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Framework #1

Space missions such as JUICE, and SOLAR ORBITER, will operate in very

~N

harsh environmental conditions;

The degradation of optical components can lead to a misinterpretation of the
scientific data due to an uncontrolled change of the instrument response;

In a more dramatic scenario, the failure of a component can affect the

operational capacity of the whole instrument.

Giovanni L. Santi

* Thermal gradients
* Solar and planetary electromagnetic radiation
* Plasma (protons and alpha-particles)

» Low energy particles
» High energy particles and Gamma rays

. Particulates and contamination

&
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Simple coating samples
Samples dimensions: 2.5 cm? diameter
Sample type Structure Parameters Substrates Ref [ He+ e Tot D:"v The European Space Agency (ESA) haS funded the prOJeCt
B Radiation testing of optical coating in space to systematically
T [Sc A [sdele [T [swwi |5 [ 5 [ 2|3 [%|B study the optical components performance degradation due to
adhesion: Cr . - .
T T e T N s e o e - exposure to protons, alpha particles and electron: which include:
adhesion: Cr H
4 S2G Al single layer 200 nm Suprasil 5 7 4 9 25 25 * Slngle Iaye rs
adhesion: Cr ° Bl_laye s
5 S3GUV Si0; single layer 520 nm Sapphire 5 29 22 9 65 63 .
W [ageme || S R I T I T » Standard Materials used as substrates
7 S4G TiO, single layer 360 nm Suprasil 5 29 22 9 65 67
8 S4W TiO, single layer 360 nm Si wafer 5 13 10 9 37 38
9 S5G ZrO, single layer 340 nm Suprasil 5 27 20 9 61 62
10 S5W Zr0, single layer 340 nm Si wafer 5 10 7 9 31 31
11 S6W Al/Si0, bi-layer 200/80 nm Si wafer 5 15 13 9 42 42
Top layer: Si0; adhesion: Cr
12 S7W Ag/SiO, bi-layer 210/80 nm Si wafer 5 15 13 9 42 42
Top layer: SiO, adhesion: Cr
13 S8G Si0,/TiO; bi-layer 230/83.4 nm Suprasil 5 15 13 9 42 43
Top layer: Si0,
14 S8W Si0,/TiO, bi-layer 230/83.4 nm Si wafer 5 17 14 9 45 45
Top layer: SiO,
15 S9G Si0,/2r0; bi-layer 230/104.2 Suprasil 5 15 13 9 42 42
Top layer: Si0,
16 S9W Si0,/Zr0; bi-layer 230/104.2 Si wafer 5 12 10 9 36 38
Top layer: SiO
17 | 510G Au/MgF, bi-layer 200/80 nm Suprasil 5 16 13 9 43 43
Top layer: MgF, adhesion: Cr
18 S10W Au/MgF, bi-layer 200/80 nm Si wafer 5 17 14 9 45 48
Top layer: MgF, adhesion: Cr
19 S11W Pt 220 nm Si wafer 5 29 22 9 65 66
adhesion: Cr
20 w Si wafer 5 0 0 0 5 17
21 G Suprasil 5 18 11 9 38 40
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Fluence Flux
D, = 1012 [#/cm?] F, = 10 [#/cm?2-s] He ions
D, = 10%3 [#/cm?] F,= 10 [#/cm?s]
Energ Fluence Flux
D, = 10" [#/cm?] F,=2-10 [#/cm?2:s]
y D. D D. D, D D, D B F. E F, E B F.
D, = 10%5 [#/cm?] | F,=5-10 [#/cm?-s] o - o 7 i L o ST e LET 3 B R
1 keV X X X X
D= 10°[#/em?] | Fy=102 [#/em?s] | ¢ - 9, » "
Dg = 5-10% [#/cm?] | F.= 2102 [#/cm2s] | © . X «
D, =107 [wem?] | F=4102f/emis] | L | [Tarow " . ” .
o
X X X X
o
c X X X
Protons n X X
[T 8 -
+ V Reduction o 50 keV X X X
O Europa g X X X X
Call i X X X
o - 100 X X
keV X X
X X
£ 14| 4 1 MeV X X
8 10MeV | X X
2 Increasing fluence Increasing flux
= gk | — > s
8 A\
3 T IRRETITTYS S| AW
0.01 0.10 1.00 10.00 100.00
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A Al Non negligible
PI6HDHF i gl
100 ; e Protons | P1LDLF 0,17 0,37 damage
[ 1Key |P1LDMF 016 | 044
E 1 P1LDHF 0,24 0,27
2 80 F E P1IMDLF 0,32 6,20 -
o= [ . P1MDME 020 | 436 o
o 80r 7 P1MDHE 015 | 223 Negligible
o - — 019
5 [ ] P1HDMFE :,1‘ 32,16 damage
< 40F . P1HDHF 026 | 1857
& E i Protons | P16LDLF 013 | 027 /
= 20F ] 16Kev | P16LDMF 022 | 0234/
C —S1W - Aul] P16LDHF 018 | 024
ST o - LaL T Piovoie | 021 | 405
300 400 500 600 700 800 900 1000 “li:zw — 1 J
Wavelength, A (nm) PI6MQHF 1 008 | 536
PlGHDI\%\ | 4130
pieHDHE N 38,63 Other
w10 PIGHHDHE | 233 | 5787 techniques:
N(E) 50 N T T L Protons | PSOLDLF
e (substrate} :_}é‘i\e"'v 1 50Kev | PSOLDMF
=4 — 50 keV PSOMDLF
= —— 100 keV - PSOMDME
= [ j P5OMDHE 300 ' '
FH3H —
—H 1 PSOHDMF
= [l - B
2 f'l_!m}t}'-}mi_"' 1 PSOHDHF 200 =
Z2p . Protons | PLOOLDLE 0, < g =
g | —Au 100KeV | PLOOMDLF 0,10 0,28 g 100 — 5| o
Rk - ---al PI0OHDIF | 0,14 | 032 & A
u  El S PN - ] Protons | P100OHDLF oF -
2 Ly & \ g ~ - o /
o e ~7 — ) <] 1 Mev 009 | 032
T o 200 400 600 800 1000 Protons | P1000OHDLF -100 L . 0 I L
Penetration Length [nm]| 10 MeV 0,18 0,22 500 1000 1500 500 1000 1500

Wavelength, A (nm) Wavelength, A (nm)
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* Protected layer Al/TiO: irradiated with He+ ions at

different energies

I L o B e

— Reference :
— He' at akeV ]
He' at l6keV | —

— He' at 100keV,
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He ions profile, (Hc/cm"’ )(He/em™)
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100 rrrrrrrTrTTTrrTrT T T T T LT T T T T e
Sample type Structure | Substrates | p | He+ | e | ToT PR > ]
1 | ciFitter Tio,/si0, | multilayer | suprasil 6| 6 [ 3] 60 80 1IN S T
w0 ]
2 | C6G Al/siO, bi-layer Suprasil 6| 6 | 3] 60 B
60 B 16 ke g

- Gj i Dose: 510" 4 fem?®

Top Iayer. SIOZ Flux: 102 #/em?s

40
Label Particle specie | Energy Dose Flux 20
P16HDMF Protons 16 keV 5%10716 #/cm? 107 12#/cm?/s
P100HDLF Protons 100 keV 10715 #/cm? 10711 #/cm?/s ol P T P S | \
Hel6HDHF He ions 16 keV 5*10716 #/cm? | 4*10712 #/cm?/s 350 400 450 500 550 600 650 700 750
HelOOHDMF | Heions 100 keV 1075 #/cm? 5%100M2 #/cm?/s Wavelength, A (nm)
E10000LD Electrons 10 MeV 35 Gy -
10— 7T T
CIFilter C6G S ]
P16HDMF 8,64 4,42 = y
Protons g ]
P100HDLF 1,27 0,47 E 1
He ions g |
Hel6HDHF 0,79 3,19 E ' 16 keV E
HelOOHDMF 1,62 0,80 20k Dose: 5-10'° #/em® ]
Electrons F Flux: 10'2 #/cm®-s :
E1000LD 0.66 0.07 i 1
10 MeV o) S A B S B
500 1000 1500 2000 2500

Wavelength, A (nm)

Name Surname Title
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Proposed by Kantrowitz in 1972, the idea of photonic
propulsion is developing rapidly supported by an
incredible technological improvement. The idea of
interstellar explorations is not a dream any longer, but it
requires a redefinition of the concepts of propulsion and
spacecratft.

e N
Example: Voyager 1

* launched in 1977
* |eft the solar system in 2012
* speed of 17 km/s (=0.006%c)

= Time needed to reach the nearest
star is about 100.000 years!
\_ Y,

Giovanni L. Santi Photonic components for space applications 8



UNIVERSITA

DI PADOVA

DEGLI STVUDI Th e | | g h tS al I

Starshot — Breakthrough Initiatives

Demonstrate proof of concept for ultra-fast light-driven
nanocrafts, and lay the foundations for a first launch to
Alpha Centauri within the next generation. Along the
way, the project could generate important
supplementary benefits to astronomy, including solar
system exploration and detection of Earth-crossing
asteroids.

Requirements:

* Optimize the thrust in the Doppler shifted
wavelength region of the laser source;

» Minimize absorption of laser radiation;

Steering
Fiber Tip OPtical Controller a - e
Mo ma P\om»u' Ariy » Provide enough cooling power for thermal stability
mplifiers Ctuator ] eac
Seed  Fiber ‘. Beacon L )

Laser

E Reflector
Phase

Reference
Signal
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Thin-film heterostructures could become

multifunctional building-block elements of
the light sail:

* Possibility to engineer
properties;

substantial reflectivity while maintaining
low absorption in the near-infrared;
significant emissivity in the midinfrared,
and a very low mass.

the optical

Refractive index

Giovanni L. Santi
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OPTIMIZATION:
Optimization of the lightsail requires the correct determination of
the equation of motion of the object under the trust provided by the

laser beam:
_mc*yP1+B 1
A= 1A + 2R % ‘
tf mc? (Br yB 1 t(ﬂ ) _ ftfdt _ Zpscz Br Y 1 dp
L(Br) = fo pdt =4 o (01—PB)?AB) + 2R(B) dp 7y T o Jy (T=B?2AB) +2R(B)

Pody = 42yc3 m\/afﬁf Ps vk dp = 413 fmyVa - Wx]
odo = HocmpVar | -y 2R(B) (- )7 0c Yy
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A genetic algorithm identifies the best-performing structures among a
population that evolves while random mutations are applied to the thickness of

the layers.
Initialize
Population
0.05 T T | I | | |
TiOy/Si09
i i TiO2/MgF,
SiC/Si0
0.04r SiC?l\;g;‘Z TiO2 /Al Oy n
Calculate ? SiC/ALO; ¢
Fitness % 0.03F i
Check Stop Select ;" 0.02 - TiOz o ]
Criterion Survivors E °
0.01F SiCo ° Si/Si0y -
Si © ——Si/MgF,
Si/AlOy
0 L 1 l L 1 L 1
Recombination Mutation 1 2 3 4 5 6 7
number of layers
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Results — Thermal evolution

The lightsail thermal analysis of the sail is of upmost importance to
understand whether the chosen structure will survive the acceleration
process

-8 p:

Pins = Po 4G ) fea = [ &0 (T DB, (T, 232

10"
L . L L RO B
| ' y ——Si0; [Kitamura,2007] |
[ — T ——SiC [Larruquert, 2011]
r . . Si [Green, 2008] 1
Ad T
M L 1 1 ——Si [Schinke, 2015] ]
E ' I o Ti0, [Ya0, 2008]
g 105 : |
% 10 ! ' —
8 1 1 B
1 1
g L L J
= ] N !
S L ' N 1 4
= 1 N 1
7] n 1 ! _
A ol ]
1 1 \\
I :Au As ' . .
PR YN T TN N TN TN TN T N TN TN SO W | TN ST TN Tl (NN TN ST T T
1000 1100 1200 1300 1400 1500
Wavelength, A [nm]
6

F —531()1 [I\itamum 2007]
——Ti0; [Siefke, 2016]

——8iC [Larruquert, 20]1:

Si [Palik, 1985 and Green, 2008]

aT” _ Pa*bs B P:ad
ot* B Csail
g = 2PsC’Y |11 B Y _ﬁfﬁ 40 1
Iy [1—FBA,B)+ 2R, B) (1 —=y)2 A0, B) + 2R(A0, B)

ap

Extinction coeffiecient, k
o
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Results — Thermal evolution
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1500 [ T IIIIIII T TTTTTT i T IIII|T| T ||||I'I'| T TTTTIm] T IIIIIII T T TTTTIT ]
= C In_ZIGW/In2 . ksio, — 16-07 krio, = 60-05 -
=, r Ti0y/8i0/TiO, - - —ksio, = 1e-08 krio, = 1e-06 1 Acceleration pressure:
s 1000~ /== ksio, = 1e-09 krio, = 1e-07
E : k'rg(j_, = 1(}08 : ﬁ
= L ] F Ip 1—-
g E /) eeee—ee——— . =<-=——[A+BAPB) +2R(PB)]
) 500 - /100 p0 | 7] S c1+p
o - == . .
a B T T Eala ety e Maximum sustained pressure:
0 T "'T'T'lillu_l [ ||||u] ool 1o Lo
10 10" 10%  10° 0% 103 102 0.2 < (Guse- 1)/
Spacecraft velocity, 3 p uts
1500
I 0.035 I I i
0030 1 700 T — T T T e e e e
° E 0.025 i E —Tio,
e g5 5 = ] =600 T 15 sion/Tion
% 1000 - LoL s 020 n & _gigjgigi‘g;g;,f5102/Tio.)
g - [ ot E g 800 | ——Ti0./Si0s/Ti02/Si0s/TiO/Si0s/TiOs
g L g ¢ ¢ T 5 5 T » u 2 C
x L - - mumber of layers ] 2 400 F
g . ] £k
F 500} - 2 300
S = C
= L - g s
I ] < 200
N
r ] <100 F
. 0: 1ol " 1 ||||||:
1 i\ . 5 7 10° 10" 102
smber ol tayers Irradiance, [GW/m?]
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