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Abstract

English

In the current study various new experimental methods and computation procedures in
the field of neutron radiography and tomography are presented. These methods have a
significant technical importance in the non-destructive material investigations. Different
techniques for a contrast enhancement, contrast variations and an increase of the image
sharpness were devel oped.

In abeam geometry with a high lateral coherency of the neutron waves for the first time
phase contrast radiography experiments with polychromatic neutrons were performed
and analytically simulated. Therewith very fine structures were visualized which was
impossible with the standard absorption radiography technique. By the utilization of a
neutron velocity selector radiography and tomography experiments below and above the
Bragg cut offs for objects, composed from different materials, were performed and the
possibility for a materia identification was tested. Using the method of the neutron
topography the quality of single crystals was investigated.

For some of these experiments Monte Carlo ssimulations were performed using the
powerful MCNP-code. This method was used also for the development of a mobile
neutron radiography setup.

Some of the achieved developments will be used at the radiography and tomography
facilities at the new research reactor FRM |1 in Munich, Germany.



Abstract

Deutsch

In der vorliegenden Arbeit werden verschiedene neue experimentelle Methoden und
Rechenverfahren aus dem Gebiet der Radiographie und Tomographie mit Neutronen
vorgestellt. Diese Durchstrahlungsverfahren gewinnen zunehmend technische
Bedeutung fir die zerstérungsfrei Materia prifung. Es wurden verschiedene Verfahren
zur Kontrastverstarkung, Kontrastvariation und Abbildungsschérfe theoretisch und
experimentell untersucht.

In einer Strahlgeometrie mit grofRer lateraler Koharenz der Neutronenwelle konnten
erstmals Phasenkontrast-Radiographien mit polychromatischen Neutronen abgebildet
und rechnerisch analysiert werden. Damit kdnnen Strukturen deutlich gemacht werden,
diein normaler Absorptionsradiographie nicht sichtbar sind.

Unter Verwendung eines Neutronengeschwindigkeitssel ektors wurden Untersuchungen
diesseits und jenseits der Bragg-Kanten von Objekten, die aus verschiedenen Materialen
zusammengesetzt waren, ausgefuhrt und die Mdglichkeit einer Materialidentifikation
geprift. Mit der Methode der Neutronentopographie wurde die Qualitdt von
Einkristallen untersucht.

Fir eine Reihe dieser Experimente wurden Monte-Carlo Simulationen mit dem
méchtigen MCNP-Code durchgeftihrt. Diese Methode wurde auch in Rahmen der
Entwicklung einer tragbaren Neutronenquelle verwendet.

Einige der hier erarbeiteten Fortschritte sollen an den Radiographie- und
Tomographieanlagen des neuen Forschungsreaktors FRM-I1 angewendet werden.
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Chapter 1: Introduction

The radiography with thermal and cold neutrons is a powerful non-destructive method
for the investigation of materials and samples from various fields of activity. The
radiography image is formed due to an attenuation of the neutron beam at its
propagation through the investigated object. Different types of position-sensitive
detector systems are available for the recording of the radiography information —
photographic films, imaging plates, electronic camera based systems, flat panels and
track-etch foils. From a number of radiography images obtained at different rotation
angles of the sample a three-dimensional representation of the object can be computed.
The method is known as neutron computed tomography.

The current study treats new experimental and computation methods in the field of
neutron radiography and tomography. The following methods are presented:

Phase contrast radiography is an experimental method which is used for the
visualisation of materials with low neutron absorption properties. Instead of
conventional radiography the phase contrast imaging visualises not only the beam
absorption but aso the phase shifts induced by the sample. For this purpose a neutron
beam with high spatial but not necessarily chromatic coherence is needed.

Energy selective radiography and tomography exploits partially monochromatised
beams. This alows to change the material contrast in radiography images due to the
energy-dependent attenuation properties of the materias. In the cold neutron energy
range energy selective radiographs above and below the Bragg cut off for the
investigated crystalline material can be performed.

Neutron topography visualises the diffracted beam from crystal objects. It alows to
exploit the scattering information as complete as possible in a reasonable time. In
comparison with the conventional micro beam techniques where only a small region of
the sample is irradiated, in the topography experiments a large beam in the order of
severa square centimetersis used.

The computation methods are based on the application of the powerful Monte Carlo
code for particle transport simulations — MCNP. It is used for the design and
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optimization of a mobile neutron source as well as for a complete ssimulation of
radiography experiments helping to estimate the contribution of undesired experimental
effects as neutron scattering and beam hardening to the radiography imaging.

The main developments described in the current study will be used as a basis for further
methodological improvements at the new thermal/cold neutron radiography facility
ANTARES which is now under construction at the research reactor FRM 11 at
TU-Munich, Germany.



Chapter 2: Phase Contrast Neutron
Radiography

2.1 Basics

The wave-particle dualism and in particular the de Broglie postulate [Bro23] allows us
to treat the neutron beam as particles possessing a defined mass and a kinetic energy or
to regard it as a propagating wave with corresponding amplitude and a wavelength. In
case of conventiona radiography we are mainly interested in the intensity variations
produced by absorption in the investigated object, where the intensity is usualy
considered in terms of particles as the number of neutrons transmitted through a defined
area for a defined time. If we trandate this in terms of a wave representation, the
intensity variations behind the object will be related to the superposition of secondary
spherical waves generated by the scattering centres in the object. For a transmission of
waves with the same frequency through a matter, a measure of the relative shift between
the waves can be introduced by their phase. The different materials or material
thicknesses provide different wave shift relative to the wave propagation in vacuum,
which are called phase variations. Some objects produce much bigger phase than
intensity variations, the so-called phase objects. Many objects of interest in biology and
material science can be considered as phase objects. They cannot be visualized with
standard radiography methods, because of their low absorption properties. The phase
contrast technique is a very powerful method for imaging of such kind of objects. In this
case the phase changes obtained by the propagation of an appropriate radiation through
the sample are transformed to intensity variations detected by a position-sensitive
detector. The Dutch physicist Fritz Zernike received the Nobel Prize in 1953 for
inventing the optical phase contrast [Bor59], which led to a break-through in medicine
and biology by making essentially transparent cell or bacteria samples clearly visible
under a microscope. There are a lot of examples of phase contrast imaging using
monochromatic light or synchrotron radiation [Bar98], [Clo96], [Bg00]. Recently a
phase contrast imaging with neutrons was also reported [All00]. A monochromatic
radiation with high order of spatia coherence is usually used for phase contrast
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imaging. The synchrotron sources are very suitable for such purposes because of the
possible small size and high intensity of their beams [Clo99]. These conditions
combined with a long source to sample distance | give an extremely high transverse
coherence length I;. The requirement for highly monochromatic radiation and the
sophisticated optics make the use of phase-contrast technique non-trivial.

The phase contrast imaging with neutrons at steady neutron sources has its own specific
properties. The man problem is the very low neutron intensity. The
monochromatization of the beam reduces the intensity by 2-3 orders of magnitude. If
we want to achieve a higher coherence length then a small pinhole should be used. So
that for a typica flux of ~10° n/cm?s after the monochromatization and the spatial
reduction of the beam (pinhole with a diameter of 500 nm) only ~ 10° n/em?s will be
available at the sample position for a phase-contrast experiment. This leads of course to
a considerable increase of the measuring time, reaching several days at the typical
neutron flux mentioned above. Therefore the phase contrast neutron imaging until now
was avery exotic technique almost without any practical applications.

We can gain more intensity if a polychromatic beam is used. The first experiments
based on an x-ray source having high spatial, but essentially no chromatic coherence are
demonstrated in [Wil96]. The shown successful phase contrast images with
polychromatic radiation gave us an inspiration to perform phase contrast experiments
with a polychromatic thermal neutron beam available at the therma neutron
radiography setup NEUTRA at PSI.

2.2 Theoretical considerations

First we will start with the classical representation of the phase-contrast effect as a
whole and after that a more detailed description in terms of Fresnel diffraction will be
given.

A. Classical phase-contrast effect

For waves with a wavelength | a complex refractive index can be introduced at their
propagation through a defined medium as following:

nx,y,zl)=1-d(xy,zl)-ib(xy,zl) (2.1)

where the real part d corresponds to the phase of the propagating wave and b represents
the absorption in the medium. In that terminology one can say that the phase contrast
imaging exploits the real part of the refractive index 1-d and the neutron radiography the
imaginary part b so that the definition for a phase object can be given as an object of
which the refractive index possesses a negligible imaginary part b.
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The definition of phase is usually introduced in case of a coherent wavefield. Such
wavefields are described by a complex function u(r) = [I(r)]¥2exp[ij (r)], wherer isthe
position in space, I(r) is the intensity of the wave, and j (r) isits phase at a position r.
The surfaces where j (r) is constant are represented as wavefronts. The phase gradient
Nj (r) describes the local propagation direction, as shown in Fig. 2.1.

Nj (r)
Screen
j =0 2p 4p 6p

Figure 2.1: The wavefronts (black) coincide with the surfaces of constant phase j (r) = Op,
2p, 4p, and so on, and the local propagation direction is given in free space by
the gradient of the phase.

Suppose that the wave propagating direction in an orthogonal coordinate system xyz is
+ z. Conseguently the wave amplitude concerning the above defined coherent wavefield
can be written as u{r)=[1r~)] 2exp[ij Ar)], where r~=(x, y) is a two-dimensional
vector in the transverse direction. Then, as is discussed extensively in [Tea83], the
amplitude u/r.) satisfies in paraxial approximation (small angular width of the source
as viewed from the observation position) the parabolic equation:

® N2 0
N e =0 2.2)
z 2k P

where N, 2 =[(12/9x?) + (12/9y?)] and k= 2p/1 .

Let (2.2) be multiplied by u, and the complex conjugate of Eq. (2.2) be multiplied by
Uz If the two resulting equations are subtracted, one gets the so-caled Transport-of-
Intensity Equation (TIE) [Gur95]:

2 ) =N LR ()] (2.3)
I 9z



CHAPTER 2: PHASE CONTRAST NEUTRON RADIOGRAPHY 6

which just determines the mechanism of transformation of the phase inhomogeneity to
intensity variations.

The expression (2.3) relates the rate of intensity variations in the direction of the beam
axis to the intensity and phase in a plane perpendicular to the propagating direction.
Thus variations in thickness and refractive index of a sample lead to different phase
variations and consequently to a change of intensity with the wave propagation. The
connection between the phase and wave intensity can be explained more intuitively as a
deformation of the shape of a defined wavefront on passing through the sample due to
the obtained phase differences. This wavefront deformation as shown in Fig. 2.1 will
cause a redistribution of the wave intensity on a vertical plane at some distance behind
the sample. We will try to define the parameters of such a deformation.

The phase differencej , for aray path through an object relative to vacuum, is given in
the classical optics approximation by:

j (xy;z,k)=-kK z‘)i(x, y,Z';,k)dz (2.4)

where the axis of propagation is parallel to z In this case the phase of the wavefront will
be given as kz-j , so that ] < O corresponds to a phase advance. An example for phase
changes at the propagation of a coherent wave through a spherical object, W, with a
refractiveindex n=1- dwisshowninFig 2.2 [Wil96].

a) i b g/k ¢  dj/dx

YYYYYYYYYY

Figure 2.2: Geometrical optics approximation of the propagation of a coherent wave
through a spherical object. The phase difference after the transmission j is
represented in a); the gradient of the phase in a plane transversal to the
propagation direction fj /9x is shown in b); the second derivation of the phase
% 17°x is given in c).
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As seen in Fig. 2.2 the gradient of the phase difference in a plane transversal to the
propagation direction behind the object, Tjj /X, possesses singularities on the edges of
the object. There the refractive index changes from ny =1 - dwto n, = 1 in avery short
distance and through equation (2.4) this sharp break is transformed into a very rapid
phase change. Taking into account the TIE (2.3), these high values of Naj Ar) will be
visualized in the corresponding areas as strong variations of the intensity in the
propagation direction. Let us see how the changesin the intensity look like.

Asshown in Fig. 2.1 the local propagation vector s(X, vy, 2) is dependent on the gradient
of the phase in the direction perpendicular to the local incident vector and can be written
in the paraxial approximation as:

S(X, Y, 2) » & —X —,ké (2.5)

so that s(x, y, 2) isnormal to the wavefront at the point (x, y, 2).

The angular deviation of the normal to the wavefront, Da, can be expressed as:

Da»1
k

N.j (x,y,2)| (2.6)

and is thus dependent on the variation of the projected refractive index perpendicular to
the propagation vector, k.

lossline

Figure 2.3: An example of deflection of a coherent wave from its propagation direction due
to a gradient of the refractive media index in a transversal direction.

This means that the areas which produce a strong phase gradient (the edges in the
sample) will deform the wavefront in a way that the rays will be deflected from their
original propagation direction and a loss of intensity will be detected in a forward
direction (loss line), Fig. 2.3. This diffraction process will cause a considerable edge
enhancement in the obtained image.
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Figure 2.4: Examples of phase contrast imaging with a monochromatized neutron beam
with a high spatial coherence. (a) contact and (b) phase contrast images of a
lead sinker shown between them. (c) contact and (d) phase contrast images of
a wasp [AIl00].

The edge-enhancement effect can be clearly seen in Fig. 2.4 b and Fig. 2.4 d, where a
phase-contrast experiment with monoenergetic neutrons is presented [AlIO0]. The
intensity variation on the border of the samplein Fig. 2.4 b isin a good agreement with
the simple model shown in Fig. 2.3. The bright halo on the borders of the sample can be
related to the deflected rays in direction out of the sample due to the high gradient of the
refractive index in these areas, see Fig. 2.3.

Phase contrast with a partially coherent neutron beam

To emit radiation of high coherence, the radiating region of a source must be small in
extent (in the limit, a single atom) and the emitted radiation should have a narrow
energy bandwidth (in the limit, with DI equal to zero). For real radiation sources,
neither of these conditions is achievable. Real radiation sources emit via the
uncorrelated action of many atoms, involving different wavelengths. To achieve some
degree of coherence two modifications to the emitted radiation can be made. First, a
pinhole can be placed in front of the source to limit the spatial extent of the source
(spatial coherence). Second, a narrow band-filter can be used to decrease significantly
the linewidth DI of the radiation (time coherence). Each modification improves the
coherence of the radiation emitted by the source — but only with a drastic loss of
intensity.

The phase contrast effect is based on the Transport-of-1ntensity-Equation, (2.3), where
the phase gradient in a plane transversal to the propagation direction defines intensity
variations. Therefore the level of the spatial coherence directly affects the quality of the
phase contrast imaging.
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The measure for the achieved level of spatial coherence is the transverse coherence
length I;. This represents a distance in a plane transversal to the main propagation
direction over which the phases at two points remain correlated. The individual phases
may fluctuate, but the two fluctuate together. Because for two points separated by a
distance less than or about equal to |; there is a defined phase relationship.

The definition of the transverse coherence length |; can be done in terms of the classical
optics, as shown below [Ped62].

< —>|

B
|
Source |< r >! Sample Screen
|
Figure 2.5: Classical optics representation of the definition of transverse coherent length.

Transverse coherence length

L ets us now consider the spatial coherence at points P; and P, in the radiation field of a
quasi-monochromatic extended source, simply represented by two mutually incoherent
emitting points A and B at the edges of the source, Fig. 2.5. We may think of P; and P
as two dlits that conduct light to a screen, where interference fringes may be viewed.
Each point source, acting alone, then produces a set of double-dlit interference fringes
on the screen. When both sources act together, however, the fringe systems overlap. If
the fringe systems nearly overlap with their maxima and minima coinciding, the
resulting fringe pattern is highly visible, and the radiation from the two incoherent
sources is considered highly coherent. When the fringe systems are relatively displaced,
however, so that the maxima of one fall on the minima of the other, the composite
pattern is nearly visible and the radiation is considered incoherent. If we consider the
situation shown in Fig. 2.5, points A and P lie on the perpendicular bisector of the two
dlits, then for the difference of optical paths for sources A and B can be written:

AP,—AP; =0 and BP,—-BP; =D
For asmall angle q the following relations are valid:

D@q and g=9gr

where| is the distance between dits and r is the distance to the source.
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If D=1 /2 then the source B gives a minimum in the center of the fringe pattern (point
P), while the source A causes a maximum on the same place, so that the composite
fringe pattern disappears. In this case it can be written that:

l—:i or s=1 (2.7
2 2

When the line area from A to B is considered to be a continuous array of point sources,
the individual fringe systems do not give complete cancellation until the spatial extent
AB of the source reaches twice the value s in Eq. (2.7). If extreme points are separated
by an distance s < rl /I, then fringe definition is assumed. Regarding this result as
describing instead the maximum dlit separation |, given a source dimension s, we have
for the transversal coherence length:

|, <— @— (2.8

So to get awavefield with ahigh transversal coherence length at the sample position the
source size s has to be small and/or the distance between the source and the sample r
has to be large.

In case of high transversal spatial coherence all rays emanating from our point source,
defined by a small pinhole, are associated with a single set of spherical waves that have
the same phase in a surrounding smaller than the coherence length on any given wave
front.

A simple representation of a configuration for phase-contrast imaging exploiting a
pinhole source to produce a high spatial coherence is shown in Fig. 2.6. The distances r
and R are the source-object and object-image distances, respectively. It can be seen aso
how the spherical wavefront Wy emanating from the point source s becomes distorted to
W, on passing through the object.

W, W, D
(0]
S rr
1
— ~
Source Object Detector

Figure 2.6: A model of a phase-contrast configuration using a pinhole
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In case of a neutron beam a refractive index for neutrons can be introduced at their
propagation through a defined medium as following:

n(x,y,z) =1- d(x,y,z) =1- %a‘“’hr (X,Y,2) (2.9)
where a®" and r are the coherent scattering length and the atomic density for the
corresponding medium.

The refractive index is very close to unity. For neutrons with a wavelength of 4 A, it
differs from unity by about 10™.

To show that rapid variations in refractive index (“boundary effect”) can lead to strong
phase-contrast even with polychromatic radiation, we can consider the example shown
in Fig. 2.2 in more detail. The neutron optical path length differences through the
sample lead, via equation (2.4), to a phase difference j (x, y) and hence to a phase
gradient N~j in the direction transverse to the direction of propagation.

vl TN

\
NI
~~
X
=
YN

Y X Y

Figure 2.7: A graphical representation of rays passing beside (ray 0) and through (ray 1) a
spherical sample.

The phase difference between ray1, which passes through the object W parallel to the z-
axis at constant distance from it, and the reference rayO is, from equation (2.4),
i (%Y, K = - kdwKz(x, y), where z(x, y) = 2(r* - X - y)"? is the length of the
intersection of ray 1 with W, and r isthe radius of W, Fig. 2.7.

We can then derive from equation (2.6) the angular deviation of rays through Wto be:

=od, (k)2 Y Xy (2.10)

N.J (2. 2 2
. -y

Da:l
k
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Thus the phase gradient diverges at X* + y* = r?, where the rays can deviate by large
angles from the optical axis even though dw(K) is small. This can lead to an observable
redistribution (“loss’) in intensity in the corresponding forward direction, which
position is essentially independent of the wavelength. More generally, any rapid
variations in refractive index or thickness of a sample may be imaged as sharp losses
(variations in intensity) at corresponding points in the image even when a
polychromatic sourceis used, Fig 2.8.

broad
maximum

lossline

Figure 2.8: Wave deflection caused by a gradient of the refractive index in a perpendicular
plane to the propagation direction in case of a polychromatic beam, consisting
of a superposition of three waves with wavelengths | ;<1 ,<1 3

The described phenomenon can be considered also in terms of Fresnel diffraction,
where interferential effects will take place on the detector surface due to the
superposition of waves transmitted through the sample coming from areas of coherence,
defined by the spatial coherent length. The Fresnel diffraction theory [Cow75] will be
used in the next paragraph for a more detailed description of the phase contrast effect.

B. Analytical description

For neutrons or other particles, the corresponding wave equation is the Schroedinger
equation which may be written in its time-independent form as:

S 5 » 2m u _
g\l +k -h—ZV(r)BI (r)=0, (2.11)

where y (r) is a wave function such that |y |* represents the probability of a neutron
being present in unit volume and V(r) represents the potential function of the external
field.

The smple, non-trivial solution of the wave equation, which can be verified by
substitution is

y =y ,exp{-ikr}, (2.12)
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representing a plane wave proceeding in the direction specified by the propagation
vector k.

A further solution of importance, corresponding to a spherical wave radiating from a
point source, taken to be the origin, is

y =y ow (2.13)

wherer = |r|, since the direction of propagation is alwaysradial kr = kr.

These solutions possess a fundamental property that the sum of them is also a solution.
For any number of waves propagating in space, described by their wave functions y
this means that the resultant wave function will be represented as y =Syy,. This
property is known as the Principle of superposition.

On the principle of superposition is based the Huygens principle which describes the
wave propagation through space. It states that secondary waves are generated at each
point of a wave front so that the sum of these secondary waves defines a new wave-
front. In these terms each point on a wave front is considered to be a source of a
spherical secondary wave with an initial amplitude proportional to the amplitude of the
incident wave. Then the amplitudes of the secondary waves are added to form the
amplitude of the resultant wave.

To introduce the disturbance of the object on the amplitude and the phase of the incident
wave asimplified case can be considered using a planar, two dimensional object, placed
between a point source Q and a plane of observation P, (Fig. 2.9). In this case a
transmission function g(X,Y) can be defined which is multiplied by the incident wave
function to represent the effect of the object on the incident wave. Then, for a point

source of radiation, the wave incident on the object is &Pl K4} the wave emerging

Iy

from the object is g(x ,Y)M and the wave function y (x,y) at a point of observation
r
is given by the Kirchhoff formula:

exp{- ikr,}

q

y (X,y) = # T q(X ,Y)M{ cosZr +cosZr dXdy, (2.14)
r

where Zr and Zrqare the angles between the vectors r and rq and the propagation
direction given by the coordinate axis Z.
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Plane of
observation, P

Object, O

Figure 2.9: Simple representation of the wave propagation through an ideal planar object
defined by a transmission function q(X,Y)

From the general Kirchhoff formula (2.14) it is possible to derive a relatively ssimple
form in the particular case of illumination of a two-dimensional object by plane parallel
incident waves, known as “Fresnel diffraction”. If the object plane is perpendicular to
the direction of incidence the incident radiation in (2.14) can be replaced by yo = 1
which represents a plane wave of unity amplitude having zero phase at Z = 0. Then the
amplitude on the plane of observation P at adistance R beyond the object is

y (XY ——aﬂ(X Y)eXp{ K1} ¢ cosZr + B dxdy (2.15)
where for the radiusr the following expression can be written
= (x- X)P+(y- V) +R?

s0 that

_ 2 2, p2? (x- X)*+(y-Y)?
r=y(x- X)2+(y- Y)2+R* » R+ - (2.16)
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If the wavelength is small compared to the dimensions of the object the angles of
deflection of the radiation will be small and a small angle approximation can be

assumed, putting cosZr = 1 and r = R in the denominator of (2.15):

- IK[(x- X)* +(y- Y)°]U
2R

IeXp{ kR |\

y (%y) =——o(X,Y) exp Xdy (2.17)

For the special case that the object has a transmission function q(X), which variesin one
dimension only, as in the idealized cases of straight edges, dlits and so on, the integral
over Y can be carried out to give

Yo d-ik(y- Y)2U,, _aR §°
pxpi—2 ) dy =& 2 2.18
oXPi—¢ gd e (218)

-¥ |

30 that

A
y ()= 9—9 expl- ukR}cq(X)ep. 'k(x X)" 4

de (2.19)

The obtained expression (2.19) is very similar to the definition of one dimensional
convolution of two functions f(x) and g(x) which is given by the integral

¥

C(x) = () *g(x) = Of (X)g(x- X)dX (2.20)
-¥
If the following substitution is carried out

f(x)=q(x)

. b 2
g(x) = 9_2 expf- |kR}exp| LS
o R g

then the amplitude distribution on the plane of observation at a distance R from the
object can be rewritten in terms of two-functional convolution as

|kx2

y (X)=q(x)* %'—9/ exp{- ikR} exp. (2.21)
&R o kég
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Using the Huygens principle definition the obtained expression (2.21) can be considered

as spreading out of the original wave front g(x) by a function which represents the

2 .
a . . :
germtted by a single point on the wave front.

spherical secondary wave exp}
i

If the object is a pure phase object, i.e. it changes the phase but not the amplitude of the
incident wave, the transmission function can be written as

q(x) = exp{ij (x)}, (2.22)

where the phase change j (x) depends on the thickness and the refractive index of the
material.

Let us consider the amplitude distribution on the plane of observation at a distance R in
that case. The wave function on P can be written through (2.21) as

y (X) = q(x)* expi- izk;; g (2.23)

~

For convenience the convolution operation will be performed in the Fourier space. For
this purpose a function F (u) will be defined as

a(x) = exp{ij (X} ° cF (u)exp{- 2piux}du, (2.24)

where the right side of (2.24) is the Fourier transformation of the transmission function
g(x) so that the convolution in (2.23) gives

y (X) = ¢CF (u) exp{- ikX ?/2R} exp{- 2piu(x- X)}dXdu (2.25)
Making use of the standard integral
¥ %
CExp{- a®x?} cosbxdx = =—exp{- b?/4a%},
a
-¥
we obtain

y (X) = cF (u) exp{- Zpiux exp{ipRl u?}du (2.26)

Thenif Rl issufficiently small we may put
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exp{ipRl u?} » 1+ipl Ru? (2.27)
and obtain
y (X) = ¢F (u) exp{- 2piwx (1 +ipl Ru®)du =

(2.28)
=exp{ij (X} +ipRI (}*F (u)exp{- 2piux}du

n

(;jn f(x) is (- 2piu)"F(u)the following relation
X

Using that the Fourier transform of

can be written

S STeplii ()] = - 4p *u)F (u) expl- 2pitndl
but the straight-forward differentiation gives
%[exr){ij ()} = - exp{ij COM{ "(I}* +ij (X,

s0 that

y (x) = expfij (X)}EH—J (X)+—{J ()} H (2.29)

Then the intensity distribution on the plane of observation P at a distance R from a one-
dimensional phase-object producing a phase change j (X) under plane-wave illumination
with wavelength | will be

1(x) =y (Xy "(x) = 1+£J '(x) (2.30)

Of course at the wave propagation through the object volume some absorption and
scattering take place so that for enough thin object its transmission function can be
represented as a combination of phase and amplitude terms.

q(x) = exp{ij (x)- m(x)}, (2.31)
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where m(x) is the corresponding attenuation coefficient for the defined material. If a
plane incident wave falls on this object, the transmitted intensity will be

|a(x) "= exp{- 2m(x)} , (2.32)

so that the effect of the beam attenuation must be added to the phase contrast effect for a
complete description of the intensity distribution on the plane of observation.

The obtained expression (2.30) for the intensity distribution due to phase variations
induced by the propagation of a coherent radiation through the object was used for
simple simulations of phase contrast imaging of simple objects.

Straight edge

For the simulation an iron slab with a thickness d = 3 mm was used. The beam
attenuation for a monochromatic neutron beam with a wavelength | = 2.0 A was
assumed to be exponentia 1/1p = exp{- Sre d} with an attenuation coefficient Sge = 1.2
cm™. The ideal step-profile was convoluted with a Gaussian Point Spread Function
(FWHM = 150 mm), which represents the response of our detector system and the
image blurring due to the beam divergence. The obtained profileis shownin Fig. 2.10 a.
The phase variation induced by the iron sab is shown in Fig. 2.10 b. The graph was
obtained by a simple application of the formula (2.4) for a coherent scattering length for

coh

ironof aZ;' =9.45fm. The refractive index of iron was calculated as
d, = % a®'r . =5.12x10°,
which leads to a phase difference of

j =-kgl(z)dz = - ?ﬁdFed = -153.6 p = - 4825 rad in relation to vacuum, i.e. a
-¥

phase advance.
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Figure 2.10: A numerical simulation of the neutron transmission through an iron slab (3 mm
of thickness) at a beam with high spatial coherence. The attenuation profile is
shown in a). The induced phase change in b) and the second derivation j "of
the phase is presented in c).

The second derivation of the phase which is responsible for the phase contrast is shown
in Fig. 2.10 cin arbitrary units.

Small capillary

A small Fe capillary was used as an input for the next smulation. The capillary had an
outer diameter of 0.8 mm and an inner diameter of 0.6 mm. The performed analysis was
analogous to the one shown above. First the attenuation profile was calculated as shown
in Fig. 2.11 a. The phase profile and its second derivation are presented correspondingly
inFig. 211 band Fig. 2.11 c.
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Figure 2.11: A numerical simulation of the neutron transmission through an iron capillary with
a 0.8 mm outer and 0.6 mm inner diameter at a beam with high spatial
coherence. The attenuation profile is shown in a). The induced phase change in
b) and the second derivation j "of the phase is presented in c).

Obviously the phase contrast provides different intensity variations than those provided
by the beam attenuation.

The used samples for the simulations were not pure phase objects, so that the obtained
profiles in a real radiography image under phase contrast conditions would be a
superposition of an absorption and a phase contrast contribution. This was proved by a
set of experiments presented in the next chapter.

2.3 Experimental setup

Beam characteristics

The experiments were performed at the thermal neutron radiography facility NEUTRA
at PSI [Leh99]. A schematic layout of the experimental setup isshownin Fig. 2.12.
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Figure 2.12: A schematic layout of the thermal neutron radiography facility NEUTRA at PSI

The facility is located at a thermal beam port of SINQ and consists of the following
elements:

A convergent and a divergent collimator part separated by a Bi-filter where the
convergent part limits the view from the collimator towards the neutron source and the
Bi-filter reduces the gamma-ray content of the beam. The divergent collimator consists
of a divergent channel leading through the bulk shielding around the source and of a
divergent evacuated tube, which continues the collimator outside the bulk shielding.
Neutrons passing through the filter enter the divergent collimator through an initial
circular aperture of 2 cm diameter.

Three irradiation positions are available for radiography purposes, (Fig. 2.12). Since the
positions are located at different distances along the beam, the parameters of the beam
(flux and collimation ratio) will differ for these positions. Their parameters are shown in
Table 2.1.

Table 2.1:

Irradiation positions 1 2 3
Distance from the pinhole position [mm] 0 3472 6675
Neutron flux [cm™ s™ mA™] 1.60E+07 | 5.00E+06 | 3.00E+06
L/D 200 350 550
Cd-ratio 100 100 100

The neutron spectrum is thermal, mainly given by the moderator (heavy water), the
position where the beam tube nozzle looks into the moderator tank and the bismuth
crystal in the beam line (for gamma background reduction). The measured spectrum
(TOF) isshownin Fig. 2.13.
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Figure 2.13:  The neutron spectrum at NEUTRA

Spatial coherence

In case of a polychromatic neutron beam, the only possibility to achieve a high spatial
coherent length defined by eq. (2.7) is to apply some spatia restrictions to the beam.
The smaller the size of the source and the larger the source to sample distance, the
higher is the achieved spatial coherence length. The change of the source size was
performed by a small pinhole drilled in a Gd (macroscopic cross-section for thermal
neutrons S = 1391 cm™) foil with a thickness of 100 nm. At that thickness nearly all
thermal neutrons (99.99991 %) will be absorbed and the only background at large
distance from the pinhole will be the epithermal and fast neutrons transmitted through
the foil aswell as a small amount of gamma radiation.

For the first experiments a diaphragm with a diameter s of 0.5 mm that already existed
at PS| was used. The quality of the pinhole can be seen in Fig. 2.14.

Figure 2.14:  Optical microscopy of the used pinhole drilled in a Gd foil
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Later pinholes with various diameters were prepared by laser-drilling in the laboratories
of the Lehrstuhl fir Feingerdtebau und Mikrotechnik at TU Minchen.

The maximum possible distance between the pinhole and the sample r was at the
irradiation position No. 3 (Fig. 2.12) with approx. 6.5 m, (see Table 1) so for the
transverse coherence length given by (2.7) avalue of I;=rl /s = 2.5 nm was obtained,
where r is the source to sample distance, s is the pinhole diameter and | = 1.8 A isthe
mean wavelength.

Detector system

The requirements for the used detector system were determined by the peculiarities of
the experimental conditions.

First, a high spatial resolution was needed due to the fine effect which we expected
to observe. The performed analytical ssmulations in Fig. 2.10 ¢ and Fig. 2.11 ¢
show that the width of the obtained intensity peaks at the edge positions is in the
order of 100 mm, which can be used as a resolution requirement for the detection
system.

Second, a high efficiency and a good signal to noise ratio were needed due to the
low beam intensity. The small pinhole considerably reduces the neutron flux, as for
a round diaphragm with a diameter of s = 0.05 cm the reduction would be 1600x
taking into account that the initial aperture has a diameter of 2 cm as mentioned
above. Without the diaphragm the neutron flux at the irradiation position No. 3 is
3x10° n/cm?s, so that using the small pinhole the available neutron flux for phase
contrast experiments will be 1.9x10° n/cm?s.

Third, the detector should have a very low constant background noise (dark
current). The strong neutron flux reduction will of course increase the exposure
times and consequently the noise level integrated during this time.

Considering all the mentioned requirements to our detection system we chose the
Imaging Plate to be appropriate using it for this kind of measurements. The plates which
we had at our disposal were produced especially for neutron imaging — Fuji IP-ND.
Their best spatial resolution is in the range of 100 nm. They possess very high neutron
efficiency due to the used Gd,O3; powder as converter material and negligible dark
current because of the lack of any electronic noise during the exposure.

2.4 Experiment

All the experiments were performed at the thermal neutron radiography station
NEUTRA at PSI using the whole therma spectrum of the beam, (Fig. 2.13). The
experiment geometry was configured as described above: a round diaphragm with a
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diameter of 0.5 mm in the beginning of the beam, a diaphragm to sample position
distance of 6.5 m and the sample to detector distance was set to be variable.

First the beam profile without sample was taken at an exposure time of 180 min as
shown in Fig. 2.15. It can be seen that the profile was almost flat. This fact was used to
perform a qualitative analysis without image normalization. The signal to noise ratio
was calculated as a ratio of the beam level to the background level obtained from the
profile — signal/noise = 240/75 = 3.2.
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Figure 2.15: Image of the neutron beam without sample at the following parameters:

Distance pinhole to sample: 7.5 cm

Pinhole diameter: 0.05 cm

Exposure time: 180 min

The intensity profile taken through the beam is shown on the right-hand side.

The diameter of the obtained round spot S was measured to be 41 mm. This parameter
defines exactly the beam collimation ratio L/D at the diaphragm position as shown in
Fig2.16 .

A

r+R >|

Figure 2.16:  The beam divergence produced by a round diaphragm with diameter s at a
distance r + R.
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If we assume the small pinhole with a diameter s = 0.5 mm as a point source in
comparison to the source to detector distance of r + R= 7.5 m then for the L/D ratio will
bevalid: L/D = (r + R)/S= 183, where S= 41 mm is the diameter of the measured open
beam spot, (Fig. 2.16). Thisresult correlates very well with the value 200 given in Table
2.1 for the L/D ratio at theirradiation position No. 1, where the diaphragm was placed.

Our further tasks were to observe edge-enhancement effects in neutron radiography
images with the so defined geometry and to explain the observed effects in terms of
phase contrast imaging. For that purpose we change the main parameters of the beam
geometry — sample to detector and digphragm to sample distances as well as the
diameter of the pinhole.

Basic experiment

To prove that phase contrast imaging is possible with the so arranged setup, one basic
experiment was performed in the beginning. The idea was to check the validity of
formula (2.30) in general.

Most materials possess a positive coherent scattering length a" and thus by (2.4) they
induce a negative phase differencej by propagation of coherent neutron waves through
them, which corresponds to a phase advance.

There are few materials, which are characterized by a negative a®", e.g. Ti and V.
Consequently the phase difference for them will be positive, which corresponds to a
phase delay.

If two materials with coherent scattering lengths of equal absolute value, but opposite
signs are taken (e.g. Ti with a®" = -3.4 fm and Al with a$"= 3.5 fm) then their phase

profiles should behave opposite. The second derivations of the phase change in case of
Ti and Al plates with a constant thickness will give consequently an opposite intensity
variation at the edge positions. For the Al plate the intensity maximum should be
obtained outside the sample area while for the Ti plate the maximum should be inside
the sample area or in other words, if we use the intuitive model, the neutrons will be
deflected outwards of the sample at a positive phase variation (Al) and inwards to the
sample by a negative phase variation (Ti).

The experiment was performed with two plates of Ti (3 mm thickness) and Al (5 mm
thickness) imaged together at the phase contrast arrangement described above at a
distance of 100 cm from the detector for an exposure time of 120 min. The plate
thicknesses were chosen in the way that the module of the calculated phase difference to
be the same for the two materials, which means that|d ,d, |F|dd; | (see eq. 2.4).

Taking into account the expression for d :Z—pamhr (see eq. 2.9) we will obtain the
k2
coh
following relation for the thicknesses: A _1du | _ la“h "ol _34x45 5 , Wherer 5
d; |dy| lag'r,| 35x27 3

and r 1; are the densities for aluminum and titanium correspondingly.
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The obtained experimental profiles are presented in Fig. 2.17. The position of the edges
of the platesis marked as a zero position in the plots.
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Figure 2.17: Experimental edge profiles for Al and Ti plates measured under phase contrast
conditions.

The good agreement with the theoretical prediction given above can be clearly seen,
which proves qualitatively the validity of expression (2.30) in case of phase contrast

imaging.

Variation of the sample to detector distance

The obtained expression (2.30) shows that the phase contrast varies linearly with the
sample to detector distance. This relation was checked by a set of experiments where
the sample was positioned at an irradiation position No. 3 and radiography images at
different sample to detector distances were taken. As a test object stainless steel
capillaries (syringe needles) with different diameters — 0.3, 0.5, 0.6, 0.8 and 0.9 mm
were used. The obtained images are shown in Fig. 2.18.
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Distance sample to detector: 0 cm
Distance pinhole to sample: 650 cm
Pinhole diameter: 0.5 mm
Exposure time: 180 min

Distance sample to detector: 15 cm
Distance pinhole to sample: 650 cm
Pinhole diameter: 0.5 mm
Exposure time: 180 min

Distance sample to detector: 5 cm
Distance pinhole to sample: 650 cm
Pinhole diameter: 0.5 mm
Exposure time: 180 min

Distance sample to detector: 25 cm
Distance pinhole to sample: 650 cm
Pinhole diameter: 0.5 mm
Exposure time: 180 min
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Distance sample to detector: 50 cm Distance sample to detector: 100 cm

Distance pinhole to sample: 650 cm Distance pinhole to sample: 650 cm
Pinhole diameter: 0.5 mm Pinhole diameter: 0.5 mm
Exposure time: 180 min Exposure time: 180 min

Figure 2.18: Phase contrast images of a set of stainless steel capillaries (syringe needles)
with diameters — 0.3, 0.5, 0.6, 0.8 and 0.9 mm at different distances to the
detector.

After the qualitative analysis of the obtained radiography images it can be concluded
that increasing the distance between the sample and the detector, the images become
sharper and sharper. For instance in the last radiograph taken at a 100 cm distance from
the detector, one can see even the channel of the smaller capillary with a diameter of 0.3
mm. This means that the achieved resolution is smaller than the half of the needle's
diameter i.e. smaller than 150 mm. Unfortunately the setup equipment does not allow to
set sample to detector distances between 120 cm and 400 cm due to the flight-tube
construction at NEUTRA. This was the reason to limit our investigations in the distance
interval from O cm to 100 cm. To obtain some quantitative picture of the observed
phenomena, horizontal image profiles through the capillaries were taken by plotting of
the values of the pixel brightness with the distance. The profiles for all the images,
shown in Fig. 2.18, are presented together in Fig. 2.19.
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Horizontal profiles through the capillaries at different distances to the detector.

One can see that the edge-enhancement on the capillary borders at larger distances to
the detector in the presented profiles, Fig. 2.19, follows the behavior shownin Fig. 2.8 —
a consequence of minimum and maximum of the intensity at rapid variations of the

refractive index.

A conventional thermal neutron radiography is shown in Fig. 2.20 The comparison
between the normalized intensity profiles through the capillaries investigated by the
conventional and the phase contrast (a sample to detector distance of 100 cm)
radiography techniquesis presented in Fig. 2.21.
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Figure 2.20:  Conventional radiography of the test sample performed at the thermal neutron
radiography station NEUTRA under the following conditions:
Used detector: Imaging Plate Fuji IP-ND
Measuring time: 15 s
Distance sample-detector: 10 cm
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Figure 2.21: Intensity profiles taken through the needle edges for two kinds of radiography

imaging: phase contrast radiography at a sample to detector distance of 1 m
and conventional thermal radiography at a distance of 10 cm from the detector.

Obviously the edge-enhancement of the needle borders presented in case of phase
contrast radiography is missing in the conventional radiography profile. Furthermore the
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smallest capillary of 0.3 mm can not be recognized with the conventional method while
the phase contrast technique makes possible to resolve even the capillary channel.

Increasing the distance between the sample and the detector even more, the contrast
rises, but the image blurring due to the beam divergence also increases. A small pinhole
together with a large distance to the sample determines a very parallel beam at the
sample position with a L/D ratio of 13000 [Appendix A] for the setup parameters
presented above. In spite of this the image blurring can be seen at large sample to
detector distances. For example at a 1 m sample to detector distance the imaging
blurring due to the beam divergence will be 80 nm, which isin the order of the detector
resolution of approximately 100 mm. At a distance of 4 m the image blurring will
increase four times, which means that every sample point will be projected on a spot
with a size of 320 mm. In this case the blurring effect will dominate over the phase
contrast and the obtained images will be smoothed in comparison to the images taken at
smaller distances to the detector. In Fig. 2.22 two phase contrast images of a biological
object (dried hornet) obtained at approx. 0.45 m and 4 m from the detector are
presented.

Distance pinhole-object ~4 m Distance pinhole-object ~4 m
Distance object-detector ~0.45 m Distance object-detector 4 m
Exposure time 240 min Exposure time 60 min

Figure 2.22: Phase contrast images of a dried hornet taken at two different distances
between the sample and the detector of 0.45 m (left) and of approx. 4 m (right).

The blurring in the far-away image is clearly visible. Thus a criterion for the maximum
sample to detector distance can be defined, where the image blurring due to the beam
divergence d = I/(L/D) [Appendix A], where | is the sample to detector distance, should
be smaller than the given detector resolution C or 1/(L/D) < C. For imaging plates the
specified resolution is in the order of C ~ 100 mm, so that at the above described setup
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phase contrast experiments can be performed at sample to detector distances of
| < (L/D)C = (13000)x10* m = 1.3 m.

Dependence on the chromatic coherence

Following the image contrast description by formula (2.30) the next conclusions can be
made;

The structure of theimage is| -independent

For a polychromatic source one can simply replace | in the formula (2.30) by a
spectral weighted sum.

To prove these conclusions the following procedure was performed. For one defined
capillary with a diameter of 0.8 mm the phase contrast profile obtained at adistance 1 m
from the detector was subtracted from the conventiona radiography profile defined only
by the absorption in the sample, (Fig 2.23). In this way the contribution only due to the
phase contrast was separated for the used polychromatic (thermal) neutron spectrum.
The obtained profile was compared in Fig. 2.24 with a phase contrast simulation for the
same capillary by using a monochromatic neutron radiation with a wavelength of 2 A
(Fig. 2.11). The simulated profile was rescaled by a simple multiplication by a constant.

0,10

phase contrast

radiography 0.05

0,00 LA AA /\N/\r\f/\(\/ﬂf\ s
A U ALKy

0,85-— T T T T T -0,10

conventional
neutron radiography

Normalized neutron transmission
Arbitrary values

Figure 2.23:  The horizontal profiles through the needle with a diameter of 0.8 mm in case of
phase contrast imaging and conventional neutron radiography (left). The
contribution only due to the phase contrast effect was obtained after the
subtraction of the two profiles (right).
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Figure 2.24:  Comparison between experimental profile of a steel capillary (0.8 mm) obtained
with a polychromatic (thermal) beam and a simulated profile where a
monochromatic radiation (I = 2 A) was used.

From the comparison it can be seen that despite the different spectral distributions the
agreement between the two profilesis very good. This proves the conclusion mentioned
above that the neutron spectrum is not important for the phase contrast effect.

Dependence on the spatial coherence length

Pinholes with different openings were used to investigate the influence of various
gpatial coherence lengths on the image quality. The diaphragms were prepared by |aser
drilling in 100 mm Gd foil. The used openings were with diameters of 400 and 100 nm.
The images obtained with these pinholes are shown in Fig. 2.25. A large sample to
detector distance of 3.25 m was used in order to increase the contrast effect, of course,
with some loss of spatial resolution.

The presented images sh