laser is pulsed continuously at a repetition rate of 10 Hz.
At each time interval identified in the plot 120 pulses are recorded, and the ratio of power transmitted to
the open aperture photodiode and to the reference photodiode is plotted with a power fit (red).
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Figure 8: Comparison of the 532 nm radiation induced nonlinear transmission and linear transmission after
n-Dose 1, 2, and 3 for (a) S2000, I302, Sapphire, NBK7, and BK7G18, and (b) at a reduced scale for S2000,
I302, sapphire, and BK7G18.

Table 3 lists the NLA and NLR coefficients extracted from the fit to measured Z-scan
curves in irradiated and thermally annealed samples. The unirradiated NLA coefficients are
obtained from literature and are used to calibrate the Z-scan using an NBK7 sample [11, 43].
All of the values presented correspond to the Z-scan fits provided in the figures in the Results
section. Irradiated n2 values are omitted for all samples, except for BK7G18, because the
irradiated closed aperture Z-scans were inconsistent, and the nonlinear index of refraction
was not able to be determined by fitting to a simulated Z-scan. Attempts were made to
determine n2 by taking the ratio of powers measured with the closed aperture and the open
aperture measurement to obtain an accurate NLR estimate in the presence of NLA but
were not successful [34]. Concurrent-irradiation thermal annealing NLA coefficient values
for borosilicate glass samples are omitted because, as mentioned in the Experiment section,
the melting point of borosilicate glass precluded it from being thermally annealed to 800 ◦C.
Finally, only I302 has an NLA coefficient listed for n-Dose 2 thermally annealed to 600 ◦C
because all of the other samples annealed to the unirradiated state at 400 ◦C.
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Table 3: Z-scan measured nonlinear coefficient. The provided unirradiated values are from literature [11].

Nonlinearity
n-Dose

Anneal Temp.
Optical Sample

S2000 I302 Sapphire NBK7 BK7G18

β [m·W−1] Unirradiated
(< 5)

×10−15

(< 5)

×10−15

(< 1.6)

×10−14

(2.8)

×10−14

(2.8)

×10−14

β [m·W−1]
Post-

irradiation
Annealing

n-Dose 1
(−1.96± 0.31)

×10−14

(−1.21± 0.01)

×10−12

(−4.04± 0.20)

×10−14

(−1.01± 0.02)

×10−11

(−1.86± 0.27)

×10−14

n-Dose 1
200 ◦C

(−7.01± 1.20)

×10−15

(−7.61± 0.07)

×10−13

(−2.37± 0.21)

×10−14

(−1.67± 0.05)

×10−12

(1.53± 0.32)

×10−14

n-Dose 1
400 ◦C

(2.50± 2.31)

×10−15

(5.16± 4.40)

×10−15

(2.50± 3.86)

×10−15

(2.91± 0.30)

×10−14

(2.86± 0.25)

×10−14

n-Dose 2
(−2.33± 0.32)

×10−14

(−5.01± 0.02)

×10−12

(−1.74± 0.04)

×10−13

(−1.99± 0.05)

×10−11

(−5.77± 0.27)

×10−14

n-Dose 2
200 ◦C

(−1.55± 0.21)

×10−14

(−4.48± 0.02)

×10−12

(−1.47± 0.04)

×10−13

(−4.41± 0.02)

×10−12

(−1.23± 0.24)

×10−14

n-Dose 2
400 ◦C

(1.20± 2.50)

×10−15

(−9.17± 0.55)

×10−14

(1.99± 2.62)

×10−15

(2.84± 0.31)

×10−14

(2.66± 0.51)

×10−14

n-Dose 2
600 ◦C

-
(2.85± 6.33)

×10−15 - - -

n-Dose 3
(−1.85± 0.30)

×10−14

(−4.90± 0.02)

×10−12

(−3.66± 0.03)

×10−13

(−3.71± 0.02)

×10−11

(−7.68± 0.24)

×10−14

β [m·W−1]
Concurrent-
irradiation
Annealing

n-Dose 1
800 ◦C

(2.66± 3.41)

×10−15

(−1.27± 0.02)

×10−12

(1.15± 1.85)

×10−15 - -

n-Dose 2
800 ◦C

(2.03± 3.21)

×10−15

(−1.98± 0.01)

×10−12

(2.25± 2.54)

×10−15 - -

n-Dose 3
800 ◦C

(−4.50± 6.32)

×10−15

(−1.37± 0.02)

×10−12

(0.55± 6.54)

×10−15 - -

n2 [m2·W−1]
Post-

irradiation
Annealing

n-Dose 1 - - - -
(−1.70± 0.04)

×10−19

n-Dose 1
200 ◦C

- - - -
(−1.67± 0.03)

×10−19

n-Dose 2 - - - -
(−3.13± 0.02)

×10−19

n-Dose 2
200 ◦C

- - - -
(−2.91± 0.02)

×10−19

Table 4: Z-scan post-irradiation measured nonlinear coefficient for three consecutive Z-scans to account for
the photobleaching effect.

n-Dose
Scan #

β [m·W−1] n2 [m2·W−1]

I302 Sapphire NBK7 BK7G18 BK7G18

n-Dose 1
Scan 1

(−8.27± 0.01)

×10−13

(−3.20± 0.25)

×10−14

(−9.26± 0.04)

×10−12

(−2.58± 0.29)

×10−14 -

n-Dose 1
Scan 2

(−1.05± 0.01)

×10−12

(−3.52± 0.20)

×10−14

(−1.00± 0.03)

×10−11

(−2.44± 0.30)

×10−14

(−1.08± 0.03)

×10−19

n-Dose 1
Scan 3

(−1.21± 0.01)

×10−12

(−4.04± 0.20)

×10−14

(−1.01± 0.02)

×10−11

(−1.86± 0.27)

×10−14

(−1.70± 0.04)

×10−19

n-Dose 2
Scan 1

(−4.35± 0.02)

×10−12

(−1.58± 0.03)

×10−13

(−1.94± 0.01)

×10−11

(−5.84± 0.26)

×10−14

(−2.05± 0.02)

×10−19

n-Dose 2
Scan 2

(−4.54± 0.02)

×10−12

(−1.66± 0.03)

×10−13

(−1.95± 0.06)

×10−11

(−5.71± 0.33)

×10−14

(−2.39± 0.02)

×10−19

n-Dose 2
Scan 3

(−5.01± 0.02)

×10−12

(−1.74± 0.04)

×10−13

(−1.99± 0.05)

×10−11

(−5.77± 0.27)

×10−14

(−3.13± 0.02)

×10−19
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4. Discussion

Irradiated S2000, I302, sapphire, NBK7, and BK7G18 all exhibit negative NLA at 532 nm
for nanosecond pulse duration, which could be attributed to the simultaneous effects of ul-
trafast TPA nonlinearity and the slow SA nonlinearity. These negative nonlinearities accom-
pany radiation-induced linear attenuation, which we observed in the recent experiments with
gamma- and neutron-irradiated glasses and sapphire [47]. In Figure 8 the ratio of the peak
nonlinear transmission to the linear transmission for the irradiated samples is presented to
illustrate how the negative NLA acts to compensate for some of the radiation-induced linear
absorption [47].

S2000 and I302 each have trace elements of aluminium at ≤ 10 ppb and ≈ 20 ppm, re-
spectively. Al-oxygen-hole-centers generated by gamma irradiation have been shown to cause
a wide absorption band centered at 537 nm (FWHM 152 nm), which may be responsible for
the radiation-induced linear absorption in S2000 and I302, and may also result in the SA
effect resulting in negative nonlinear absorption [18, 20]. The difference in the magnitude of
the NLA between S2000 and I302 may be associated with the significantly greater concentra-
tion of aluminum in I302. The reason that I302 requires a higher temperature of 600 ◦C to
anneal, and that it retains a negative NLA coefficient during concurrent-irradiation thermal
annealing, compared to S200, may be its low-OH content [48]. The low-OH content of I302
may result in an inability to passivate E’ centers through the OH reaction with displaced
oxygen and migration of the resultant interstitial water, and instead annealing the E’ centers
in I302 may be dependent on electron and hole excitation [48, 25].

The negative NLA observed in sapphire may be attributed to SA of a gamma-radiation
induced composite V center defect [49, 28]. The composite V center produces a broad
absorption band centered at 413 nm [28] that extends to the 532-nm wavelength of interest.
The V centers are shown to anneal via thermal charge recombination.

NBK7 is a lead and arsenic-free version of BK7 borosilicate glass. NBK7 sensitivity to
radiation-induced attenuation and darkening is well known, and thus it is not surprising that
with significant radiation-induced attenuation, NBK7 also exhibits the greatest NLA effect
in all of the samples measurement [26]. It is worthwhile to compare the nonlinear response of
NBK7 to BK7G18. BK7G18 is doped with cerium at 1.8 w% to achieve radiation resistance.
The cerium may be responsible for the significantly reduced negative nonlinearity compared
to the NBK7 measurement, but it is also notable that in-situ measurements of irradiated
BK7G18 have revealed that radiation-induced attenuation in BK7G18 exceeds that of NBK7
during irradiation [26]. The cerium doping does not negate the radiation damage in BK7G18
but makes the damage more thermally unstable and assists the annealing process so that it
is possible BK7G18 may exhibit a significant NLA effect when under irradiation. Finally,
the observable NLR in BK7G18 may be promoted by cerium doping as that is the most
significant difference from NBK7 which had an uninterpreted NLR Z-scan similar to the
other samples.

5. Conclusion

We have demonstrated the occurrence of negative nonlinear absorption in high-OH and
low-OH content fused silica, sapphire, and two types of borosilicate glass when exposed to
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ionizing radiation. The negative nonlinear absorption occurs as a result of both gamma
and neutron radiation-induced defects, which expands on our previous results with Infrasil
302, and that radiation can also induce a negative NLR in BK7G18 [43]. The NLA ef-
fect is approximately proportional to the radiation-induced attenuation in each material as
measured post-irradiation and contributes to mitigating absorption losses in the material
for high-intensity laser pulses, which can be seen in Figure 8 [47]. Photobleaching has also
been observed within low-OH content I302, NBK7, and BK7G18. Photobleaching makes a
minor contribution to the observed negative nonlinearity, evident by the fact that all the
Z-scan curves restore back to unity transmission after the sample transits the point of max-
imum intensity (position 0 mm). The photobleaching may provide a small annealing-like
effect induced by the high-intensity laser pulse that, in conjunction with SA, reduces the
radiation-induced attenuation losses.

This research explored the knowledge gap of radiation and thermal effects on nonlin-
ear optical properties to inform the development of novel optical spectroscopic sensors for
advanced fission reactors. An attractive direction for future work will be the use of shorter-
pulse (picosecond to femtosecond) lasers to disambiguate the contribution of irradiation to
slow and fast nonlinearities, which jointly comprise the nonlinear response measured with
nanosecond Z-scan in this work.
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Appendix A. Photobleaching Z-scans
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Figure A.9: Three consecutive NLA Z-scans of I302 at the same location in the sample after irradiation
to (a) n-Dose 1 and (b) n-Dose 2, performed to test the photobleaching effect. NLA coefficient values are
provided in Table 4.

Figure A.10: Three consecutive NLA Z-scans of sapphire at the same location in the sample after irradiation
to (a) n-Dose 1 and (b) n-Dose 2, performed to test the photobleaching effect. NLA coefficient values are
provided in Table 4.

Figure A.11: Three consecutive NLA Z-scans of NBK7 at the same location in the sample after irradiation
to (a) n-Dose 1 and (b) n-Dose 2, performed to test the photobleaching effect. NLA coefficient values are
provided in Table 4.
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Figure A.12: Three consecutive NLA Z-scans of BK7G18 at the same location in the sample after irradiation
to (a) n-Dose 1 and (b) n-Dose 2, performed to test the photobleaching effect. The corresponding three
NLR Z-scans are provided in (c) and (d). Z-scans in (c) and (d) without a fit line were unable to be reliably
simulated. NLA and NLR coefficient values are provided in Table 4.
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