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Abstract

The white beam~ 6-80 keV) available at the TopoTomo X-ray beamline of the ANK/ehrotron facility (KIT,
Karlsruhe, Germany) was used to perform edge-enhancemaegirg tests on lithium fluoride radiation detectors.
The difracted X-ray image of a microscopic boron fibre, consistiftyiogsten wire wrapped by boron cladding, was
projected onto lithium fluoride thin films placed at severatahces, from contact to 1 m. X-ray photons cause the
local formation of primary and aggregate colour centredtimum fluoride; these latter, once illuminated under blue
light, luminesce forming visible-light patterns—acquirey a confocal laser scanning microscope—that reproduce
the intensity of the X-ray diracted images. The tests demonstrated the excellent pefmes of lithium fluoride
films as radiation detectors at the investigated photongéemr The experimental results are here discussed and
compared with those calculated with a model that takes iotoant all the processes that concern image formation,
storing and readout.

Keywords: Radiation detectors, X-rays, X-ray edge-enhancementimgagithium fluoride, Colour centres,
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1. Introduction

Dielectric materials containing point defects [1] are sssfully utilized in several fields, including radiation
detection [2]. For instance, colour centres (CC's) [3] thilim fluoride (LiF) are well known for their application in
tuneable solid-state lasers [4], dosimeters [5], and riniiged light-emitting devices [6]. Certain types of CGidliiF
are optically active, stable at room temperature, and psds®ad absorption and emission bands in the visible [7].
Among them, k and F aggregate centres, consisting of two electrons bound t@ahedhree closely spaced fluorine
vacancies, respectively, emit in the reg)(&nd green (E) portions of the spectrum and have almost overlapping
absorption bands peaked at the wavelengtk @f50 nm (M band) [7]. For this reason; End F centres can be
simultaneously excited with a single-wavelength optiaahp in the blue.

Because of their high-penetration properties, X-rays adehy used to analyze the internal structure of objects,
including biological samples. Absorption contrast is pgrithe most elementary and intuitive technique utilized to
record radiographies; this is possible when samples prekatails whose absorption properties are clearly distin-
guishable (contrasted) at the operating X-ray wavelengiinsthe other hand, for high-energy X-rays, the absorption
codficient of most materials is relatively small so that they wehes almost pure phase objects. The lack of absorp-
tion contrast can be compensated by adding phase infonmtatihe recorded image [8]. A possible approach to that
is edge-enhancementimaging, also known as in-line phaisgast imaging [8, 9].
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Edge-enhancementimaging is a technique—utilized wittiahacoherent X-rays—based on wave free propaga-
tion that allows enhancing visibility of sharp spatial distaf samples by detection of the transmitted electrom#gne
wavefront after it has freely propagated in the near field-IB). When an X-ray beam is transmitted through a sam-
ple that consists of parts withfiierent refractive indices and absorption fméents, its wavefront locally experiences
distinct amplitude and phase changes. While, in case of plearonsisting of solely absorbing materials at the prob-
ing wavelengths, the borders among the sample parts casbaivied even on a detector, sensible to electromagnetic
intensity, placed at zero distance (absorption contrdgigrences in phase are not directly visible in a setup where
sample and detector are in contact because they induceeti tlitensity change. Fresnelitiaction [17] comes in
helpful in this case, because it is a known fact that at iringadistances from the sample more and more spaced
Fresnel fringes appear along lines separating wavefreatsahat bring distinct phase information, thus making them
clearly visible provided that the wavefront intensity ieoeded by a suitable high-resolution detector. As a matter
of fact, interference fringes in Fresnefiaction are proportional to the second spatial derivatiaplacian) of the
phase of the wavefront [11, 16], so that they appear whengpaiphase changes take place, like those due to bor-
ders among materials withférent refractive indices. Applicability of edge-enhaneetimaging is strongly related
not only to the characteristic of the utilized X-ray sourespecially as far as its transverse coherence properges ar
concerned, but also to those of the detector, which shouébleeto spatially resolve the Fresnel fringes.

High-resolution X-ray imaging can be accomplished with detst of methods [18]; however, all of them are
limited by the resolution ardr the dynamic range of the most common radiation detecBuiid-state LiF detectors,
based on radiation sensitivity of the material and optieadiout of photoluminescence (PL) from &d F CC's,
can overcome the above-mentioned limitations so that tleepime potentially suitable for the characterization of
micro and nanostructures as well as biological samplesh Hjgatial resolution across a large field of view, wide
dynamic range, and versatility make them very convenierg@srding plates for both X-ray absorption-contrast [19—
23] and phase-contrast [24, 25] imaging. LiF imaging radiatletectors were successfully used by using several
X-ray sources, such as synchrotrons [25-27], laser plasm&es [20, 21, 28, 29], capillary discharge lasers [30],
table X-ray tubes [22, 31].

Suitableness of LiF, either in bulk or thin film form, as edg#ancement imaging detector for white beam syn-
chrotron X-rays was recently tested at the ANKA light souotghe KIT synchrotron facility in Karlsruhe, Ger-
many [25]. The test consisted of transmitting the white bepectrum through an Xradia test pattern, and exposing
LiF-based detectors, placed at a distance 0% £, to the transmitted beam. Optically-active CC’s weeatad, in
this way, in LiF, with a transversal distribution reprodugithe difracted shadow of the test pattern. With no further
treatment or special handling, the stored CC distributivese detected and acquired as bi-dimensional maps of vis-
ible PL in a fluorescence microscope, by illuminating theasqa LiF samples with blue light in order to optically
pump F, and § CC's [25].

In the present paper, the results of a systematic experianemeported and discussed. With a selected specimen,
consisting of a boron fibre (BF) [32], LiF thin-film radiatiatetectors were tested in an X-ray edge-enhancement
imaging setup in the same beamline of [25], that is by usinghdenX-ray beam whose energy spectrum ranges
approximately from 6 to 80 keV. In the literature other pa@e available where BF's are dealt with as far as imaging
with coherent X-rays is concerned [33—38]; the main novedtse is the use of luminescent LiF film detectors instead
of more traditional ones, such as scintillators and CCDyari@ cameras. Furthermore, with respect to a recent
paper reporting a similar test at the same beamline [25hénpresent study a good portion of the sample—the B
cladding—is an essentially pure phase object with refvadtidex gradient along one axis, while in [25] the sample
was mostly an amplitude object. Anotheffdrence is that here the LiF detectors are placed at varigtesndies from
the specimen, ranging from complete contact to 1 m, to test sinitableness to both absorption-contrast (concerning
the W wire) and phase-contrast imaging. As in [25], the CQrithistions generated in LiF are later observed as
bidimensional PL maps under the blue light of a confocalllasanning microscope (CLSM); one-dimensional cross
sections of the detected maps are here compared with thizsgatad with a theoretical model. The results confirm
the good performances of LiF films as imaging detectors foaband X-ray beams, even when used with samples
having important phase-only components.

The paper is organized as follows. The experimental pagpsnted in section 2, while the theoretical model
is explained in section 3. In section 4 a comparison betwaprrémental and simulated PL maps is reported and
discussed. Section 5 closes the paper with conclusions.
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Figure 1: Simplified scheme of the irradiation setup in thea}{-edge-enhancement imaging experiment on LiF film detettthe TopoTomo
beamline of the ANKA light source (Institute for SynchratrRadiation, Karlsruhe Institute of Technology KIT, Germpn

2. Experimental

The irradiations were performed at the TopoTomo beamlintb®fANKA light source (Institute for Synchrotron
Radiation, Karlsruhe Institute of Technology KIT, GermanyThe ANKA synchrotron facility is operated with
an electron energy of.2 GeV. The TopoTomo beamline can work either in ‘white beapgly-energetic) or in
monochromatic mode; the available white-beam energy spactanges approximately from 6 to 80 keV. Other
specifications are available elsewhere [25] and onlineeaAtKA website [39].

For the X-ray imaging experiment here reported, the Topat@amline was operated in white-beam mode.
After an in-vacuum propagation of Z7m, a 25Qum thin vacuum-sealing berillium (Be) window allowed the gage
of the beam into air, where a 2 mm thick silicon (Si) plate wked before the sample in order to cut the beam
low-energies and thus minimize the absorbed dose. Thendistaf the BF from the X-ray source was 29 m. After
interacting with the BF, the beam wavefront freely propadab the LiF film detector, that was placed at various
distances—five sampled distances from contact to 1 m—frenBth itself. A scheme of the experimental setup is
shown in figure 1. The total.g., spectrally integrated) intensity of the white beam ontoghmple was estimated to
be about 1 Wmn?.

2.1. Sample

Boron fibres—typically obtained by depositing amorphoesrantal boron (B) onto the surface of a fine metallic
wire substrate—present very interesting mechanical agpdipal properties [32] so that they are used in the aerospace
industry and for the realization of strong and lightweightrgposite materials. In our experiment we used one of such
fibres, precisely a W cylindrical wire (1om diameter) embedded in a cylindrical B cladding (1@0total diameter);
in figure 2 a drawing of the BF cross section is shown. The meésoselecting such a sample in an X-ray edge-
enhancement imaging test is that, at the energies of theevleiam, the W core is quite absorbing, while the B
cladding is almost a pure phase object. This fact, illusttan figures 3 and 4, allows for testing the edge-enhancing
capabilities of the imaging technique and, in parallel,ukability of the LiF film as high-resolution detector.

Regarding figure 3, the plotted optical constants of B and U0 keV are available from the refractive-index
database of the IMD extension of XOP software, which is doadable from the European Synchrotron (ESRF)
website [40]. On the other hand, the optical constants ofviéfe found only up to 30 keV, and they are available
at the Center for X-Ray Optics (CXRO) website [41]; the LiFues ofs andg from 30 keV to 100 keV shown in
figure 3 were linearly extrapolated in semi-logarithmicleca

2.2. LiF film detectors

Two identical polycrystalline LiF films, of thickness7lum, were deposited by thermal evaporation on glass
substrates, which were kept at a constant temperature oP@G0Qnder a vacuum pressure of about“Pa in a
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Figure 2: Cross-section of the boron fibre used for the X-dgeeenhancement imaging experiment.

dedicated evaporation facility at ENEA C.R. Frascati. Ttaetgng material was LiF microcrystalline powder (Merck
Suprapur, 999 % pure), heated at about 80 in an open tantalum crucible. The final thickness and thpawaion
rate were fixed anih situ monitored by an INFICON quartz oscillator, placed closeh® substrate holder.

2.3. Readout of the photoluminescence maps

The X-ray radiographies stored in the LiF film detectors wagtcally read by a CLSM (Nikon Eclipse 80i-C1)
operating in fluorescence mode with ad@bjective of numerical aperture NA 0.75. During the optical readout, the
LiF films were illuminated from above by the 49hm line of a continuous-wave argon laser; the spectraiggirated
PL signals of ; and F; CC'’s were simultaneously detected by twéfelient photomultipliers. The detection bit depth
was 12 bit. Coloured glass filters in front of each photorplitir were used to spectrally separate the red and green
PL signals [42].

Figure 5 shows the red-channel PL maps that were detecteithddiive BF-LiF test distances. All of them
correspond to an exposition time of 60 s to X-rays. The five 200< 250um photos in figure 5 were cropped from
the full instrumental field of view of the CLSM, correspondito a 318&:mx 318um square sampled in a 1024024
pixel matrix. The first map, figure 5(a), was obtained by plgdhe BF sample directly in contact with the LiF
detector and was recorded on the first of the two availablefilihe other four PL maps, figure 5(b—e), were obtained
by progressively increasing the BF-LiF distance and wdreeabrded in distinct areas on the second available LiF
film. It can be clearly noticed how the B cladding, not visibiefigure 5(a) because of its transparency to X-rays,
becomes more and more distinguishable at increasing desadue to the phase-contrast edge enhancement caused
by Fresnel dfraction of the X-ray wavefront.

3. Theoretical model

The theoretical model that we utilized to tentatively rehroe the experimental results of section 2.3 is a sequential
evaluation of (a) beam-sample interaction, (b) wave frepagation from sample to detector, (c) generation of CC'’s
in the detector, (d) emission of PL from the CC’s. Transverderence properties of the X-ray beam and finite spatial
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Figure 3: Complex refractive indices of the materials usetthé simulation of the X-ray edge-enhancement imagingraxeat: B and W (boron
fibre), and LiF (thin film detector). The top figure shows sheomponent of the real part of the indices; the bottom figumevsithe imaginary part
p of them (the complex refractive index is definednas 1 — 6 — iB).
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Figure 4: Attenuation lengths of B and W (right scale) asuaked from tabulated data of the optical constants (seefigju The spectral intensity

of the X-ray beam (left scale) is also plotted; in correspra of its peak at 24 keV the attenuation lengths arell cm for B and~ 17 um for
W.

Figure 5: Confocal-microscope screenshotsx(4®jective, numerical aperture NA 0.75, fluorescence mode, red channel) of the detected PL
maps reproducing the filiacted images of the BF that were stored in LiF films as CCibligtons. From left to right, the five photos correspond
to increasing BF-LiF distances: (a) 0 mm (contact); (b) 18;ren50 mm; (d) 100 mm; (e) 2000 mm.



resolution of the PL readout microscope are taken into autic@s far as free propagation of the X-ray wavefront from
the sample to the detector is concerned, it is a simple agifgit of Fresnel's dfraction formula at each wavelength
component of the spectrum. This is a well known step in sitmggohase-contrast imaging [13] and a fundamental
one since it causes the appearance of Fresnel fringes, ithog gse to the actual edge-enhancement phenomenon;
here we approached it from a plane-wave spectrum [43, 44jpoet for numerical convenience.

3.1. Interaction of the X-ray beam with the sample

The starting assumption is that the X-ray wavefront impiggbnto the sample can be considered plane at each
wavelength. The fact that it is originated from a finite-s{zather than point) source influences its transversal-
coherence properties, but this fact will be addressed tatefor now, a fully coherent plane wave is being assumed.

Let us model the X-ray beam transmitted through the Be windiogithe Si plate with a continuous superposition,
fow ¥ (%Y, z E) dE, of monoenergetic plane waves, each described by the wastéin

Y(X Y,z E) = VI(E) exp(—i%ﬂz), Q)

where the adopted Cartesian reference sy$dxyris visible in figure 1. HereE andA are the photon energy and
wavelength, respectively, mutually related by = hc, whereh is Planck’s constant anclthe velocity of light in
vacuum. The intensity distributioi{E) is the energy spectrum shown in figure 4 (left scale). Theradtion of the
wave with the BF is accounted for by means of a complex-aogditransmittance function,

t(x.y; 2) = exp[-ig(x.y; )], )
where the argument(x, y; 1), deducible from the geometry of the cross-section drawigure 2, is defined by
R+ (ne - 1) VRE -2

+(nw — Ng) Vr2 — xz], X <r;

Z|R+ (e -1) VRR-|, r<IXs<R
2R, IX > R

P(x.y; ) = 3)

As shown in figure 2r andR are the radius, respectively, of the internal W core and @Bleladding, whileny and
ng are their complex refractive indices—see figure 3. Note Hmargumend(x, y; 1) is generally complex-valued,
so that the complex-amplitude transmittance of equatipoglises both a phase shift and an amplitude attenuation of
the crossing wave. Note also the invariance @longy, due to the chosen orientation of the BF along that axis, so
that the explicit dependence grof ¢, t andy can be safely dropped.

Right after the BF, let us set it to lze= zy, the wavefunction is

W(x.2;E) = V() exp(—i%”zo) expl-io(x A)]. (4)

The wave is no more plane because, for what said above, itdupsrad an explicit dependence on the transversal
coordinatex due to its interaction with the sample. For this reason, ritcgpagation in the free space to the LiF film
detector needs to be calculated with FresnetBalition formula.

3.2. Propagation of the X-ray beam to the LiF detector

The dimensions and symmetry of the problem allow considghia paraxial approximation of the scalar Helmholtz
equation [43] for the propagation of the wave from the BF ®lti detector. By adopting the plane-wave spectrum
formalism [43, 44], the wavefunction at the LiF film detecpteinez = zy can be written as the Fourier integral

U 2E)= [ 20 ) explimiDe) exp(-iznex) )

equivalent to Fresnel’s firaction formula, wher& (£, z; E) is the Fourier transform af(x, zp; E) alongx, £ is the
spatial frequency conjugated ¥ D = zy — % is the BF-LiF distance, an unessential constant phase tefmont
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of the integral has been omitted, and we recall tha function ofE because oflE = hc. This Fourier integral
is conveniently tackled by means of Fast Fourier TransfdffT(| algorithms [45] at each sampled eneEypf the
white-beam spectrum. We accomplished this task in Matl&pdthin anad hocprogram that included all the stages
of the simulation and provided all the results shown in tlzipgr.

3.3. Influence of transverse coherence

So far, the fact that the X-ray beam is emitted from a sourcénde size (200um x 800 um [39]) has been
neglected, thus assuming as perfectly coherent the waugeiat=d to the beam. However, the wavefront emitted by
a source that is not infinitely small is not ideal as far asiapabherence is concerned. A way to include partial
coherence in the calculations consists of convolving thg-froherent intensity with a properly scaled version c th
source distribution function (SDF) [47]. Here, for simjityc a Gaussian SDF is utilised,

X2
SDR( = exp( 2. ©

Os
whose full-width at half-maximum (FWHM) is.&7c. Its scaled version on the detector plane depends on thaBF-L
distanceD, and is calculated as [47]

SDF() = SDFD(%X), (7)

Zs being the distance between source andBF, 29 m in the present paper. A FWHM value of 20® gave the best
results among the ones tested in the rang&0®0um, as far as the reproduction of experimental PL profilesywsho
later in this paper, is concerned.
On the surface of the LiF film detector, the spectral intgnsithe incoming difracted X-ray beam, momentarily
assumed as fully coherent, is
1(x.2g; E) = (X, zg; E)P. (8)

The mathematical convolution &€x, zy; E) with SDF(X)
[(x, z4; E) = I(X, zg; E) * SDF(X), (9)
gives the actual spectral intensity of the incoming X-raghdor the case of finite-size source.

3.4. Density of radiation-induced colour centres

Reflection of X-rays at the air-LiF interface can be safelglaeted at the energies considered in this paper: the
reflection coéficient is smaller than 18! for photon energies larger than 6 keV and up to 100 keV. Theeef
considering only transmitted X-rays, the probability dgnef a photon of energ¥ to be absorbed at a certain depth
zr in LiF after crossing the [ ;r] material slice is easily derived from Lambert-Beer’s Iai8] and amounts to

P (zir, E) = a(E) exp [Fa(E)zi] . (10)

wherea(E) = %ﬂ(E) is the absorption cdgcient of LiF (a plot ofg vs. E is shown in figure 3). It is readily

recognized that the energy density that is deposited pétiong (rate of deposited-energy density) at the depthis

B (0 2r) = fo " p (. B) (% 2 E) dE. (1)

Assuming for simplicity the absorbed dose to be small endhghthe volume densit) of generated CC's (of
any kind) is well below saturation—so that it can be consddp be directly proportional to the deposited-energy
density—it ensues that, after the X-irradiation, the dignsi CC's in the LiF film is expected to be

N (X, zLiF) = ue (X, ZF) , (12)

whereu is a suitable coficient that depends on the host material, the consideredX#i@€’s, and is proportional to
the irradiation time. Equation (12) gives the density disition of CC'’s that are created in the radiation-exposéd Li
film detector.



3.5. Colour-centre photoluminescence map

Considering optically-active CC’s in LiF, in particulag Bnd F} aggregate centres, one recognizes from the above
discussion that a visible PL map can be extracted from thdimted detector under suitable conditions. These include
the possibility of recording such a map at an optical micops; when the LiF detector is illuminated with blue light
tuned to the absorption band (M band, peak wavelength450 nm) of the Eand F CC's.

In the simplest approximation, assuming the volume deigi§C'’s to be that described by equation (12), the PL
intensity radiated from any chosen kind of active CC can tienesed to be

h
Il (4) = fo Q(2e) N (% 2) Gziie. (13)

Here,h is the film thickness, whilg(z ) is a suitable function that accounts for interferenfieas, both of the
pumping light and of the PL itself, due to the film boundarjgss other factors, including the quantuffiéency of
the process. Neglecting, for simplicity, such interferedtects, one can write

h
() ~ § fo N (% 2ir) dzi, (14)

g being an average value qfz ir).

Before proceeding with the comparison between experirhéata and simulations, it is worth noting that the
use of a microscope objective for the observation of a PL mgpiés that the finest map details get blurred by the
finite spatial resolution, of the microscope optics. This fact can be taken into accbyeonvolvinglp, (X) with a
suitable point spread function (PSF) [49]. Assuming for@inity a PSF of Gaussian shape,

2
PSFK) = exp(—x—z), (15)

Om
satisfactory results were obtained by setting its halftvidt half-maximum (HWHM) to be equal to twice the
Rayleigh’s difraction limit [17], that is by setting 830, = 1.221,,/NA, where o, is the observation wavelength
and NA the numerical aperture of the microscope objectineghé present case, the observation of the red channel
suggests choosing fal,, the peak emission wavelength of Eentres o, ~ 650 nm, while the numerical aperture
of the 40« objective utilized in the measurements was NA0.75. With these values, one getg, ~ 1.3 um. An
estimation of the PL map that is actually detected by the osimope is therefore

IpL(X) = lpL(X) * PSF), (16)

which is the quantity that is calculated and compared witheeinental data in section 4.

4. Comparison between measurementsand simulations

The results of the previous sections are here utilized taiallytcompare experimental and theoretically calculated
data. In particular, scans along a horizontal line of thesuesd PL maps shown in figure 5 are here compared with
simulations obtained from equation (16).

Linear profiles of the PL maps of figure 5 were scanned orthalfppacross the fibre direction, that is, along the
x-axis (see figure 1), by using pixel-intensity detectiortwafe. The resulting experimental PL profiles are shown in
the five plots of figure 6 (left side), starting from the zelistance one at the top of the figure, and with increasing
distances going from the top to the bottom. Side by side, dreesponding theoretical PL profiles calculated by
means of equation (16) are also displayed in figure 6.

One can notice how these theoretical profiles reprodudy fagll the experimental ones for all the five sampled
distances. Some fligrences can be however noticed. Besides the unavoidaldenme of noise in the measured
profiles, the most noticeableftBrence regards the PL intensity corresponding to that gahteoX-ray beam that
interacted with the W core: the calculated one is lower thenmeasured one in the spatial rarge5 um < x <
7.5 um, which corresponds to the W core diameter of the BF. Indagsdhown in figure 6, the theoretical intensity
transmittance ax = 0, depending on the chosen BF-LiF distancey i6.3-0.4 while the corresponding measured
values are~ 0.4-0.6. A few explanations to this apparently less absorbing Wieha of the W core can be put
tentatively forward.



= S c

C

5 1.0 ] > 10

. g

S 0.8} ] = 08

T a

5 0.6 ] - 0.6}

2 3

@ 04 (a) | 3040

S -100-75-50 25 0 25 50 75 100 ‘G -100-75-50 -25 0 25 50 75 100
X axis (um) X axis (um)

= S c

s 1.0 - 1.0

g C

< 0.8} L T os

= a

% 06 T 0.6

3 g

3 041(c) |3 04(d)

S -100-75-50 25 0 25 50 75 100 ‘g -100-75-50 -25 0 25 50 75 100
X axis (um) X axis (um)

- — c

% 1.2} 1 :s

: e}

£ 1.0} ] p=

S S

. 0.8} ] —

o S

8% I8

@ 04¢(e) ] 3 0.4} (f)

S -100-75-50 25 0 25 50 75 100 ‘G -100-75-50 -25 0 25 50 75 100
X axis (um) X axis (um)

= ———— c

= =

S 1.2 ] .

¥e) 2

8 1.0t | -

-

- L 1

g 08 %

3 06} ] o 06}

+ ®©

8 04:(9) i 3 oa(h) —

S -100-75-50 25 0 25 50 75 100 ‘g -100-75-50 -25 0 25 50 75 100
x axis (um) x axis (um)

= c

5 >

¥e) 2

S L

-

-

= S

E g

S0 3

© 020 == 2055 0 95 50 7 20.%“““‘

© 100-75-50 -25 0 25 50 75100 ' -100-75-50-25 0 25 50 75 100

x axis (um) 10 x axis (um)

Figure 6: Measured (left-side plots) and simulated (rigile plots) PL profiles on the LiF thin-film detector placed/atious distances from the
BF during the irradiation stage: (a,b) 0 mm (contact); (48)mm; (e,f) 50 mm; (g,h) 100 mm; (i,[) 2000 mm. The profiles be keft side are
transversal scans of the PL maps shown in figure 5.
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Figure 7: Comparison of the CC PL readout from the irradiai€dfilm detector with an X-ray intensity-profile measurerhperformed by using
a pco.4000 CCD camera coupled to an LSO:Tb scintillating fijma white beam microscope (Optique Peterx bbjective, numerical aperture
NA = 0.14) [50, 51]. The #ective pixel size of the CCD detection system watb@m, and the integration time was5ls. The distance between
the BF and the detector was 50 mm in both cases.

1. The mass density of the W core could be lower than that df, balwhich the tabulated optical constants we
used correspond, because of a hypothetical lighter masstger the wire. However, this hypothesis seems
not acceptable, because the gap between measured andtsimBlaintensities at the W centre would be
compensated only if the actual packing density of the W niedtierthe wire were~ 60-80 %, values that seem
too small.

2. The response of the LiF material in terms of CC density epodited energyi.€., dose) could be nonlinear.
Such an explanation has to be discarded as well, becausé.theofles measured on the LiF detectors are
confirmed by similar measurements done with a CCD camerdedtmpan LSO:Tb scintillating film [50, 51]—
see figure 7 for a comparison at a BF-detector distance of 56-with comparable intensity values at the
centre of the W wire shadow. Therefore, the response of tRalketector seems to be linear, at least as far as
the examined dose range is concerned.

3. The simulations contain several factors that could surangoinfluence the results: a white beam, rather than
a monochromatic one, is dealt with; tabulated data were fgdtie optical constants; simplifying hypotheses
were made about the shape (Gaussian) and size of the SDFX{rthebeam and the PSF of the CLSM objec-
tive; interference fects within the LiF film were completely disregarded. Theoired multi-stage simulation
process is overall a complex task and as such subjected $ibfsnprecisions.

4. The LiF optical constants andg had to be extrapolated from tabulated data for energieshitian 30 keV
and up to 100 keV, see figure 3. The extrapolations were badgdo mathematical and graphical criteria, no
further data being available at higher energies to chedkthkability.

5. A stronger contribution of higher-energy photons to teeeyation of CC's in the LiF detector could have been
overlooked. Indeed, the strong contrast between the Plesponding to the W core—that is, in the spatial
range-7.5 um < x < 7.5 um—and that of the surrounding B cladding is mostly due to tiveer part of
the energy spectrum. To check this fact, let us consider tieegées spanned by the beam spectrum shown
in figure 4: as one can verify by using the data of figure 3, thenisity transmittance of X-rays through the
W core dramatically increases for growilg while that of the B cladding is practically constant and ada
unity. In view of this, to better match our simulated PL predilwith the experimental ones of figure 6, one
could assume a contribution of higher-energy photons tdahmation of CC’s that is to some extent larger
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than that due to lower-energy photons—in such a case a minesin PL in the W area would be obtained.
Several reasons could concur to having overlooked highergg contributions, the most obvious ones being a
possible underestimation of the imaginary giadf the LiF refractive index at high energies (figure 3) or af th
high-energy content of the X-ray beam spectrum (figure 4).

Explanations 4 and 5 above seem to us to be the most likely, atsgsbecause comparison of experimental X-
ray intensity profiles detected by the CCD camera with cpoading PL profiles, of which an example is shown in
figure 7, demonstrates the good dynamic linearity of thedathes. Considering the complexity of the setup and of
its modelling, the theoretical reproduction of the meadurk profiles in figure 6 can be recognized as a satisfactory
result.

5. Conclusions

X-ray edge-enhanced imaging has been successfully deratatsbn LiF film detectors irradiated by a white
beam in a synchrotron facility. The analyzed sample was aMBigh behaves at the operating photon energies as a
mixed phase and amplitude object. It has been verified howtlge-object component of it (the cladding), because
of transparency of B to X-rays, leaves no contrast on thectimtevhen this latter is in contact with the sample
(absorption-contrast technique). This fact has been coefirby similar measurements taken with a CCD. The B
cladding edges start being visible, thanks to edge enhagmemhen the distance between the BF and the detector is
increased. On the contrary, the W core wire of the BF is alwasible, either with the BF placed in contact with or
away from the detector, because of the strong X-ray absorptioperties of W.

The 17 um thick LiF films evaporated on glass substrates have demstedttheir good usability as radiation
detectors. Once irradiated, a latent image of the impinginrgy intensity is stored in the LiF film as a spatial dis-
tribution of CC’s, among which the optically active ones ¢éhd F aggregate centres) photoluminesce in the visible
when pumped with blue light, so that the resulting spatistirdiution of PL reproduces the originally impinging X-ray
intensity. The LiF film detectors provided linear responkéhe readout PL intensity vs. the absorbed dose—a fact
confirmed by comparisons with CCD measurements (see figuoe @ne of such comparisons)—and good spatial
resolution that is practically limited by theftfiaction limit of the PL detection optics. In this regard stadlso worth
noticing in figures 6(f) and 7 how the LiF film is apparentlyatd detect an intensity map which is, when compared to
the CCD system, more detailed and closer in shape to thedtieaiprofile. Good stability even at room temperature
and handling easiness make these LiF films a good alterriatatier kinds of detectors.

An elementary theoretical model has been used which cenzisteveral steps, from the interaction of the X-
ray beam with the sample up to the PL detection in an opticatascope. The free wave propagation of the X-
ray beam from the sample to the detector, which causes theafam of Fresnel fringes and hence of the actual
edge-enhancement phenomenon, is based on the well knosmaFsadifraction formula and has been conveniently
implemented within the plane-wave spectrum formalism J8. A program for all the simulation process was
written in Matlab [46]. In it, the generation of a local spdilistribution of CC’s was evaluated as proportional to the
deposited energy after correcting the X-ray intensity fartial spatial coherence, due to the finite size of the X-ray
source, by convolution with a suitable SDF. Finally, thetgalistribution of PL radiated by the CC'’s in the LiF
film was calculated and its detection within a CLSM was sirtedaby also applying a PSF correction that accounts
for the instrument limited resolving power. The comparibetween experimental and calculated PL profiles, shown
and discussed in section 4, demonstrates the fairly go@billy of the model predictions, even though with some
slight differences that are tentatively ascribed to the lack of inftionabout the optical constants of LiF at photon
energies higher than 30 keV gbdto the underestimation of the density of higher-energytphs absorbed in LiF
that contribute generating CC's.
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