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The beginning...more than 400 years ago
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- Galileo




Ground based Telescopes: present

LT: four Unit Telescopes
 of 8.2m diamete

main mirrors.
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Ground based Telescopes: present
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Ground based Telescope: future

ELT: 39 m diameter primary mirror
consisting of 798 segments, each 1.4 m
wide, but only 50 mm thiek.
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Similar ELTs in the US (GMT, TMT). .




Ground based Telescope: future

First light 2028

Secondary mirrar (M2)

Quaternary
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Space Telescopes: past

Hubble space telescope: 2.4 m in diameter |
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Space TE'ESCOPES: present
Launched Christmas 2021

James\/\/ebb Space T_eleSCOpe: - IWST primary _
6.5 m mirror, L2 orbit . irror

Hubble primary
mirror

Wavelength coverage in microns (um)

0.1um 1 um 10 pm 100 um
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Try to make stuff simpler...
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Try to make stuff simpler...

- ¥

Both t&m@s 2nd the in

Jigelple mi’rease;m their ¢¢
e
sizes; ii) the demanding per sﬁ 1’*»
e &
required by the new exciting sc

The develépment of in*novative ...r_; |
IS a key strategy to reduce the complexity
or improving the perTormances 11 o

- T

»™ ey

Yol
Frdm the requ‘irqnents t‘o the device:
through the develol[mg of suttable (si a" ‘
—_ ’ * I‘t"-i.' f“ X
Multtdtsaplmary appro n \ |

4 LH‘# '
L 5, Q -

s



Complexity example...automatic blinds




Complexity example...automatic blinds
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IDEA: implement an automatic electric blind




Complexity example...automatic blinds

T g

c. L : ‘_- -
IDEA: implement an automatic electric blind

hamelec

romic Smart Window Film, ¢

Rainy Day or | |gm_ma‘.(')hame leon’ Sunny DayCl
Smart Film turns 10 ransparent U0 "‘T’é-?.ﬁ"s;-*ﬂ entt
70%. It provides you a bettervision! e



Photochromic materials

IUPAC definition:
11 ‘
Photochromism is a reversible transformation of a chemical species
induced in one or both directions by absorption of electromagnez‘zc .
radiation between two forms, A and B, having different absorptzon qu@? .,




Diarylethenes

In this form, the absorption
is only in the visible:
uncolored material -

Absorbance

300 400 500 600 700
wavelength (nm)




Diarylethenes

UV light
"Cyclization reaction
Increase of m conjug@tiorh

Closed form (colored)

Absorbance

300 400 500 600 /700

wavelength (nm)




Diarylethenes

Closed form (colored)

Absorbance

300 400 500 600 700
wavelength (nm)

-

Visible light
Restoring the uncolored form
The isomer is termally sta&é‘.

Triis is ravarsiol2l




Rewritable Focal Plane Mask

Target sky objects must be
selected to record their spectra
avoiding the sky contamination.
(Multi Object Spectroscopy, MOS)
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Rewritable Focal Plane Mask

Target sky obJects must be |
selected to record their spectra
avoiding the sky contamination. '
(Multi Object Spectroscopy, MOS)
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FOCAL PLANE MASKS S 2
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Rewritable Focal Plane Mask

| . — -
Galaxies l -
-
| Incident Light l J' l
| cesemssessessnssnnesessnsnenneeeeneees JElegcope OQptics seeeeeessmeessese s
£E = N, Focal Plane
| . /' Aperture Plate

Optical Fibres

Spectrograph Slit

Optical fibers
* Different aproach, a huge modification ofthe

instrument;
Traditional focal plane mask: * Decouple the focal plane and the spectrograph;
® Metal sheet with cut slits *More complex approach.

® well established technology
® highest contrast
® disposable n



Rewritable Focal Plane Mask

-

Traditional focal plane mask: ( “ ~ Ph jtoc omi w]] plane mask:
® Metal sheet with cut slits , 3 ] Reusal

® well established technology ‘. - - 1o g ﬁ‘ t, |

® highest contrast ¢ . P | % ‘

® disposable K %



Rewritable Focal Plane Mask

The colored form mimicks; the
metal and the uncolered form
mimicks the slits.




Rewritable Focal Plane Mask

ARATRO (Plow): Writing software and hardware

He-Ne laser shutter beam splitter

. mirror

~ focusing lens

! film

BEsL LS 1S e
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... to the mask





Rewritable Focal Plane Mask on sky
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Sky Photochromic
Mask

Luca Oggioni, et al., Proc. SPIE 10706, 1070636 (2018) So oot it




Rewritable Focal Plane Mask on sky

, <1071 . _ _ .
A : C D | slit 1
, . : x 10|
- 5| L,

Direct laser writing Erasing via UV exposure Direct laser writing

1 .

Luca Oggioni, et al., Proc. SPIE 10706, 1070636 (2018)



Rewritable Focal Plane Mask on sky

Pictures from Asiago Written masks

_Gafaky M81 e, Galaxy M74"

We can make the slit with
the shape we want.

Curved slits “following” the
galaxy arms.




Key Parameters

The key paramete L
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Key Parameters: Wavelength range

The key parameters for having an efficient device are:
* Wavelengthsrange;

» Contrast value;
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Wavelength (nm)

The wavelength range and position where the change in
transparency occurs is important especially for the masks.

't means the possibility to collect spectra inta wider band.
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The key parameters for having an efficient device are:
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Key Parameters: Wavelength range

The key parameters for having an efficient device are:
* Wavelengthsrange;

» Contrast value;
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The wavelength range and position where the change in
transparency occurs is important especially for the masks.

't means the possibility to collect spectra ina wider band.



Key Parameters: Wavelength range

We can play with the chemical structure of the diarylethene:
* Extension of © conjugation;

* Electroactive substituents (electron donor and acceptor)
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Key Parameters: Wavelength range

We can play with the chemical structure of the diarylethene:
* Extension of © conjugation;

* Electroactive substituents (electron donor and acceptor)




Key Parameters: Wavelength range

With the help of good ehemists, we can cover the.whole
visible spectrum combining different diarylethenes




Key Parameters: Contrast

The key parameters for having an efficient device are:
* Wavelength range;
* Contrast value;

The contrast CT is defined as the ratio of the transmittance in
the uncolored form and the colored one



Key Parameters: Contrast

The key parameters for having an efficient device are:

* Wavelength range; '
* Contrast value; : 1

In the case of focal plane masks, the
higher the CT, the lower the sky
contamination (S/N). The high contrast is
required over a wide wavelength range.




Key Parameters: Contrast

The key parameters for having an efficient device are:
* Wavelength range;
* Contrast value;

Ext. Coeff. J \

Concentration Thickness

1000
Alnm)

The contrast is driven by the transmittance of the colored T, form

through the Lambert-Beer law.



Moving from molecule to material...

The key parameters for having an efficient device are:
* Wavelength range;
* Contrast value;

Ext. Coeff. J \

Concentration Thickness

Make thick film with a large

. content of photochormic molecule!

Easy!




Moving from molecule to material...

The key parameters for having an efficient device are:
* Wavelength range; |
* Contrast value;

Te= I, 3

Ext. Coeff. J \

Concentration Thickness

Yes, but how? -
We have just the molecules

at the moment...
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Blend

Very simple film production

Limited dye concentration to prevent segregation

Strong property modulation is required in the diarylethene moiety
Check the solubility of the molecule'in the binder!

Polymer matrices (binders):
Polystyrene polymer
PMMA
/eonex
CAB (Cellulose Acetate Butyrate)

solvent

The molecule must be'carefully chosen!

d (um)

C (%wt.)

Abs@633nm

450

500

400

550

600
wavelength

650

700




Backbone photochromic polymers
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Photochromic polyurethane

DIALCOHOL DIISOCYANATE

Ho.g o~ v/\wj\o);ﬂ\(oj\/ﬂ NHOH r-MTKCHT,—KL

o=Cc=N" " T TN=C=0

polycaprolactone diol H;MDI
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-
u""!kl SCRATCH RESISTANCE
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photochromic molecule

ADDITIVES

Processing (in situ polymerization)
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ADDITIVES
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Polymerization starts Film formation Polymerization
(viscosity increases) (spin coating) post process @120°C




Photochromic polyurethane
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G. Pariani, R. Castagna, G. Dassa, S. Hermes, C. Vailati, A. Bianco and C. Bertarelli, J. Mater. Chem. 21, 2011




A designing tools for photochromic films

GP26_F110-120_hexane

[+] Open

Closed

carica molecole saha molecole

molecolad GF26_F110-120_hexane

seleziona comente

maolecola2 LC258_F23-25_hexane seleziona corente

UV-vis Spectra

304 400 500 800 700

Parametri simulazione maolecola 1

canca parametn salva parametri

Thickness =
000
{micron) 5 Step 1000

Time (s) Step 1000
Power UV Fi_OC 03
{mWW)

Lambda UV 36 Fi_CO
(nm)

Lambda
lettura (nm)
MM = 608

density
Concentrazione (gflem3)= | 1.17

{mali/m*3)

Molecule 1

W% = 18.188

Parametn simulazione molecola 2

canca paramatn saha paramatn

Thickness -
0
(micron) Step 1000

Time (s) Step 1000

Power UV
{mW)

Lambda UV

(nm)

Fi_OC 0.3

Fi.CO 0

Lambda
lettura (nm)
el = BEGT

density
(gfemt3)= 117

Concentrazione 9

(molvm*3)

Molecule 2

W% =

16.9526

Go simulation 1

Go simulation 2

Naviga plot

Lambda max colorato

500 600 700
lambda (nm)

800

500 600 700
lambda (nm)

Contrasto maggiore di 1000 tra

800

contrast

contrast

200

Contrast (CT)

150 |

100 |

50 |

[x%]
(=]

ontrast

o

500 600 700
lambda (nm)

500 600 700
lambda (nm)

500 600 700
lambda (nm)

4

619

We developed a tool for the design of films with a
target value of contrast as function of the ‘chemistry:.




What we did with photochromic materials

Spectra - ¥ Pinhole

Semitransparent
region

F I PI Mask Point Diffraction Interferometer
oca ane asks Quintavalla, M.; et al Optics and Lasers in Engﬁveering 2014, 56, 134.

Bianco A., Astron. Nachr., 326 (5) pp. 370-374, 2005
\

Luca Oggioni, et al., Proc. SPIE 10706, 1070636 (2018) % . ‘

Mask for optical lithography XN C?G"fof°';°'°"gﬂ3§?§ﬁ')“9
Pariani, G.; et al Opt. Lett. 38, 3024 (2013). ariani, G.; et al Opt. Express 19,
G. Pariani, et al. Adv. Mater. Tech. 3(3),1700325 (2018) Alata, R. et al, Proc. SPIE. 9912, 991234 (2016)

F. Zamkotsian, et al. Opt. Express 27(19), 26446 (2019).
1 Oaanioni at al Matariale 12(7\ 2210 (2010)



Simplify the process...

POST
PROCESS

\

Chem. Develop. N

Deposition/fixation N

N

DESIGN PRINTING DEVICE

Amplitude or phase Measurement
pattern




Simplify the process...

DESIGN PRINTING DEVICE

Amplitude or phase Measurement
pattern




Simplify the process...

DESIGN PRINTING DEVICE

Amplitude or phase Measurement
pattern

ERASING

Irradiation: UV light

We developed a simple and reconfigurable platform
for masks, waveguides, holograms,...




Dispersing elements

Speciral Resolution

. Spatial Resolution
Low Resolution (100 — 2000);

Single Object;

Medium Resolution (2000 — 5000); Multi Object Spectroscopy (M0S); |+
High Resolution (5000 — 50000);

Very High Resolution (50000 — 200000).

Spectral imaging.

Spectral range Dispersing element (grating)

UV-Vis (0.3 — 1.0 pum) is a key element
NIR (0.9 — 2.5 pum)
MIR (2.5 =25 pm)




Dispersing elements: VPHG
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Dispersing elements: VPHG

-

~ dand Ah ar the key parameters
~that drive the dlffractlon efficiency

@
!

L] ‘ 7 - !

Perlodic modulatloﬁ of the ref a

index An (usually smus‘owﬁl{ ‘

y ’ ‘Qt,

A 0 AN B

B
'I.
;

4... \
‘., %




Dispersing elements: VPHG

- The peak efficiency can be theoretically 100%. Easily, values of 90% are.cbtained;

- The devices are robust since the active material is usually embedded in between
two glass windows and multilayer coatings can be applied; *

- Large VPHGs can be produced it a big holographic setup is available; %

- Large dispersion gratings with line density up to 6000 |/mm can be ebtained;

- The device is easily customizable.

1000 I/mm VPHG

1 /A
N\ |
0.9 = \\ A n == Efficiency Corrected for Perfect A/R Coatings - Efficiency Averaged over
08 A Production Minimum +1 Order, DESIGN, Film Adjusted
o)
< 0.7
2
(5]
£ 06 "
2
()] 0.5 >
c U. 2
2 k5
o
€ 0.4 =
© w
o =
E 03 2
8
£
=}

0.4 0.5 0.6 0.7 0.8
Wavelength (um)

Wavelength (nm)




VPHG materials: DCG

R ==
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- Dichromated gelatin (C ograms for

more than 4(’)4ea It contains

- It is surely the.best mﬁﬂal } ‘
astronomy, ¢ .

'
.

- Modulation of the ref?a@twe mdexwery "* je
- Low sensitivity (h|gh laser power) 5

B~ ‘n

“w A

- Transparent up to.2.5 um; . -i
- Good homogeneity => very low scattering => hig
. -9
- t

I \ '
T.A. Shankoff, Applied Optics 7(10), 196& »



VPHG materials: DCG

- Dichromated gelatin (DCG) has been studied for making phasg_holograms for
more than 40wyears. It contains Cr (toxic);

- It is surely the best material for holography: reference material for VPHG in
astronomy; :

- Modulation of the refractive index very large => An up to 0.15! ) ’
- Low sensitivity (high laser power);

- Transparent up to 2.5 um;

- Good homogeneity => very low scattering => high S/N;
BUT...

A chemical development process is required (old camera films)

@6oml) | T

E

(240 ml)

0.Photografic film 1.Exposure
(plastic base + gelatin emulsion) (the right amount of light)

2.Developer bath 3.Stop bath
(mixture of compounds) (acetic acid)
\a}elwt image: metallic silver

Exposure process Chemical process Refinement process
inside the camera lightproof tank light on

00000001

Complete darkness

Microvoids are formed in the material



VPHG materials: DCG

- Dichromated gelatin (DCG) has been studied for making phase holograms for
more than 40wyears. It contains Cr (toxic); .

- It is surely the best material for holography: reference material for VPHG in
astronomy,

- Modulation of the re
- Low sensitivity (high
- Transparent up to 2.
- Good homogeneity
BUT...

A chemical developme




VPHG materials: Photopolymers

- High sensitivi

(Io ser inte
- Easy control.of the | "‘ kness; -
- Limited madul%on (@r — ‘\ !.
- Flexible, self—siandmg ﬂlms

ii'



VPHG materials: Photopolymers

- High sensitivity (lowslaser intensity required);

- Easy control.of the film thickness; ' : :
- Limited modulation (An < 0.05);

- Flexible, self-standing films; ‘

- Self-developing (no chemical post exposure process)!

Interference fringes
-

We start from a mixture of
monomer, photoinitiator, dispersed
in a binder (a polymer)

S ence e Migration of monomers from the

—?,"";éﬁ;f”’ ;[?’“— ' dark to the bright areas; "

& Change in density =
— Direction of monomer migration Chaﬂge in refractive index!




VPHG materials: Bayfol HX by Covestro

Bayfol® HX photopolymers by Covestro shovv a very simple and
“easy to use” structure: ’ - .

Film’s Compositional Layers Samples Scheme covestro :

CLIVE COV &y o o '
Protective cove / o Polymeric Substrate _
= Sl e

——— Active : Active

i ~_\| Photopolymer film Glass Substrate Photopolymer film "y
Protective cover ¥

- The structure is like a protective layer of
smartphone and tablet;

- Bayfol®HX photopolymers are available in
different thicknesses and size (up to meter!).



VPHG materials: Bayfol HX by Covestro

The process is highly flexible, allowing for a better optimizatioaof the device.
Once the element is written can be removed, coupled with prism, substrates, ..

“»

/!?‘5‘
Holo film : ~ \ %;Q

2 2 2 @2 emEs=

4

<

Glass -substrate

'
———— 2 2 B B EEE
T om oy E N N N E NN =

Flexible process!




VPHG materials: Bayfol HX by Covestro

The process is highly flexible, allowing for a better Optiﬂﬂzatl%)f the device.
Once the element is written can be removed, coupled with prism, substrates,..

-

. o h
Many copies of the same VPHG can be easily made!

HOlO_.film ll-;;:,ﬁ \{?...l-.x(']/ /)1
p

¥
— 5 B B B R E E =
S E N E BN N N =

Flexible process!




VPHG: what we can do...

- - L
Holographie set-up with RGB |asers; =

VPHGs up to 190 mm in di_ameterkwoflzing_ n |
the VIS and NIR also at high dispersion; .

Non conventional VPHGs (multiplexed,

multiorders) to increase spectral range and B\ Y W AR

resolution; A TR T Vi

...........

o e R () O LRI SRS S §

More than 10 VPHG made in OABr available
on observing facilities.

Bayfol® HX holographic films star in INAF telescope
application

The Italian National Institute for Astrophysics (INAF) needed a highly efficient,
diffractive light-guiding material to improve the performance of its specialized

escopes. 0l® HX holographic films won the starring role. These films are
versatile, easily processed and offer great optical quality.




Example: Multiplexed VPHGs

ISSUE: increasing theresolution, the spectral range decréasesidue, to the limited

size of the detector. Multi exposures are necessary to cover a wide spectral range
with the desired R.

IDEA: Combine morethan one VPHGs with suitable clock angleiinithelsame device
to fill the detector in a similar fashion of an echelle. Target R = 3000 — 5000.
Provide "high” res spectra only of some target features.

This is possible only with photopolymers!

VPHG #1

VPHG #2




Example: Multiplexed VPHGs

ISSUE: increasing the resolution, the spectral range decreasesidue.to the limited
size of the detector. Multi exposures are necessary to cover a wide spectralmange
with the desired R.

IDEA: Combine morethan one VPHGs with suitable clock angleiinithelsame device
to fill the detector in a similar fashion of an echelle. Target R = 3000 — 5000.
Provide "high” res spectra only of some target features.

— Diff. efficiency
- Throughput

Throughput (%)

1.3 1.
Wavelength (z#m)

J. Astron. Telesc. Instrum. Syst., 6(4), 045007, 2020



Example: Multiplexed VPHGs

ISSUE: increasing the resolution, the spectral range decreasesiaue to the limited

size of the detector. Multi exposures are necessary to cover a.vvﬂ'spectr‘al pange
with the desired R. h

a
L™

.

IDEA: Combine more‘than one VPHGs with suitable clock angle:in tnersar d@ce .
to fill the detector in a similar fashion of an echelle. Target R = 3000 — SOOO
Provid

A 1000 nm




Conclusions

We will exgeﬁqme “‘1‘ €

telescopes and their | ot

New materials ano processes
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