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Space Qualification of Ultrafast Laser-Written Integrated
Waveguide Optics
Simone Piacentini, Tobias Vogl,* Giacomo Corrielli,* Ping Koy Lam, and Roberto Osellame

Satellite-based quantum technologies represent a possible route for extending
the achievable range of quantum communication, allowing the construction
of worldwide quantum networks without quantum repeaters. In space
missions, however, the volume available for the instrumentation is limited,
and footprint is a crucial specification of the devices that can be employed.
Integrated optics could be highly beneficial in this sense, as it allows for the
miniaturization of different functionalities in small and monolithic photonic
circuits. This article reports on qualification of waveguides fabricated in glass
by femtosecond laser micromachining for their use in a low Earth orbit space
environment. In particular, different laser-written integrated devices, such as
straight waveguides, directional couplers, and Mach–Zehnder
interferometers, are exposed to suitable proton and 𝜸-ray irradiation. This
experiment shows that no significant changes have been induced to their
characteristics and performances by the radiation exposure. These results,
combined with the high compatibility of laser-written optical circuits to
quantum communication applications, pave the way for the use of
laser-written integrated photonic components in future satellite missions.

S. Piacentini, Dr. G. Corrielli, Dr. R. Osellame
Istituto di Fotonica e Nanotecnologie
Consiglio Nazionale delle Ricerche (IFN-CNR)
Piazza Leonardo da Vinci 32, Milano 20133, Italy
E-mail: giacomo.corrielli@cnr.it
S. Piacentini, Dr. G. Corrielli, Dr. R. Osellame
Dipartimento di Fisica
Politecnico di Milano
Piazza Leonardo da Vinci 32, Milano 20133, Italy
Dr. T. Vogl
Institute of Applied Physics
Abbe Center of Photonics
Friedrich-Schiller-Universität Jena
Jena 07745, Germany
E-mail: tobias.vogl@uni-jena.de
Dr. T. Vogl
Cavendish Laboratory
University of Cambridge
JJ Thomson Avenue, Cambridge CB3 0HE, United Kingdom
Dr. T. Vogl, Prof. P. K. Lam
Centre for Quantum Computation and Communication Technology
Department of Quantum Science
Research School of Physics and Engineering
The Australian National University
Acton ACT 2601, Australia

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/lpor.202000167

© 2020 The Authors. Laser & Photonics Reviews published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/lpor.202000167

1. Introduction

Optical quantum technologies will
revolutionize future information pro-
cessing, communication, and sensing
applications.[1] Global quantum net-
works, for example, can transform the
algorithmic security of the internet into
a measurable physical security, without
the need for technical, institutional,
or political trusted intermediates.[2]

Such quantum networks rely on the
distribution of entangled photon pairs
or single photons over free space or
fiber links. Owing to the strong optical
absorption of glass, which scales ex-
ponentially with the light propagation
length, the communication distance
using fibers is typically limited to a few
hundreds of kilometers.[3,4] Without
quantum repeaters, which do not exist
yet, fiber-based quantum communi-
cation is thus limited to metropolitan

networks. To overcome these limitations, the possibility of
using relay satellites has been explored in the past years.
There have been demonstrations of spontaneous paramet-
ric downconversion in space,[5] satellite-to-ground quantum-
limited communication,[6] quantum-limited measurements of
optical signals from a geostationary satellite for coherent
communication,[7] and the retro-reflection of single-photon
states from satellites to characterize space-to-ground quan-
tum links.[8–10] The current state-of-the-art is the Micius satel-
lite, which performed entanglement distribution,[11] quantum
teleportation,[12] and a quantum key exchange[13] over 1200 km,
and even on an intercontinental scale between Europe and
China.[14] Furthermore, with the large variety of proposals and
funded missions,[15–20] there are many more satellites and space
experiments to be launched in the next few years.
Regarding ground-based photonic quantum technologies,

the current research trend is that of integrating all function-
alities, that is, photon creation, manipulation, and detection,
into miniaturized photonic chips.[21–25] In fact, waveguide-based
architectures have the twofold advantage over bulk optics of
reducing substantially the footprint of the devices, while guar-
anteeing a unique degree of interferometric stability of the
light paths. Given these advantages, many of the near-future
quantum space missions will rely on, or could at least benefit
from such integrated waveguide optics, as they allow for much
more compact payloads. Integrated optics is of particular impor-
tance in space missions where device compactness is a crucial
requirement. Among the various integrated platforms tested
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in the past decade, optical waveguides produced by ultrafast
laser micromachining (ULM) in glass proved to be a valuable
tool for quantum technology development.[26–30] This fabrica-
tion technique consists in inducing a localized refractive index
increase in the glass substrate by the direct in-depth focussing
of a femtosecond-pulsed laser beam.[31] Optical waveguides
fabricated in this way show high guiding performances both in
the visible and in the near-infrared range, up to the telecommu-
nication C-band, and exhibit a very good connectivity with both
optical fibers and free-space coupling. In addition, laser-written
waveguides can be tailored for showing a low degree of birefrin-
gence, on the order of 10−6,[32] and are capable of supporting the
polarization encoding of quantum information, widely exploited
in free-space quantum links.[33] All these factors contribute
in making laser-written optical circuits highly appealing for
space-based quantum communication applications, especially
as quantum light sources could also be directly integrated and
interfaced with the waveguides.[34]

A necessary requirement for any component to be used in
a space scenario is the certification and validation in space
environments.[35] This includes thermal and vacuum cycling,
shock and vibration tests, as well as radiation hardening. Some
key components for quantum optics have been miniaturized and
space qualified already, for example, single-photon detectors[36]

and single-photon sources.[37,38] Of particular interest are radi-
ation effects, since there is usually not much knowledge about
the interaction of high-energy radiation and the component.
Furthermore, testing this aspect requires special sites with
access to particle accelerators and 𝛾-ray sources. Most of the
studies performed in this direction on laser-written devices
focus on the performances of fiber Bragg gratings under heavy
radiation exposure, mainly for harsh environment sensing
applications.[39–41] Preliminary results regarding specifically the
compatibility with the space environment have also been already
reported for straight waveguides fabricated by ULM.[42]

Here, we report on the space qualification of ultrafast laser-
written integrated waveguide devices, such as straight wave-
guides (SWGs), directional couplers (DCs), and Mach–Zehnder
interferometers (MZIs). We model radiation environments for
relevant orbits and mission lengths using the SPace ENViron-
ment Information System (SPENVIS), provided by the Euro-
pean Space Agency.[43] We then expose various waveguide com-
ponents to protons and 𝛾-rays. We investigate combined effects,
as well as effects from isolated irradiation types. All components
are designed and optimized for telecom wavelengths, either for
850 or 1550 nm, but the platform can be generalized to other
wavelengths as well. We also carry out thermal and vacuum
cycling.

2. Space Environment

The geomagnetic field shields the Earth from cosmic rays and
solar winds and thus provides necessary protection for all life
on Earth. The magnetic field thereby traps the charged cosmic
particles in the Van Allen belts. As the inner radiation belt
can extend down to altitudes below 200 km near the poles, the
trapped radiation causes a harmful risk for any satellite orbiting
through the stream of particles. As shown in Figure 1a, the
total irradiation dose is non-isotropically distributed in the low

Figure 1. Radiation levels in space. a) Geographical distribution of the
proton flux at an altitude of 700 km. The flux was calculated with the AP-8
MAX model in SPENVIS. b) Integrated annual fluence spectra after 1.85
mm of aluminium for important spacecraft trajectories: near-equatorial
orbit of the Van Allen Probes A and B (10◦ OI), orbit of the International
Space Station (51.6◦ OI), and near-polar orbit of theMicius satellite (97.4◦

OI). The altitude for all trajectories is 700 km.

Earth orbit (LEO), making any required shielding dependent
on the spacecraft’s trajectory or orbital inclination (OI). Due
to the misalignment of Earth’s rotation and magnetic dipole
axis, the highest radiation flux appears near the South Atlantic.
We choose a representative altitude of 700 km for all following
simulations, which is higher than any expected orbit for potential
space quantum communication missions. Therefore, our space
certification is valid for all missions with altitudes below 700
km. The annual fluence spectrum for protons after a typical
aluminium shield with a thickness of 1.85 mm is shown in Fig-
ure 1b, where the proton energies range from about 100 keV up
to 400 MeV. While particles with low kinetic energy are absorbed
by the Al shield, particles with higher energy loose at least some
of their energy while passing through matter. This leads to a
finite flux of low-energy particles in the energy spectrum. It is
worth noting that charge carriers with a lower kinetic energy are
expected to be more harmful, as they can deposit more energy
into the waveguide due to their higher interaction cross-section
(see Supporting Information). Depending on orbital inclination,
the integrated annual proton fluence amounts up to 2.9 × 109

cm−2, so for a typical mission length of three years the fluence
would be less than 1010 cm−2. The total absorbed ionizing dose
is on the order of a few 10 Gy per year.

3. Device Fabrication and Irradiation

The waveguide inscription was performed by focussing a fem-
tosecond laser beam, produced by an homemade Yb:KYW
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Figure 2. a) Pictorial representation of the ULM process. A femtosecond laser beam is focused in the bulk of a glass substrate, for producing high quality
optical waveguides. In the inset, a microscope picture of the cross-section of a waveguide operating at 850 nm is shown. The scale bar indicates 10 µm.
b) Schematic of the content of the seven fabricated samples. Each of them contains a set of five SWGs, eight DCs, and eight MZIs, operating both at
850 and 1550 nm wavelength. L indicates the coupling length of the DCs, d represents their coupling distance while D indicates the distance between
the DCs ports.

cavity-dumped mode-locked oscillator (pulse duration of 300 fs,
repetition rate of 1MHz, wavelength of 1030 nm), inside the bulk
of an Eagle XG borosilicate glass substrate (from Corning). Im-
portantly, thismaterial is acknowledged to be among the best sub-
strates for the laser inscription of optical waveguides with state-
of-the-art properties, in terms of guiding capabilities (losses,
bending radii, etc.) and thermal stability. The focussing optics
used was a microscope objective with 50×magnification and 0.6
numerical aperture (NA). The waveguides were written by scan-
ning the sample at a speed of 40 mm s−1 and by performing
multiple overlapped scans, employing an air bearing motorized
three-axis translation stage (Aerotech FiberGlide 3D). For the fab-
rication of the waveguides operating at 850 nm we used a pulse
energy of 370 nJ and 5 scans, while for thewaveguides at 1550 nm
wavelength we used a pulse energy of 480 nJ and 6 scans. A pic-
torial schematic of the ULM process is represented in Figure 2a.
After the laser irradiation step, a sample thermal annealing was
performed, in order to obtain singlemode guidance and to reduce
waveguide birefringence.[32,44] This consisted in a heating ramp
up to a temperature of 600 ◦C at the rate of 100 ◦C h−1, followed
by another ramp up to 750 ◦C with a rate of 75 ◦C h−1, and finally
a cooling to room temperature with a rate of -12 ◦C h−1. A micro-
scope picture of the cross-section of an 850 nm waveguide after
the thermal annealing step is presented in the inset of Figure 2a.
It is worth highlighting that the irradiation parameters here
adopted correspond to a regime where thermal accumulation ef-
fects dominate the machining process, and it is the ideal regime
for waveguide writing in borosilicate-like glasses. In fact, pho-
tonic circuits fabricated in this way are widely exploited in state-
of-the-art integrated quantum photonics applications.[26,28–30,33]

In order to explore different conditions of protons and 𝛾-rays
exposure, we fabricated seven identical samples, each of them
containing two equal subsets of integrated components each op-
erating at one of the two wavelengths of choice. Each subset is
composed by five SWGs, which allow to analyze waveguide losses
and birefringence, eight DCs, for observing possible effects of ra-
diation exposure on the evanescent coupling, and eightMZIs, for

studying the stability of the waveguide optical paths. A schematic
of the sample content is sketched in Figure 2b. The DCs operat-
ing at 850 nm were fabricated with a fixed interaction distance
d = 8 µm and an interaction length L ranging from 1 to 4.5 mm
with a step of 0.5mm, while the DCs for 1550 nmwere fabricated
with d = 9 µm and L from 0 to 3.5 mm with the same step. The
separation of the DCs arms outside the coupling region was set to
D = 60 µm. The same geometrical configurations were used for
the couplers composing the MZIs. In addition, an optical phase
difference of 𝜋/2 was implemented in all MZIs by a geometri-
cal deformation of one of the two arms, for enhancing their re-
sponse to possible optical phase shifts induced by the protons and
𝛾-ray exposure. A constant radius of curvature R = 50 mm was
used for fabricating the S-bends of all devices. The inscription
depth was varied in the following way: five samples were writ-
ten 170 µm beneath the substrate top surface, while the other
two were written at the depth of 200 µm. Subsequently, after the
annealing step, the samples were immersed in a 10 % aqueous
solution of hydrofluoric acid at 35 ◦C for 100 min, for reducing
the depth of the devices to the desired values of 40 and 10 µm.
These valueswere chosen tomatch the projected range of protons
with 770 keV kinetic energy in case of the 10 µm depth (see Sup-
porting Information). Protons with that energy are thus injected
directly into the waveguiding structure. Higher energy protons
with 3 MeV pass through the 10 and 40 µm deep waveguide.
It is worth highlighting that the direct inscription of the wave-
guides very close to surface (e.g., 10 µm) poses additional exper-
imental challenges, mainly arising from the interaction with the
fs laser beam and the substrate surface, which would have lim-
ited the achievable devices performances. Lastly, the waveguides
were polished to optical quality at the lateral facets, for allowing
efficient light coupling in the waveguides by butt coupling with
optical fibers.
After a preliminary optical characterization, that will be

discussed in the next paragraph, we exposed the devices uni-
formly to protons and 𝛾-rays. In particular, among the seven
fabricated samples, six have been exposed to different irradiation
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conditions, and one was kept as control sample, without any
exposure. For the proton irradiation we have used a 1.7 MV
tandem accelerator, thus allowing us to use kinetic ion energies
up to 3.4 MeV per charge number. The initial target for the
ion sputter source was TiH. The Ti ions, however, have been
filtered out by a 90◦ magnet. The kinetic energy of the ions is
well defined, typically within ±5 keV, while the target fluence
can be reached with an accuracy better than ±10 %. To avoid ion
channeling along the principal crystallographic directions, the
angle of incidence of the particles was 7◦. Otherwise the protons
are steered by electrostatic interaction with ion columns in the
target material with reduced energy loss. As a consequence, the
projected range of the protons in matter can be significantly
larger than predicted by random collision models (see Support-
ing Information). Tilting the target by 7◦ minimizes this effect
and is thus standard in particle physics. It should be noted that
this is likely not necessary in an amorphous material like glass,
but the beam path of our particle accelerator was aligned to the
standard 7◦ angle of incidence. The irradiation was carried out
under high vacuum with a pressure of 10−7 Torr and at room
temperature. Coincidentally, this pressure is in the range of
the atmospheric pressure in LEO. While we did not test the
samples in situ under vacuum, we can nevertheless conclude
that high vacuum does not alter any of the characteristics, as will
be shown in the following section. This is of course expected,
as borosilicate glass is compatible for ultra-high vacuum and is
often used as view ports for vacuum chambers.
To study theoretically the interaction of the protons with the

glass, we used the SRIM (Stopping and Range of Ions in Matter)
code.[45] With these simulations (see Supporting Information),
we predict that protons with a kinetic energy of 770 keV are
stopped at the actual waveguide depth of 10 µm, given the
composition of Eagle XG glass. Furthermore, we predict that
protons with a kinetic energy of 3 MeV will pass through all
waveguides and deeply penetrate into the glass. Hence, we study
the effects of protons being injected directly into the waveguiding
regions of the glass as well as effects determined by collisions of
high-energy protons passing through the glass. The simulations
also predict that defects created through the irradiation are
mostly vacancies. Protons with an energy of 770 keV create 21.0
vacancies per ion. We tested a proton fluence of 1010 cm−2, as
required for the 3 year long mission (see SPENVIS simulation),
as well as with a 100-fold increased fluence of 1012 cm−2.
For the 𝛾-irradiation, we used the radioactive isotope Co-60,

which emits two 𝛾-rays with 1.17 and 1.33 MeV energy per decay
with a branching ratio of nearly 100 %.[46] During the irradiation,
the samples were placed between solid water to obtain the same
conditions as during the dose rate calibration with an ionization
chamber. The dose rate at the sample was 4.329(36) Gy min−1.
The details of the irradiation parameters used for every sample, as
well as the corresponding inscription depth, are summarized in
Table 1. It is worth noting that we have irradiated one sample (# 5)
with both protons and 𝛾-rays to study combined radiation effects.

4. Comparison of the Results

A detailed inspection of the optical properties of all fabricated
devices has been performed before and after their exposure to
protons and 𝛾-rays. These include waveguide propagation losses,

Table 1. Summary of the protons (p+) and 𝛾-rays exposure conditions for
the different samples. Sample 1 was not irradiated and was kept as a ref-
erence.

Sample Depth p+ energy p+ fluence 𝛾-rays dose

# [𝜇m] [MeV] [cm−2] [Gy]

1 10 — — —

2 10 — — 10.0(11)

3 10 — — 100.0(24)

4 10 0.77 1012 —

5 10 3 1012 50.0(15)

6 40 3 1012 —

7 40 3 1010 —

waveguide birefringence, and the splitting performances of the
DCs and the MZIs. A temporal interval of ≈3 months passed
between the two characterizations. Unless otherwise specified,
cleaved optical fibers were used for the light coupling in the
waveguides (model SM800 for 850 nm light and SMF28 for 1550
nm light), while a microscope objective (0.5 NA) was used for the
light collection at the waveguide output. We report in the follow-
ing a comparison of the results of the two sets of measurements
performed on all fabricated devices.

4.1. Propagation Losses

The values of propagation losses (PL) were obtained by first mea-
suring the total insertion losses ILdB = 10 Log(PIN∕POUT) of the
SWGs, wherePIN andPOUT represent the optical powermeasured
at the waveguide input and output, respectively. From these val-
ues we then subtracted the reflection losses (RL) of 0.17 dB aris-
ing from the glass/air interface at the waveguide output, and the
coupling losses (CL) contribution caused by the mode mismatch
between the fibers and the waveguides. We experimentally re-
trieved the values of CL by acquiring with a CCD camera the near
field intensity profiles IF(x, y) and IWG(x, y) of the fiber and wave-
guides modes, respectively, and by numerically computing their
superposition integral 𝜂, as defined in ref. [47]. The value of CL is
then calculated as −10 Log(𝜂). Finally, the value of PL is obtained
by dividing the previously calculated IL-RL-CL by the total length
of the SWGs, which is 2.2 cm. This measurement was performed
on all fabricated SWGs.
In Figure 3a we report the PL values calculated by averaging

the results obtained from the whole set of SWGs at a specific
wavelength, for each sample. The error bars indicate their stan-
dard deviation. Darker colors represent results measured before
irradiation while lighter colors refer to the results after irradia-
tion. From the values obtained on the reference sample it can
be seen that this measurement is affected by a certain degree of
variability, which wemainly attribute to the difficulty in achieving
the same experimental CL in different measurements performed
on the same SWG. In fact, the values of CL estimated numeri-
cally are the lowest possible, ideally due only to mode mismatch,
while, experimentally, we can have an additional misalignment
between the fiber and the waveguide that produces higher exper-
imental CL. In light of this it can be seen that, within this exper-
imental uncertainty, the values of PL measured on samples 2, 3,

Laser Photonics Rev. 2021, 15, 2000167 2000167 (4 of 8) © 2020 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 3. Comparison of the optical properties of the fabricated devices before and after the radiation exposure. In all panels, sample 1 indicates
the reference sample, which was not irradiated. Darker (lighter) columns indicate the data taken before (after) irradiation. The top and the bottom
subpanels refer to the devices operating at 850 and 1550 nm, respectively. a) Measurement of the waveguides propagation losses. b) Measurement of
the waveguides birefringence. c) Values of bar transmission measured on the directional couplers showing the splitting ratio close to 50:50 for every
sample, using vertically polarized light. d) Same measurement as panel (c), but performed on the MZIs.

4, and 7 did not change significantly after the radiation exposure.
On the contrary, samples 5 and 6 showed a statistically relevant
loss increase up to 0.5 dB cm−1. The degradation of these sam-
ples is further confirmed by an optical microscope inspection of
their cross-sections, which showed a reduced brightness of their
core in transmission imaging. In addition, for these samples we
have also observed a visible alteration in the glass color, especially
pronounced in the top part of the substrate, with an extension in
depth of ≈ 100 µm (see Supporting Information). This analysis
shows that the irradiation with 𝛾-rays alone (samples 2 and 3) did
not affect the waveguide losses. The same holds for the irradia-
tion with either a high fluence (10−12 cm−2) of low-energy pro-
tons (770 keV, sample 4) or a low fluence (10−10 cm−2) of more
energetic protons (3 MeV, sample 7). Waveguide alterations, in-
stead, are caused by the combined effects of high-energy and
high-fluence protons, which possibly create a significant num-
ber of defects and color centers in the glass lattice during their
passage, leading to additional light scattering and absorption. A
deeper understanding of the waveguide alteration mechanisms

would require further experimental investigation, and it goes be-
yond the scope of this work. One should keep in mind that the
proton irradiation is 100 times above what is required for our
space qualification. If the waveguides are intended to be used in
such heavy irradiation environments, a different shielding mate-
rial could be adopted. For example, a tantalum aluminium alloy
can achieve higher ion absorption with the same weight com-
pared to pure aluminium.

4.2. Birefringence

We performed the birefringence measurement by injecting light
in a SWG with a known polarization state and then measur-
ing the Stokes vector of the light at the waveguide output. The
preparation of the polarization state was performed by a fixed lin-
ear polarizer and a pair of rotating half- and quarter-waveplates,
and, in this case, light was coupled to the waveguide by means
of free-space focussing on its input facet. The measurement of
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the Stokes parameter, instead, was performed with a rotating
quarter-waveplate and a rotating linear polarizer. All rotating ele-
ments were mounted on motorized rotators (Thorlabs, PRM1Z8
model). This measurement was repeated several times for each
SWG, by changing the polarization state at the input. This al-
lowed to experimentally measure the Müller transformation as-
sociated to the waveguide. The birefringence value was then ob-
tained by fitting the measured matrix with the model of a generic
linear polarization retarder. The uncertainty associated to this
measurement was estimated to be 2 × 10−7 for the data at 850 nm
and 1 × 10−7 for the data taken at 1550 nm. This estimation has
been performed by measuring a repeated number of times the
residual polarization retardation of the empty setup, which arises
from the non-ideal behavior of the polarization components
used, and the finite reproducibility of their reciprocal alignment.
The birefringencemeasurement was performed on two SWGs

(one for eachwavelength subset) per sample. The comparison be-
tween the data obtained before and after the irradiation are shown
in Figure 3b, where it is possible to appreciate that no significant
changes in waveguides birefringence occurred within the exper-
imental precision of our measurement.

4.3. DCs and MZIs Analysis

For analyzing the splitting ratio of the DCs and the MZIs, we
coupled light in one of the two input ports, and then we col-
lected the optical powers Pbar and Pcross transmitted at the bar
and cross output ports, respectively. We then computed the value
of the normalized bar transmission of each device, defined as
T = Pbar∕(Pbar + Pcross). This measurement has been performed
on every DC andMZI of all samples, using both horizontally and
vertically polarized light at the input. The experimental uncer-
tainty associated to this measurement is estimated to be ≈1 %,
and we mainly attribute this to the effect of background light not
coupled into the devices.
In all samples we did not observe any significant variation in

the transmission of the DCs and theMZIs before and after the ex-
posure to the protons and the 𝛾-rays. As a representative evidence
of this fact, we plot in Figure 3c,d the T values measured for the
DCs and the MZIs that, in each sample, showed the splitting ra-
tio closer to 50%. These are, in fact, devices whose performances
are most sensitive to possible variations in the evanescent cou-
pling coefficient and, in the case of the MZIs, in a change of the
internal optical path difference. The average variation of splitting
ratio measured for these devices is 1.1 %, which is comparable
to our experimental uncertainty. For the sake of clarity, we have
reported in Figure 3c,d only the values obtained for vertically po-
larized light. However, very similar results have been obtained
also for the horizontal polarization case. The complete data set,
comprising all values measured on all DCs and MZIs with both
polarizations, is available in the Supporting Information.
From these measurements we see that the irradiation per-

formed did not produce a significant change in the waveguides
evanescent coupling coefficient. Since the latter parameter is
strongly dependent on the mode field distribution of the wave-
guides, we can then deduce that also this quantity results largely
unaffected by the irradiation. In the case of weakly guiding
waveguides, such as those typically fabricated by ULM and stud-

Figure 4. Qualification of the laser-written MZIs functioning with respect
to temperature variations. a) Measurement performed on a MZI from
sample 1, operating at 850 nm. b)Measurement performed on aMZI from
sample 4, operating at 1550 nm. Experimental error bars are smaller than
data markers.

ied in our experiments, the mode size is essentially determined
by the relative refractive index change of the waveguide core with
respect to the surrounding substrate. Therefore, we can conclude
that the defects created by the irradiation leave the refractive in-
dex change of our waveguides essentially unaltered, despite they
may contribute inworsening the propagation losses, for example,
as it happens in samples 5 and 6.

5. Temperature Insensitivity

As a final analysis, we studied the performances of the laser-
written devices with respect to variations of the sample tem-
perature. In fact, previous space missions reported moderate
temperature fluctuations (ΔT = 20 ◦C) on a satellite with a
sun-synchronous orbit at an altitude of 630 km and inclination
of 98◦.[48] The higher temperature limit is reached when the
satellite is in sunlight, while the lower temperature limit is
reached when the satellite is on the dark side of the Earth. Due
to this reason, we validate the stability of our devices across
a temperature range of ΔT = 70 ◦C. The measurement was
performed by controlling the sample temperature with a Peltier
plate, driven by a voltage generator, in order to induce either
a negative or a positive temperature difference with respect to
room conditions (≈ 25 ◦C). The sample was mounted in a copper
enclosure (in direct contact to the Peltier plate) for guaranteeing
a uniform temperature distribution in the whole glass. The
analyzed temperature range spans between 10 and 80 ◦C.
We performed themeasurement on twoMZIs, as these devices

allow to test simultaneously the stability of the DC splitting ratio
and the stability of the optical path differences. In particular, we
have decided to test one MZI from sample 1 (thus not exposed to
any radiation) operating at 850 nm, and one MZI from sample 4
operating at 1550 nm. In both cases we have chosen the one with
the bar transmission value closer to 50%. The results are shown
in Figure 4a and Figure 4b, respectively. In this case, error bars
are smaller than data markers. From the two graphs it is possible

Laser Photonics Rev. 2021, 15, 2000167 2000167 (6 of 8) © 2020 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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to conclude that in both cases the bar transmission values remain
stable across the whole temperature range.

6. Discussion and Conclusion

In this work, we have performed the space qualification of
laser-written waveguides, operating at two relevant telecom-
munication wavelengths (850 and 1550 nm) and fabricated
in borosilicate Eagle XG glass, where laser-written integrated
photonic circuits show state-of-the-art guiding performances. In
particular, we fabricated 294 integrated devices, exposed them to
protons and 𝛾-rays irradiation, and experimentally verified that
their properties were largely unaffected by these processes. In do-
ing so, wemonitored different performances such as propagation
losses, waveguide birefringence, evanescent coupling, and stabil-
ity of interferometric waveguide paths. The exposure parameters
were chosen to simulate the typical LEO space environment,
at the altitude of 700 km from the Earth’s surface. Among all
monitored performances, we have observed a waveguide degra-
dation in terms of propagation losses increase, solely for the
waveguides irradiated with the highest proton fluence, 100 times
stronger than what is expected in the typical space environment
considered for this space qualification. In addition to the resis-
tance against radiations, we also verified that the functioning of
laser-written devices in borosilicate glass is largely independent
of the environment temperature, within a tested range of 70
◦C. Moreover, during our extensive tests the samples have been
exposed to high vacuum without any observable degradation.
Our results pave the way to the employment of laser-written

photonic circuits in satellite-based experiments. This will be
highly beneficial to photonic quantum communication, for
which satellites represent a promising route for overcoming the
distance limitations arising from losses in optical fibers. Beyond
quantum technologies, we expect that our results will have an
important impact also in perspective of space-based astronomi-
cal observations, for which complex on-chip interferometry is an
important resource,[49] and where laser-written photonic circuits
represent a crucial enabling technology.[50,51]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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