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ABSTRACT

A new imaging detector for EUV or soft-X-ray radiation based on optically stimulated luminescence (OSL) of lithium
fluoride (LiF) films or crystals is presented.

The first micro-radiography images of biological samples and of meshes obtained on LiF using a laser-plasma source or
an X-ray laser are shown, and (up to now) a resolution better than one micron is demonstrated. The dependence of the
coloration density vs the deposited X-ray dose is considered and the advantages of this new diagnostic technique for both
coherent and non-coherent EUV sources, compared with CCDs detectors, photographic films and photoresists are
discussed. This new detector is extremely suitable for laser plasmas and for X-ray lasers sources.

Keywords: EUV radiation, X-ray detectors, lithium fluoride, X-ray microscopy, imaging.
1. INTRODUCTION

Since many decades physicists discovered that ionizing radiation like UV, EUV (Extreme Ultra-Violet), X-rays, y-rays,
electron beams, etc., can generate color centers (CCs) in alkali halide crystalsl. The physics of CCs formation is still
under investigation but it is already well known that they are formed from anion vacancies occupied by electrons. CCs
can absorb light in specific spectral ranges so that the crystals appear to be colored (for this reason they are called color
centers). In particular, in lithium-fluoride salt (LiF) several types of CCs (like the F, and F;' type) can re-emit visible
light when excited by blue light and, after being generated, they remain stable for a very long time (centuries) even at
room temperaturez. Furthermore the excited CCs can reach the population inversion, so that the crystal can become a
high gain active medium for solid state lasers.

Among the alkali halide crystals, LiF plays a unique role for different reasons: it is almost insoluble in water (just 0.13
g/ 100g H>O solubility, more than 300 times less than for NaCl), the cation-anion distance is the shortest, the Li"and F
ions possess the smallest radius among the alkali and halide ions, respectively; the Knupp hardness is relatively high (99
Kg/mmz, just two orders of magnitude less than for diamond), it can be deposited as a film by evaporation, the refraction
index (n=1.3912) is one of the lowest and the band-gap (~ 14 eV) is the largest among all other alkali halides or
dielectric materials in general. Furthermore, as previously mentioned, only in LiF the CCs are very stable at room
temperature after being generated by any kind of ionizing radiation and several of them are luminescent in the visible
spectrum.
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For these reasons LiF, in the form of bulk or film, is interesting for many applications like optical memoriesz,

miniaturized optical devices as broad-band optical emitters” and active waveguides , microcavities™ and point light
6,7
sources

The increasing demand for low-dimensionality photonic devices imposes the utilization of low penetrating radiation like
low energy electron beams”. Recently also the use of EUV or soft X-rays has been proposed . This radiation, when
produced by high peak power sources like laser plasmas or discharge plasmas or X-ray lasers, can very efficiently
produce the CCs as shown in the following; furthermore, being the penetration depth in the matter (in LiF for example)
very short, a high spatial resolution can be achieved. On this regard, the emerging technologies presently investigated in
the field of EUV lithography well combine with the research on LiF coloration by EUV irradiation with bright sources,
and they potentially allow to push the spatial resolution to values below 100 nm>*1°. So the old research on LiF crystals
coloration by ionizing radiation is gaining more and more interest in the scientific and industrial fields'".

In the following we show how the EUV radiation produced by a laser plasma source or by an X-ray laser can efficiently
create high resolution luminescent patterns on large areas and how this combined use of laser plasma sources and LiF
films as sensitive radiation detectors can improve the performances of soft X-ray microscopy and micro-radiography.

2. COLORATION OF LiF BY EUV

The photon energy of EUV radiation (20<hv<200 eV) and soft X-rays (0.2<hv<8 keV) is larger than the
above mentioned LiF band-gap energy (and of any other alkali halide) and hence it is sufficient to generate CCs in LiF.

Figure 1 shows how the primary CCs (i.e. the F-type or, in other words, anion vacancies filled by one
electron) can be generated by ionizing radiation; the F-centers formation process includes non-linear effects so that the
centers formation efficiency is enhanced for high flux values of the ionizing radiation. This is one of the crucial points
which give to bright sources (like laser plasmas) a big advantage for colorizing compared with X-ray tubes or other
sources. Figure 2 shows the structure of the F-defect and of the F, and the F; ones, consisting of two and three
neighboring F-centers , respectively. There exist many kinds of electronic defects, and several of them, the F, and F5"
centers, can emit in the visible range when excited in the blue region, as shown in Fig. 3, and have a quantum efficiency
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Figure 1: Formation of a Frenkel couple (centers F and H) in LiF. One or more photons ionize one fluorine atom making it neutral or
positively charged (a). Then the F (or F") atom is rejected by the neighboring Li" and attracted by a neighboring F~ (b). So
the F (or F) atom moves creating an "H-center" plus a vacancy; this vacancy immediately hosts an electron, becoming an
"F-center" (c). Thermal shaking increases the gap between F and H centers (d). Neighboring F-centers can aggregate each
other to form F, or F; or F;" centers .

In the colored volumes of a LiF crystal even the refractive index is significantly changed M 1 principle the color

. . . o 1
center density could reach values close to the atoms one in the solid, but for densities higher than 10 7 CCslem’ the

11,12,13

quantum efficiency of F, and F3+ CCs begins to decrease , going down by more than one order of magnitude at
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10% CCs/em’ as shown in Fig. 4, so that the luminescence displays a concentration quenching effect. Any ionizing
radiation can generate CCs when the photon energy exceeds the band gap (14 eV for LiF) of the crystal, although for
very high radiation intensities (like for pulsed lasers case) multiple photon absorption processes can lead to CCs
formation even in the near UV region (that is at a photon energy of few eV). But the photon energy can also influence
the population ratio among the different type of CCs. In particular EUV and soft X-rays seems to generate very
efficiently F, and F3+ CCs, so that by irradiating a LiF crystal or film by such radiation it becomes strongly luminescent
in the green-red region when optically excited by blue light. Furthermore, as mentioned, the CCs density increases when
the EUV or soft X-rays energy deposition rate is larger. For this reason laser plasma sources or discharge sources,
characterized by a high peak brightness, are extremely suitable to be used for LiF coloration. Due to their high peak
power and to the short penetration depth of EUV in the material, the dose deposition rate, P, can be as high as some
gigawatts per cubic centimeter.

b)

Figure 2: F-type and F-type color centers (a), and F3 color centers (b) ) in a alkali halide crystal. When one of the three electrons

captured in the three neighboring anion vacancies (which form the F3 center) is missing, the center is called F3 .
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Figure 3: Absorption and emission bands of laser active aggregated color centers in LiF crystals. Fp / F3 centers and Fp / F3

centers are Fp / F3 centers having one electron missing or in excess, respectively.
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The penetration depth of EUV radiation in LiF is so short that the colored layer of the material can be as thin as 20-100
o ) . 14,15

nm, as shown in Fig. 5 according with Henke data” ~ ™.

In the present case a laser plasma source pumped by a large volume excimer laser has been used. The laser has a pulse

energy ranging between 1 and 7 J and a pulse duration ranging between 10 and 120 ns'®. The efficiency of the laser

plasma is as high as 20% in the EUV, so that at 10 cm from the source the dose rate in LiF is as high as 3 GW/cm® and

with just 1000 shots we could reach in the LiF samples a dose of some tens kJ/cm®. After the irradiation, a CCs density

in the order of 10" cm™ is reached in a layer of about 50 nm of the irradiated LiF samples and a strong visible

photoluminescence is observed under blue light excitation.
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Figure 4: Quantum efficiency of F7 centers vs their density in a LiF crystal irradiated by 3 MeV electrons. The data are from 11,12,13

and the vertical scale is normalized to the maximum value.
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Figure 5: Penetration length of EUV and soft X-rays in LiF.

Figure 6 shows the photoluminescence image of a LiF film irradiated at different fluence values (obtained by masking
the LiF surface with different polypropylene filters). Figure 7 shows the photoluminescence spectrum of the non-filtered

areas of Fig.6 together with the one of a crystal exposed in the same run: the broad F, and F3+ bands can be easily
recognized.
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As it can be seen from Fig. 7, the formation efficiency of F» and F3+ CCs in a LiF film is one order of magnitude larger
than for a LiF crystal. This effect seems to be due to the polycrystalline structure of the LiF film'”.

Fluence= 600 mJ/u:m2

Fluence= 100 mJ/cm2

Fluence=18 mJ/'o::m2

Fluence=0

Figure 6: LiF film sample exposed to 1000 shots at 10 cm from the laser-plasma source and through a polypropylene filter step-
shaped. The LiF sample is here observed in fluorescence mode, that is by exciting the sample in the blue range (at 458 nm
with an Ar laser) and observing it through a yellow filter.

In LiF crystals colored by EUV the amount of F» and F3+ CCs is roughly one order of magnitude lower than that of the
primary F-type centers. The dependence of the F-type CCs density in LiF from the EUV (or soft X-rays) dose and dose-
rate is quadratic and logarithmic, respectively, and it is incredibly similar to that measured in other salt crystals irradiated
with hard X-rays, even when the conditions change by orders of magnitude, as demonstrated in Fig. 8. In this figure the

experimental values (dots) are fitted by the empirical function F=F,-A(P)- /R , where D and P are the radiation
DO

deposited dose and dose-rate, respectively, Dg= 1 J/cm® is assumed as the unity dose, F=810"° centers/cm® (7.7:10" for

NaCl ) is the F-type CCs density given by a unity dose at low deposition rates (P< Pg), P= 10 mW/cm® is the threshold

value of the dose rate for non-linear effects to the coloration efficiency and A(P)=1+21og(1+P/Py) is the efficiency

enhancement function due to the non-linear effects. The experimental data for NaCl are extracted from page 221 of ref.
1.
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Figure 7: Photoemission spectrum of the LiF film of figure 6 (area exposed to 600 mJ/cmz) and of a LiF crystal exposed in the same
conditions, under optical pumping with the 458 nm line of an Argon laser.
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As we can see, both for NaCl and for LiF the experimental values of the F-type CCs density are well fitted by the
empirical parabolic function above described. This parabolic dependence of the coloration density from the X-ray dose
means that the coloration efficiency (that is the CCs generated per unit dose) decreases while increasing the CCs density,
as shown by the dashed line of Fig. 8b. Still our job is in progress to verify the goodness of the this empirical function for
other values of dose and dose-rate. As above mentioned, it is now worthwhile to consider the big advantage of
generating color centers by using laser plasmas or other bright sources: according with the first derivative of the

2 2

empirical best-fit function, the coloration efficiency 7= di = £ . M is enhanced by more than two orders of
dD D, 2-F

magnitude when the dose rate reaches the typical values given by laser plasmas at few centimeters from the source

(roughly 10%-10° W/em?), as illustrated in Fig. 9.
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Figure 8: Experimental values (circles) and empirical best-fit function (solid lines) of the F-type CCs density vs the radiation dose
deposited in a NaCl crystal with hard X-rays at different deposition rates (a) and in a LiF crystal exposed to EUV + soft-X-

rays radiation at a total power deposition rate of 3 GW/cm’™ (b).
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Figure 9: Coloration efficiency of soft X-rays vs deposition dose rate in LiF @ an F-type CCs density of 1018 CCs/cm3. At the dose

rate of laser-plasma sources (that is typically 0.1 - 1 GW/cm3 ) the efficiency is more than two F-type centers per deposited
keV.
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3. APPLICATIONS
3.1 Application to X-ray radiography and microscopy.

It is now clear that LiF can be used as a high resolution EUV (and soft X-rays in general) detector and that its
performances are unique compared with other detectors like photographic films or CCD or photoresists: the pixel size of
a LiF film (that is the CCs dimension) is at atomic scale (let’s say < Inm), comparable with that of typical photoresists
(i.e. < 10 nm), but at the same time the dynamic range of LiF, as deducible from Fig. 8, is orders of magnitude wider
than that of photoresists. This is demonstrated in Fig. 10, where the soft X-ray radiography of a polypropylene phantom
obtained on a LiF film is compared with that obtained on a Poly-Methyl-MetAchrilate (PMMA), the photoresist typically
used for soft X-ray contact microscopy: on LiF the phantom fluorescence image is sharp even in zones with reduced X-
ray fluence (by almost 3 orders of magnitude) while on the PMMA such zones (c and d) cannot be distinguished, nor
when analyzed at visible light, neither when analyzed with an Atomic Force Microscope (AFM), which is the typical
analysis for soft X-ray contact microscopy16’18’l9’2o. From this comparison it is possible also to recognize that LiF is less
sensitive to dust or to the debris emitted by laser-plasmas. The PMMA has been developed for 0.5 minutes in Methyl
Iso-Butyl Ketone (MIBK) developer, as usually done for X-ray microscopy16 819

510,

LiF detector

PNMA detector analyzed at visible light

C

1200 nn # _ - 400 nm

600 nr ” v 200 nm

“0 nm

detail of PMDMA observed at AFM detail of PMIMA observed at AFM

Figure 10: Radiography of a step-shaped polypropylene phantom on PMMA photoresist and on a LiF film exposed in the same
conditions (600 mJ/cm?). The phantom step-structure reduced the soft X-ray fluence by a factor 0, 150, 300 and 600 for
areas a,b,c and d, respectively. The LiF sample is here analyzed in fluorescence mode (by exciting it with the 458 nm line
of an Ar laser). The PMMA, after the exposure, has been developed by in MIBK. It’s original thickness was 600 nm,
while after development resulted (from AFM analysis as shown in the details) 200 nm for zone “a”, 588 nm for zone “b”
and ~600 nm for both zones “c” and “d”.

The high dynamic of LiF, comparable with the photographic films one, is not the only important performance of this new
detector: as for a films emulsion, even a LiF film can be deposited (by evaporation) over plastic and flexible substrates, it
has no size limits, the film thickness can be varied (for example from 0.1 to few microns) to fit the penetration depth of
the used radiation (see Fig. 5), it is absolutely not sensitive to visible light so that no filtering is required for radiography,
and it does not need any development after the exposure; hence it can be protected (when needed) by any transparent
permanent coating.

The micro-radiography on LiF of a dragonfly (Pyrrhesoma nymphula) wing, obtained by Optically Stimulated

Luminescence (OSL) in a conventional optical microscope, is shown in Figs. 11A,B at two different magnifications. The
exposure has been obtained with 1100 shots and placing the sample at 10 cm from the source. The high-contrast of the

. N . . . . . . 21 .
image is similar to that obtained in conventional radiographic films using the same plasma source™ , but the spatial
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resolution is significantly better. For the purpose of comparison, the other wing of the same dragonfly has been exposed
exactly at the same conditions onto a conventional PMMA photoresist developed, after the exposure to soft X-rays, for

30 seconds in MIBK, as usually done in X-ray microscopylé’lg’lg. After the development (i.e. after the corrosion in

MIBK) a relief map of the sample is obtained on the PMMA as shown in Figs. 11c and 11d, where the PMMA is imaged
with an optical microscope and an AFM, respectively. The optical image of Fig. 11C, obtained in reflection mode, is due
to interference effects in the structured PMMA layer on a silicon substrate. The wing ribs (which have a diameter ®~20
pum) are well visible on LiF (Fig. 11B); on the contrary, on the PMMA (Fig. 11C) the dynamic range is so poor, that it is
difficult to distinguish them (the ribs are a bit whiter than the wing tissue, while the dark line at the wing border is just a
diffraction effect on the highest PMMA relief step).

Figure 11: Micro-radiographs of a dragonfly (Pyrrhesoma nymphula) wing. (A) Fluorescence image of the wing obtained by exposing
the sample to soft X-rays and using a LiF film as a detector. The photograph has been obtained with an optical microscope
by observing the optically stimulated luminescence of the colored film. (B) An enlarged area of the same image. (C) An
optical microscope photograph of the other wing, of the same dragonfly, obtained in the same experimental conditions as in
Fig. 11A by using a polymeric (PMMA) photoresist film as a detector. (D) An enlarged area of the photoresist film analyzed
with an atomic force microscope (a collage of four images of 40X40 pum).

Typically, the PMMA relief maps are analyzed by AFM, but in our case the spatial modulation of the PMMA surface
corresponding to the ribs was so poor to be confused with the AFM noise (Fig. 11D), which is further increased by the
debris (the black dots) emitted by the laser-plasma source.

These fluorescence images (as well as the following ones) are obtained by exciting the LiF sample with bue light
between 400 and 490 nm and by observing it through a yellow filter transmitting between 520 and 700 nm. In this way

the absorption and re-emission spectra of F» and F3+ CCs are fully matched (see Fig. 3).

In this example of X-ray micro-radiography, the sample was dry and the LiF film was uncoated. In the case of X-ray
microscopy the samples are wet and alive, so they could attach rather strongly to the LiF film. In such case it might be
convenient to coat the LiF with a protection layer. Figure 12 shows the first (at our knowledge) image of X-ray
microscopy obtained on LiF. The biological sample is a Ciano bacteria called leptolyngbya, a green alga composed by a
chain of cell having a diameter in the order of one micron. The cells are alive, in solution, and the LiF has been coated

with a 50 nm layer of glass (SiO7) which is enough transparent (T>80%) in the water-window spectral region'*"” used

for X-ray microscopy16’18’19’20. The resolution is significantly smaller than 1 pm but for the best performances the LiF

should be analyzed by a Scanning Near-field Optical Microscope (SNOM) which was not available at the moment.
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Figure 12: X-ray contact microscopy image of “leptolyngbya” cells, imaged on a 1 um LiF film deposited (by thermal evaporation) an
a Si substrate and coated (by magnetron sputtering) with a 50 nm glass layer. The image is obtained by analyzing the LiF
film (after the exposure) with a fluorescence microscope having a 100X objective used in immersion (in oil) mode.

3.2 Application to X-ray laser beam detection.

The high resolution, low penetration length in the EUV and high power selectivity (see Fig. 9) makes LiF a unique and
perfect detector for X-ray laser beam diagnostics. This detector can bear doses orders of magnitude larger than
photographic films or CCDs, so that in some cases the laser spot can be imaged without any filtering and hence without
any distortion of the intensity profile and of the phase profile.

The spot of a table top capillary discharge X-ray laser based on Ne-like Argon ions”2??* has been imaged on a 1 um

LiF film both in the far-field through a 0.15 pm Al filter (Fig. 14) or directly on LiF after being brought to focus by a
multilayer mirror (Fig. 15). The laser photon energy is just 26 eV but sufficient for an efficient CCs generation in LiF.

1a) )

Figure 14: Spot of the Ar X-ray laser imaged on a LiF film through a 0.15 um Al filter supported by a 70 lpi nickel mesh (35 laser
shots). The LiF sample is at 41 cm (a) or 60 cm (b) from the capillary laser exit and the mesh is at 5 cm (a) or 3 cm (b) from
the LiF film: the interference fringes of the mesh are clearly visible. The LiF samples are here observed by a fluorescence
microscope with a 5X objective and a 10X objective, respectively.
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a) b)

Figure 15: Spots of the Ar X-ray laser imaged on a LiF film after being focused by an f= 40 cm multilayer mirror. No filters are used.
The exposure is single-shot. The LiF samples are here observed by a fluorescence microscope with a 20X objective. Small
differences in the starting Ar pressure from shot-to-shot generates beam spot with different shapes (compare “a” with “b”).

In the last cases the laser fluence is similar to that of Fig. 10-zone-a (i.e. around 0.5 J/cm?) but the power density is

orders of magnitude larger (almost 1 GW/crnz) so that the LiF ablation threshold is reached and probably even the CCs
luminescence quenching is reached (see Fig. 4), so that a particular care must be taken for the spot interpretation. In spite
of the huge power density, still the LiF film is not destroyed. On the other hand, being the radiation penetration depth
extremely short (just 15 nm according with Fig. 5) the deposition rate is as high as 10" W/em® and in this case the
coloration efficiency is very high (Fig. 9); this improves the contrast between the laser spot with respect to the
spontaneous emission background. So, in this case the non-linear effects which lead to the LiF coloration play an
advantageous role for LiF compared with other detectors. The interpretation of the beam intensity distribution is still
under analysis and further studies are in progress.

3.3 Generation of luminescent patterns

Most of the applications of LiF in photonics require the generation of small size (sometime sub-micrometric) colored
patterns to be used as a point-like light source or as a micro-laser active medium or as a waveguide (we remind that, as
above mentioned, the refraction index of the colored LiF is significantly larger than that of uncolored areas) or as optical

. 2
data storage technique”.

As a first attempt, we produced structured color patterns in LiF by placing in front of LiF films some copper meshes (in
contact) and then exposing the sample to the soft X-rays and EUV radiation produced by our laser-plasma source
previously described.

Figure 16 shows the radiography of a 400 lines-per-inch (Ipi) copper mesh obtained on a LiF crystal. The crystal has
been exposed to EUV irradiation in the same experimental conditions as in Fig. 6 (1000 shots at 10 cm from our laser
plasma source above described, absorbed EUV dose ~ 30 kJ/cm’). In this way, colored patterns are obtained on the LiF
surface since the areas under the mesh structure are not colored while those which received directly the EUV radiation
presents a strong luminescence (when excited by blue light), as shown in the figure. The resolution in the luminescent
patterns is less than 1 um, limited mainly by diffraction effects as explained in 8 A similar result is obtained by exposing
a LiF film (1 um thick) rather than a crystal, as shown in Fig. 17. In spite of the fact that the LiF film has been coated
with a 50 nm glass layer, still the resolution is much below 1 pm.
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b)

Figure 16: LiF crystal exposed to EUV through a copper mesh, here observed both directly (a) and under an optical microscope with a
40X objective (b). In this case the microscope is a conventional one (not a fluorescence one) with a yellow filter behind the
objective and the excitation in the blue is obtained by illuminating directly the LiF by an expanded Ar laser at 458 nm.

Another technique for the generation of luminescent patterns consists on writing the patterns by e-beams”, but salts like
LiF are insulators and hence charge-space effects appear and low e-beam current values must be used; the main
advantage of the use of EUV radiation is that large areas (some square centimeters) can be treated at sub-micron
resolution with exposure-times orders of magnitude lower than for e-beam direct writing: in our case by operating the
laser at 10 Hz it is possible to reach the proper exposure of the LiF plate (~ 100 mJ/cm?®) over some centimeters area in
less than two minutes. This time is some orders of magnitude lower than for e-beam writing™.

10 um

50 um

a) b)
Figure 17: Radiography of a 1000 Ipi copper mesh on a 1 um LiF film coated with 50 nm SiO» layer. The exposure is obtained by 700

shots of our plasma source placing the sample at 7 cm from the source. The LiF is here observed at a confocal optical
microscope (in fluorescence mode) having a 40X objective (a). A zoom of the image is also shown (b).

4. CONCLUSIONS AND ACKNOWLEDGMENTS

EUV and soft-X rays produced by laser plasmas or by X-ray lasers can efficiently generate color centers in alkali halide
crystals; the coloration efficiency is much larger than when using conventional X-ray tubes. The penetration depth is
typically much smaller than 1 pm and consequently, after the exposure, the LiF surface can be analyzed with high
resolution optical microscopes (like confocal or SNOM) and a resolution of 100 nm or less can in principle be reached.
This fact, together with the high dynamic range, makes LiF a very promising detector for micro-radiography, X-ray
contact microscopy and X-ray laser beams diagnostic. Preliminary results of such applications have been shown here.
Due to the response of the CCs density vs X-ray dose shown in Fig. 8, images of 10-12 bits (that is with more than 1000
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gray levels) can be obtained and no development is needed after the exposure to X-rays, while by using pPMMA 61819

the dynamic range is limited by the development process so that the final dynamic in the images is limited to 5-6 bits.
The problem of the contrast dynamic is much smaller when photographic films are used but, in this case, the emulsion
grains size limits the resolution to few microns. The use of LiF as detector for EUV and soft X-ray imaging is an ENEA

pending patentzs.

Large areas of LiF crystals or films (some cm?) have been patterned at high resolution (< 1pm) with the EUV radiation
produced by our laser-plasma source and the treatment rate has resulted to be some orders of magnitude faster than for e
-beams treatment. This result is very interesting for applications of LiF to photonics. In particular, the high resolution
and the generation of a patterned population inversion in LiF crystals or films allow for example to obtain distributed
feedback (DFB) lasers where a periodical structure colored/uncolored must be generated. These are mirrorless laser
devices in which the feedback mechanism is distributed throughout and integrated with the gain medium Since the
period of the grating in a DFB must be one quarter of the lasing wavelength, this means that it should be in the range
130-190 nm in order to obtain a DFB lasing in the visible spectrum, where F and Fg+ CCs gives the highest gain values;
such a structure could be easily reached by interference of an X-ray laser (see for example Fig. 14b) . A DFB laser action

at 680 nm has already been observed by pumping a LiF:F, crysta126.
The applications of LiF in photonics are rather wide: Integrated optical or electro-optical and photonic Microsystems,
Amplifiers, Miniaturised coherent light sources, Highly directional and multi-wavelength LEDs, Microlasers, DFB,

Gratings, Optical data storage, etc. The present work contains preliminary results in this new field, and future
improvements are expected.

The work of Dr. T. Pikuz was partly supported by a grant from Italian Ministry of Foreign Affairs through the Landau
Network-Centro Volta Fund. Authors also thank Dr. Maria Giammatteo of L’Aquila University for her help in LiF
analysis at the fluorescence microscope and Dr. Anna Krasilnikova of ENEA Casaccia (FIS-OTT Section) for the LiF
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