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I. INTRODUCTION

The increase of performance of new optical instmisidor science and Earth observation always l¢ads
higher requirements in terms of contamination dugdrticle sedimentation in cleanrooms and depmositif
chemical species in vacuum environment. Speciaminess control procedures are implemented ieraa
mitigate the risks of contamination on optical seasand sensitive diopters, especially when usedJié
applications. Such procedures are commonly cawigdin cleanrooms and are described in both Europea
ECSS-Q-ST-70-50C and NASA SN-C-0005D standards.light at 365 nm is often used for the inspection of
optical sensitive surfaces to localize and to eat@lthe amount of fluorescent particles, essentialining from
textile fibers. But other groups of compounds can dbserved with a different spectral response and
distribution, like adhesives and resins or everapig residues. Therefore, we could take advantdgéi®
spectral information closely linked to specific molles for partial identification of these mateyidlefore
further investigation involving wipe on flight modend measurement in a laboratory.

Il. FLUORESCENCE OF SOLID STATE MATERIALS
A. Definitions and background

According to the IUPAC (International Union of Pued Applied Chemistry) definition, the luminescens a
“spontaneous emission of radiation from an eledtadly or vibrationally excited species not in thed
equilibrium with its environment”. Fluorescenceaituminescence generated by photons.

“...not in thermal equilibrium with its environment..rheans that we have to provide the energy to thmplea
with an excitation source in the absorption spestnf the sample. After interaction with the studredterial,
the energy is going to be released in differentsv#ymong several conversions in the material, sphwons
can be generated by the atom de-excitation. Wecglexct them and characterize their energy whiadftirisctly
linked to the energy levels in the material (vilmas, rotations...). This is the fluorescence emissijoectrum.
Part of the energy of the exciting photon is losfobe the emission and there is an energy shiflectcahe
Stokes shift, from short to higher wavelengths leefmvabsorption and emission. The Jablonsky diagnaan
Morse curves [1] [2] [3] both describe the possigleantified energy levels that can be reached deroto
excite each species in the material spectrum. thitiad, it describes the energy of the photons tteat be
emitted and therefore the shape of the emissiortgpe. For molecules (organic contaminants in our
application), there are not only electronic bubaltrational and rotational levels which strongi§luence the
shape of the spectral bands. The X-ray fluorescg@niceiple means high excitation energy of the et
(50KeV) localized in the highest energetic leveldte atoms close to the nucleus (K, L, M level$jeveas
only the valence electrons are excited in the W/fldorescence of molecules (1 to 5eV). Only covaknd
coordinate bond can fluoresce in the UV/vis ranfi¢he electromagnetic spectrum. On the contranyizied
molecules do not fluoresce. There is also a fluzese behavior in crystals including impuritieslituby and
its specific red color, and in some nanoparticlese emission spectrum of these two examples shaite q
narrow bands compared to huge molecules which hawgerous complex vibrational and rotational levéis.
the UV/vis range (1 to 5eV), luminescence is relatethe band gap of the semi-conductors and t¢1tbBO-
LUMO [1] transition in molecules as described ig Ei
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Fig. 1. The luminescence is associated to the transiti@nadlectron from the Conduction to the Valencedban
in semiconductors[3], from the LUMO to the HOMO & in small emitters [2] and between magnetic sub-
levels of the LUMO for Lanthanides[4]

A good example in space applications is the alumaired CCD detectors package used for Earth obsgervat
that fluoresces in a quite narrow red line wheadiated with 450 nm excitation wavelength and tifeesive of
the protection window which shows a wide and smapictrum at around 550 nm.

The absorption of diluted emitters follows the Beambert law. In case of fluorescent moleculesdlution,
the fluorescent flux increases with the densitpiight molecules but at high absorbance most oedtwitation
is absorbed in the first layer (see Fig 2). On ¢batrary, if fluorescent particles are isolatecgyttcan be
discriminated and even counted as it can be seEiyi8.

Fig. 2. Transmission of fluorescein in aqueous solutiarhigh concentration (right) and low concentration
(left). On the right cell, the absorption due te fluorescein is strong and there is a saturaticgheo
fluorescence. On the left cell, the concentrat®agtimized to balance absorption through the diveell. The
yield is better for this lower concentration.

excitation sources. On the left, nanoparticles ey emission due to their weak absorbance and®50n
the right the excitation is optimum. We can alse e emission of textile particles due to the litéger
included in washing powders.
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Organic contaminants and particles involve a sigaift decrease on detectors sensitivity and optcaiters
transmission. These contaminants can be due toutgassing of polymers in vacuum conditions. Ifsthe
materials have a specific fluorescent behavias, @bvious that it can be useful for inspectionttkermore, the
fluorescence of the alumina used for CCD packaglesame doped glasses in dioptric systems can gerema
unexpected background in the detection as show#igid. This phenomenon should be considered in vy
flux instruments design.

Fig. 4a. Picture of the rear side of a mirror taken with assiic reflex camera in visible light (excitatiorb36
nm). The red fluorescence corresponds to the pramérthe blue color to the adhesive.
Fig. 4b. fluorescence of patrticles in the bulk of a gldsg. 4c. SPOT3 detector (glass fiber preform
highlighted)

A first research activity on the fluorescence oftenials was carried out in 2010 and the resultsgmted at the
ISMSE symposium in 2012 [6]. The goal of this stugds to synthetize the theory on fluorescence lid state
materials in particular and also to measure thparse under irradiation of several common polymatemials
found on payloads, generally close to sensitivécept adhesives: Scotchweld EC2216, Scotchweld9DP4
Dynaloy 325; rosin flux; white paints: MAP SG120FBAP SG121FD; and varnishes: Solithane 113,
MAPSIL213B.

The absorption and the emission spectrum measutefimerach excitation wavelength from 200 to 800 nm
showed a specific spectral signature for each efntlindicating that it is possible to identify ab$t these 8
materials only with their fluorescence behavioerv¥hough a full identification with conventionakchniques
such as EDS, X-ray fluorescence or FTIR spectimsée necessary to go deeper. But standard lalygrato
techniques cannot really be carried out on saslhtithout any contact. That is why we are develga new
device to acquire the fluorescence signal, inaitd contactless.

B. The fluorescence yield

The quantum fluorescence yield is defined as thie between the number of emitted photons and thebrer
of absorbed ones (1). It can be related to somedaimental properties of the material, k; and ks are
respectively the fluorescence rate, the internal’ecsion and intersystem conversion rate constants.
K
o, =—"T
kf + kci + kics
Fluorescence yield goes from 1E-4 (considered asflnorescent species) to 5E-1 (which is considasd
good fluorescence yield). To measure the fluoresediux, it is important that the molecule haveewlow
interaction with the others in the bulk . In mediiand forensic science, the fluorescence moleeuteshosen
for their very good vyield and in solution in a pewtar solvent. For our materials (resins, paintgl a
adhesives...), the yield is strongly affected and lwannhibited by the link between the different pmlles in
the formulation of the polymers. So, it is realipdossible to quantify the fluorescence yield inicdsaitate
materials containing a great amount of chemicatiggewhich all interact with each other. Moreowieris
difficult to know exactly the nature of the addéiproducts the manufacturers use. Previously acording to
the literature [2] we thought that the fluorescen€¢he materials we use for space applications duasto the
conjugated bonds in the polymer itself but the wti] showed that it is probably the additive malkss that
are mainly responsible for the fluorescence of8hested materials. In addition, the non-fluoreseeolecules
in the bulk can also absorb.
Thanks to our first study [6], we know, that 257 menthe common excitation wavelength. But the bette
compromise to cover all the needs with a good yielth use at least 3 exciting wavelengths from 860to
450 nm. We also have defined the interesting resamisspectrum limits from 300 nm up to 700 nm foe t
Proc. of SPIE Vol. 10563 1056348-4
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materials we use for space applications. The U\geda the most interesting one and needs a higisefution
that the visible range.

C. Examples of fluorescent materials used for spgggications

The following Fig 5 show the excitation and emigsgpectra of eight samples measured during thdquev
study [6]. The UV emission from 300 to 450 nm ignéficant. Different fluorescent molecules can 8eritified

in EC2216 and Solithane 113. We can notice a sgeetdth of the two fluorescent molecules in MAP B3

at 390 nm and 510 nm and the inhibition of the @wygacancy in MAP SG120 compared to the next
generation MAP SG121. We do not notice modulatidne to aromatic bonds in relation to bibliograpBy [
(these modulations can be inhibited or blurredrdgraction between molecules).

Scotchweld EC2216 Scotchweld DP 490 dynaloy 325

500
Emission innm Emission in nm

Fig. 5. Absorption and emission spectra of common orgaritenals for space applications

D. Needs for contamination inspection in cleanrooms

When an organic deposit is suspected on a sensitiface of a flight model, any contact is forbiddand no
representative samples are available for charaetérn in a laboratory. A very convenient solutisould be to
irradiate the area of interest with excitation waungths and then to acquire the spectrum from UVisible
wavelengths. It is also important to get informatiabout the location of the organic residues. Tiesea
hyperspectral instrument is the solution.

Our ambition was first to build a UV/vis sensitigamera with a catoptric objective, a filter wheet ahree
excitation sources. This is a quite easy set upifgin resolution imaging and location in a reasdéealeriod of
time for a preliminary investigation. Then, a logxposure measurement could be carried out to acquower
imaging resolution but a continuous spectrum siamgbusly. The two following chapters will descrithe
development on progress for this purpose.

lll. FLUORESCENT IMAGING TELESCOPE

In our laboratory, we designed a small Casseggtierical telescope with the following specificason

- 50 cm to infinite working distance

- Standard high resolution CCD for astronomical amgtions (no IR filters, cooling system, long
exposure etc...)

- 8filters: 340, 360, 400, 450, 500, 550, 600, 660 n

- A motorization to focus and to correct the variatmf optical path through the filters, especialty f
short wavelengths

- 3 coaxial excitation sources at 257, 370 and 450 nm

The following pictures, Fig 6, show an example dPL&EIADES detector. We can notice the fluorescesfabe
window adhesive at 550 nm and the aluminum nitoffhe substrate at 650 nm. Some few fibers camlads
seen. But the spectral information in too limiteikw8 filters to go further in the interpretatioro increase the
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spectral resolution, we need to see the shape of the fluorescence spectrum to isolate the narrow line of
alumina from the adhesive on the third picture.

BN TR T T

S s

Fig. 6. PLEIADES detector from left to right: 450 nm excitation wavelength filter (1s), 550 nm filter (20s
650 nm filter (45s). Dark subtracted but no Flat correction.

IV. DEFINITION OF A HYPERSPECTRAL INSTRUMENT

According to the characterization of some materials (Fig5) and first images with the telescope, we de
following performances for a hyperspectral instrument:

- 50 cm to infinite working distance

- 200 x 200 pixels spatial resolution in a 20 x 20 mm field

- At least 80 wavelengths from 300 to 700 nm. 5 nm resolution from 300 to 450 nm, 10 to 20 nr

visible part of the spectrum to fit with Fig 4 measurements

Fourier transform spectrometers are very high resolution and bright instruments but very difficult to b
UV and very sensitive to vibration. It would be a complex solution. Gratings spectrometers are not 0|
for wide spectral bandwidth. Finally the dispersion of a prism seems to be very adapted to our needs w
dispersion under 400 nm than in the visible part of the spectrum.
The needs in terms of image quality and spectral requirements lead us to the configuration, as showr
To avoid problem of chromatism and transmission in a wide spectral band (300-700 nm), the best solt
design a full catoptric instrument. Obviously, the dispersion of the prism involves the use of a slit whic
the field in one dimension. Then a scan is necessary to rebuild the two dimensions for each waveler
axis solutions are good for one dimension detectors but not so much for imaging (except with at least 3
So, only the mirror M6 is off-axis parabola shaped.

[ Sample

365nm

450nm

The limitation of this design is the crossing of the glass through M1 slit mirror. The axial chroma
insignificant but this element introduces also astigmatism. The depth of glass crossed by marginal ray
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M1 is not the same for both directions. This istb@son why M1 tilt is reduced to a minimum of {Bfy 7 and
Fig8). The reduction of this angle is also an opgpaty to introduce the scanning mirror MO and fimize the
working distance.

Fig. 8a. Image reconstructioriig. 8b. 3D view of the beams for 5 points in the vertitald of view and their
corresponding projections for 5 different waveldrsgt

An example of a single raw image acquisition oefarence low pressure calibration lamp (Hg and ¢ém) be
seen in Fig 9.
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The smile is more important for a higher aperture has to be corrected in order to reconstructtie image.
The slit is narrow and constant along the vertfetd of view. The image quality is preserved ire tfield.

Residual optical aberrations can be seen in thelation (Fig 9) with parabolas version and off-aixigging

(M3 and M6 in Fig 7).

The first raw hyperspectral image at 550 nm, ex¢ddrom the cube data composed of 70 picturedeaseen

on Fig 10. In the field (20 x 20 mm => 211 x 2118}, the two white paints MAP SG120 and SG 121v(ne
generation) can be seen and their spectrum cartizxid. Darks have been subtracted. The unifgrduie to
the optical system and illumination source hasbeetn corrected yet.

The camera is a front side illuminated CCD at thme : that explains the limitation at 340 nm. The spectra
are raw spectra, not corrected regarding the sgesansitivity of the detector. Therefore, the &at@n
wavelength is very low on the graph. We can seettyee emission wavelengths in accordance to Fig 4
characterization: a narrow fluorescent emissionelength at 390 nm and a smooth large band arouddBb
with different Stokes shift and yield between thwe generations of white paints.
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|  Fig. 10 a. Picture at 55@im extracted from the hyperspectral cubig. 10 b. Spectrum extracted in the other
direction from the two yellow rectangles

V CONCLUSION

The raw acquisition with the first bench of a hygctral instrument presented in this paper shbasit is

possible and interesting to acquire, in a wide eaggectrum (from 300 nm to 700 nm) a rather gooalgen
resolution in the direction of the slit, to builgh @ cube image composed of 80 wavelengths and 28@0x
pixels at least. Calibrations, corrections and oaditry measurements have to be carried out, bstfifsit

hyperspectral image acquired with spherical optios the shelf’ validate the optimum design composéd
aspheric and lower radius of curvature mirrors dor application compliant to the characterizationtlod

fluorescence of organic materials, on flight models

The main limitation in terms of image quality isedto the astigmatism induced by crossing the giasise slit

mirror. However, this design is a good balance betwa medium resolution imaging and an instrumaghb
enough (no central obscuration) to identify ancitecsome organic in flight model. A version withae in the
slit mirror can be used if the central obscuration the working distance are compliant with thegnation

time. The solution with the hole in the slit mirisrbest for long working distances.
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