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Abstract:  Synchrotron laminography is combined with Talbot grating
interferometry to address weakly absorbing specimens. Integrating both
methods into one set-up provides a powerful x-ray diagnostical technique
for multiple contrast screening of macroscopically large flat specimen
and a subsequent non-destructive three-dimensional (3-D) inspection of
regions of interest. The technique simultaneously yields the reconstruction
of the 3-D absorption, phase, and the so-called dark-field contrast maps.
We report on the theoretical and instrumental implementation of of this
novel technique. Its broad application potential is exemplarily demonstrated
for the field of cultural heritage, namely study of the historical Dead Sea
parchment.
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1. Introduction

Modern x-ray imaging methods are among the most important physical measuring tools of clin-
ical diagnostics, non-destructive testing aswell asimaging diagnosticsin fundamental research.
Already in the thirties of the last century, early laminography concepts enabled to obtain (yet
blurred) 2-D dlices of internal structuresin laterally extended 3-D objects[1].

The tremendous ongoing progress in computation technology, mathematical algorithms and
fast 1-D and 2-D detector technology led to 2-D and 3-D computed tomography (CT) and
computed laminography (CL) techniques with manifold applications in medical and industrial
imaging as well as homeland security. The implementation of 3-D tomographic and lamino-
graphic techniques at modern synchrotron facilities increased further spatial and temporal res-
olution, thanks to the strongly enhanced flux at synchrotron sources compared to conventional
X-ray tubes.

An increase of spatial resolution for a fixed number of pixels goes together with a decreas-
ing field of view of the detector. This circumstance increasingly restricts the maximum lateral
dimensions of the specimen to be probed by tomography, at least under optimal experimental
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conditions. That is, if the x-ray beam path captures a constant sample volume, which is suffi-
ciently penetrated by the beam. Under such advantageous conditions, 3-D tomography permits
the most complete sampling of the specimen’s Fourier space (reciprocal space).

Asfavorableillumination and penetration conditions can be maintained only for objects with
dimensions below the detector’s effective field of view, for larger samples one has to accept
compromises, for example to trim the specimen to fit the field of view by sample dissection,
or by applying modified scanning schemes. Synchrotron radiation computed laminography
(SRCL) represents such a modified scanning scheme which allows examining, without sam-
ple cutting, a class of specimen where lateral dimensions strongly exceed the effective field of
view (like rather flat specimens such as electronic circuit boards).

SRCL provides a possibility to zoom into regions of interest of macroscopically large spec-
imen with microscopic resolution without touching their integrity. The method has extended
the scientific application range of 3-D synchrotron imaging to such samplesin engineering sci-
ences, paleontology and cultural heritage [2—4]. Similar to tomography, applications of SRCL
can be further broadend by their combination with phase contrast imaging methods and/or mi-
croscopy techniques [5-7].

In the present paper, we report on the realization of multiple contrast laminography imag-
ing based on Talbot grating interferometry. Among existing phase contrast imaging methods,
Talbot grating interferometry (TGI) offers high phase sensitivity and can be utilized even with
low-resolution detectors and laboratory x-ray sources. In combination with computed tomog-
raphy, phase contrast imaging with a grating interferometer has produced remarkable resultsin
imaging soft tissue, such as brain, heart, and uretra (see e.g. [8,9]).

By implementation of TGI into a dedicated laminography set-up we intend to bring together
the advantages of both methods. The paper is organised as follows: we first outline the me-
thodical principles and the theoretical approach of the 3-D imaging method. Then we briefly
describe our instrumental implementation. Finally, we apply the method exemplarily for x-ray
diagnostics of fresh parchment and historical one from the so-called Dead Sea scrolls.

2. Principlesof Talbot grating interferometry based laminography

Fundamental methodical principles and theoretical treatments of SRCL and of TGI as individ-
ual techniques have been described in a series of papers, see for example [10-13], and [14]
for comprehensive theoretical descriptions of TGI. This section summarizes and merges above
treatments into a compact theoretical description of 3-D TGI-based computed laminography.

Image acquisition via grating-based computed laminography contains four steps. (1) tilting
of the rotation axis from the ordinary tomographic axis relatively to the optical beam path by
the laminography tilt angle 6, (2) radiography of the grating interferometry image sequences
(phase-stepping technique), (3) recording the laminographic ¢ rotation scans, if required, also
in aloop together with (4) transversal (X, y) sample screening.

In the following we define by .7, 1,.%, for forward and backward n-dimensional Fourier
transforms. The real space vectors r are written in the laboratory coordinate system asr =
uey + ve, +wey and in the specimen coordinate system asr = xe, + yey + z€,. For convenience
we place the origin of both coordinate systems in the rotation centre of the laminography set-
up. A similar notation is used for reciprocal (Fourier) space vectors, writing, e.g., wave vectors
in the laboratory system as K = K&, + K&, + Ky&y. Further, we define w being the optical
axis and u and v the horizontal and vertical axes of the rectangular image plane with r or K
the projections of r and K onto the image planes. The z axisis the laminographic rotation axis,
the (x,y) planeis paralel to the laminographic rotation table. In laminography, the specimen’s
spatial orientation is unambiguously defined by the laminographic rotation and tilt angles ¢ and
0, see Fig. 1. The laboratory system coordinates are transformed into the specimen coordinate
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Fig. 1. Propagation geometry and coordinate systems for TGI-based laminography: {x,y,z}
correspond to the specimen’s fixed-body coordinate system, {u,v,w} to the laboratory co-
ordinate system with the corresponding unit vectors. The laminography tilt angle 6 ismeas-
ured between the rotation axis and the optical axis. ¢ is the laminographic rotation angle.
Ko is the wave vector of the incident x-ray fronts. The cross section of the Ewald sphere
and the grating rods define the wave vectors of the grating diffraction orders K.

system according to
u
(X.¥,2) =Re(=@)-Ru(=0)- | Vv |, @
w

where R;,Ry are conventional 3 x 3 matrices describing rotation about the z and x axes. The
same relation holds for coordinates of all reciprocal space vectors.

Forward problem

The response of matter to x-rays may be well described by the complex refraction index,
n(r) =1—48(r)+ip(r), which considers refraction by &(r) and absorption by B(r). Propa-
gation of a plane wave through a grating laminography set-up involves mainly the subsequent
interactions of: (@) transmission through the phase grating and diffraction during propaga-
tion, (b) transmission through the specimen in dependence on the laminographic angles 6 and
¢, by which the initially otherwise unperturbed grating diffracted wave field acquires space-
dependent disturbances due to refraction, absorption, and scattering by the sample structure,
(c) propagation of the perturbed wave field to the image plane (where an absorption grating is
positioned), (d) transmission of the corresponding intensity field through the absorption grat-
ing. The latter generates a Moiré fringe pattern in the detector plane. Points (a) and (b) can be
interchanged.

Theoretical approaches of TGI are based on strong diffraction contributions by the phase
grating and treat the specimen as a small pertubation to the diffracted wave field, neglecting
any diffraction within the specimen.

The forward problem may start from a sufficiently coherent incident wave field. Let us as-
sume an incident plane wave exp (iK or ) with the wave vector K parallel to the optical axisw.
Passing through an object, it undergoes phase and amplitude changes, which in the eikonal or
projection approximation are considered by lineintegrals p = f; {K —Kn(r)}dl. In the object
exit plane the transmitted wave field can be written as a perturbed plane wave with inhomoge-
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neous amplitude
Er(r) = exp(—ipy. (r)))) exp(iKow). %)

Here we have introduced the so-called x-ray transform [15], which in the laminographic case
isthe complex 2D disturbance function determined by the three-dimensional integration

Po.o(r|) = Plpo(r|) —iphe(r)) = K/US {80)-iB(n)}s(re~ws(re,~v)dr. (3

The Dirac deltafunctionsin Eq. (3) select all allowed r, contributing to the projection onto an
image plane at point r | = ue, +ve,, where (ue,, ve,) span the rectangular 2-D projection plane.

Theintegration range comprises the part U € R? of the three-dimensional spacefilled by the
object corresponding to the x-ray transform (in our case the gratings or the specimen). Although
at synchrotron sources the condition of parallel-beam geometry holds very well, the laminog-
raphy geometry, in contrast to 3-D tomography, does not allow for a split of the aquisition and
reconstruction problem into a stack of 2-D problems. By use of Eq. (1) the x-ray transforms of
the gratings and of the specimen may be alternatively expressed in the laboratory or specimen
coordinate system, whereby only the x-ray transform of the specimen explicitly depends on the
laminographic tilt and rotation angles.

The x-ray transform of a 1-D or 2-D transmission grating is periodic, the unperturbed
diffracted wave field downstream of a grating inherits these symmetry properties and thus can
be written as a following expansion into a Fourier series[16]

Ec (r):ZTm exp(iKmr), 4

with amplitudes T, and wave vectors K,. Coefficients T, can be calculated from Eqg. (2) by
use of the x-ray transform Eq. (3) of the grating. The allowed wave vectors K, are selected
by the intersection of the Ewald sphere with so-called grating truncation rods, which represent
the grating response function ng(r) in the Fourier domain, .%3(ng(r)), yielding (for gratings
aligned in the (u,v) plane) in the paraxial approximation

Km = hm+ {K —h2 /2K } &,. (5)

The hy, are reciprocal grating vectors, which are defined by the symmetry and period lengths
of the grating (for 1-D gratings, e.g., with periods D adong u itishy = 2mn/Dg,).

The grating diffraction field becomes perturbed by the specimen disturbance py ¢(r ) in de-
pendence on the laminographic angles. Within a sufficiently good approximation for TGI, the
specimen’s x-ray transform py, (1) diffractionless propagates into the bundle of directions
Km of the plane-wave grating diffraction orders. Diffractionless propagation leads to a geo-
metrical projection. Due to the geometric intercept theorem, a non-zero angle between the Ky,
and the optical axiswith increasing propagation distances Aw causes an increasing lateral shift
Ar = Aw [K Im/ K] in the x-ray transform projected along K, onto the image plane. The total
perturbed wave field in the image plane at the position of the absorption grating w, consists of
the superposition of field contributions of all perturbed grating diffraction orders, obtained by
use of the Eq. (2)—(5):

Ep(ry,Wa) = D T exp (i(rjjhm —w h%/ZK)) exp (—ipg,o(r|+Whm/K])) . (6)
m
Here W' = w, — wp is the axial propagation distance between phase and absorption grating,

and W = w, — max(ws, W, ) denotes the axial propagation distance of the specimen disturbance
with the grating diffraction field. Every summand in Eq. (6) comprises the contribution of the
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unperturbed grating diffraction order (first two factors), which are multiplied with a disturbance
factor having the specimen’s propagated x-ray transform in its exponent.
Inlinear approximation of py ¢(r|) Eg. (6) can be rewritten in the form

Ep(r,Wa)=exp (—ipg,o(r))) Y. Tmexp (—iw' hZ /2K)exp (ihm {r| —W/KV| ppo(r}). (7)

The sensitivity of a certain grating order with respect to the specimen is proportional to the
scalar product of the reciprocal grating vector hy, with the local 2-D gradient vector of the
specimen’s x-ray transform V| p, ¢, and it is linearly magnified by the propagation distance
W. Using the self-imaging properties of unperturbed grating-diffracted fields, the image plane
will favorably be positioned at such suitable fractional Talbot orders, where propagation of
the initially phase modulated wave field of the first grating has developed strong amplitude
modulation, and as a consequence essential intensity modulation. The unperturbed intensity
field of the grating can be expanded in to a Fourier series, Ig (r) = X, In exp(ihyr), and after
incorporating the sample, the perturbed intensity pattern can be approximated by

Ip (r) = exp (—Zp;’)’e(r“)) Y In exp(ihgF) €)

with "= r| + AT, and where AT = W/K V| p{, o(r|). Here, we assumed that the effect of
\4l pZ;,e(rH) is subdominant and can be neglected.

Placing an absorption grating into the image plane, the superposition of unperturbed intensity
fringes of the phase grating and of the periodic intensity transmission function of the absorption
grating, A(r) = > A exp(igir), creates a characteristic Moiré fringe pattern, which then can
be recorded in the detector plane. This Moiré fringe pattern again becomes distorted if the
specimen isintroduced into the beam path. For sufficiently large pixel size, the perturbed Moiré
fringe pattern (integrated over the grating periods) can be approximated as [14]

21~ T 1A e (itnaF) = X115 exp (it W/KV (1)) ) ©)

and is later used for solving the inverse problem to reconstruct the object contrast functions.

Inverse problem

The reconstruction procedure for grating-based laminography is the following: (a) retrieval of
2-D absorption, differential phase, and dark-field contrast maps from the stepping scans of the
Moiré fringe pattern, go into (b) reconstruction of the 3-D laminographic object functions for
the specimen’s region of interest, and (c) stitching the ROIs to a full macroscopic 3-D image
with microscopic resolution.

Theinverse problem of the Talbot grating interferometer can be solved via a phase-stepping
technique, where several interferograms with a different constant phase shift added to the ref-
erence interferometry pattern are recorded. Taking into account only the first diffraction orders
(I = £1), well-known rules of ordinary two-beam interferometry can be applied. For 1-D grat-
ings the phase-stepping technique is realised via displacing one of the gratings in the direction
parallel to e,. The differential phase map (the gradient of the x-ray phase transform) may di-
rectly be determined from a summation over each of the N interferograms of displacement
27zn/N weighted by exp(—2zin/N), wheren =0,1,2,....N — 1., by (see for example [14])

N
AhW/KV P, o(r)) ~ arg {z Jn(u,v,W') exp(—2zi n/N)}. (10)
n=1
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Analysing the series of the interferograms Y\, J, (u,v,w’) exp(—2rin/N)} for each pixel via
Fourier analysis, the x-ray transforms of the object absorption function p(r) can be retrieved
together with the differential phase. One may also obtain the x-ray transforms of the effective
scattering power f(r), which results from the superposition of coherent Fresnel diffraction and
mesoscal e diffuse scattering of the specimen (see for example [17]).

The estimate of the unknown object functions p(r) (which could be the linear attenuation
coefficients u(r), the real part of the refraction index o(r), or the effective scattering power
f(r)) from aseries of projections reconstructed via Eq. (10) from the measured phase-stepping
scans under constant 6 but different rotation angles ¢ is performed by using the Fourier slice
theorem. For the laminography case, the 2-D Fourier transforms %, g (ky, ky) of the projections
Py, (u,Vv) correspond to the cross-sections of the 3-D Fourier transform . (ky, ky,k;) of the
object functions p(r) through the reciprocal image plane (e, x &) -k =0, that is

P (ku,ky) = A (ky-eu+ky-&) . (11)

Since in the case of laminography in reciprocal space the 2-D Fourier transforms of the
projections are inclined with respect to the k, direction by the laminographic angle 6, the set of
unbounded projections for different rotation angles doesfill (and even oversamples) the region
outside a double cone with the opening angle 7-20, while the cone internal regions remain
empty (non-sampled frequencies) [11]. As a consequence, laminographic reconstruction is an
ill-posed inverse problem. The reconstruction process may provide only approximate object
functions, the reconstruction of the accurate object function isimpossible.

However, even full tomographic scans for such type of laterally extended samples cannot
acquire the complete frequency domain, and, besides of representing also ill-posed inverse
problem, additionally suffer from strongly angle-dependent transmission values [18].

The analytical reconstruction of the object functions p(r) from its x-ray transforms can be
performed by generating a so-called compound image g via back-projection and by the latter
convolution with an inverse filter function h [11]. The inverse filter function h depends on the
3-D point spread function which is determined by the experimental geometry.

Here the relation between the compound image and projection is described by

2n 2n 13 T
9o0(x%.2) 00 = [ poa (TE%(0.0)- (32" ) do (12)
with the laminographic transformation matrix
CoSQ —snge 0
Txz(0,90) =Rx(6 —7/2)-R,(—¢) = | sinB-sinp sin@-cosp  cosO |, (13)

cosO-sing cosf-cosp —sSin6

and T13 denotes a matrix where only the 1st and 3rd row of the matrix T is retained. Since

g(r) ={p@h}(r), (14)
where @ denotes a 3-D convolution, one obtains a reconstruction equation
p(r) = F3H(k)} = F5 {9 A)(K)} = {goh} (), (15)

withg = Z; 49} andh = Z, 4w} = 7,11/}

Two reconstruction approaches can be employed for the laminography case: so-called filter-
ing after backprojection and filtering before backprojection [19]. Filtering before backprojec-
tion has advantages concerning time and memory consumptions, and it is based on the relation

{(Goo- AV (K) = { Py Hpo} (T1x(6,0)- k) x 8(T(0,9)- k), (16)
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which holds when %%),9 isa2-D section of the 3-D inverse filter function .7 in the reciprocal
space through a plane defined by a projection &, ¢ as

Hpo(ku,ky) = (T 2(0,0) - (ky,0,k)T). (17)

According to the above statement, the 3-D convolution in Eg. (15) can be substituted by 2-D
convolutions of projections with the filter function. The filter function can be derived from the
3-D inverse filter, which is less time consuming and leading to

— — sin@
Fo{hgo} = Hye(Ku,kv) = ?\ku| . (18)

Moreover, since the filter neither depends on the laminographic rotation angle ¢ nor the
reciprocal vector component ky, the projection filtering can be efficiently implemented by a
series of 1-D fast Fourier transforms.

Let

Dy o(kke) = { Ppo- Hpo} (kuske) <2 dpo(U,V) = {Ppo@hpe} (Uv)  (19)

be afiltered projection. Applying Eq. (17), reconstruction equation (15) can be rewritten in the
following two forms

2r 2n
p() =753 [ 2501 (6.9) 1) 8T (6. 9) k) dg 0 = [0 (T3 (6.0) ) dp. (20)
0 0
My (K)

The above equation offers two fundamental ways to implement a reconstruction procedure: the
reconstruction can be performed in reciprocal or directly in real space. For reconstructionsfrom
our experiments we used the second approach.

It should be noted that Eq. (20) can be directly applied to the reconstruction of the object
functions pu(r) and f(r). The reconstruction of the refractive index map &(r) from the phase
gradient projections requires an adaption of the filter function (Eq. (18)) to

Fo{lg0} = Hpo(kuky) = ?%msgn(ku) (1)
corresponding to the Hilbert transform in real space [20].

Applying the reconstruction procedure to the recorded projections, absorption, phase and
dark-field 3-D volumes were recontructed from the same experimental data set. The details on
the instrumentation, imaging procedure and experimental conditions are described bel ow.

3. Instrumentation and experiments

We have integrated both methods and performed our experiments at the laminography instru-
ment of the ESRF 1D19 beamline. The instrument has been developed by ANKA at Karlsruhe
Ingtitute of Technology (KIT). The set-up consists of the three main manipulation system units:
laminography sample stage, detector manipulator, and the integrated Talbot grating interferom-
eter.

The sample manipulation unit is designed to perform measurements in both tomography and
laminography geometries. In the set-up at D19 the laminography angle can be easily adjusted
in the range from 45° to 70°. The detector manipulator holds a pixel array x-ray detector of
requested resolution down to 0.5 um pixel size. It also permits detector translation along the
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Fig. 2. Schematic view of the experimental set-up. The coordinate systems are the same as
in the previous chapter, Xy denotes grating translation for the phase-stepping technique.

optical axisto set the wavefield propagation distances between the object and the detector plane
(up to max. 1 m downstream of the sample rotation center).

The phase grating, in principle, can be mounted up- or downstream of the object plane. For
the experiments reported here, we implemented a compact grating interferometer set-up with
phase and absorption gratings downstream of the sample. The grating interferometry set-up
was suspended above the sample manipulator from a frame-bridge system with two tranglation
stages for the positioning of the gratings into the beam path and with arotational stage for grat-
ing alignment (Fig. 2). The grating interferometer was further equiped with a piezo actuator
in order to perform the phase-stepping. The system allows one to adjust any required Talbot
distancesin the range from 2 cm to 40 cm. In our experiments we employed a one-dimensional
grating set-up. However, 2-D grating interferometers [21] will also work with this instrumenta-
tion.

The principal advantage of the laminography set-up at ID19 is a dedicated large-diameter
sampl e rotation table with a large aperture for x-rays. When laminography measurements are
performed, the rotational table is tilted versus the optical axis, so that the x-ray beam passes
through the center of the rotation table, where the large aperture gives the x-rays travelling
through the specimen without hitting the table itself or any specimen holder which could in-
troduce an additional disturbance of the wavefield. Moreover, external positioning systems per-
form sample translation for 2-D scanning over an area up to 158 x158 mm?. As a result, em-
ploying the laminographic rotation geometry, 3-D measurements of selected regions of interest
(ROI) can be recorded with variable resolution, without special preparation (sample extrac-
tion). For example, the set-up allows first to measure low-resolution (preliminary) scans. After
reconstruction, one is able to identify the most interesting ROIs and finally to zoom into these
regions for high-resolution measurements. Also, continuous high-resolution screening of large
specimen areas can be performed by repeating full-field computed laminography and systemat-
ically trandlating the sample through the center of the rotation table. In this way, combining the
inherent full-field method with tranglational scanning, an enlarged effective field of view can
be realized without drawbacks of additional artifacts.

For our measurements, temporal (longitudinal) coherence requirements of TGI-
laminography have been satisfied by using the 13 harmonic of the ID19 undulator at ESRF
with the peak energy at 18 keV and energy bandwidth dE /E of about 0.1. The ID19 source size
and beamline length of 145m guarantee more than sufficient spatial (transversal) coherence
for the grating interferometer. The phase and absorption gratings with pitches of 2.4 um were
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fabricated by the LIGA process at KIT, the first made of 4um thick Ni (acting as a x/2-shift
grating), the latter made of gold with a aspect ratio of 100. For the described experiments we
have operated the TGI in the 51" Talbot order. The Moire patterns were detected by use of the
ESRF in-house developed CCD based " Frelon 2k” camera (with a 2048 x 2048 pixel array). By
use of an optical lens coupled to a thin-film crystal scintillator (LuUAg 125 um), an effective
pixel size of 5.02 um was appropriately providing afield of view of about 10 mmx10 mm. All
datasets were acquired via phase-stepping scans with 4 steps per projection angle, and exposure
time of 0.5s per frame. The parchment specimens were visualized at alaminographic angle of
32 degrees; 1599 projections over 360 degrees rotation angle interval were acquired.

4, Results

In our work, the potential of laminography based on Talbot interferometry is demonstrated by
a parchment study. For very long time, parchment has been used as a materia for writing. A
group of antique collective texts from the Hebrew Bible, para-biblical and Jewish sectarian
texts, was made by parchment from the animal skin, such as sheep and goats [22] is known as
the Dead Sea Scrolls. Due to the storage conditions, exposure to light, as well as influence of
humidity and bacteria the persistence of these manuscriptsisin great danger. In order to pre-
serve such significant historical documents of mankind, understanding of parchment structure
and its deterioration processes is of fundamental interest for our cultural heritage.

Parchment degradation has been studied by other x-ray methods such as x-ray diffraction and
fluorescence analysis, and x-ray absorption near edge structure [23, 24]. Recently, absorption
tomography of a small piece of the Dead Sea Scrolls indicated the advantages of 3-D non-
destructive imaging [25].

In order to understand how the degradation of the parchment occurs we examine freshly
prepared parchment in comparison to already degradated parchment from the Dead Sea Scrolls.
Dueto inhomogeneity of parchment and its complex structure, we applied Talbot interferometry
based laminography so that multiple-contrast information can be used.

The preparation techniques of parchment and ink from Dead Sea Scrolls have been studied
via several analytical techniques, which should allow mimicking the traditions used by the
ancient Jewis scribes, who prepared their own parchment and ink for the Dead Sea Scrolls.
Scientists areinterested to find out, whether their mimicked parchment fabrication process goes
back in history to the recipes which were used at Qumran and other sites during the second
Temple period (300 BC-70 AD).

There are two main recipes today used by orthodox circles in Jerusalem: One based on the
dake (lye) method, whereas the second one uses potash made of ashes of burned wood. Both,
however, start with the depilation, or de-hairing, of the fresh hide after fat and tissue have been
removed, either mechanically or manually, by continuous scraping and grinding the hide to
the wanted thickness. After depilation, the raw hide is tanned in a concoction made of organic
matter such as Rhus leaves or oak galls known for their tanning properties. Subsequently, the
hide is rinsed well and is stretched over a frame in a well-vented room without making use of
sunlight that eventually would destroy the skin. When the entire skin is dry, which can take
one or two days depending on the temperature, it is cut into pages of specific size. The fresh
parchment skin we used in this study was prepared according to the slake/lye technique.

Here we apply laminography within a feasibility study, investigating whether we can get
structural information from both fresh and historical parchment. In more detail, according to
fabrication procedure and the type of material used, we expect morphological variation going
from the bottom to the top side of the parchment.

Slices through the reconstructed 3-D volumes of absorption, dark-field and phase contrast
from the freshly prepared parchment are shown in Fig. 3(a-c), respectively. The dlices corre-
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(d) flesh side (e) flesh-to-skin transition (f) skinside

Fig. 3. Figures (a-c) shows absorption, dark-field and phase contrast slices through the re-
constructed 3-D volume of the freshly prepared parchment. The scale bar is 1 mm. Figures
(d-f) are the phase contrast dlices at the different height, through the 3-D laminographic
volume of the parchment, the thickness of the pieceis 280 um. Figures (d) and (f) arerecto
(skin) and verso (flesh) sides correspondingly. Figure (€) depicts a dlice through the middle
of the volume at 140 um from the surface. All images are the zoomed ROI from the Fig.
(c). The scale bar is500 um.

spond to the verso (back or flesh) side of the parchment. All three images of different contrast
show details of the fat-like structure in the parchment. Further, the absorption contrast im-
age (Fig. 3a) indicates highly absorbing particle-like components, which could come from the
sample preparation or storage. The dark-field image (Fig. 3b) enhances interfaces inside the
parchment structure and especially highlights the scattering signal from the particles within it.
Parchment is a weakly absorbing material. As expected, the phase map (Fig. 3c) gives best
contrast, at least, for the parchment tissue. The three slices selected in Fig. 3(d-f) zoom into
aregion of interest and show phase contrast images for three different but equidistant depths.
In the slices we observe a characteristic variation of the porous microstructure, especially from
Fig. 3d to 3e. The dlices also indicate lateral density variation within the parchment material.
A piece of degradated parchment from one of the Dead Sea Scrolls (QUM 922, Cave 4) is
visualized in Fig. 4(a-f). One can clearly observe the structural changes due to degradation if
comparing the slices of fresh and historical specimen, aready by naked eye, both are funda-
mentally different. Absorption, dark-field and phase contrast slices taken from the same depth
of the parchment are shown in Fig. 4(a-c), demonstrating the strong structural changes suffered
over time. The dark-field image 4(b) shows that the area density of the interfaces inside the
parchment has considerably increased which might be due to the appearance of micro-fissures
inside the former tissue. Overall, the parchment’s structure has decomposed and shrunk to a
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(d) flesh side (e) flesh-to-skin side transition (f) skinside

Fig. 4. Figures (a-c ) show absorption, dark-field, and phase contrast slices through the re-
constructed 3-D volume from the small piece of Dead Sea scrolls. The scale bar is 1 mm.
As for the freshly prepared parchment, figures (d-f) show phase contrast dlices at the dif-
ferent depth of parchment (zoomed region from (c)). The total thickness of the parchment
from the Dead Sea scrollsis about 150 um. The scale bar is 500 um.

large extent. Also, significant warpage occured. On all phase contrast dlices taken at differ-
ent depth of the parchment, Fig. 4(d-f), we clearly discover the formation of collagen fibrils,
particle-like structures and micro-cracks compared to the formerly much more homogeneous
material of fresh parchment. The detailed morphology of collagen fibrils varies from one slice
to the next. At the edges of parchment the collagen fibrils are more structured and more dense.
So, in the examined sample the parchment was preserved better at the edges. The observation,
that the collagen system seems to be more disordered in the center of parchment, supports
the earlier hypothesis that the deterioration might have developed from the inside towards the
outside [24].

Under methodical points of view, we may conclude on the principal feasibility of TGI-
laminography as a very promising technique for systematic studies of historical parchment
degradation, such as Dead Sea Scrolls and others. Moreover, applying the phase-stepping tech-
nique, images of different contrast modes can be retrieved making absorption, dark-field and
phase contrast simultaneously available. Systematic use of multiple-contrast images will pro-
vide more complementary understanding of structural changes within a 3-D volume. Since the
method enables us to non-destructively scan large volume of parchment and to zoom into var-
ious regions of interst with variably chosen resolution, the technique seems presently to be the
only 3-D method allowing to perform representative studies of structure changes.
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5. Conclusions

Laminography with integrated Talbot grating interferometry has been theoretically described
and experimentally realized by implementing a dedicated instrumental set-up of ANKA/KIT at
the ESRF 1D19 Imaging Beamline. Summarizing the forward problem of image formation and
the inverse problem for dataretrieval of grating’s-based laminography, the main reconstruction
equations have been developed in both real and reciprocal space including a computation-time
efficient 1-D projection filter and afilter adapted to retrieve the spatial electron density modu-
lation of the object from differential phase images.

Talbot interferometric laminography combines the advantages of both methods: it simulta-
neously yields information on the 3-D distribution of the specimen’s properties to attenuate, to
scatter and to shift the phase of the probing x-ray wave field within a single measurement. It
allows zooming into various selected regions of interest as well as scanning of large sample
areas. Presently we are able to provide spatial resolutions in the order of 5 micrometres. This
enables non-destructive 3-D screening of laterally extended devices and samples containing
light-weight materials.

In the context of archeometry, we demonstrated the potential of this non-destructive tech-
nique by comparing the structure of freshly prepared parchment following historical recipes
and already degradated historical parchment taken from the Dead Sea Scrolls, that are about
2000 years old.
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