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Abstract. Experiments have been performed to explore the potential of the low emittance 855 MeV electron
beam of the Mainz Microtron MAMI for imaging with coherent X-rays. Transition radiation from a micro-
focused electron beam traversing a foil stack served as X-ray source with good transverse coherence.
Refraction contrast radiographs of low absorbing materials, in particular polymer strings with diameters
between 30 and 450 um, were taken with a polychromatic transition radiation X-ray source with a spectral
distribution in the energy range between 8 and about 40keV. The electron beam spot size had standard
deviation o5, = (8.6 £0.1) um in the horizontal and ¢, = (7.5 & 0.1) um in the vertical direction. X-ray
films were used as detectors. The source-to-detector distance amounted to 11.4m. The objects were placed
in a distance of up to 6 m from the X-ray film. Holograms of strings were taken with a beam spot size
o0y = (0.50 £ 0.05) pm in vertical direction, and a monochromatic X-ray beam of 6keV energy. A good
longitudinal coherence has been obtained by the (111) reflection of a flat silicon single crystal in Bragg
geometry. It has been demonstrated that a direct exposure CCD chip with a pixel size of 13 x 13 ym?
provides a highly efficient on-line detector. Contrast images can easily be generated with a complete
elimination of all parasitic background. The on-line capability allows a minimization of the beam spot
size by observing the smallest visible interference fringe spacings or the number of visible fringes. It has
been demonstrated that X-ray films are also very useful detectors. The main advantage in comparison
with the direct exposure CCD chip is the resolution. For the Structurix D3 (Agfa) X-ray film the standard
deviation of the resolution was measured to be oy = (1.2 £ 0.4) pm, which is about a factor of 6 better
than for the direct exposure CCD chip. With the small effective X-ray spot size in vertical direction of
oy = (1.24£0.3) um and a geometrical magnification of up to 7.4 high-quality holograms of tiny transparent
strings were taken in which the holographic information is contained in up to 18 interference fringes.

PACS. 87.59.Bh X-ray radiography — 52.59.Px Hard X-ray sources — 41.50.+h X-ray beams and X-ray
optics — 07.85.Fv X- and gamma-rray sources, mirrors, gratings, and detectors — 07.85.Nc X-ray and
gamma-ray spectrometers

1 Introduction

The contrast in conventional absorption X-ray imaging is
based on the difference in the absorption of the materials
constituting the sample. Thin samples of light elements,
such as soft tissues and organic materials with Z < 8, show
a weak absorption contrast even at low X-ray energies, i.e.,
the big deficiency is that the conventional absorption ra-
diography cannot distinguish between materials with simi-
lar attenuation coefficients. For low-Z materials, however,
a high contrast could be obtained if the phase shift of
the X-rays introduced by the object could be exploited
instead of the intensity of the transmitted wave. The en-
hancement of the contrast is attributed to the fact that, in
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particular for low-Z materials, the phase shift for X-rays
is higher than the absorption of the incident X-rays. Also,
for the radiography based on the phase shift mechanism,
the absorbed dose is considerably lower in comparison to
the conventional absorption radiography, see, e.g., refs. [1,
2,3].

X-ray phase contrast imaging can be carried out with
various methods, for an overview see the recent ref. [4]. In
particular, it has been pointed out by Wilkins et al. [5]
that a very simple experimental setup with a polychro-
matic X-ray source of good transverse coherence, i.e. a
small micro-focused spot, is already sufficient. Informa-
tion can be supplied by such a method on the sample
morphology, i.e. its boundaries, interfaces and location of
small features, see e.g. ref. [6,7,8]. If, in addition, the X-
ray source emits monochromatic X-rays, holograms can
be taken. The experimental setup is similar to that of
Gabor in-line holography [9]. In principle, such a setup
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is rather simple but a highly transverse and longitudi-
nal coherent X-ray source of good intensity and also high
spatial resolution detectors are required. Such sources are
available at third generation synchrotron radiation sources
like ESRF, APS, and SPRINGS, and hard X-ray phase
contrast imaging, in-line holography and microtomogra-
phy have been accomplished at these facilities, see, e.g.,
refs. [10,11,12].

The work presented here exploits the potential of the
low-emittance 855 MeV electron beam of the race track
microtron MAMI to produce X-rays with very good trans-
verse coherence. Our approach is based on transition radi-
ation (TR) production in the X-ray region with a micro-
focused electron beam. In sect. 2 some features of the com-
plex refraction index will be recalled with particular view
on phase contrast methods. In sect. 3 the results of phase
contrast imaging with a polymonochromatic X-ray beam
from a TR foil stack with good transverse coherence will
be presented. Section 4 deals with our approach toward
a hard X-ray in-line holography using monochromatic X-
rays. The paper closes with a conclusion.

2 Absorption versus phase shift

When a parallel beam of X-rays penetrates matter, it suf-
fers an attenuation and a phase shift. These macroscopic
quantities are described by the complex refraction index
of X-rays [13]

n(w) =1 - 8(w) +ifw). (1)

The real part R[n(w)] = 1 — 6(w) describes the refrac-
tion of the wave of angular frequency w in a material, the
quantity 0(w) gives the deviation of the refractive index of
a material from unity (refraction index of vacuum). It is
called the refractive index decrement. The imaginary part
S[n(w)] = B(w) specifies the attenuation of the X-rays in
matter. It is called the absorption index.

The transmission of an electromagnetic wave through
a piece of matter of thickness d is illustrated schematically
in fig. 1. The undisturbed wave propagation in z-direction
is described by the expression

A, = Agellkvd=wt g — (2)

w
c

The amplitude of the outgoing wave behind the object is
Am _ Aoei(kmd7Wt) — Aoe*’i%&de*%ﬁ'dei(kud*uﬁ), (3)

where k,, = nw/c is the wave number in the medium.
Equation (3) contains a phase factor exp(—i¢(d)) with
d(d) = ¢om(d) — ¢pp(d) = (w/c)d - d the phase difference
between the wave in matter with phase ¢,,, and in vacuum
with phase ¢,. In addition, the wave suffers an amplitude
attenuation |A,,|/|4,| = exp[—(w/c) - B - d].

The ratio ¢/ is drastically larger for a low-Z material
in comparison with a high-Z material at photon energies
in the order of 20-40keV. For example, at a photon energy
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Fig. 1. Transmission of an electromagnetic wave through a
piece of matter of thickness d and complex refraction index
n = 1—§+i0. The transmitted wave is attenuated by the factor
exp|[—(w/c)-B-d] and has suffered a phase shift ¢, (d)— ¢, (d) =
(w/e) - 6 - d with respect to the unperturbed vacuum wave.

hw = 30keV, §/3 for polycarbonate (C14H1403) is ap-
proximately 40 times larger than for nickel (Z ~ 28). This
clearly demonstrates that for low-absorbing materials the
phase shift dominates in comparison with the attenuation.
For a polycarbonate foil of 10 ym thickness and a photon
energy hw = 12keV, for which the complex refraction in-
dex parameters are § = 1.826-107% and 3 = 1.573 - 1077,
the phase shift is ¢ = 1.11rad while the intensity attenu-
ation is only 1 — exp[(—2w/c) - B -d] = 1.91 - 1073. These
considerations lead to the important conclusion that a
high contrast combined with a low absorbed dose could
be achieved by using the phase shift mechanism to pro-
duce a radiograph [5]. In the next section the question
will be addressed how the phase shift can be exploited for
radiography.

3 Refraction contrast radiography
3.1 Basics

In an ideal experiment a point source emanates a
monochromatic wave and illuminates the sample. The X-
ray wavefront impinging on a sample will be deformed at
the passage through the medium when its thickness or re-
fractive index is inhomogeneous. In the framework of the
eikonal approximation the wave vectors of the X-rays are
normal to the equi-phase surfaces. In this picture of ray
optics, i.e. for A — 0, the deviation from the initial direc-
tion is due to refraction.

For the sake of simplicity, in fig. 2 a one-dimensional
object such as a string of radius R and a homogeneous
refraction index no = 1 — d5 + i35 is considered, which is
embedded in a medium of refraction index n; =1 —6; +
i31. It is illuminated with a nearly parallel X-ray beam.
The phase shift of the outgoing wave relative to the wave
in vacuum is given by

s = TEm - (2, @

with z, the vertical coordinate at the object. The angular
deviation « of the normal to the incoming wavefront is, in
the eikonal approximation,
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Fig. 2. Formation of a refraction contrast radiograph accord-
ing to geometrical ray optics. Refracted X-rays slightly deviate
from the initial propagation direction at the interfaces in accor-
dance with Snell’s law of refraction. Since the refraction index
for X-rays is slightly smaller than unity (about 107°), X-rays
are refracted in opposite manner to visible light, i.e. they are
focused by a concave and defocused by a convex object. For
tangentially incidence the X-rays encounter maximum devia-
tion resulting in the formation of a contrast which enhances the
visibility of the interfaces. The source-to-object distance is xso,
the object-to-detector distance x,4 and the source-to-detector
distance Tsq = Tso + Tod-

The phase gradient diverges at z, = R. The rays deviate
by a large angle from the original propagation direction
even though (02 —d1) is very small as in the case of X-rays,
which leads to a loss of intensity at boundaries or an edge
contrast. This explains why the radiograph looks like a di-
rect image of contours of the details which constitute the
sample. More generally, any rapid variation of the refrac-
tion index or the thickness of the sample may be imaged
by the edge contrast which appears in the radiograph even
when a polychromatic X-ray beam is used.

In fact, the wave refracted by the sample interferes
with the unperturbed wave. The diffracted wave and
the unscattered wave form an interference pattern at
the detector which is called a hologram. It is recorded
by an image detector of high spatial resolution. For the
polymer string with circular cross-section stretched along
the horizontal y,-axis, the normalized electric wave field
E(z4,\)/Eo(z4,\) at the detector plane can be calcu-
lated by means of the Fresnel-Kirchhoff integral. As shown
in [14,15] the result is

E(Zd, )\) Tsd
S ARV _ %sd
Eo(za, A) + IAT 50T 0d
+R A -
T, 22
) z Tsd o Tso\2
exp [z S (20 — 24 de) }dzo : (6)

The quantities ., Toq, and zsq are defined in fig. 2.
The normalized intensity distribution perpendicular to
the string direction, the z4-direction at the detector
plane, I,(f)(zd,/\o) = |E(2d, M0)|?/|Eo(2a, Mo)|? is shown in
fig. 3 (a) for a monochromatic X-ray source with wave-
length Ag. In a real experiment the spectral distribution
of the X-rays and the finite beam spot size deteriorate
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Fig. 3. Calculated interference patterns for a polymer string
with a diameter of 30 um, complex refraction index § =
7.24-107% and B = 2.42-107% at an X-ray energy of 6keV,
source-to-object distance x5, = 10.45m, object-to-detector
distance zo,q¢ = 3.15m. (a) Normalized intensity distribu-
tion |E(zd, Mo)|?/|Eo(za, Ao)|? derived from eq. (6) for a point
source and monochromatic X-rays with Ao = 2.067 A, corre-
sponding to an energy of 6keV; (b) for a point source but a
Gaussian spectral distribution around \¢ with standard devi-
ation of o = 0.6 A; (c) for a Gaussian intensity distribution
of the X-ray source spot with standard deviation o, = 6 um
and monochromatic X-rays. Convolutions according to eq. (7).
Ideal detector resolution is assumed.

the visibility of the interference fringes as demonstrated in
fig. 3 (b) and (c). Source spot size and spectral distribution
have been taken into account as convolutions with the nor-
malized intensity distributions g(z;) of the beam spot and
the spectral distribution f(\) of the X-rays according to

In(zd):// o (zd _Tod, A — )\0> -9(2s)- F(N)-dzg-dA.

Tso

(7)
It can be seen from fig. 3 (b) that a few interference
fringes remain visible, which resemble the structure of the
string, even for polychromatic X-rays with a small longi-
tudinal coherence length L = \2/(2A\) ~ ), and/or a
beam spot size 0, = 6 pum (rms) which corresponds to a
transverse coherence length Ly = 244+ A/(270,) = 75 pm.
Radiography based on these conditions will be called in
the following refraction contrast radiography. For X-ray
in-line holography, both a very good transverse coherence
and a good longitudinal coherence of the X-ray beam are
required since the holographic information is imprinted in

the interference pattern as shown in fig. 3 (a).
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Fig. 4. Schematic diagram showing the experimental setup for
refraction contrast radiography. The inset shows the calculated
TR spectrum as function of the photon energy for which mul-
tiple scattering, electron beam divergence (0.6 mrad) and self
absorption were taken into account. The foil stack consists of
30 polyimide foils with a thickness of 25 um each, and spac-
ings between the foils of 75 um. It was optimized for a photon
energy of 33keV.

3.2 Experimental

The principle of the refraction contrast radiography will be
explained by means of fig. 4. The 855 MeV electron beam,
with a Lorentz factor v = 1673, produces in a transition
radiation foil stack a polychromatic X-ray beam which
propagates in the forward direction in a cone with a typ-
ical apex angle of 2/y ~ 1.2mrad. The X-ray emission
spectrum is shown in the inset of fig. 4. The polychro-
matic X-rays leave the vacuum system through a poly-
imide exit window of 120 ym thickness which is located
at a distance of 5.88m from the foil stack. The beam
line is shielded by a concrete wall of 1m thickness and
3.5m height to reduce the background in the experimen-
tal area. The background originates from electrons which
emitted a bremsstrahlung photon in the TR foil stack and
left the beam line behind the bending magnet, as well as
the background from the beam dump itself. The objects
to be imaged are mounted in air at different distances
from the target x,,, and from the X-ray film z,4, with
5.88m < xg < 13m and Om < z,q < 7.12m, respec-
tively. The source-to-detector distance was rsq = 11.38 m.

The Mamoray MR5 II PQ X-ray film produced by
Agfal was used as position-sensitive detector. It is based
on silver bromide with an emulsion thickness of dy =
12 um [16]. The exposed X-ray films were processed man-
ually. The X-ray films were digitized with a Nikon film
scanner Super CoolScan 4000 ED [17] which has a spatial
resolution of 4000dpi 2 corresponding to a pixel size of
(6.35 x 6.35) um?2.

The primary quantity which is measured by an X-ray
film is the photographic density D, [18,16]. It is defined
with the basis-10 logarithm as D, = log(ip/i) with 4o

L Agfa-Gevaert N.V., B2640 Mortsel Belgium.
2 Dots per inch.
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the optical light intensity impinging on the film and
the intensity measured by the detector of the densitome-
ter. From this primary quantity the so-called fog Dy =
log(io/ios) of an unexposed part of the film must be sub-
tracted to obtain the density D = D, — Dy = log(ios/1).
The latter must be related to the exposure b(r) of the film,
i.e. the energy per unit area dE(r)/dA deposited by the
X-ray photons at a certain location r of the film.

In a simple theoretical model [18] the photographic
density can be described by

D(r) = Dsat(1 — exp(=b(r)/bo)) - (8)

The saturation density Ds,; and by are characteristic
quantities of the X-ray film. From eq. (8) the relative ex-
posure is obtained as

W thm) o

Since we are interested in normalized exposure ratios
(b(r)/bo)/(b/bg) with b the value without the object which
can be replaced by a mean value on some position outside
the domain of interest, the unknown quantity by cancels.
The still unknown saturation density Dg,; must, in princi-
ple, be determined. However, since the digitization devices
to our disposal had only a depths of 8 bits the main re-
striction in the dynamical range is expected to originate
from the digitization procedure and not from the dynam-
ical range of the X-ray film.

In view of the low digitization depth, the procedure we
adapted to obtain the contrast C)..¢ of a string as defined
by eq. (10) in the next subsection was the following. At
first, domains on the X-ray film were selected in which the
photographic density was assumed to be in the linear re-
gion. In this case eq. (8) reduces to D(7) = Dgqt - b(r)/bo
and in the exposure ratio also the saturation density can-
cels. Thereafter, we determined the contrast C..r at var-
ious positions of the string for which the exposure varied
due to the intensity profile of the X-ray beam spot and se-
lected the maximum value as the experimental contrast.

3.3 Results

An extensive study of the contrast generation as a func-
tion of the object-to-detector distance z,4 has been per-
formed for polyamide strings of different diameters. Fig-
ure 5 (a) shows a typical example for a polyamide string *
with a diameter of about 270 pm. The calculated absorp-
tion contrast for such a polyamide string does not exceed
about 1%. Therefore, no absorption contrast can be ob-
served with the traditional contact radiography, i.e. for
Tog = 0, in accord with our measurements. By moving
the object away from the detector, the imaging regime is
changed from absorption radiography to phase contrast
radiography and phase shift is the mechanism to produce
the contrast. The contrast appears at the borders of the

3 Supplied by Goodfellow.
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Fig. 5. Refraction-enhanced radiograph of a polyamide string
with a diameter of 270 um at an object-to-detector distance
Toq = 5.5m and a source-to-detector distance zsq = 11.38 m.
The electron beam current was 6nA, the exposure time
amounted to 60s. X-ray source sizes were o, = (8.6 £0.1) pm
and o, = (7.5 £ 0.1) pm in horizontal and vertical direction,
respectively. (a) Radiograph, (b) intensity profile for which
100 vertical pixels were added together to improve the statis-
tics. (¢) Normalized intensity profile according to geometrical
optics with the following parameters: film and scanner reso-
lution oy = (10.0 + 0.4) um, and the wave optical contribu-
tion 0w = /ATsaTod/(2TTs0) = 2.3pm with A = 0.633 A.
(d) Same as (c) on the basis of wave optics.

polyamide string where the density gradient reaches its
maximum value. An edge contrast can be defined as
-1 min

Inae
Cref -

_— 10
Imaz + Imin ( )

with Inee and Iy, defined in fig. 2. As can be seen from
fig. 5 (b) the contrast amounts to Cy.y = 17.8%. The con-
trast Cros as a function of the object-to-detector distance
Zoq 1s shown in fig. 6 as error bars for all measurements.

3.4 Discussion

The most interesting feature of the radiograph shown in
fig. 5 is that an edge enhancement or phase contrast can be
observed with a polychromatic X-ray beam. This fact has
been discussed in a number of papers also in connection
with the interplay between refraction and diffraction [5,
19]. The general features of refraction contrast imaging
will be discussed by means of fig. 6. It can be stated that
the distance x,q between object and detector must be at
least as large that the wave optical spread of the diffracted
X-rays becomes comparable with the detector resolution.
Otherwise all interference fringes are blurred and the con-
trast is low. With increasing object-to-detector distance
Zoq the contrast increases about linearly. However, at the
same time the projected X-ray spot size on the detector
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Fig. 6. Contrast Cy.s for a polyamide string of 270 um diam-
eter as a function of the object-to-detector distance x,q. The
source-to-detector distance rs, = 11.38 m was kept constant.
Error bars are measurements, crossed circles calculations on
the basis of the wave optical model with a beam spot size
oy = 7.5pum and a total X-ray film resolution and scanner
resolution oy = (10.0 & 0.4) ym. Stars designate calculations
according to geometrical optics.

plane increases and this worsens the contrast at larger z,q4
distances. The maximum of the contrast is a function of
the beam spot size and of the film resolution. But contrast
is not the only figure of merit. It must also be taken into
account that with increasing x,4 the edge spread increases
and the resolution deteriorates. The latter might be unde-
sirable in case that resolution is of importance and nearby
features must be resolved.

Next, the question will be addressed whether the mea-
sured edge enhancement structures can be understood
quantitatively in the framework of the wave optical and
geometrical models. As has already been pointed out
above, the refraction contrast is in a strict sense a wave op-
tical phenomenon, however, with some care it can also be
explained in the framework of geometrical optics. Such an
approach might be a good approximation at experimen-
tal conditions in which interference patterns are smeared
out, i.e., if the object is illuminated with polychromatic
X-rays, or if the projected source size or the detector res-
olution are too large, respectively too bad. Both models
have two free parameters which are the standard devia-
tion of the beam spot size and the resolution of the X-ray
film including the film scanner.

The wave optical calculations were performed with the
effective X-ray spectrum which takes into account the
transition radiation spectrum and the absorption char-
acteristics of air and the X-ray film. The effective X-
ray spectrum was approximated with 22 discrete values
in the energy range between 8 and 30keV. For the ge-
ometrical model it was sufficient to approximate the X-
ray spectrum by a delta-function at the mean photon
energy (hiw) = 19.6keV, corresponding to a wavelength
A= 0.633 A, since model calculations showed, via the op-
tical parameters, a rather weak energy dependence of the
sharp edge structure. As can be seen, both the geometrical
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Fig. 7. A refraction contrast radiograph of a part of green
leaf of Rumex crispus. The radiograph was recorded by the
MAMORAY MR5 II PQ (Agfa) X-ray film. The object-to-
detector distance was x,q = 5.5m at a source-to-object dis-
tance s, = 5.88m. With these parameters the magnifica-
tion was 1.94 times. The electron beam energy was 855 MeV,
the electron beam spot size had standard deviations of o), =
(8.6 £0.1) pm and o, = (7.5 £ 0.1) pm in the horizontal and
vertical direction, respectively. The TR foil stack described in
fig. 4 was used. The electron beam current was 6 nA, the ex-
posure time 40s.

and the wave optical model describe the general features
of the measurement quite well. The rather good results
for the contrast ratio Ci.s of the geometrical model, as
shown for the example in fig. 5 (c¢), were obtained after a
convolution with a Gaussian of standard deviation

2
Lod )\modxsd
o = (—) 0'34—0"21—{-0'12)-’-27
Tso TZso

This parameter takes into account projected source
size 04, X-ray film resolution o4, pixel resolution of
the film scanner o,, and an additional term o, =

\/ AT soToq/ (2T sq). This term accounts for the diffrac-
tion which is absent in the geometrical model. It was
estimated from the second exponential in eq. (6). The
argument is that for a fixed point z, at the object the
typical spread in the detector plane is given by a region
|Z2oTsd/Tso — 2zd| < Ow. For |2o%sq/Tso — 24| > o4 the
exponential oscillates rapidly and the mean value in z4
approaches zero. The real parameter o,, may differ from
the assumed one. However, the good agreement may be
a consequence of the rather poor total film resolution

(11)

oy = /05 + 02 = 10 pm which is much larger as the wave
optical contribution o,, = 2.3 um.

As an example of the visualization of low-Z objects by
the refraction contrast, in fig. 7 the image of a green leaf
is shown. In the part labelled with (a) where the leaf is
thinner than 1mm, the visibility of a bundle of vascular
tissue (veins) could be resolved with high contrast. In the
middle part labelled by (b), the object is about 3 mm thick
and contains a bundle of vascular tissue (veins). However,
the identification of an individual vein is difficult since im-
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ages from the different veins in the radiograph are over-
lapping. Such three-dimensional structures may be disen-
tangled by a holographic method some principles of which
are sketched in the next section.

4 Toward hard X-ray in-line holography

In the preceding section it has been shown that the transi-
tion radiation (TR) X-ray source is well suited for refrac-
tion contrast imaging. This chapter deals with the inves-
tigation of the possibility of X-ray phase contrast imag-
ing and hard X-ray in-line holography with monochro-
matic X-rays at MAMI. The good emittance of MAMI
allows the preparation of a micro-focus which is a pre-
requisite of the required transverse coherence of the TR
X-ray source. The longitudinal coherence can be achieved
by a single-crystal monochromator. The basics of in-line
holography, the experimental setup, the preparation of the
micro-focused electron beam and the results obtained so
far will be described in the following.

4.1 Basics

A wave emanating from a point source may illuminate
an object from which it is scattered. The wave amplitude
E(r) = Eo(r) + Egcqt(r) can be split into the reference
wave Fo(r) and a scattered wave Esqqi(r) = a(r) - Eo(r).
The amplitude ratio can be written as E(r)/Eg(r) =
1+ a(r). The scattering amplitude a(r) contains the re-
quired information on the object. On a detector screen,
such as an X-ray film or a CCD detector, the squared ab-
solute values of the amplitudes |E(r)|? and |Ey(r)|? are
measured from which the contrast image |E(7)|?—|Eo(7)|?
can be obtained. By division through the reference wave
|Eo(7)|? the normalized contrast ratio,

|E(r)]? — [Eo(r)[?

B = 2 Rlar)) +la(r)P,

(12)

Inorm (’I’) -

can be determined.

The appearance of 2 R[a(r)] = a(r) + a*(r) on the
right-hand side of eq. (12) shows that the hologram con-
tains also information on the real part of the scattering
amplitude rather than only its absolute value squared
la(r)|? which may be referred to as “classical diffrac-
tion pattern” of the complementary transmission func-
tion of the object [15]. Such classical diffraction patterns
are observed in diffraction experiments in which the refer-
ence wave is absent, e.g., at diffraction on a slit which
is the complementary to an opaque object as, e.g., an
opaque wire. While the classical diffraction pattern is
rather smooth, see fig. 8 (a), the holographic diffraction
pattern oscillates rapidly, see fig. 8 (b). These oscillations
have a rather small amplitude and can hardly be seen in a
measurement of the hologram such is shown in fig. 8 (c).
Much more pronounced oscillations are observed for trans-
parent objects as polymer strings, see fig. 8 (d) and (e)
which are maintained in the sum of the classical and the
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Fig. 8. Analysis of the calculated normalized contrast image
in distinct patterns for a totally opaque tungsten wire, left
column (a), (b) and (c), and for an approximately transparent
polymer string, right column (d), (e) and (f). Both wires have
the same diameter of 25 um. The X-ray photon energy is 6 keV
(A = 2.067A), the complex refraction index parameters are
dw =85-107°% and Bw = 1.1-107° and 6p = 7.3-107° and
Bp = 2.55 - 1078 for tungsten and polymer, respectively, at
this energy. The source-to-object distance is s, = 1.92m and
the object-to-detector distance zo,q = 11.68 m. Panels (a) and
(d) show the classical diffraction pattern |a(zq)|* which is the
diffraction pattern of the complementary object, (b) and (e)
show the holographic diffraction pattern 2R[a(zq)] which come
about by the interference between the wave front disturbed by
the object and the reference wave emanating from the source,
(c) and (f) show the normalized contrast images.

holographic diffraction pattern, see fig. 8 (f). These oscil-
lations contain information on the distance between the
object and the detector or the source, and via the refrac-
tive index decrement § and the absorption 3 also on the
bulk of the string. In addition, the hologram contains via
the transverse coherence length also information on the
beam spot size (ref. [20]).

4.2 Experimental

The observation of interference patterns as shown, for in-
stance, in fig. 8 requires both, a good transverse and a
good longitudinal coherence which can be achieved with a
microfocused and monochromatic X-ray beam. These re-
quirements led to an experimental arrangement at MAMI
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Fig. 9. Schematic experimental setup for X-ray in-line holog-
raphy at MAMI. Shown are the TR foil stack, the single-crystal
monochromator at a distance of 7.8 m from the target, and a
CCD detector or an X-ray film at a distance of 5.8 m from the
monochromator. The objects to be imaged can be positioned at
distances of 1.88, 4.3, 7.47, 10.78, 12.71 and 13.6 m from the X-
ray source. All components are housed in a connected vacuum
system to avoid self-absorption of the X-rays. The inset shows
the calculated TR energy spectrum as function of the photon
energy for which multiple scattering, electron beam divergence
(0.8 mrad) and self-absorption were taken into account. The
TR foil stack consists of 25 polyimide foils with a thickness
of 12.5 ym which are spaced out by aluminium foils of 100 ym
thickness, the latter with centric holes of 2mm diameter for
the passage of the electron beam.
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Fig. 10. Floor plan of the experimental area at MAMI. The
electron beam is fed into the X1-beam line just behind the third
stage of the race track microtron RTM3. During the course of
the experiments the entrance to the X1 hall below is closed by
a concrete door.

which is schematically depicted in fig. 9. The floor plan at
MAMI is shown in fig. 10. A flat single crystal in Bragg
geometry is used as monochromator. The objects to be
imaged can be placed between the TR radiator and the
monochromator crystal close to the TR source resulting in
a magnification of the object of up to a factor of 7.4 or, al-
ternatively, between monochromator and X-ray detector.
The magnification may be of importance to compensate
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for a moderate detector resolution if, e.g., CCD-chips in a
direct exposure mode are used, see below.

For the preparation of a micro-focused electron beam,
a low beam emittance in horizontal and vertical directions
is of particular importance. The emittance of the MAMI
electron beam in horizonal direction is bigger than the
emittance in vertical direction because the electrons emit
synchrotron radiation in the bending magnets of race-
track microtron 3. The horizontal emittance grows rapidly
above an electron beam energy of 400 MeV, while the ver-
tical emittance still decreases. As a compromise, a beam
energy of 600 MeV was chosen for which the emittances
are €, = 2.3 ummrad and €, = 0.52 ymmrad in the hori-
zontal and vertical directions, respectively.

The polyimide foil stack to produce transition radia-
tion is optimized for a high X-ray flux at a photon energy
of 6keV at the electron beam energy of 600 MeV. The cal-
culated photon energy spectrum is shown in the inset of
fig. 9. The flat silicon single crystal with its surface par-
allel to the (111) crystal plane acts as a mirror for the
TR photons. However, the mirror is energy dispersive in
the horizontal direction. The deviation ¢ of the photon
energy, defined by the equation hw = hwg(l + ¢€), from
the nominal Bragg energy

T

h 13
wB ag 2sinfp (13)
is approximately given by the expression [21]
R 0.
- Ro) % (14)
2sin“fp tanfp
where 0, = 6 — 0p is the deviation from the nominal

Bragg angle 6. The integers h, k,[ are the Miller indices,
ap = 5.4309 A the lattice constant, and R(xo) the real
part of the dielectric susceptibility xo. The Bragg angle
for hwp = 6keV amounts for the (111) reflection to 5 =
19.25°.

In in-line holography a scattered wave from the object
interferes with an unscattered wave from the source. For
an assumed transverse coherence length of Ly = 250 pum,
at a distance of 13.6 m a 6, = 18.4 urad results. The
angular spread which originates from the beam spot size
and the pixel resolution is less than 1 yrad and can be ne-
glected. The angle 6, corresponds, according to eq. (14),
to a relative energy shift of 5.3 - 107° or Ahw = 0.32¢€V.
This means that two waves with slightly different ener-
gies must interfere which is only possible if the longitu-
dinal coherence length Lj is long enough. The width of
the reflecting power ratio of the monochromator crystal
is Ae = 1.4 - 10~* corresponding to Ahw = 0.84eV [21],
and a longitudinal coherence length Ly = 0.5\2/A\ =
0.5A/Ae = 0.74 pm results. This value is sufficiently large
for all objects investigated in this work which had thick-
nesses in the sub-mm range, since at a refractive index
decrement of § = 11075 the optical path difference is
less than 0.01 um.

Hard X-ray holography requires, like refraction con-
trast radiography, a two-dimensional resolving detector

The European Physical Journal A

with a large dynamic range and linear relationship be-
tween the incident radiation intensity and the response of
the detector. Such conditions can be fulfilled by a charge-
coupled device (CCD) or an X-ray film. For the current ex-
periments the CCD system ANDOR DO-434 BN CCD [22]
was used. It contains a back-illuminated CCD low-noise
sensor from Marconi CCD47-10 [23] with 1024 x 1024 pix-
els of size 13 x 13 um?. The chip has a good quantum
efficiency over a wide spectral range. For X-rays of 6keV
energy it amounts to still about 45%. These features offer
the opportunity to use the CCD chip in the direct ex-
posure mode in which the signal is generated by direct
energy deposition of X-rays in the sensitive layer of ap-
proximately 10 ym thickness.

Direct-exposure CCD camera chips have, compared
with X-ray films, the big advantage that they have a good
linearity over a wide dynamical range, a good signal-to-
noise ratio, and that they are on-line capable. The latter
fact is very important since contrast or normalized con-
trast images can easily be generated in which all parasitic
background, originating not from the object, can be elim-
inated. The disadvantage of a moderate spatial resolution
in comparison to an X-ray film can be alleviated by a ge-
ometrical magnification. In reality, however, the spatial
resolution is larger than the pixel size because of so-called
split events in which the deposited energy is shared by
neighboring pixels.

The Structurix D3 X-ray film from Agfa is a useful
detector as well. The main advantage in comparison with
the direct exposure CCD chip is its very good resolution.
The standard deviation of the resolution was measured to
be oy = (1.2£0.4) pm, which is about a factor of 6 better
than for the direct-exposure CCD chip. The main disad-
vantage of the X-ray film is the missing on-line capability
with the consequence that the generation of normalized
contrast images is rather involved.

The procedure to obtain the intensity information from
the photographic density is similar to that already de-
scribed in sect. 3.2. The X-ray film was digitized with a
film scanner (Nikon Coolscan LS 4000 [17]) and with an
optical microscope equipped with a high-resolution 8-bit
CCD camera (F-View XS [24]). From this system limita-
tions are expected because the dynamical range cannot
be better than the digitization depth of the ADC (1:256),
while the X-ray film has a dynamical range which is more
than a factor of 10 better (3.5 decades corresponding to
1:3160). Since, in addition, the illumination time was se-
lected automatically by the scanner after the part of in-
terest of the picture and the optical magnification were
selected, the holograms were digitized at various positions
of the string. Along the imaged strings the exposure is
changing and the sector with the best contrast was se-
lected for further analysis.

4.3 Measurements and discussion

4.3.1 Investigation of the transverse coherence in horizontal
direction

To study the coherence in the horizontal and vertical di-
rections, radiographs of two polymer strings of the same
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Fig. 11. Two radiographs of a polymer string of diameter
30 pm. In radiograph (a) the string is mounted vertically, in
(b) horizontally. The X-ray source spot size was o5, = (1.7 £
0.1) pm in the horizontal and ¢, = (3.940.4) pm in the vertical
direction. The electron beam spot size was checked with the
wire scanner before and after the imaging in order exclude a
possible shift of the beam spot. The source-to-object distance
was Zso = 4.3m, and the object-to-detector distance x,q =
9.61 m. Electron beam current 700 nA, exposure time 1.8s, 50
frames added up.

—
1000 um

Fig. 12. A background-corrected hologram (contrast image)
of a polymer string with (150 + 20) um diameter, supplied by
Goodfellow. Source-to-object distance zs, = 1.88 m, source-to-
detector distance xsq = 13.91m, corresponding to a magnifi-
cation of 7.4 times, tilt angle of the object 46°, X-ray source
spot size o, = (5.940.1) pm, and o, = (2.61+0.1) um, electron
beam current 600 nA, exposure time 8.1 s, 50 frames added up.

thickness of 30 um were taken which were mounted hor-
izontally and vertically. The radiographs are shown in
fig. 11. Although the beam size in the horizontal direction
op = (1.7£0.1) pm was smaller than o, = (3.9 +0.4) um
in the vertical direction, no interference patterns were
observed for the vertically mounted polymer string. The
maximum contrast, Crer = (Imaz — Imin)/(Imaz + Imin)
for the horizontally mounted string was 64%, while for
the vertically mounted one it was only 11%. The only rea-
sonable explanation for this observation is that the trans-
verse coherence in the horizontal direction is deteriorated
by the monochromator crystal. Obviously, in the energy
dispersive direction (horizontally) an additional angular
divergence is introduced by the crystal. Since the reason of
this effect could not be found, all experiments with strings
described in this work were performed with horizontally
mounted strings.

Despite the moderate transverse coherence in horizon-
tal direction holograms could be taken which show also
interesting features in the horizontal direction. Figure 12
shows a contrast image of a polymer string with a diameter
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Fig. 13. Fringe visibility as a function of the X-ray source spot
size. Shown are holograms of a polymer string with a diameter
of 30 um for an X-ray source spot size as measured with a
wire scanner of (a) op = (5.9 £ 0.1) um, o, = (2.6 £ 0.1) pm,
and (b) o, = (19.1 £ 0.7) pm, o, = (0.50 £ 0.05) pm. From
the smallest discernible fringe spacings rmaz = 50 pm (a) and
25 pm (b), with eq. (15) standard deviations o, = 2.4 um (a),
and 1.2 um (b) result. Source-to-object distance x5, = 1.88m,
object-to-detector distance z,q = 12.03m, corresponding to
a geometrical magnification of 7.4 times. The angle between
string and beam direction amounted to 46°. The electron beam
current was 500 nA, exposure time 8.1s per frame, 100 frames
added up.

of (150+20) pm. According to inspection under an optical
microscope the string has a nearly ideal cylindrical shape.
No deformations or impurities inside the string could be
observed. However, in the hologram inhomogeneities are
clearly visible which may be air bubbles or impurity inclu-
sions with a different density than the string material. The
background correction assures that these inhomogeneities
do not originate from dust particles on the monochroma-
tor crystal or the detector.

4.3.2 Optimization of the beam spot size

The most important prerequisite for taking high-quality
holograms is the minimization of the beam spot size. In
the first step, the spot size was measured with a tungsten
wire of (4.0+0.4) pm diameter which was scanned through
the electron beam. In particular, the electrical current of
the quadrupole doublet in fig. 9 was varied until the scan
yielded the smallest spot size. In the next step holograms
of polymer strings were taken with the CCD camera and
the spot size was estimated from the smallest discernible
fringe visibility estimated according to [25]
xSO

o =031—nrnauz -

(15)
Lod

As already mentioned, a CCD chip allows fast on-line
imaging, however, the resolution in the direct-exposure
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Fig. 14. (a) Hologram of a polyamide string with diameter of
(150 £ 20) pm. Source-to-object distance s, = 1.88 m, object-
to-detector distance x,q = 11.73m, corresponding magnifica-
tion 7.24 times, X-ray source spot size o, = (19.1 & 0.7) pm
and o, = (0.50+0.05) pm as measured with the tungsten wire.
The X-ray film was digitized with an optical microscope with
a magnification of 4 in order to maintain a good resolution.
Therefore, only part of the hologram was in the field of view.
(b) Intensity profile with 200 rows added up. Notice that also
this string was stretched horizontally.

mode is limited by the pixel size of 13 um. To achieve a
geometrical magnification, the object was placed at close
distance to the X-ray source. In fig. 9 the possible po-
sitions of the objects are marked. An example of the
spot size measurement by the fringe method is shown in
fig. 13 which yielded after optimization a standard devia-
tion o, = 1.2 ym.

To exclude a possible influence of the moderate reso-
lution of the CCD detector, high-quality holograms were
taken with the high-resolution Structurix D3 X-ray film
from Agfa. Figure 14 (a) shows a part of a hologram
for a polyamide (Nylon) string. A large number of about
18 interference fringes can be seen, as demonstrated in
fig. 14 (b). In this radiograph the main deterioration in the
fringe visibility results from the X-ray spot size. The min-
imum discernible distance between two adjacent fringes is
about 25 um and the estimated X-ray source size is again
about o, = 1.2 um.

In comparison with the wire scanner measurement
which yielded a spot size o, = (0.50 + 0.05) yum, the
measured values with the fringe method either deter-
mined with the direct exposure CCD, or with the high-
resolution X-ray film, deviate significantly. This deviation
can be explained by the longitudinal depth of the foil
stack which amounts to 2.8 mm. For the measured ver-
tical emittance €, = 0.52 yummrad at the electron beam
energy of 600 MeV, and a micro-focused electron beam
spot size o, = (0.50 &+ 0.05) um, the corresponding di-
vergence is 1.04mrad. When the focus is exactly in the
middle of the foil stack, the beam spread within the foil
stack amounts to a standard deviation of 1.5 ym, in ac-
cord with the observation with the direct-exposure CCD
chip and the X-ray film *.

4.3.3 Analysis of holograms for polyamide strings

There are two possibilities to analyze holograms of strings.
In the first one, calculations on the basis of the Fresnel-

4 The errors of the fringe method may be in the order of
20%.
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Fig. 15. (a) Radiograph of a polyamide string of (150+20) pum
diameter. Source-to-object distance x5, = 4.3m, object-to-
detector distance x,q = 9.31m, corresponding geometrical
magnification 3.17 times, X-ray source size o, = (19.1£0.7) pm
and o, = (0.50 & 0.05) pm. The X-ray film was digitized with
an optical microscope with a magnification of 4. (b) Intensity
profile, 200 rows added up. (c¢) Calculated intensity profile of
the radiograph. The spatial resolution of the X-ray source spot
size, o, = (0.50£0.05) pm, of the film, oy = (1.2+0.4) pm, and
the optical resolution, osc.4 = (4.1£0.1) pum, were incorporated
in the calculations.

800

Kirchhoff integrals can be performed in which assumptions
about the density and morphology of the string are incor-
porated. The right solution can be found by a systemati-
cal trial and error method. An example is shown in fig. 15.
Although a good overall agreement between measurement
and calculation could be achieved with the assumption
of a homogeneous density distribution within the string,
in detail significant differences in the interference pattern
close to the boundaries can be recognized. These differ-
ences may indicate a density gradient at the periphery of
the string. Refinements of the string model are required
to further investigate the origin of these differences.

The second possibility is based on reconstruction algo-
rithms to find the phase profile produced by the transpar-
ent object. One of these is the modified Gerchberg-Saxton
algorithm [26]. It is an iterative method with which the
phase information can be found from two holograms taken
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Fig. 16. Holograms of a polyamide string of 30 um diameter
taken at different positions: (a) zoq = 0.9m, (¢) Toq = 2.83m,
(d) oa =9.31m and (g) zoq = 11.73m, the latter at an angle
of 45°. The corresponding intensity profiles are shown on the
right-side in panels (b), (d), (f), and (h), 200 rows were added
up. The X-ray film was digitized with an optical microscope,
(a) and (b) with a magnification by a factor of 10, (c) and (d)
with a magnification by a factor of 4.

at different distances between object and detector. There-
fore, holograms of a polyamide string with a diameter of
30 um were taken at different object-to-detector distances.
The holograms are shown in fig. 16.

The selected distances cover different imaging regimes.
For the contact regime the contrast would be (1 —
exp[—(4nBD)/N]) = 4.26% and the absorption contrast
of the polyamide string with a diameter of D = 30 um
can be neglected. In the near field region, at an object-to-
detector distance z,q = 0.9m, fig. 16 (a) and (b), the in-
terference pattern produced by both edges have only very
little overlap. The reason is that the size of the first Fres-
nel zone /Azx,q = 13.6 um is smaller than the diameter of
the string. However, at the largest distance x,q = 11.73 m,
fig. 16 (g) and (h), one obtains for the first Fresnel zone
VAZoq = 49.2 um and the interference pattern from both
edges do overlap. The resemblance between the original
object and the radiograph is more or less lost. Both limit-
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ing cases may be of particular interest for the reconstruc-
tion of the phase profile. However, this issue went beyond
the scope of this explorative experimental work and is sub-
ject of ongoing investigations.

4.4 Conclusions

Phase contrast radiography has been accomplished with
an external 855MeV electron beam using broad-band
transition radiation X-rays with a mean photon energy
(hw) ~ 20keV and a micro-focus with standard deviations
of typically o, = 8.6 um and o, = 7.5 pm in the horizontal
and vertical direction, respectively. In-line holograms of
polymer strings were taken with a low-emittance 600 MeV
electron beam using narrow-band transition radiation X-
rays with a photon energy of iw = 6 keV and a micro-focus
with a standard deviation of typically o, = 1.2 um. High-
quality holograms were obtained with high-resolution X-
ray films and a direct-exposure cooled CCD camera chip.
The advantage of the former is the very good spatial res-
olution, that of the latter its on-line capability.

An X-ray beam spot with micro-dimensions can be
prepared directly with the micro-focused external elec-
tron beam via transition radiation production in a foil
stack. Objects to be investigated can be placed in close
distance to the small X-ray beam spot. This has the ad-
vantage that a large geometrical magnification of up to a
factor of 10 can easily be achieved in our relatively small
experimental area. The disadvantage of the transition ra-
diation X-ray source is its contamination with high-energy
bremsstrahlung photons.

Typical electron beam charges required to capture a
single image are about 0.3 uC for phase contrast radio-
graphs with broad-band polychromatic X-rays and an X-
ray film as detector, and some nC for a cooled CCD chip.
In-line holograms with narrow-band X-rays require about
500 1C for a high-resolution X-ray film, and 5-10 uC for
the CCD detector.

We thank F. Hagenbuck, and H.-K. Kaiser for significant con-
tributions in the early stage of the experiment, and Mrs. C.
Koch-Brandt, Institut fiir Biochemie, Universitdt Mainz, for
making her film scanner device available to us. This work has
been supported by Deutsche Forschungsgemeinschaft DFG un-
der contract BA 1336/1-4.
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