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Abstract: PLAnetary Transits and Oscillations of stars (PLATO) is a medium sized mission 
(M3) selected by the European Space Agency (ESA) for launch in 2026. The PLATO payload 
includes 26 telescopes all based on a six-element refractive optical scheme. Some 
components will be eventually manufactured by S-FPL51, N-KZFS11 and S-FTM16 glass 
whose radiation resistance is partially or totally unknown. The radiation-resistance properties 
of such materials have been investigated by using a 60Co γ-rays source as probe. Each optical 
component has been characterized by a depth profile curve which describes the transmission 
loss as a function of the thickness in dependence of the impinging dose. A model to simulate 
the throughput of the whole instrument has been developed and used to verify the instrument 
performance considering different stellar spectra. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

The project PLAnetary Transits and Oscillations of stars (PLATO) is a medium size mission 
(M3) selected by the European Space Agency (ESA) in the framework of the Cosmic Vision 
2015-2025 program for launch in 2026. The satellite will operate in the Lagrangian point L2 
and a minimum mission lifetime of 4.5 years is expected. The main science goal of PLATO is 
to discover and characterize extrasolar planets, including terrestrial planets in the habitable 
zone; such goal will be achieved through high-precision, long-term (up to three years) 
photometric and asteroseismic monitoring of a large number of bright stars. For each planet 
the radius, the mass (in synergy with ground-based follow-up) and the age will be determined 
with unprecedented accuracy, making PLATO able to deliver the first large-scale catalogue of 
well-characterized small planets at intermediate orbital periods [1]. 

The PLATO payload includes 24 cameras, which will perform photometric measurements 
in the 500-1000 nm wavelength range. Moreover, in the same optical bench two additional 
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fast cameras operating in different photometric bands (blue 500-675 nm, red 675-1000 nm) 
will be devoted to improve the pointing stability performance of the spacecraft. Each camera 
is based on the same optical scheme (see Fig. 1(a)), called Telescope Optical Unit (TOU). 
The design of the TOU [2] has been mainly driven by performance requirements and mass 
budget. The selected configuration is a fully refractive optical system made of six lenses and a 
window placed at the entrance of the objective. The optical solution is able to match the 
required performance with a limited mass budget. This configuration is a refractive wide field 
system (about 38 degrees) with an entrance pupil diameter of 120 mm. In order to achieve the 
required performance keeping mass as low as possible, to locate the pupil at the center of the 
optical layout is a mandatory choice. The results is a modified Double-Gauss configuration in 
which the last lens (L6) acts as a field flattener. In order to achieve an adequate chromatic 
correction, a combination of glasses having a high Abbe number, such as CaF2 or S-FPL51, 
together with flint glasses, which are not radiation hardened, are required. Moreover, because 
CaF2 is highly sensitive to thermal shocks, this material was selected for the lens placed in the 
central position (L3), well protected against the electronic power dissipation of the CCDs on 
one side and the outer space on the other. Since most of the glasses are not radiation resilient, 
a Suprasil window has been introduced in order to protect them by the incoming radiations, 
decreasing the total dose absorbed by the following elements. Although it was not 
deliberately on the design constraints, such combination of glasses results in a significant 
robust system stable against thermal deterioration of the optical performance. 

As mentioned before, the TOU window will be manufactured by Suprasil while lens L3 
by CaF2: both these materials are naturally radiation resistant glass suitable for space 
applications [3–5]. Lens L6 will be made by the Ce-doped glass BK7G18, which have been 
proven to have a high resistance to radiation [5–7]. On the contrary, very little is known on 
the radiation-resistance properties of the glass designated for lenses L1, L4 (S-FPL51, Ohara) 
and L5 (S-FTM16, Ohara) [8,9] and none about the glass of lens L2 (N-KZFS11, Schott). 
Considering that for mass reduction purposes the mechanical tube surrounding the lenses is 
made in AlBeMet (Fig. 1(b)), which provides extraordinary mechanical properties but low 
radiation shielding capability (about 1/3 with respect to aluminum), it becomes pivotal for the 
mission to investigate the radiation-resistance properties of S-FPL51, S-FTM16, and N-
KZFS11 glasses. 

 

Fig. 1. Layout of the TOU: (a) optical layout and (b) cutaway view of the opto-mechanical 
layout. 

The radiative environmental parameters of the PLATO mission are reported in the ESA 
“Plato Environmental Specification” issue [10]. It is expected that the main contribution to 
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the total ionizing dose undergone by PLATO will come from the solar protons whose 
spectrum at the Lagrangian point L2 can be estimated by the SPace ENVironment 
Information System (SPENVIS) [11]. Considering the attenuation provided by the TOU 
sector shielding, the worst-case surface doses expected on each of the PLATO lenses after 6.5 
years mission lifetime are reported in Table 1. 

Table 1. Worst-case surface doses expected after 6.5 years mission on the PLATO lenses. 

Lens Glass Density (g/cm3) Dose (krad) Dose (Gy) 
Window Suprasil 2.20 608.8 6088 

L1 S-FPL51 3.62 7.4 74 
L2 N-KZFS11 3.20 2.9 29 
L3 CaF2 3.18 2.4 24 
L4 S-FPL51 3.62 1.7 17 
L5 S-FTM16 2.64 10.5 105 
L6 BK7-G18 2.52 616.5 6165 

In order to evaluate the resistance of S-FPL51, N-KZFS11 and S-FTM16 glasses to such 
doses, γ-rays were used to investigate the induced ionizing effects. The main advantage of 
this approach is that the γ-rays ensure a uniform energy release inside the tested components 
such that the ionizing dose effects can be easily decoupled from the thickness of the used 
samples. In this way, the darkening properties of each glass were determined in term of the 
radiation-induced absorption coefficient [12]. 

The results obtained by the γ-rays irradiation tests were used to evaluate the impact of the 
mission environment on the TOU performance. Taking into account the shielding properties 
given by the current TOU optical-mechanical scheme, the darkening induced by the 
Lagrangian point L2 proton spectra was evaluated for each optical element after a mission 
lifetime of 6.5 years. Finally, the changes expected on of the instrumental performance was 
estimated for targets with different stellar temperatures. 

2. Irradiation test with γ-rays 

2.1 Material and methods 

The glass investigated in this work and their main chemical ingredients are listed in Table 2. 
V1 is a fluorophosphate glass rich of alkaline earth fluorides. V2 is a borosilicate glassy 
matrix doped with transition metals oxides while V3 is a silicate glass enriched of Ti oxide. 
For each glass, three different disks specimen with a diameter of 12 mm were fabricated. The 
thickness of the specimens is reported in Table 2. 

Table 2. List of glasses tested. 

Sample label Glass type Specimen thickness 
(mm) 

V1 S-FPL51 
(OHARA) 

3.10 ± 0.05 

V2 N-KZFS11 
(SCHOTT) 

3.20 ± 0.05 

V3 S-FTM16 
(OHARA) 

3.60 ± 0.05 

Gamma irradiation was performed at the 60Co Calliope facility at ENEA Casaccia 
Research Center, Rome (Italy) [13]. The emitted radiation consists of γ-rays at 1.17 MeV and 
1.33 MeV, with a mean photon’s energy of 1.25 MeV. The irradiation was performed in air, 
at room temperature and in the dark in order to avoid unwanted recovery processes induced 
by the visible light. The tests were carried out at four dose rates, namely LLDR = 7.3 kradSi/h 
(1 specimen for each glass), LDR = 14.7 kradSi/h (1 specimen for each glass), MDR = 27.3 
kradSi/h (1 specimen for each glass) and HDR = 116.8 kradSi/h (1 specimen for each glass). 
The dose rates were experimentally determined by Fricke absolute dosimetry (error of 3%) 
[13], while the total absorbed doses were derived taking into account the irradiation session 
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duration. The irradiation was performed in step doses (Table 3) and the optical transmittance 
T of the samples was measured before and immediately after each irradiation step by using a 
double-beam spectrophotometer Perkin Elmer Lambda 950 in the 200-2000 nm wavelength 
range. The accuracy on the T measurements, including also the sample misalignment, was 
1.3%. Optical transmittance T is related to the linear absorption coefficient, named α, by the 
Lambert–Beer law 

 lnT dα= −  (1) 

where d is the sample thickness expressed in cm. The γ-rays induced darkening can be 
computed using the relative radiation-induced absorption coefficient μ, defined as 

 0
0

D

T1
μ ln

d TD Dα α
 

= = − 
 

 (2) 

where 0T  and DT  are the sample transmittances before and immediately after the irradiation 

at dose D. As expressed in Eq. (2), the μ  coefficient provides the variation of the absorption 

coefficient and it is proportional to the density of the color centers induced in the glass matrix 
[5]. 

Table 3. Absorbed dose steps in which the samples were characterized. 

Step Absorbed dose LLDR 
(kradSi) 

Absorbed dose LDR 
(kradSi) 

Absorbed dose MDR 
(kradSi) 

Absorbed dose HDR 
(kradSi) 

1 5.1 10.3 35.5 52.0 
2 10.2 44.4 129.4 103.9 
3 40.3 267.8 560.0 305.9 
4 134.9 331.3 1061.8 500.0 
5 276.7 563.0 2999.6 1986.2 
6 426.7 862.8   
7  1892.5   

2.2 Irradiation results 

UV–VIS–NIR transmittance spectra before the LLDR and LDR irradiation (black dashed 
line) and immediately after each irradiation step (colored solid lines) are reported in Fig. 2. 
Similar curves were obtained for the MDR and HDR (not reported in this paper). 
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Fig. 2. Transmittance spectra of the glass samples before (dashed curves) and after each 
irradiation step at LLDR (left column) and LDR (right column). 

As expected, these spectra show that γ-ray irradiation causes a general decrease of the 
transmittance in the UV and VIS range due to the formation of defects in the glass structure. 
In particular, two different kind of defects can be created in the glassy matrices: hole centers 
(HCs), captured by anions near cation vacancies, and electron centers (ECs) located in anion 
vacancies; ECs absorb in ultraviolet region while HCs absorb in the visible range [14,15]. 

The transmittance curves of the analyzed samples present different cut-off edge positions 
and absorption behavior. Depending on the main chemical components of the glassy matrix, a 
gradual red-shift of the cut-off edge is evident (before and after irradiation), from around 220 
nm (fluorphosphate matrix, V1), to around 300 nm (borosilicate matrix, V2) and to around 
350 nm (silicate glass, V3) [15–17]. 

The growth of the radiation-induced absorption coefficient as a function of the absorbed 
dose at a specific wavelength can be described by the following relationship: 

 ( )

1

(λ, D) N ( )D ( )(1 )j

D
m

C j
j

N e δ λμ λ λ
−

=

= + −  (3) 

which is a generalization of the models previously presented by Levy et al. [18], Galeener et 
al. [19] and Mashkov et al. [20]. The term NC  describes the creation of defects which linearly 

depend on the absorbed dose D. Given m as the number of precursors in the glass matrix, the 
sum of the exponential terms describes the activation effects; in this specific case, the fit is 
satisfying by using one exponential term (m = 1). The radiation-induced absorption curve as 
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function of the dose was retrieved by fitting the data measured at λ = 500 nm, λ = 600 nm and 
λ = 700 nm; such wavelengths were selected considering that PLATO will observe above 500 
nm and that the glass degradation above 700 nm starts to be small (see Fig. 3 for LLDR case, 
Fig. 4 for LDR, Fig. 5 for MDR and Fig. 6 for HDR). 

 

Fig. 3. On the left column: the relative radiation-induced absorption coefficient µ computed for 
the sample irradiated with the LLDR. On the right column: experimental induced absorption 
coefficient μ (dots) at λ = 500 nm, λ = 600 nm and λ = 700 nm for the irradiation with the 
LLDR. The best fit obtained with the Eq. (3) is also reported (dashed lines). In Eq. (3), only 
one exponential term was considered (m = 1). 
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Fig. 4. On the left column: the radiation-induced absorption coefficient µ computed for the 
sample irradiated at LDR. On the right column: radiation-induced absorption coefficient μ 
(dots) at λ = 500 nm, λ = 600 nm and λ = 700 nm for the irradiation at LDR. The best fit 
obtained with the Eq. (3) is also reported (dashed lines). In Eq. (3), only one exponential term 
was considered ( 1m = ). 
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Fig. 5. On the left column: the relative radiation-induced absorption coefficient µ computed for 
the sample irradiated with the MDR. On the right column: experimental induced absorption 
coefficient μ (dots) at λ = 500 nm, λ = 600 nm and λ = 700 nm for the irradiation with the 
MDR. The best fit obtained with the Eq. (3) is also reported (dashed lines). In Eq. (3), only one 
exponential term was considered (m = 1). 
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Fig. 6. On the left column: the relative radiation-induced absorption coefficient µ computed for 
the sample irradiated with the HDR. On the right column: experimental induced absorption 
coefficient μ (dots) at λ = 500 nm, λ = 600 nm and λ = 700 nm for the irradiation with the 
HDR. The best fit obtained with the Eq. (3) is also reported (dashed lines). In Eq. (3), only one 
exponential term was considered (m = 1). 

Moreover, the μ-curves reported in the left column of Figs. 3, 4, 5 and 6, proves that the 
absorption induced after γ-ray irradiation depends on the different composition of the 
investigated glasses. V1 and V2 matrices show lower radiation hardness, with more 
pronounced absorption than V3 glass. In particular, the addition of high amount of oxides 
with large cation sizes (Na, Ta, Zr) in the V2 borosilicate matrix, induces a severe 
modification of the glass structure, resulting in the formation of non-bonding oxygen sites 
(NBOs), able to absorb in the visible range (HCs defects) [17,21,22]. Considering the V3 
matrix, the titanium oxide addition improves its radiation hardness especially in the UV 
region, due to the recombination of ECs with Ti(IV) that is reduced to Ti(III). The increasing 
amount of Ti(III), however, is responsible of new HCs defects formation which absorb near 
500-550 nm [23]. 

The radiation-induced absorption appears to be dependent on the dose rate, as shown in 
Fig. 7. During irradiation, a higher dose-rate systematically corresponds to a greater 
absorption coefficient and then to a higher concentration of UV absorbing centers; the 
difference is already evident for doses above 100 krad. This dose rate dependence is due to 
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the high efficiency of the color centers recombination process: in fact, in the case the 
recombination time is comparable with duration of the γ-rays irradiation test, the lower is the 
dose rate the greater is the effect of the centers recombination in the absorption coefficient. 

For doses lower than 100 krad, Eq. (3) can be approximated using a truncated Taylor’s 
series: 

 ( ) ( ) ( )
( ) ( )1

1
1

λ,  D ( )       for         6C

N
N D k D D

λ
μ λ λ δ λ

δ λ
 

≈ + =  
 

  (4) 

where k is the linear radiation-induced absorption coefficient. By fitting the μ  experimental 

curves with Eq. (3), the linear absorption coefficient k versus wavelength of a sample can be 
obtained for each dose rate. Figure 7 reports such coefficients for each sample. As expected, a 
dependence on the dose rate is still present since, as discussed, at a specific deposited dose the 
dose-rate determines the number of color centers and defects formed during the irradiation. 

 

Fig. 7. On the left column: radiation-induced absorption coefficient μ at λ = 500 nm obtained 
at the four dose rates considered in this work. On the right column: linear radiation-induced 
absorption coefficient k versus wavelength retrieved from the experimental measurements at 
the four dose rates considered in this work. 
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3. Impact on PLATO TOU 

The irradiation tests were performed in order to study the rad-hard properties of some of the 
glass of PLATO telescope, for which no/poor information was available. With these results, a 
quantification of the transmission loss of each lens after the exposure in the Lagrange point 
environment can be estimated. 

The radiation spectra affecting each lens of the TOU were retrieved using the reference 
proton spectrum expected in the Lagrange point as input [10]. MULASSIS [24] and 
FASTRAD [25] codes were used to calculate the average proton fluence impinging on each 
lens, taking into account the TOU geometry and the shielding effects given by the AlBeMeT 
tube structure (see Fig. 8). 

 

Fig. 8. The integral proton fluence spectra impinging at each lens. The fluence spectrum of L6 
and of the TOU window has the same shape of that of the Lagrangian point environment 
because such components are unshielded by the AlBeMeT tube. 

Unlike the case of γ-rays in which the energy is uniformly released along the thickness of 
an optical component, low energy protons release the energy inside the component by 
following a precise dose-depth profile. Such curves were estimated for each TOU component 
by adopting an equivalent aluminium shielding thicknesses model. Starting from the proton 
fluences reported in Fig. 8, the Shieldose2 code [26] was used to compute the ionizing dose 
deposited along the thickness of a semi-infinite reference aluminium slab. Afterwards, this 
dose-depth profile was used to compute the equivalent curve in other materials by following 
the relationship 

 ( ) 2
2 2 2Al

Al

D t D t
ρ
ρ

 
=  

 
 (5) 

where D, t and ρ  are the dose, thickness and density, respectively. Figure 9 reports the dose-

depth profiles, normalized for the surface dose, which were computed considering the 
densities reported in Table 1. Thus, knowing the local surface dose and the dose-depth 
profile, the total ionizing dose can be computed. 
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Fig. 9. Normalized dose-depth computed for each component of PLATO TOU. 

The transmittance drop undergoes by each lens can be obtained by discretizing into N 
layers the portion of the glass affected by the ionizing radiation and evaluating the 
transmission loss within each layer according to the local absorbed dose. The darkening 
occurring in the i −  th layer is given by [27]: 

( )

0

 i ik D xi

i

T
e

T
λ−= (6)

where 0iT  is the transmittance of the i −  th layer before the irradiation, iD  is the average 

dose absorbed by the i −  th layer and ix  is the layer thickness. In Fig. 10 an example of the 

transmittance drop expected at 500 nm wavelength as a function of depth is reported for each 
component material up to 10 mm thickness. The k values used in the simulations were those 
obtained at the LLDR for the three glasses; for the remaining materials, the k values were 
retrieved from the data available in literature [4–6]. 

Fig. 10. Example of local transmission change after worst case irradiation @500nm as a 
function of depth. The darkening is concentrated in the first layers of glass after the surface. 
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Based on the results in Fig. 10, L1 is the optical element undergoing the higher darkening 
because of the high absorption coefficient found for S-FPL51 glass. Instead, the degradation 
expected for the components L2, L4 and L5 is lower, mainly because such components are 
better shielded from the radiating environment (Table 1 reports the doses estimated for each 
component). No degradation in transmittance is expected for the component L3 due to the 
high shielding and the high radiation resistance offered by this material [5]. L6 lens, which is 
not shielded, will be exposed at the same doses of the Suprasil windows (see Table 1). 
Despite the high doses deposited on the Suprasil window, the absorption coefficient expected 
for this material is relatively low [5] and consequentially a slightly darkening is expected. 
Finally, as L6 will be manufactured with a Ce-doped glass (BK7-G18) which shows no 
degradation for doses up to 5Mrad [6], no transmission change is expected for the doses 
foreseen during the PLATO operation. 

To evaluate the total transmission loss for each component, the following formula has 
been used: 

 1

( )
( )

1 0

N

i i
eqi

N k D x
k Di

i i

T
e e

T

λ
λ=

−
−

=


= =∏  (7) 

where eqD  takes the meaning of equivalent average dose. 

In order to simulate changing of the performance of the telescope during it lifetime, the 
results obtained for each single component have been combined by calculating the 
transmission loss along the path of rays coming from an on-axis point source placed at 
infinity and passing through 5 points on the entrance pupil (i.e. the center one, and four 
equally distributed points on an external ring). In Fig. 11, the averaged curve showing the 
percentage of transmission loss of each component and the full telescope are reported for a 
6.5 years lifetime of the PLATO mission; a radiation margin RDM = 2 has been taken into 
account. 

 

Fig. 11. Simulated transmission change of each lens for the PLATO telescopes vs. wavelength 
after 6.5 years in orbit. A dose margin RDM = 2 has been considered. 

Since PLATO is conceived to perform photometric measurement on stars, results have to 
be interpreted considering their impact on the observation of various stellar spectra. Since 
blackbody temperatures in between 5500 and 6500 K are expected in 90% of the PLATO 
targets, the percentage of signal loss has been evaluated considering the correspondent 
simulated stellar spectra. The values are presented in Table 4. 
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Table 4. Signal loss after 6.5 years in orbit for three different stellar temperatures 
considering a RDM = 2. 

Stellar 
Temperature 

Signal loss 

5500 K −3.49%
6000 K −3.62%
6500 K −3.74%

4. Conclusions

S-FPL51, N-KZFS11 and S-FTM16 glass resistance properties have been investigated by
using a 60Co γ-rays source. Various step doses achieved at four different dose rates were
considered. The samples have been characterized in term of transmittance. Results show that
γ-rays induce colors with an overall degradation of the efficiency for wavelengths shorter
than 700 nm. The radiation-induced absorption coefficient µ associated to the color centers
was found to be dependent on the dose rate for a given absorbed dose.

The results obtained by the γ-rays irradiation tests have been used to evaluate the impact 
of the mission environment on the PLATO telescopes performance. Considering that the main 
contribution of the environmental radiation comes from solar protons, the total dose-depth 
profile and the consequent darkening have been estimated for each telescope lens. Such 
simulations were performed taking into account the shielding properties given by the current 
optical-mechanical scheme. It was found that after a mission lifetime of 6.5 years, the 
expected instrumental efficiency degradation is limited to 3.5%. 
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