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2 Summary 
Optical thin films are used in many high-end applications including quantum sensing, atto-second 
physics, and inertial confinement fusion. The optics in these systems are often limited by defects 
within the coating. These defects may lead not only to increases in optical losses, but also a reduction 
in the laser induced damage threshold (LIDT). Understanding how defects influence the optical pa-
rameters of the coating is critical to improve the quality of coatings. In this project, in cooperation 
with the Tongji University, we aim to improve understanding of the interaction between ultra-short 
pulse irradiation and two defect types. The first are extrinsic defects, specifically, particles on the 
substrate overcoated during deposition, while the second are ones which, among other effects, lead 
to changes in the electronic structure of the coating to include electronic states which are located 
between the valence and conduction bands. These are often caused by ternary elements contami-
nated, or variations in the relative chemical composition of the coating. 
By preparing samples with known fused silica particles, direct investigations of their influence are 
performed. The use of oblique angle ion etching is investigated as a process to reduce the scattering 
losses of the coating. While particles were effectively removed, this resulted in an increase in scatter-
ing losses, so instead the effectiveness of etching to increase the LIDT were examined. This was 
demonstrated as a sample prepared with 0.5 µm particles, which was etched for 1 µm and reached 
similar LIDT values of a coating on a substrate without particles. Using this experience, a GDD mirror 
was coated as a demonstrator optic for real life applications. 
While electronic defects can lead to an increase in linear absorption, they also significantly influence 
the nonlinear absorption, and as a result, the LIDT under ultra-short pulse irradiation. A measure-
ment system based on laser calorimetric absorption (LCA) was developed to allow for the measure-
ment of nonlinear absorption. This development included extensive work investigating methods to 
improve both the efficiency and effectiveness of the measurement. Existing models from nonlinear 
absorption are expanded to account for the presence of electronic defect states. These models were 
successfully correlated with nonlinear absorption measurements to demonstrate the influence of 
inter band structure, giving new insights into the nature of potential ultra-short pulse damage inter-
actions.  
Two peer-reviewed papers were published in Applied Optics presenting some of the project results. 
In particular, the removal of particles through ion etching was presented in 2023, while a model for 
defect driven nonlinear absorption was published in 2026. The results were also presented at several 
international conferences and published in associated proceedings. Additionally, three students 
completed their master’s thesis within the remit of this project, and the work is expected to form the 
basis of the thesis of the involved PhD student.   
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3 Progress Report 
Aims of the research project.:  
This project consisted of a complementary cooperation between the Tongji University and the Laser 
Zentrum Hannover e.V. (LZH), in which each partner was working on separate tasks that were com-
pleted during the course of the project.  Monthly online meetings as well as three in person meetings 
were conducted, to share results and expertise. Additionally, regular exchanges of samples occurred, 
to best utilise processes and characterisation methods of both institutes.  
The major objective of the project was to understand mechanisms and influences affecting the per-
formance of broad-band dispersive dielectric coating under ultra-short pulse irradiation. In particular, 
the limitations due to intrinsic defects, electronic intraband states, and extrinsic defects such as par-
ticles in the coating of such systems were investigated. To this extent samples with intentional de-
fects were prepared by both institutes, with regular exchanges to allow for optimal usage of exper-
tise and technologies. The initial focus was on the scattering and absorption losses, as well as later 
the resistance to laser induced damage. This was approached from two directions, with a theoretical 
model being developed (WP3) with a particular focus on the nonlinear absorption while characterisa-
tion was conducted in WP2. The characterisation of samples included the development of a meas-
urement system for nonlinear absorption. Due to external interest, as well as results obtained during 
this project, laser induced damage threshold (LIDT) measurements were also conducted. The influ-
ences of samples with intentionally introduced defects from WP1 was also conducted, with a focus 
on nonlinear absorption and LIDT. The effectiveness of planarization through oblique incidence angle 
ion etching as a method for removing defects was investigated in WP4. Finally, using the collective 
learnings of the project, a mirror with a specific GDD was coated to complete WP5. The initial con-
ception of the project consisted of 1.5 full time PhD positions, however due to hiring difficulties, only 
1 position could be filled by a candidate with the required background within a reasonable 
timeframe. To allow for the intended research to be conducted, an extension of the project for 18 
months was requested in 2023, where the initial goals were redirected based on the findings ob-
tained within the first two years of the project. Additionally, during 2023 Dr. Marco Jupé took over 
the PI position due to the retirement of Prof. Dr. Detlev Ristau. Only the work packages for the Laser 
Zentrum Hannover e.V. are addressed in the following report. The results achieved by the Tongji 
University and published over the course of the cooperation, can be found here [1-3], with one mu-
tual publication in addition to those published by the Laser Zentrum Hannover e.V..   
Modelling of defects  
General Modelling 
To better understand the response to optical pulses, and in future potentially predict optic perfor-
mance, theoretical models for defect behaviour were developed. The focus of the Laser Zentrum 
Hannover e.V. with regards to the modelling behaviour was on the absorptive losses of defects 
(WP3). Absorption is governed by processes by which an electron is excited from a lower defined 
energy state to a higher energy state and relaxes without the emission of a photon (non-radiative 
decay). Typically, the transition from the valence band to the conduction band is considered. For 
simplicity we adopt the description of bands and the associated band gap from crystal structures, 
despite amorphous materials not satisfying the required periodic boundary condition. Under ultra-
short pulse irradiation, the intensities are high enough that several photons may interact with a sin-
gle electron exciting it through a band gap greater than that of a single photon. These processes are 
well described by Keldysh theory [4] and is referred to as multi photon ionization (MPI). There are 
two key aspects, the first is that the ionization rate follows a polynomial 𝐼௡ where 𝐼 is the intensity 
and 𝑛 the number of photons required for the excitation. Due to the extreme electric field strengths 
of >1012 W/cm2within the material during irradiation, the band gap undergoes a Stark shift [5] in-
creasing the energy required for the transition. At specific intensities where the multiphoton order 
increases, the ionization rate decreases sharply, before increasing again.  
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The electrons in the conduction band are accelerated due to the electric field leading to additional 
linear absorption. The electrons with sufficient energy may transfer energy to valence band elec-
trons, also exciting them to the conduction band. This process is dependent on the electron density 
in conduction band. As the density increases, additional electrons are excited leading to a runaway 
effect known as Avalanche Ionization (AVI). This effect is described quasi-classically by Drude theory 
[6, 7] or in more detail by the multiple rate equation model (MRE) [8]. The MRE model considers a 
series of discrete states within the conduction band through which an electron is iteratively excited. 
When it reaches the final state, it returns to the lowest, exciting an additional electron. Given 𝑘 vir-
tual states, the electron density in each state is given by 

𝜕𝜌଴

𝜕𝑡
= 𝑊ெ௉ூା்ூ + 2𝑤௜௠ 𝜌௞(𝑡) − 𝑤ଵ௣௧𝜌଴(𝑡)

⋮
𝜕𝜌௝

𝜕𝑡
= 𝑤ଵ௣௧𝜌௝ିଵ(𝑡) − 𝑤ଵ௣௧𝜌௝(𝑡)

⋮
𝜕𝜌௞

𝜕𝑡
= 𝑤ଵ௣௧𝜌௞ିଵ(𝑡) − 𝑤௜௠ 𝜌௞(𝑡),

 

where 𝜌௝  is the electron density in state  𝑗. The ionisation rate is given by 𝑊ெ௉ூ  as calculated 
through Keldysh theory. The excitation within the conduction band is given by 𝑤ଵ௣௧ while 𝑤௜௠௣ is the 
probability of an electron in the highest state exciting a further electron to the conduction band.  
Using this formalism, basic calculations to predict the absorption of materials without defect states 
could be conducted and compared to measurements.  
To compare theory and experimental results, several materials were investigated, namely HfO2, 
Ta2O5, Nb2O5, TiO2, ZrO2, both as single layers, and as nanolaminates. Generally, in pure materials, 
the absorption followed the expected 𝐼௡ behavior, while the nanolaminates show a clear variation in 
the absorption. The reason for this is at the stage of project conclusion unclear, however it warrants 
further investigation in future projects. One possible explanation is the presence of a low density of 
defect states, which may explain some of the other deviations seen within conventional coatings. 
These results are presented under the section “Experimental Results”.   
Theory of Defect Effects 
Intrinsic defect states with energies, which do not reduce the number of photons required for excita-
tion, have a negligible effect on nonlinear absorption, however these lead to an increase in linear 
absorption. One of the primary factors determining the ionisation rate, is the number of photons 
required to excite an electron into the conduction band. As such, if less photons are required for 
excitation of electrons in a defects state to the conduction band, than for excitation from the valence 
band to the conduction band, then the defect state may dominate absorption behaviour. 
To describe this behaviour, the ionization rate of the defect states was calculated via Keldysh theory, 
while the electron dynamics of the defect state were modelled by extending the Drude and MRE 
models to include relaxation to the defect state. The MRE model then must be expanded to  
𝜕𝜌଴

𝜕𝑡
= 𝑊ெ௉ூା்ூ + ෍ 𝑊ெ௉ூା்ூ

(ௗ)
𝜎(ௗ) 𝜌(ௗ)(𝑡)

𝜌௠௔
(ௗ)

 −
𝜌଴(𝑡)

𝜏(ௗ)

𝜌௠௔
(ௗ)

− 𝜌(ௗ)(𝑡)

𝜌௠௔௫
(ௗ)

  

ௗ

+ 2𝑤௜௠௣𝜌௞(𝑡) − 𝑤ଵ௣௧𝜌଴(𝑡) −
𝜌଴

𝜏௩

⋮

𝜕𝜌௝

𝜕𝑡
= 𝑤ଵ௣ 𝜌௝ିଵ(𝑡) − 𝑤ଵ௣௧𝜌௝(𝑡) − ෍

𝜌௝(𝑡)

𝜏(ௗ)

𝜌௠௔
(ௗ)

− 𝜌(ௗ)(𝑡)

𝜌௠௔
(ௗ)

  

ௗ

−
𝜌௝

𝜏௩

⋮

𝜕𝜌௞

𝜕𝑡
= 𝑤ଵ௣ 𝜌௞ିଵ(𝑡) − 𝑤௜௠௣𝜌௞(𝑡) ෍

𝜌௞(𝑡)

𝜏(ௗ)

𝜌௠௔
(ௗ)

− 𝜌(ௗ)(𝑡)

𝜌௠௔௫
(ௗ)

  

ௗ

−
𝜌௞

𝜏௩
.

 

 Where the summation over 𝑑 represents a summation over all defect states. The nonlinear ionisa-
tion rate of a defect state is naturally determined by the current electron density in the state 𝜌(ௗ)(𝑡). 
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The relaxation into the defect state is determined by the lifetime 𝜏(ௗ). Due to the finite density of a 
given defect state 𝜌௠௔

(ௗ) , the relaxation rate is additionally scaled by the portion of the state which is 
currently unoccupied. This is a first order linear approximation, and the relaxation rate is additionally 
capped to ensure the electron density does not exceed 𝜌௠௔௫

(ௗ) . The interaction cross-section of elec-
trons in the defect state is given by 𝜎(ௗ). 

Hafnia was chosen as a material to investigate due to its common use in high power applications, and 
the large number of previously documented defect states. These states are the result of either an 
oxygen vacancy, or additional oxygen in atomic or molecular form [9]. The vacancy states can be 
negated by co-sputtering of small amounts of aluminium during deposition at the cost of slightly 
reducing the refractive index [10,11]. Measurements of such samples, as well as of additional materi-
als and nanolaminates are presented in the Results section. 
The ionisation rates calculated by Keldysh theory are displayed in Fig. 1a). In particular, the ionisation 
rates are clearly grouped by the number of photons required for a particular transition. Taking the 
ionisation rates at intensities of 3×1015 W/m2, each additional photon order, reduces the ionisation 
rate by at least an order of magnitude. This means that defects, even with a low density, may have 
an outsized impact on the behaviour of the nonlinear absorption. 
Of note, is the ionisation rate for the defect state of 4.65eV energy. This state undergoes a transition 
from a three to a 4-photon-process at intensities near 6×1015 W/m2. This particular transition is also 
visible in Fig. 1b) at a fluence of 0.45 J/cm2. where the estimated absorption of a hafnia layer with a 
single defect state is plotted. In this case the absorption decreases slightly, before AVI becomes the 
dominant process. This effect is not seen for the 4.57 eV state, where the transition occurs at only 
slightly higher intensities. Instead, this transition is completely overshadowed by the avalanche ioni-
sation which at this point dominates the excitation process.  
The influence of defect states was detectable through nonlinear absorption, removing the initial re-
quirement of using a noncollinear optical parametric amplifier (NOPA) for detection. Nonlinear ab-
sorption measurements are presented in the results section.  
Extrinsic Defects 
To investigate the extrinsic defects, samples and field enhancement simulations were prepared by 
our project partners of the Tongji University. When a particle on a substrate is overcoated, it forms a 
nodule structure. Using the electric field simulations, the nonlinear absorption changes due to the 
field enhancement of the nodule, the nonlinear absorption was calculated. The expected nonlinear 
absorption was found to be negligible, despite a predicted significant reduction in the LIDT. Never-
theless, this was verified with experimental measurements of samples.  
 
 

a

 

b

 
Fig. 1 Ionisation rate at 775nm calculated through Keldysh theory for hafnia defect states a). Theoretical 
estimates of the absorption with a single defect state according to the Drude model b). 
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Methods 
To compare the theoretical models to the experimental results samples were prepared with extrinsic 
defects. The LZH prepared samples with laser induced pit defects which were delivered to Tongji 
University (WP1). The Tongji University prepared substrates with silica particles of 0.5 µm, 1 µm and 
2 µm diameter, for investigation at the LZH. These samples were prepared by suspending the parti-
cles in alcohol, before deposition on the substrates via spin-coating. In WP2 and WP4 these samples 
were overcoated with single layers or planarized as required.  
Scattering losses were measured using a highly sensitive device developed in-house “FastTS” [12]. 
The FastTS system allows for rapid measurement of the total scattering losses, and the distribution of 
these losses across the optic with a sensitivity between the low double digit ppm range and several 
percent. The system uses a frequency doubled Nd:YAG at 532 nm laser to illuminate a small area on 
the optic, typically 30µm. The back-scattering losses are captured by an aluminium coated Coblentz 
half-sphere, which focuses the light into a photo-multiplier tube for measurement.  
Laser Calorimetric Absorption (LCA) is a measurement technique to determine the absorption of an 
optic defined by the ISO standard 11551 [13]. In this measurement the temperature of the sample is 
monitored by measuring the change in voltage across negative temperature coefficient (NTC) ther-
mistors, before, during, and after irradiation with a laser. As the temperature changes are typically 
small, a high degree of thermal stability is required for accurate measurement. The sample is mount-
ed within an aluminium chamber, which is insulated by 7 cm of foam. To further improve the stability, 
the change in temperature of the sample is monitored relative to a reference sample co-located in 
the chamber. This ensures that slow temperature changes do not adversely affect the measurement. 
The temperature drift in the chamber depended significantly on both the laboratory conditions, as 
well as how well the ports of the chamber were sealed. Typical measurement conditions had a max-
imum drift of 30 µK/s, with a target of <10 µK/s. If the conditions were correct, the drift could stabi-
lise below 1µk/s over tens of hours.  
Conventionally, LCA measurements are used to determine linear absorption values, and the meas-
urements are conducted with either CW lasers, or lasers with a pulse length >10 ns. To measure the 
nonlinear (NL) absorption, the system must be further developed so that measurements can be per-
formed at several fluences with a femto- or picosecond laser (WP2). This measurement was referred 
to as nonlinear LCA (nLCA). To improve throughput a modified LCA chamber was developed whereby 
several samples could be measured simultaneously with the samples mounted on a stage, allowing 
for irradiation of a sample while the previous sample cooled. 
For nLCA, the intensity on the sample must be varied, for instance, by changing the beam diameter 
on the sample. This can be achieved by moving a focusing lens along the propagation axis shifting the 
focus relative to the sample. This adds significant additional effort required for alignment of the 
beam, as well as additional monitoring of an online beam profile camera.  
For this to function, a good beam quality is required, to ensure artefacts do not disrupt the meas-
urement. This configuration has the distinct disadvantage that a significant region of free space must 
be maintained in front of the chamber for the motion of the lens. 
A more compact design was attempted, using a three-lens telescope. The first lens was a concave 
lens with a focal length of -75 mm followed by two plano-convex lenses with focal lengths between 
100 mm and 300 mm. The exact combination of lenses was varied over the course of the work. This 
configuration required that the focus position was located behind the sample due to the small beam 
diameter leading to ionisation of air. The reflected beam posed a significant risk to optics in the beam 
line. In order to reduce the chance of damage to the preceding optics the reflected beam was cap-
tured in the chamber. 
To achieve this, a beam dump was placed inside the chamber. This is generally inadvisable for LCA 
measurements, as even small amounts of scattered light may distort the measurement if not proper-
ly aligned. For partially reflective samples, careful alignment generally allowed measurements to be 
conducted, though high reflective samples presented additional challenges. Due to the chamber ge-
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ometry the beam dump was located close to the sample mount, and the beam focus was often lo-
cated inside leading to a plasma forming. After a high reflective sample was unintentionally coated in 
copper particles, this configuration was abandoned.   
Due to the significant resources, time and effort required to conduct nLCA measurements, significant 
effort was invested in simplifying and accelerating the measurement process. Three aspects were 
directly investigated, the first was a simplification of the measurement apparatus, with a particular 
focus on cheap and flexible components. The second these focused on automated calibration of the 
holders, including an investigation into different calibration methods, and their reliability. In addition, 
comparisons between different construction methods were made. The final aspect concerned adapt-
ing both the data acquisition, electronics, and physical construction of the experiment to allow for 
parallel measurement of multiple samples. 
Applied Laser Systems for LCA and LIDT measurements 

Several laser systems were used over the duration of this project, a summary is given in Tab. 1. The 
primary system was the Clark: MXR ultra-fast laser system, with which the nLCA system was devel-
oped and on which most measurements were conducted. The Coherent: Rapid ps-laser system al-
lowed for absorption measurements to be conducted at shorter wavelengths, and was particularly 
useful in measuring 2-photon absorption. While the focus was on ultra-short pulse interactions, the 
Innolas: Hybrid ns-laser system allowed for measurements of defect induced damage to be conduct-
ed. The Light Conversion: Pharos ultra-short pulse laser system was available only at the end of the 
project used as a replacement for fs-LIDT measurements, after the MXR became inoperable near the 
end of the project. 
Coating Plants 
As previously described, coatings were produced at both, Tongji University and LZH. The following 
explanations refer exclusively to the experiments conducted at LZH, with coatings provided for all 
experimental work packages (WP1, WP2, WP4, WP5). The experiments at Tongji are described in 
separate reports and publications [1-3]. One ion beam sputtering (IBS) system was prepared with an 
additional ion assist source was constructed in such a manner to allow for alignment and optimiza-
tion of the etch angle. This was conducted prior to the project and is described in the following refer-
ence [14]. This system was optimized for the production of hafnia coatings for research and industrial 
applications.  
The second IBS system is an experimental platform for the production of quantizing nanolaminates 
(QNLs). These are alternating high (barrier) and low (well) band gap materials with layer thicknesses 
<5nm which form a metamaterial.  The band gap of the metamaterial can be “tuned” by the thick-
ness of the high band gap layer, while the refractive index depends on the ratio of the two materials. 
This platform was developed within the framework of the BMFTR-funded "Hypo" project 03XP0377F 
and was used for the production of the corresponding QNLs within this project, which was explicitly 
approved in the extension application. The structure and function of the quantizing nano-laminates, 
as well as the system technology, can be found here [15, 16]. Additionally, this plant provided single 
layer niobia coatings for WP2 and WP4. 
 
 

Laser System Wavelength 
(nm) 

Repition 
Rate 

Pulse Duration Average power Measurements 

Clark: MXR 775 1kHz 150-300fs 1W nLCA 
Coherent: Rapid 1064, 532 200kHz 10ps 10W nLCA 
Innolas: Hybrid 1064 100Hz 8ns 25W LIDT 
Light Conversion: 
Pharos 

1030 20kHz 170fs 20W LIDT 

 

Tab. 1 Summary of relevant lasers used during the project. 
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Removal through etching 
Etching before the sample is coated may remove or reduce the size of the particles (WP4), and hence 
reduce the size of the nodule. While etching during deposition may also disrupt nodule formation, 
this was not tested due to limitations in the available materials within the plant. Several studies were 
conducted to determine effective deposition parameters, including varied source powers and cur-
rents, as well as the ratio of oxygen and argon ions. The etch rate using pure O2 was significantly low-
er, due to the lower atomic mass than argon. However, pure Ar tended to preferentially sputter O2 
out of the coating, leading to significant absorption. The initial sequence of etching was conducted 
with pure O2 simply to ensure no absorption due to preferential argon sputtering. With the 1 µm of 
SiO2 requiring approximately 16 hours to etch, this was changed in the second series of experiments 
to be an O2:Ar mix of 20:5 sccm. The etching was monitored by using tantala coated monitoring sub-
strates. The equivalent rate of etching for fused silica was determined as a factor of 1.53 [17].  
Experimental Results 
Nonlinear absorption – interband states (WP2) 

Measurements were conducted using the ultra-fast laser system Clark MXR with a central wave-
length of 775nm and a pulse duration of 200fs. This wavelength corresponds to 1.6 eV, close to half 
the band gap energy. The error in determination of the band gap through the Tauc plot method [18], 
is significantly larger than the difference between half the band gap energy and the energy of a 
775nm photon. The absorption (𝛼) response depicted in Fig. 2a) much more closely aligns with the 
curve of the polynomial 𝛼 ∝ 𝐻ଶ, where 𝐻 is the fluence, giving a clear indication of 3-photon absorp-
tion. The implication is that even small increases in the band gap such that an additional photon is 
required to bridge it, has a significant effect in reducing the nonlinear absorption. 
From the measurements shown in Fig. 2b) where the nonlinear absorption of different QNL samples 
is presented, it is evident that the relationship differs significantly from that observed for the pure 
single layers with a similar band gap. The thickness of the high (H) and low (L) refractive index layers 
are given in nanometres. The measurements can be broadly grouped into two linear regimes. Initial-
ly, the rate of increase in absorption is low. At some point, the gradient suddenly becomes steeper, 
though the increase still appears to be linear. For most measurements, only one of these regimes 
was successfully measured, however in the case of the sample with a ratio of 4H:4L, this transition 
can be clearly seen. The samples with 0.5H tend to show the lower increase in absorption, while 
those with thicker high refractive index layers appear to be more susceptible to nonlinear absorption. 
This difference in behaviour implies that the electronic structure of these metamaterials is more 
complex than that of conventional amorphous materials. 
 

a

 

b 

 
Fig. 2  A nonlinear absorption measurements of a TiO2 single layer demonstrating 3-photon absorption a). 
Nonlinear absorption for QNLs with silica barrier and Nb2O5 or TiO2wells, demonstrating significantly differ-
ent behaviour compared to TiO2 with a similar band gap b). The band gap of each QNL is listed in the legend.  
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Intrinsic Defects in Hafnia 
Hafnia has several intermediate states which may develop due to oxygen sub or super stoichi-
ometries.  Excitation from these defect states often requires less photons than the primary valence 
band/conduction band transition, leading to significantly increased rates of absorption. Importantly, 
the oxygen vacancy states, introduced by sub-stoichiometric deposition, can be saturated by co-
sputtering of aluminium. Typically, a pure hafnia layer is deposited slightly super-stoichiometric and 
the inclusion of additional oxygen leads to less absorption than the vacancies.  
To investigate this phenomenon two sets of samples were prepared. The first set consisted of coat-
ings highly reflective at 775 nm deposited with silica/hafnia. In one case aluminium was co-sputtered 
to suppress the formation of oxygen vacancy defect states. The other set of samples was a series of 
hafnia single layers deposited with varied oxygen content. The oxygen flow was varied from 8sccm, 
which for this plant are the normal deposition conditions, in steps up to 12 sccm. In Fig. 3b) the non-
linear response of the two HR hafnia samples and the titania measurement from earlier are displayed. 
The TiO2 serves to demonstrate the continued validity of the MRE model with a negligible defect 
state density. While the hafnia-alumina mixture demonstrates a stronger nonlinear absorption re-
sponse than the pure hafnia, in this case it is an indicator for a lower defect density than the pure 
hafnia.  

In the case of the pure hafnia, a defect state is required to replicate the nonlinear absorption curve. 
The implication is that the dominant process within the pure hafnia is a 3-photon process, as op-
posed to the expected 4-photon absorption. In addition, near a fluence of 0.9 J/cm2, there is a small 
reduction in the absorption of the sample, which aligns well with the reduction in ionisation seen in 
the 4.65 eV defect state. The shift in the fluence at which this occurs, is likely due to electric field 
enhancement within the film, and the effective electron mass being larger in reality than the 0.1me 
used in the calculation. The interpretation is that the difference in behaviour may be attributed to 
the oxygen induced defect state 
Linear and Nonlinear absorption – Nodules (WP2) 
Nodules in thin films lead to electric field amplification due to the lens like structure which forms 
around a “seed” particle within the coating. The diameter  of the nodule is given by 𝐷 = √𝐶𝑑𝑡  and 
depends on diameter of the seed 𝑑, the thickens off the coating 𝑡 and the conic constant 𝐶. The val-
ue of 𝐶 determines the amount of electric field amplification, and depends strongly on the energy of 
the atoms being deposited. Smaller values of 𝐶 associated with higher electric field amplification, 
and higher deposition energies.  

a 

 

b

 

Fig. 3  Nonlinear absorption of hafnia single layers with varied O2 content to induce defect states, and simple 
theoretical models a).  Nonlinear absorption of samples with and without defects calculated with the MRE 
model and defect state dynamics b).  
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Despite the significant localised increases in electron density, when considering a functional optic, 
the increase in absorption, when compared to the coating without nodules is small, as demonstrated 

by Fig. 4 a). For these samples, a linear absorption of 150 ppm was assumed based on experimental 
experience. While some differences can be discerned, for the nodules with C=2.5 and C=4,  at the 
fluence where critical electron density is reached, the difference in absorption is around 1 %, well 
below the resolution threshold of an LCA measurement which typically has a relative error of 10 %. In 
the case of the C=8 nodule the difference is negligible. In Fig. 4 b), a series of nLCA measurements of 
samples with nodules are shown. While clear nonlinear absorption can be seen, the largest differ-
ence in the sample behaviour is the linear absorption, and no clear trend between particle dimension 
or density can be established. 
Planarization (WP4).  

The initial intention of the planarization process was to reduce the total optical losses. However, the 
microscopic investigations indicate an increase in defect size, and hence potentially increases in opti-
cal losses. To investigate this effect the total scattering of several samples before and after etching 
was recorded. A single datapoint shows a reduction in scattering, 0.5 µm particles with an etching 
depth of less than 100 nm. This is unlikely to reduce nodule formation significantly, as the particles 

a 

 

b

 
Fig. 4 The estimated absorption for samples with different nodule densities and shapes, assuming a linear 
absorption of 150ppm. The vertical lines represent the fluence at which the respective nodule passes the 
critical electron density a). A series of nLCA measurements of HR coatings on varied particle densities and 
sizes b).  

a 

 

b 

 
 

Fig. 5 Change in total scattering of a sample after etching a). A 2µm particle which has been etched for an 
estimated 395nm of SiO2 b). 
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will still be present. As can be seen in Fig. 5 b), where a particle of 2 µm diameter has been etched for 
around 20 % of the diameter, the shape is somewhat oval. This particle may have reduced scattering 
than the unetched particle due to the reduced volume, but the effects on nodule formation are likely 
still significant. On the lower right side of the particle, the background also appears slightly lighter, 
indicating that the shadow behind the particle may already be significant. Generally, the trend fol-
lows that the longer a sample is etched, the more the scattering losses increase. The relationship 
appears initially to follow a quadratic curve, which would correspond with an increasing defect area 
with etch time. Based on these results, the focus shifted from trying to reduce losses, to improving 
the LIDT of the sample by preventing nodule formation.   
LIDT (WP2+4)  

The samples were measured with the ultra-short pulse Pharos laser system at 1030nm with a pulse 
duration of 170 fs and a repetition rate of 20 kHz according to ISO 21254 [18]. The resulting damage 
probability is shown in Fig. 6, with the clean sample shown in a), and the particle sample in b). The 
damage onset of the clean sample is at a fluence of 0.35 J/cm2. The probability reaches 100% before 
0.4 J/cm2. There is little distinction between the pulse classes, with very similar behaviour seen for 
the first 2500 pulses and 100k pulses. This curve displays the characteristics of a typical damage 
curve for femtosecond irradiation.  
The measurement of the sample with particles shows a very different characteristic. Firstly, the dam-
age onset is much lower, between fluences of 0.2 J/cm2 and 0.3 J/cm2 depending on the number of 
pulses before damage occurred. The 100 % measurement is only reached at fluences above 0.45 
J/cm2. This is significantly higher than that of the clean sample, and likely due to the fact the coating 
was deposited in a different chamber which at the time had been optimised for the deposition of 
niobia. The wide range between the onset and 100 % damage values are more typical of irradiation 
with longer pulse lengths. Typically, these damages are considered to be defect induced, indicating 
that the introduced nanoparticles result in defect driven. There is also a significant variation between 
the classes with a low number of pulses, and those with high numbers of pulses. While the general 
process of ramping was the same as with the clean sample, it indicates the particle induced defects 
are much more susceptible to degradation induced by the irradiation.  
To test the effectiveness of nodule reduction, samples with 0.5 µm and 1 µm particles were etched 
for an intended depth of 1 µm silica. These were overcoated with niobia before being tested for LIDT.  
The 0% and 100% LIDT of a niobia coating without particles was between fluences of 0.35 J/cm2 and 
0.4 J/cm2. The sample with 0.5 µm particles shows a slight reduction in the 0%LIDT shown in Fig. 7a), 
with the onset now somewhere between the fluences of 0.3 J/cm2 and 0.35 J/cm2. The onset is also 
less clearly defined as in the case of the clean sample, however it is clearly higher than the onset 
seen within the unetched 0.5 µm particles. From this we can conclude that the particles were suc-

a 

 

b 

 
Fig. 6 Damage probability of a niobia coating on a clean substrate with damage onset at 0.35J/cm2 a). Dam-
age probability of a niobia coating on a substrate with 0.5µm particles b). 
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cessfully removed from the surface of the optic through etching, and the remaining structures pre-
sented only a slight reduction in the LIDT.  

The case of 1µm particles, shown in Fig. 7b), is less clear. While it represents a degradation compared 
to the clean sample, it also shows significant improvement over the sample with no etching. There 
appear to still potentially be some fatigue effects however, indicating potentially that the particles 
were not entirely removed, or that the defect density in general was lower on these samples.  
GDD Mirror (WP5) 
Based on the experiences gained within the pro-
ject, a GDD mirror was designed and coated. The 
design can be seen in Fig. 8. The learnings with 
respect to the electronic defects and ion etching 
were used to determine the coating parameters. 
The measured GDD showed a consistent de-
crease to longer wavelength, indicating additional 
work is needed in this area. Despite active recal-
culation of the design during deposition, signifi-
cant differences remain between the predicted 
GDD of the deposited design and the measured 
GDD. due to the conclusion of the project no 
further investigations could be conducted. 
Outlook 
The work in the project provides a strong basis for further investigations. In particular, the under-
standing how defects influence the LIDT has strong relevance to developments with laser based iner-
tial confinement fusion.  The experience in analysing particle contamination has been adopted by 
other groups within the department and has led to several further research projects, with both in-
dustrial and academic applications. Likewise, the simulations of the electronic defect states have 
been shown to be of significant interest to other institutes with ongoing discussions regarding poten-
tial cooperation and research projects. We intend to further develop the model, as well as conduct 
measurements and simulations to determine at this stage unknown parameters. Furthermore, 
measurements at additional wavelengths and of further materials are also planned. The support and 
exchanges with the Tongji University was fruitful and we hope to continue within the scope of future 
cooperations. The developments made regarding the LCA measurement show promise to allow for 
scaling of nonlinear measurements, and also the parallel measurement of multiple samples for linear 
absorption, however more work is required to develop the process until it can be readily applied in 
industrial applications. 

a 

 

b 

 
Fig. 7 Damage probability due to 170 fs 1030 nm laser irradiation of a niobia coating on top of 0.5µm a) and 
1µm b) particles after etching of approximately 1 µm. 

 
Fig. 8 Design for the GDD mirror with hafnia (red) 
and silica (black) 
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