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Abstract: Photonic ring resonators can be considered building blocks of new concept satellite
payloads for implementing several functions, such as filtering and sensing. In particular, the use
of a high Q-factor ring resonator as sensing element into a Resonant Micro Optic Gyroscope
(RMOG), provides a remarkable improvement of the performance with respect to the competitive
technologies. To qualify a ring resonator for Space applications, the radiation effects on it in the
Space must be carefully evaluated. Here, we investigate the effects of gamma radiation on a high
Q InGaAsP/InP ring resonator, for the first time, to our knowledge. The ring resonator under
study has a footprint of about 530 mm2 and it is based on a InGaAsP/InP rib waveguide, with a
width of 2 µm and a thickness of 0.3 µm, formed on a 0.7 µm thick slab layer on an InP substrate
625 µm thick. For a total dose of about 320 krad Co60 gamma irradiation, a mean variation of
about 13% and 4% was measured for Q and extinction ratio (ER), respectively, with respect to
the values before irradiation (Q= 1.36× 106, ER= 6.24 dB). Furthermore, the resonance peak
red-shifts with a linear behaviour was observed increasing the total dose of the absorbed radiation,
with a maximum resonance detuning of about 810 pm. These non-significant effects of a quite
high gamma radiation dose confirm the potential of high-Q InP-based ring resonators into Space
systems or subsystems.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The radiation environment affects the operation of the spacecraft instruments and it represents a
hazard for the success of a Space mission. The radiation harmful effects are strictly related to its
intrinsic nature [1,2]. Radiation can be either non-ionizing or ionizing, with low (< ∼ 10 eV) or
high (> ∼ 10 eV) energy, respectively [3]. In contrast to non-ionizing radiation that can easily
be shielded out, the ionizing radiation is much more difficult to neutralize. The most important
causes of the ionizing radiations in Space could be associated to: (1) protons and nuclei of
Galactic origin, called Galactic Cosmic Radiation (CGR), (2) protons and nuclei emitted by
Solar flares and Coronal Mass Ejections, also known as Solar Energetic Particles (SEPs), (3)
trapped protons in the Van Allen Belts [4]. As detected by the satellite-borne space mission in
the PAMELA experiment [5] over three years, the measured total final ionizing radiation dose is
equal to about 1 krad, resulting by a detected total dose related to the CGRs and SEPs equal to
0.4 krad and 0.5 krad, respectively [6].

According to the radiation nature, the ionizing rays are classified as α, β and γ rays, in terms
of penetration capability and related energy. In particular, the gamma rays could undermine even
permanently the correct operation of a device, due to their large capability of penetrating into the
shield, although their ionising potential is less than other ionizing rays. When a gamma ray passes
through matter, the probability for its absorption is proportional to the thickness, to the density
and to the absorption cross-section of the material. Three gamma radiation ionizing processes
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can be considered: the photoelectric effect, the Compton scattering, and the electron-positron
pair production [7,8]. Compton scattering is the principal absorption mechanism for gamma rays
in the intermediate energy range from 100 keV to 10MeV. For energy higher than 5MeV, the
most important absorption mechanism is the electron-positron pair production. By interaction
with the electric field of a nucleus, the energy of the incident photon is converted into the mass
of an electron-positron pair, and then, their annihilation produces two gamma photons of at least
0.51MeV energy each [9].
Each aforementioned physical process or the combination of some of them could degrade

and/or permanently damage the operation of the on-board electronics in a Space mission. In
literature several papers have been proposed on the evaluation of the radiation hardness of
electronic devices [4,10,11]. As shown in [11], the degradation of a transistor performance has
been observed when exposed to gamma radiation. In particular, the operation of electronic devices
is affected by the damaging ionizing effect, resulting in a change of the carrier’s concentration
and then a change of the device features, as the voltage threshold for a transistor [11].
In the last decades, a strong research effort has been focused on the improvement of the

radiation hardness of the on-board instruments, because no replacement is possible once the
instruments are in orbit. A photonic approach could help in achieving higher radiation resistance,
together with the well-known advantages with respect to the electronics, as small size, robustness,
high degree of integration and costs potentially lower [12,13].

The effect of ionizing radiation in Space has been reported in several papers on discrete optics
(as LEDs, laser sources) [14–20] and on fiber optics [21–23]. The behaviour of these devices
under radiation is characterized by a non-ionizing damage, resulting by the Compton scattering.
In addition, optical components, especially optical fibers and fiber-based components, e.g. fiber
Bragg gratings, suffer from radiation-induced densification/compaction that causes refractive
index changes [22,24]. This effect justifies the change of the optical properties which can lead to
an increase of the losses and to a shift of the operating wavelength [25].
According to the rising use of the high quality factor and compact size ring resonators, in

the last decades, as fundamental components of integrated photonic circuits, such as the ones
for optical filtering, frequency comb generation and sensing [26], the radiation impact on their
performance in space applications, is of strong interest [16–19]. Ring resonators are key elements
in the RMOGs, able to satisfy the demands in terms of compactness and resolution (e.g. gyro
sensitivity in the range 0.1–0.01°/s) in moving systems, as guidance, navigation or control systems,
both in aircrafts and spacecrafts [27]. The gyroscope performance of ring resonator-based optical
gyroscope is strictly related to the Q-factor of the ring, which depends on the intrinsic optical loss
due to the absorption as well as the operating wavelength that could be affected by the gamma
radiation. In particular, as reported in [18], the radiation involves a Compton scattering and, in
turn, the change of the refractive index and of the optical losses. The effect of radiation has been
investigated in ring resonators based on silicon [17–19] and silicon nitride [16]. In particular,
the effect of radiation on the resonance of a silicon ring resonator, in terms of Q-factor and
operation wavelength shift, is negligible. Baets et al. [18] have experimentally demonstrated
a linear blue shift of the resonance of a ring resonator with Q ≈ 5× 103, with a slope of 0.33
pm/krad, observing a decrease of the optical power of about 8 dBm with a total absorbed dose
of 300 krad. Recently, the silicon hardness to radiation has been confirmed also for a Si ring
resonator with a high Q factor [19]. In particular, for ring resonators with Q-factor ranging
from 5× 103 to 3× 104, the spectral response does not show a dose-dependent change in the free
spectral range, the Q-factor and the peak position. Immunity to radiation has been shown also for
silicon nitride-based ring resonators. Kippenberg et al. [16] have demonstrated the radiation
hardness of Si3N4 resonators, showing a shift of the operation wavelength and a variation of the
resonance Q-factor, both negligible, after a proton radiation up to about 100MeV. In particular,
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the increase of losses due to the irradiation causes a degradation of Q factor from to 106 to
0.5× 105, in the worst case.
Here, we report on the experimental results of the radiation test on an InGaAsP/InP ring

resonator, used as sensitive element into a RMOG. Measured results show a linear blue shift of
the resonance, with a negligible degradation of the Q-factor and ER. These results confirmed
the capability of a ring resonator in InP material to be used as key building block in guidance,
attitude and control systems.

2. Optical characterization of the InGaAsP/InP ring resonator

The device under test is an InGaAsP/InP-based ring resonator with radius R= 13mm, evanescently
coupled to one straight waveguide, as shown in Fig. 1(a). The waveguide has a rib structure,
with a width, wwg, equal to 2 µm and a thickness, twg, equal to 0.3 µm, formed on a 0.7 µm thick
slab layer (see Fig. 1(a)). The quasi-TE mode supported by the guiding structure exhibits a
confinement factor of about 80%, with propagation loss in the range 0.5 ÷ 0.8 dB/cm [28]. The
end sections of the bus waveguide are tapered in order to enhance the fiber/waveguide coupling.
In particular, the waveguide width has been tapered up to 8 µm (core diameter of a standard
single mode fiber) and the taper length is 0.2mm. To obtain a resonance depth of about 8 dB, the
gap g between bus and ring resonator has been fixed to 1.444 µm, ensuring a coupling efficiency
of about 52% [29].

Fig. 1. (a) Schematic of the InGaAsP/InP ring resonator under test, with the map of the
electric field of the TE0 inside the bus waveguide; (b) packaged device under test; (c)
schematic of the packaged device.

The ring resonator was fabricated by using a single standard lithography process. First an
InGaAsP layer was grown on the top of an InP substrate in a metal-organic vapour-phase-epitaxy
(MOVPE) reactor. The waveguide etching was carried out using a thin silicon-nitride layer mask.
Finally, the wafer was cleaved and an anti-reflection coating was deposited at the input and output
facets of the chip. Further details about the fabrication process can be found in [30].

The device was packaged in a brass case, and lensed single-mode fiber pigtails were connected
to the end sections of the bus waveguide, as shown in Fig. 1(b). In order to avoid resonance
instability due to temperature changes, a thermo-electric cooler (TEC) was placed beneath
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the resonator chip. Temperature is detected using the transducer AD590 inside the packaging.
The packaged ring resonator is sketched in Fig. 1(c), where the two input and output SMF-28
single-mode fibers (1 cm long), and a NTC connector, as the TEC output, are shown.
An accurate device characterization has been carried out by measuring the transmission

spectrum of the ring resonator under the resonance conditions (see Fig. 2(a)). The laser source
used in the set-up is a single-frequency fiber laser (operating wavelength 1.55 µm), with a
linewidth < 700Hz and maximum output power of 30mW. To detect the resonator spectrum, the
laser wavelength has been scanned by using an external piezo-actuator, over a range of 400MHz
across the operating wavelength, driving the laser through a triangle waveform with peak-to-peak
amplitude and frequency equal to 20V and 100Hz, respectively. Using a polarization controller
(PC) only one polarization state is excited into the bus waveguide. A typical Lorentzian shaped
dip in the transmitted laser power was observed on the oscilloscope screen over the scan time.

Fig. 2. (a) Overview of the measurement setup; (b) TE mode resonance spectrum; (c)
Resonance detuning ∆λres when changing the chip temperature.

Figure 2(b) shows the measured transmission spectrum of the ring resonator, for a TE polarized
input signal, at temperature equal to 25.03 °C. The detection resolution is about 1.6 kHz. For
TE mode, the resonance at about 1550 nm shows a Q= 1.36× 106 and ER= 6.24 dB. For the
TM mode, Q= 1.35× 106 and ER= 5.75 dB, have been measured. This performance represents
an improvement with respect the one reported in [28], justified by the use of more accurate
instruments (i.e. in this work the laser linewidth is about 2 orders of magnitude narrower than the
one used in [28]). As shown in Fig. 2(b), the resonance has a typical Fano shape [31], due to the
ring resonator backscattering. The achieved experimental results confirmed the use of the device
under test as sensitive element in a RMOG configuration. In particular, by using:

δΩ =
1

Qd
√
PPD

√
2hc3
λ0ητint

(1)
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where d is the ring resonator diameter, Q is the ring resonator quality factor, λ0 is the operating
wavelength, τint is the sensor integration time, PPD is the optical power at the photodiode input, η
is the photodetector efficiency, h is the Planck constant and c is the light speed at vacuum [32],
a theoretical gyro resolution δΩ equal to about 9 °/h has been estimated (with PPD = 10mW,
η = 0.9, τint = 1 s). The reverse proportionality between d and δΩ justifies the design of large
ring resonator radius (R= 13mm), in order to improve the gyro resolution, in contrast to the
compactness.

Moreover, in order to estimate how much the environmental temperature affects the resonance
stability, the resonance detuning has been simulated and measured, changing the chip temperature
in the range 25.03 °C – 26.03 °C, via the thermo-electric controller. The temperature change
involves the effective refractive index change ∆neff , and then, a shift of the resonance ∆λres,
according to:

∆λres =
∆neff · L

m
, m = 1, 2, 3, . . . .. (2)

where L is the length of the ring resonator optical path and m is the resonance order [33].
A linear trend of the resonance shit ∆λres changing the chip temperature with a slope of about

13MHz/mK has been simulated by using the numerical approach reported in [34], taking into
account the refractive index dependence on the temperature (InGaAsP thermo-optic coefficient
equal to 2.3× 10−4 [35]). Performed measurements showed a linear trend with a slope of
12MHz/mK, as shown in Fig. 2(c), in good agreement with the simulated results.

3. Experimental evaluation of the radiation impact on the InGaAsP/InP ring res-
onator

In the framework of evaluation of total ionizing dose effects, the estimation of the device hardness
under γ radiation represents a conservative approach in Space qualification of an optoelectronics
component, being the γ-radiations more dangerous than the other ionizing radiation, as previously
described. The experimental activity was carried out following the steps as in [36]. In particular,
the protocol for the irradiation test method of the European Cooperation for Space Standardization
(ECSS) requires three steps: (a) irradiation step, to estimate the impact of the radiation on the
device performance; (b) annealing step, to estimate how the device responds to an absence of
radiation, shutting down the radiation source; (c) overheating step, to clean the device from any
charges present inside, especially in the oxide. The last step requires putting the device under
test in an oven at temperatures higher than 100° C. However, this step has not been carried out,
wanting to preserve the packaged device for future experiments. This activity has been conducted
in the Co60 facility at ESTEC [37], which provides a Co60 γ source that can radiate photons with
energy of the order of 1MeV. The Co60 source consists of multiple small rods about 50mm long
placed around the periphery of a 30mm diameter cylindrical steel container. The source is stored
in its own special housing, and when the source is raised to the target position to be irradiated,
the γ beam produced by the Co60 leaves the irradiator unit through a collimator window into the
radiation cell. During the experimental characterization, a collimated beam with a dose rate of
99 rad/min has been used to irradiate the packaged ring resonator, mounted with the axis out
the chip plane perpendicular to the γ beam at a distance of 52 nm from the irradiator. Only the
device under test was mounted in front of the source, while the other instruments (see Fig. 2(a))
were placed in the control room, shielded by the radiation, in order to monitor the device under
test. A dosimeter has been used to measure the total absorbed dose. The absorbed dose both
in InGaAsP and in brass results from the product of the dosimeter value and the conversion
coefficients, as 0.793 for InGaAsP and 0.9 for brass. The dose rate and the working distance have
been set taking into account the target total absorbed dose for the ring resonator (≈ 300 krad), the
conversion coefficients of InGaAsP and brass, and the thickness of the brass layer placed over the
ring resonator (≈ 4.5mm). The irradiation activity lasted about 68 hours with a total radiation
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dose of about 320 krad absorbed by the ring resonator, followed by an annealing activity for 24
hours.

In order to measure the radiation effects on the resonance frequency, Q and ER, a closed-loop
measurement technique has been used. The radiation-induced shift is counteracted by the
temperature change imposed by the Peltier effect, driven by the TEC controller. The resonance
wavelength is real-time measured through the oscilloscope and the temperature of the TEC
controller is regulated in order to set to zero the resonance wavelength variation due to combined
and opposed effects of temperature and radiation. Since the resonance is shifted by changing the
chip temperature (Tchip) and a linear relation λres vs. Tchip has been experimentally observed with
a coefficient of about 12MHz/mK (≈ 0.1 pm/mK), an indirect measure of the radiation-induced
shift has been carried out.

The main error source in the measurements is the radiation-induced output current drift of the
temperature sensor AD590 in the package. As shown in Fig. 3, the output current of the sensor
AD590 decreases by increasing the radiation dose, with a slope S of -0.04 µA/krad (± 7.5%) for
Tchip = 25 °C and a supply voltage of 5V. Furthermore, from other experimental measurements,
we have observed that the slope S depends also on Tchip, with a second-order trend, as shown in
Fig. 4. This systematic error has been compensated by a post-processing procedure, based on an
accurate mathematical model of the error source. In fact, since the error due to the sensor AD590
on both radiation dose and Tchip, has been accurately described by a dedicated experimental
activity (see Fig. 4), carried out at the ESA Co60 facility, the compensation of this error source
allows a significant reduction of the measurement uncertainty. This compensation is based on
the assumptions that keeping constant the temperature of the sensor AD590, its output current
linearly decreases when the dose increases up to 3.25 kGy (Si), as experimentally proved up to
the dose of 0.35 kGy (Si). The linear trend that we extrapolated up to 3.25 kGy (Si) is compliant
to data available in literature, where a linear trend over 0.35 kGy (Si) has been demonstrated [38].

Fig. 3. AD590 output current (blue line) vs total absorbed dose. An output current= 298
µA guarantees a chip temperature equal to 25.0 °C, used as reference (supply voltage= 5V).
The dotted blue lines are referred to the maximum and minimum measured value. The green
line is referred to the constant temperature of the chamber, where the measurements are
carried out.

Another source error is the accuracy of the TEC controller (± 0.1°C), that causes an error
on the resonance wavelength estimation of 0.02%. Furthermore, since the radiation activity
required long time, it was necessary to evaluate a possible resonance drift over time due to laser
or polarization controller instability. The device resonance without radiation over 16 hours was
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Fig. 4. S [µA/krad] vs Tchip [K].

measured, observing a negligible blue-shift of the resonance (< 1 pm), and then, an error on the
resonance position of about 4.25 pm at the end of radiation activity.

In order to neglect the radiation impact on the Peltier cell, a closed-loop control has been used
to set the chip temperature. The impact of the radiation on the single-mode fibers in the package
does not affect the measurements.
The impact of the γ radiation on the TE resonance position, and on the related Q-factor and

ER is shown in Figs. 5(a)–5(c), respectively. Over the radiation step, 100 measurements of the
resonance were performed. The dominant ionization process in irradiated materials at Co60 γ
radiation energy is the Compton scattering, neglecting any radiation effects on the single-mode
fibers connected to the package.
Taking into account all errors on the measurements carried out, an error on the wavelength

shift of about 11% has been calculated, mainly caused by the impact of radiation on the sensor
AD590 operation. A stochastic distribution of Q-factor and ER has been detected, caused by
the dependency of the resonance shape on the polarization and interference effects, which are,
in turn, affected by the radiation. Within a small range of radiation energy for values less than
320 krad, Q and ER detected mean variations (∆Q and ∆ER) are equal to about 13% and 4%,
respectively (see Figs. 5(b)–5(c)). These variations are caused by a slight change of the optical
and coupling losses, although they do not influence the spectrum of a ring resonator, confirmed
by the same resonance shape before and after radiation (Fig. 6). The errors on the Q-factor
estimation could be considered negligible (±0.001%).
As previously described, the Compton scattering is the main responsible of the resonance

shift. In particular, the structural deep point defects, related to the Compton scattering, involve
the crystallographic damage, with a consequent change of the refractive index, and then the
resonance positions, according to Eq. (2). A fitted linear trend over the radiation time has been
derived, with a maximum red-detuning ∆λres of about 810 pm at the end of irradiation activity.
During the annealing step, a blue-shift of the resonance with a second order trend has been
observed, with a maximum offset of 60 pm with respect to the resonance position at the end of
the irradiation activity. This behaviour is due to relaxation effect on the resonance detected at
320 krad, ending after about 12 hours.
A comparison of results of radiation experiments on devices based on other technology

platforms as reported in literature is not easy to carry out, because of different radiation types,
energies and dose rates that have been used. In order to rate the InGaAsP/InP-based ring resonator
performance, the most appropriate comparison is with radiation experiments on silicon ring
resonators, invested by Co60 γ radiation with a dose rate of 83 rad/min and a total absorbed dose
of about 320 krad [18]. For a Si ring resonator, a very linear resonance wavelength shift during
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Fig. 5. (a) Red-shift of ring resonator resonance ∆λres vs total adsorbed dose. The bold red
line is related to a linear fitting of the measured blue markers. (b) ER variation (∆ER) vs
total adsorbed dose; (c) Q-factor variation (∆Q) vs total adsorbed dose. The radiation and
annealing activities are defined to the left and to the right of red line, respectively.

Fig. 6. TE resonance spectra pre- and after- irradiation (λ0 ≈ 1.55 µm; ∆λmax is the
maximum value of the laser scan across the operating wavelength λ0 (200MHz); ∆λres is
the resonance detuning, caused by the radiation effect).
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irradiation was detected, with a slope of 0.33 pm/krad, and then with a maximum shift of about
0.1 nm at 300 krad. Furthermore, the extinction ratio of the resonance decreases of about 18%
with respect to the pre-irradiation value.

Using the device under test as sensing element in an RMOG, the angular velocity can be
calculated by the difference of the resonant frequencies, related to the clockwise and counter-
clockwise waves that travel through the ring resonator, according to the Sagnac effect. Since
the two waves suffer from the same resonance red-shift induced by γ radiation, the angular
velocity measurement is not affected by the shift. Moreover, the slight change of Q-factor has not
significant influences on the gyro resolution: a theoretical resolution of about 11 °/h has been
calculated, at 320 krad with aQmean variation of -13%. Therefore, an RMOG based on a passive
InGaAsP/InP ring resonator, when used on board of a spacecraft, in addition to the advantages of
using optical components, e.g. reduced weight, volume, absence of electromagnetic interference,
can take advantage also of a high radiation resistance, with a consequent increase of the reliability
in an environment where replacement of faulty components is best avoided.

Other space applications where the tested device can be used with very significant advantages
are relevant to telecom systems and subsystems, such as filters, delay lines, beam formers, etc.

4. Conclusions

The Co60 γ radiation impact on a high-Q InGaAsP/InP ring resonator to be used in space
applications, has been estimated for the first time, to our knowledge. The fabricated device is
based on an InGaAsP/InP rib waveguide, 2 µm wide and 0.3 µm thick, manufactured on a 0.7 µm
thick slab layer, on an InP substrate. The resonator chip, with a footprint of about 530 mm2, has
been packaged into a brass case, including a thermoelectric controller and a thermistor. Under
pre-irradiation conditions we have measured Q= 1.36× 106 and ER= 6.24 dB at about 1.55 µm
for the TE mode. After irradiating the device with Co60 γ rays with a dose of about 320 krad, we
observed that slight changes were induced on both Q-factor (13%) and ER (4%). Furthermore,
we have also found that the Compton scattering induced by the γ radiation, implies a refractive
index change, and then a resonance red-shift, with a linear behaviour. A maximum detuning
of about 800 pm has indeed been measured at about 320 krad, attenuated by a blue-offset of 60
pm during the annealing step. Our experimental study is focused only on total ionizing dose
effects. Although obtained in the framework of silicon photonics, some recent results in literature
[39] suggest that single event effects (SEEs) should be carefully studied to fully evaluate the
radiation hardness of integrated micro-photonic devices, in other material systems, including
the InP-based resonator whose behaviour under gamma irradiation has been experimentally
investigated in this paper. The theoretical/experimental analysis on SEEs could be the topic of
a future work. The performed results confirm the device under test as key element in several
Space systems. As an example, using the device as sensitive element in a RMOG configuration, a
theoretical resolution of about 9 °/h and 11 °/h has been calculated, before and after the radiation
test. After irradiating it, the slight detuning of the resonance, caused by the radiation, could
be assumed as common-mode noise in RMOG configuration, which means that the angular
velocity measurement is not substantially affected by γ radiation. Preserving substantially its
performance in Space, i.e. in a harsh environment, the ring resonator in III-V semiconductor
material assumes an essential role in the design and manufacturing of the next future advanced
photonic monolithically integrated devices and systems for space applications.
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