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Abstract

Energy-selective neutron radiography experiments were carried out at the ISIS pulsed spallation source. This neutron transmission

imaging technique combines the hardware used for conventional neutron radiography with the Bragg edge transmission features of time-

of-flight methods. The main component of the energy-selective radiography set-up was a gated image-intensified CCD camera that

viewed a neutron sensitive scintillation screen via a mirror. Energy resolution was obtained via synchronization of the light-intensifier

with the pulse structure of the neutron source. It is demonstrated that contrast enhancement of materials can be straightforwardly

achieved, and that microstructural features in metal samples can be directly visualized with high spatial resolution by taking advantage of

the Bragg edges in the energy dependent neutron cross sections.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the past few years neutron imaging has been a fast
growing field and has achieved high performance levels,
last but not least due to considerable advances in detection
systems and due to the design of dedicated imaging beam
lines [1–4]. Following these developments, there has been a
surge of neutron tomography applications in a wide range
of scientific disciplines. Neutron imaging is now considered
an essential tool in many modern material sciences such as
engineering, geology, and archaeology. After the technique
has vastly profited from advancements of software tools
developed for 3D medical image reconstructions, there is
still a particular emphasis on hardware developments.
Most of the neutron imaging facilities use thermal neutrons
provided by reactor based sources [3,4]. Neutron tomo-
graphy instruments such as ICON [5] have been built at
accelerator-based neutron sources and considered for set-
up at pulsed spallation sources [6]. Accelerator driven
e front matter r 2007 Elsevier B.V. All rights reserved.
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neutron sources open up new windows of opportunities for
expanding the neutron energy range and for novel energy-
scanning techniques. There is a strong emphasis and trend
towards the utilization of the cold neutron spectrum down
to a few meV because higher contrasts for most materials,
higher detection efficiencies and hence shorter exposure
times are achieved with cold neutrons compared to thermal
beam applications. Conventional neutron tomography
takes advantages of attenuation contrasts of elements but
recently also more sophisticated phase contrast enhanced
imaging methods have been developed for distinguishing
materials with small differences in their absorption
coefficients on the basis of the refractive index [7,8].
Most neutron tomography stations work with a ‘white’

thermal or cold spectrum with energies extending down to
1meV [5,9]. The standard transmission tomography
integrates the attenuation coefficients over all energies in
the neutron spectrum. As a consequence, the energy
dependent features are mostly lost in the averaged data.
Therefore, making use of energy dependent attenuation
effects is a further and important development in the field
of neutron imaging. Drastic steps in the total neutron cross
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sections of crystalline materials are related to Bragg edges
[10], that are transmission variations that occur if neutrons
are removed from the primary beam due to Bragg
diffraction, i.e. elastic coherent scattering. Bragg edges
are most pronounced and best separated in the cold
neutron energy range which covers the low-indexed lattice
planes of crystals. White-beam cold neutron radiography is
insensitive to the Bragg edge effects since cross section
variations are averaged-out when integrating over a large
energy range. Energy-selective transmission studies thus
require a sufficiently high energy resolution for spectro-
scopic Bragg edge transmission studies or for selection of
narrow energy bands in order to utilize the Bragg edge
contrast effects. There are several possibilities to achieve a
wavelength selection of neutrons in the cold energy range:
(i)
 with a turbine type energy selector; the velocity and the
tilting angle are used to tune the energy band,
(ii)
 with a single crystal monochromator; Bragg reflected
neutrons are used in pre-selected angular ranges,
corresponding to defined wavelength bands. A dou-
ble-monochromator system can be used to maintain
the initial beam direction,
(iii)
 by making use of the timing structure of a pulsed
source; energies are selected via time-of-flight (TOF)
measurements, ideally with a cold moderator chosen as
the primary source of neutrons.
Series of radiographs are recorded by performing energy
scans through the available energy range. The first
approach, energy selection by using a turbine energy
selector, has been realized at a continuous neutron source
at the SINQ facility with a typical bandwidth of about 15%
of the total band width of, for ICON for instance, 2–8 Å
[5,11]. The second approach has been realized on a reactor
source using a double-monochromator system generating a
quasi-monochromatic neutron beam with a defined wave-
length band of 0.01oDl/lo0.1 between 2.0 and 6.5 Å [12].
Both energy selection methods reduce the neutron inten-
sities drastically and hence, increase the exposure times
accordingly compared to the integrating tomography
techniques. In the first case, the energy resolution is limited
by the distance of the lamella of the turbine. In the second
case, the mosaicity of the single crystal broadens the energy
spectrum. Nonetheless, effective contrast enhancement and
contrast variation of neutron imaging exploiting the Bragg
edge effects have been demonstrated for both these two
methods.

The third alternative, pulsed-beam radiography, repre-
sents the case with highest neutron intensity in a narrow
energy interval. A pulsed neutron source provides new
opportunities, for instance principally unlimited wave-
length resolution in terms of the band width [6]. Of
particular interest for TOF radiography is the prospect of
imaging structural effects by exploiting the Bragg scatter-
ing contributions to the total neutron cross sections.
Mapping structures has not yet been fully exploited at
neutron sources, although phase variations and residual
strains are nowadays routinely mapped on a neutron strain
scanner such as ENGIN-X at ISIS using Bragg edge
transmission analysis [13]. ENGIN-X uses a 10� 10-pixel
detector array of 2� 2mm2 scintillator elements, i.e. with a
rather course spatial resolution. However, the spectral
resolution of each pixel is high and sufficient for precise
determinations of Bragg edge positions, lattice parameters
and strains [14], for a quantitative phase analysis [15] as
well as for texture analysis [16]. Mapping of microstruc-
tures and textures is of importance for engineering
applications even with this millimeter-scale resolution.
However, it would be desirable to achieve higher spatial
resolution in the sub-millimetre range whilst retaining the
high spectral resolution. This is impractical to realize
because reduction of the pixel size of the Bragg edge
detector is at the expense counting statistics on each pixel.
Here we present experimental results of wavelength

dependent radiography measurements at the neutron
spallation source ISIS at the Rutherford Appleton
Laboratory, UK. Feasibility tests were carried out with a
high-resolution, light-intensified CCD-camera as it is used
on dedicated white beam neutron tomography instruments.
ISIS provides adequate beam conditions for testing energy-
selective imaging and for demonstrating the operating
principles, even though the instrument stations have not
been designed for the purpose. Radiographic images were
collected on ENGIN-X and OSIRIS at ISIS from several
metal samples using two cold moderators, liquid methane
and liquid hydrogen, respectively, providing different
neutron fluxes for different wavelength distributions, at
different distances from the source. Additional character-
izations of the samples were carried out by Bragg edge
transmission and neutron diffraction measurements. The
paper is organized as follows. Section 2 recapitulates the
effects of Bragg scattering for the transmitted neutron
spectra in order to provide the basis for interpreting the
radiography data. Section 3 describes the experimental set-
up at the ISIS pulsed source. Section 4 summarizes the
experimental results, followed by an interpretation and
discussion of the data in Section 5, and an outlook to
future developments in Section 6.

2. Interpretation of neutron spectra transmitted by

crystalline materials

2.1. Qualitative description of the effect of Bragg scattering

for neutron transmission

When a polychromatic neutron beam passes through a
crystalline material, neutrons of different energies are
attenuated differently. As a result, the energy spectrum of
the neutron beam changes with a sample in the beam. A
careful analysis of the intensity ratio between the trans-
mitted and incident beams can provide a wealth of
information about the crystalline structure and micro-
structure of the sample. Fig. 1 shows four typical
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Fig. 1. Bragg edges in the total cross sections of copper alloys: (a) single crystal; (b) course-grained material; (c) powder; (d) textured copper.
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transmission spectra, all of them from specimens made of
Cu-based alloys. Fig. 1a shows the transmission of an
imperfect single crystal, a monochromator used to select
specific energies from a neutron beam. Fig. 1b represents
the transmission of an archaeological bronze made of
relatively large grains [17]. Fig. 1c shows the transmission
of a fine-grained Cu specimen, composed of a rather
isotropic distribution of crystallites. Fig. 1d also corre-
sponds to a fine-grained material, but in this case the
material is textured, i.e. the composing crystallites are
mainly aligned along some preferred direction of the
specimen.

Fig. 1c represents the classic case of Bragg edges
collected from a powder sample. For a sample composed
by a very large number of randomly oriented crystallites
there is a continuous distribution of Bragg angles YB, so
the Bragg condition is satisfied for all wavelengths smaller
than 2dhkl. As a result, the Bragg-reflected contribution to
the attenuation presents a continuous distribution for
neutron wavelengths between 0 and 2dhkl. At that
wavelength, reflection by planes (h k l) ceases, and there
is a sharp increase in the intensity of the transmitted signal,
as displayed in Fig. 1c for four Bragg edges. Each (h k l)

plane family contributes with a Bragg edge at l ¼ 2dhkl.
The height of the (h k l) edge is directly proportional to the
number of crystallites having (h k l) planes normal to the
direction of the neutron beam. In multiphase materials, the
different phases generally produce edges at different
neutron wavelengths. Therefore the analysis of the edge
heights can provide a quantitative phase assessment of the
material [16,18,19]. Phase-selective contrast can be
achieved by forming ratios of two images collected for
wavelengths just above and below a Bragg edge.
The actual shape of the transmission curve between 0

and 2dhkl for each (h k l) family has been calculated by
Fermi et al. [10] by computing the attenuation due to all
the crystallites within a Debye–Scherrer cone. On textured
materials, the number of crystallites within a Debye–
Scherrer cone has a complex dependence on the orientation
distribution function and on the specimen orientation. For
this case the transmission spectra still display Bragg edges,
but the heights and shapes of the edges also depend on the
specimen’s orientation.
In order to understand the features appearing in these

spectra, and hence be able to exploit them for imaging, one
has to consider all processes that remove neutrons from a
neutron beam. The single crystal case in Fig. 1a is
conceptually the simplest one. Each neutron incident on
the crystal is either Bragg-reflected (R) by a crystal plane,
scattered (S), absorbed (A), or transmitted (T), so that
R+S+A+T ¼ 1. The three processes effectively removing
neutrons from the incident beam are illustrated in Fig. 2 in
terms of the complement of the transmission
(1�T) ¼ R+S+A. The overall reduction of the beam
intensity is governed by nuclear absorption at long
wavelengths and thermal diffuse scattering (TDS) at short
wavelengths. Both contributions have a smooth
and continuous dependence on the neutron wavelength.
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Fig. 2. Contributions to the transmission of a Cu single crystal.
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Absorption has a simple linear dependence on wavelength.
The large absorption of some elements (e.g. boron,
cadmium) has long been exploited as a contrast agent in
neutron imaging. TDS, considered here as the combination
of incoherent, small-angle, and inelastic thermal scattering,
is large for hydrogenous materials and increases with the
specimen temperature. Theoretical expressions to calculate
the TDS of crystals have been given by Granada [20],
whilst the total incoherent cross section can be calculated
by a Fourier transform involving the frequency spectrum
of the material [21].

By contrast, Bragg reflected neutrons result in narrow
dips in the actual transmission at precise wavelengths
specified by Bragg’s law

lhkl ¼ 2dhkl sin yhkl (1)

where dhkl is the interplanar distance for the (h k l) planes
and Yhkl are the Bragg angles, i.e., the angles between the
neutron beam and the reflecting crystal planes. These peaks
in the transmission spectra are simply an indirect manifes-
tation of Laue diffraction. Provided the Bragg angle
depends on the relative orientation between the neutron
beam and the crystal, so does the wavelength at which the
dip in the transmission spectrum is observed. This means
that by imaging the neutrons of a specific wavelength, one
basically produces a map of the number of crystallites
having a selected orientation within the sample. Along this
idea a method was developed to measure the orientation of
a single crystal from the analysis of the positions of the dips
in the transmitted spectrum [22].

Quantitatively, when choosing the neutrons of wave-
length l we are imaging all the crystals having any of their
(h k l) directions making the angle

bhkl ¼
p
2
� arcsin

l
2dhkl

� �
(2)

with the incident beam. This effectively defines a Debye-
Scherrer cone of opening bhkl around the incident beam.
From Eq. (1) we see that, depending on the orientation, the
(h k l) plane can remove neutrons with wavelengths any-
where between 0 and 2dhkl, but no longer than this.
Therefore, in practice it is very useful to produce an
ordered list (2dI42dII42dIII4y) determining the ranges
where different plane families can operate. Table 1 lists the
values for some of the materials studied in this work.
Eq. (2) is valid for a perfectly parallel neutron beam. For a
finite divergence of the incident beam, the Bragg condition
has to be relaxed, so that the uncertainty in the actual angle
bhkl is increased. When imaging on a pulsed neutron source
the experimental variable is the width of the incident
wavelength window Dl. In case that the beam divergence
and Dl are not matched, the uncertainty in the angle bhkl is
given by the maximum between the incident beam
divergence and Dbhkl ¼ Dl/(l tan bhkl) [22].
Particularly important is the region of l42dI, i.e. the

maximum neutron wavelength affected by Bragg diffrac-
tion. For wavelengths larger than this Bragg cut-off value
neutrons are either absorbed or scattered by TDS, so the
transmission spectrum does not present steep variations in
intensity. In this sense, intensity contrasts produced using
neutrons from this energy range are most likely to result
from local variations in the compositions of alloying
elements. The other important region of the transmitted
spectrum is that of lIIololI. Neutrons within this
wavelength range can only be Bragg-reflected by the
lower-index plane family, i.e., (1 1 1) for face centered
cubic crystals like steel or (1 1 0) for body centered cubic
crystals like ferritic iron. This allows a univocal identifica-
tion of the angle between the neutron beam and these
crystal planes. For these reasons Bragg edge transmission is
best performed with cold neutrons in the wavelength range
between 1–8 Å wherein most common metals have their
first Bragg edge.

2.2. Quantification of transmission intensity levels

The attenuation I(l) experienced by a neutron
beam of intensity I0(l) after traversing a sample of
thickness z is

IðlÞ ¼ I0ðlÞ expð�nstotðlÞzÞ (3)

where stot(l) is the total cross section for a unit cell of the
material, and n is the number of unit cells per unit volume.
Three different processes contribute to the total cross
section (Fig. 2)

stot ¼ sabs þ sTDS þ sBragg (4)

representing absorption, TDS and Bragg reflection. If
intensity variations are only due to local changes of Bragg
scattering, Eq. (3) is conveniently rewritten as:

IðlÞ ¼ I0ðlÞ expð�n½sabsðlÞ þ sTDSðlÞ�zÞ expð�nsBraggðlÞzÞ

(5)

After accounting for the ‘base attenuation’

IbaseðlÞ ¼ I0ðlÞ expð�n½sabsðlÞ þ sTDSðlÞ�zÞ (6)
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Table 1

Position of Bragg edges and attenuation coefficients

Edge h k l Aluminium Copper Austenitic steel

l (Å) fhkl (Å
�2/cm) l (Å) fhkl (Å

�2/cm) l (Å) fhkl (Å
�2/cm)

lI (1 1 1) 4.6793 0.00374 4.18036 0.0332 4.16904 0.0504

lII (2 0 0) 4.0524 0.00237 3.6203 0.0211 3.6105 0.0320

lIII (2 2 0) 2.86548 0.00304 2.55994 0.0274 2.553 0.0415

lIV (3 1 1) 2.44368 0.00481 2.18312 0.0439 2.17722 0.0664

lV (2 2 2) 2.33966 0.00150 2.09018 0.0137 2.08452 0.0207

lVI (4 0 0) 2.0262 0.000883 1.81016 0.00819 1.80526 0.0124
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representing the continuous base line in Fig. 2, one has
direct access to the attenuation exclusively due to Bragg
scattering. Ibase can be approximated by a polynomial
baseline fit on experimental data. Alternatively, it can be
estimated from the experimental value of I0, and theoretical
calculations of sabs and sTDS.

The total cross section due to Bragg reflection on a
random polycrystalline material is [10]

sBraggðlÞ ¼
l2

4V 0

X2dhklol

hkl

jFhkl j
2dhkl (7)

where V0 is the volume of the unit cell and Fhkl is the
structure factor. Each term of the series is represented by a
Bragg edge (at l ¼ 2dhkl) and decays as l2 for shorter
wavelengths. For textured materials a factor counting the
number of crystallites on each Debye–Scherrer cone needs
to be included, so the Bragg cross section becomes [16]

sBraggðlÞ ¼
l2

4V 0

X2dhklol

hkl

jFhkl j
2dhklRðbhklÞ (8)

where the factor R(bhkl) gives the ratio of the number of
crystallites in the Debye–Scherrer cone of the textured
material to the corresponding number for a perfectly
random sample. Hence, a direct method for quantitative
imaging of the variation of R(bhkl) across a specimen can be
devised, simply by evaluating the function

R ¼
� lnðIðlÞ=IbaseðlÞÞ

zf hkll
2

(9)

at each point of a transmission image. The value of fhkl

depends on the material and the specific (h k l) family

f hkl ¼
njFhklj

2dhkl

4V0
. (10)

Values of fhkl for the materials studied in this work are
given in Table 1.

3. Experimental set-up

3.1. Neutron instruments and detection system

The ISIS pulsed neutron source at the Rutherford
Appleton Laboratory is operated at 50Hz with an
averaged proton beam current of about 180 mA. The
duration of a neutron pulse depends on the type of
moderator. The pulse width for a methane moderator, for
instance, varies nonlinearly between 10 and 30 ms in the
wavelength band between 1 and 4 Å. ISIS instruments are
commonly operated in TOF mode for energy selection of
the incoming or scattered neutrons, for structural and
spectroscopic condensed matter studies. After leaving the
moderator, the pulse spreads along the flight path due to
the different neutron velocities. At long flight paths
successive pulses may overlap, i.e. faster and slower
neutrons may mix up as they travel down the beamline.
In order to avoid such a ‘frame overlap’, one or more
pulses are cut out by disk-choppers, thus defining a wider
wavelength frame for the measurements. For the present
study, the instruments ENGIN-X and OSIRIS at ISIS were
found suitable because of the cold neutron spectra they
provide. The instruments are operated in either an effective
12.5 or 25Hz frequency running, corresponding to
measurement frames of 80 and 40ms between two
successive neutron pulses, respectively. Instrument para-
meters of ENGIN-X and OSIRIS are given in Table 2.
Fig. 3 compares the incident neutron spectra of both
instruments for a 12.5 and 25Hz running, respectively.
ENGIN-X has a maximum of the flux distribution
around 2 Å, compared to 4 Å on OSIRIS. The dips
in the incident neutron spectra correspond to Bragg edges
from aluminium windows in the upstream beamline
vacuum tubes. The integrated neutron flux on OSIRIS
is about one order of magnitude higher than on ENGIN-
X. Since many important engineering metals and alloys
have their low-indexed Bragg edges between 4 and 6 Å,
OSIRIS is faster and well suited to cover the first Bragg
edges and the wavelength regions beyond the Bragg cut-
off. ENGIN-X has advantages with respect to beam
divergence and accurate determinations of Bragg edge
positions.
An experimental schematic of the CCD camera set-up is

shown in Fig. 4. The schematic of the detection system is
similar to that on common neutron radiography and
tomography stations. While the initial detection is achieved
by the excitation of a neutron sensitive scintillator, the
CCD-camera has to be placed outside the beam to prevent
radiation damages to chip and electronics. A thin silicon
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Fig. 3. Incident neutron spectra measured on OSIRIS and ENGIN-X at

ISIS. The count rates for ENGIN-X are multiplied by a factor of 10 for

better comparison.

Table 3

Specifications of the CCD-cameras and typical experimental settings

Camera type Gated, triggerable image intensifier

Avtive pixels 1PI-MAX-1300SB: 1340� 1300
2ANDOR iSTAR DH734-18F-03:

2K ¼ 1024� 1024

Pixel readout rate fast, 1MHz

Image area, diameter 125mm
227.6mm

Optics 11:1 optics, 50/50mm
2C-mount F 2.8 18–108mm

Time gate 250ms ¼ 29mÅ (for a 34m flight path)

typically 8000

On Chip accumulations

Total exposure time 8000/2� 250ms ¼ 1 s

Collection time per image 8000/50Hz ¼ 400 s

Readout time per image �1 s

Number of images 41 images, to cover 3.2–4.4 Å with 29mÅ

Total acquisition time per

run:

41� 400 s ¼ 4h34min

Table 2

Experimental conditions during the test runs on ENGIN-X and OSIRIS

ENGIN-X OSIRIS

Source pulse frequency 50Hz 50Hz

Neutron pulse frequency 12.5 or 25Hz 25Hz

Moderator Liquid methane, 110K Liquid hydrogen, 22K

Neutron guide M ¼ 3 supermirror curved+straight M ¼ 2 supermirror

M ¼ 3.6 tapered end guide

Divergence �0.61 at 2 Å (tunable) L/D�100 1–1.21 at 2 Å; L/D�50–60

1.5–21 at 4 Å; L/D�20–40

Flight path 50m 34m

Neutron flux at sample position [n/cm2/s] 1.4� 106 (0.5–6 Å) 2.7� 107 (1–10 Å)

Neutron transmission detector 10� 10 elements (2� 2mm2/element) –

CCD system Princeton PI-MAX 1300SB 1Princeton PI-MAX-1300SB
2Andor iStar DH734-18F-03

Field of view 20� 26mm 120� 26mm
220� 30mm

Neutron scintillator PSI-V6-300 mm PSI-V6-300 mm

Fig. 4. Schematic set-up for neutron imaging measurements at ISIS. The

gated, ‘triggerable’ CCD views the scintillator plane via a 451 mirror. A

neutron transmission detector is used for alignment of the sample and for

selecting the energy ranges around Bragg edges.

W. Kockelmann et al. / Nuclear Instruments and Methods in Physics Research A 578 (2007) 421–434426
wafer with aluminium coating as mirror in the incident
beam enables the light coupling and the transmission of the
residual beam without too much interaction and scattering.
The optical system in front of the image-intensified CCD
consisted of two mirrored lenses with focal distances of
50mm (f ¼ 1.2) providing a 1:1 mapping. Two camera
systems were tested: a PI-MAX system from Princeton
Instruments [23], including an intensified and fiber-opti-
cally coupled device with a 16-bit signal output, and an
ANDOR iStar system [24]. Some of the camera specifica-
tions are given in Table 3. The fast trigger option via the
image intensifier made both cameras suitable for the time
depending investigations. The light intensifier can be
triggered with the ISIS ‘t-zero’ pulse of the neutron
generation and switched on after a certain delay time
corresponding to a certain neutron energy. By setting a
gating time a well defined wavelength window of the
incident beam can be shifted through the interesting
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wavelength range. Thus, for a given stationary sample a
sequence of corresponding energy-dependent radiographic
images is recorded. The best timing resolution of the CCD
system is limited by the minimal rising time of the multi
channel plate (MCP) intensifier, which for the PI-MAX is
in the order of 5 ns. However, the time resolution of the
whole detection system, in the order of 100 ms, is governed
by the afterglow time of the Li-6 doped ZnS neutron
scintillator screen. For a typical time window of 250 ms the
corresponding wavelength intervals are about 30 and
20mÅ for 34 and 50m flight paths, respectively. ‘On-chip’
accumulations allow summing-up the counts for the same
time-slice in successive ISIS source frames.

ENGIN-X is designed for residual stress analyses of
large engineering components [25]. The instrument has
ample sample space and thus can comfortably accommo-
date a CCD camera system set-up. The instrument views a
cold liquid CH4 moderator (110K) and uses a 33.5m long
curved supermirror guide (m ¼ 3) followed by a 10.5m
long straight guide (m ¼ 3) ending 1.5m before the sample
position. The curvature delimits the lowest reachable
neutron wavelength to about 0.5 Å. In the usual diffraction
mode of ENGIN-X, not used for this experiment, the
scattered neutrons are recorded with two 901-detector
banks on either side of the sample position. For the
radiography set-up the PI-MAX CCD neutron detection
system was placed on the sample position at 50m, with the
sample mounted directly in front of the neutron scintilla-
tor. Small metal samples, suitable for the limited beam size
of 20� 20mm2 and limited field-of-view (Table 2) were
investigated. The 10� 10 pixel neutron transmission
ENGIN-X detector, covering an area of 25� 25mm2 with
a spatial resolution of 2� 2mm2, was set-up additionally
behind the scintillator in order to adjust the neutron
wavelength ranges and to align the sample. For each pixel
of this 2D detector, the full spectral TOF information and
a Bragg edge spectrum is available, thus providing a course
‘structural map’ of the investigated sample.

OSIRIS is a spectrometer for high resolution elastic and
inelastic studies of mostly magnetic systems [26]. The
instrument views a liquid H2 moderator (22K). The
neutron transport from moderator to sample is achieved
by a 34m curved guide (m ¼ 2) with a cut-off wavelength
of about 1 Å. A converging 1.5m long guide (m ¼ 3.6) up
to the sample chamber serves to increase the neutron flux
on the sample position, at the expense of horizontal and
vertical divergences. The CCD camera system was installed
inside the sample chamber of 40 cm diameter and 60 cm
height. The beam size was 20� 40mm2. Both camera
systems were tested on OSIRIS but there was no
transmission detector available.

Typically, a series of on-chip integrations in the order of
several thousands were performed, sometimes followed by
off-line summation of consecutive acquisitions after the
experiment in order to obtain images with sufficient
dynamic range and counting statistics. Some filtering was
required to remove ‘‘zingers’’ from gammas hitting the
CCD chip directly. Each image was corrected with respect
to inhomogeneities of the beam, of the scintillator and of
the CCD through division by the corresponding ‘open
beam’ images collected without sample for the same
wavelength slice. The primary, qualitative information is
contained in the sequence of recorded images which reveal
changes of the transmission as a function of the neutron
energy for a given analysis spot of a sample. Examples of
ratios of radiographs produced with the program ImageJ
[27] are shown in Fig. 5. Selected radiographic images,
plotted with IDL [28] for certain single wavelength slices
are shown in the Figs. 6, 7 and 9.

3.2. Investigated materials and sample characterization

The following materials and material combinations were
studied with the radiography set-ups at ISIS. The limita-
tion in the sample thickness is given mainly by the cold
neutron transmission for a given material and by the
selected wavelength range.
(a)
 A cylindrical sample consisting of ferritic iron (BCC)
and copper (FCC) (Fig. 5). The copper cylinder (10mm
diameter) is shrink-fitted into the outer iron cylinder of
25mm outer diameter [18]. The direction of the neutron
beam was parallel to the cylinder axis, i.e. the beam
penetrates the total height of 25mm of the sample.
(b)
 A cut-out of a welding construction (Fig. 6) made of
stainless steel (FCC) of 10mm thickness and with a
welding seam on top and bottom. The neutron beam
entered from the top side, perpendicular to and aiming
at the welding seam, i.e. the neutrons went through the
whole thickness of 10mm.
(c)
 A rolled aluminium (FCC) plate of 12mm thickness
(Fig. 7). The neutron beam entered from the side, i.e.
penetrated the whole depth of 100mm, in direction of
the arrow.
(d)
 A slice from a multi-pass girth weld, joining two
stainless steel (FCC) pipes (Fig. 9); the total thickness
of stacked stripes was about 25mm.
As a further characterization of some of the samples,
phase compositions, structures and crystallographic tex-
tures were determined by neutron diffraction measure-
ments on GEM [29] at ISIS. Neutron diffraction data on
the steel cut-out welding (sample 2) were collected on 5
spots along the strip with a beam size of 5� 10mm
(width� height), including points on and off the welding
seam. Neutron diffraction data were collected from the
central section of the aluminium plate with a beam of size
of 10� 40mm coming from the top (see rectangle in Fig. 7)
thus passing through 12mm of material. Bragg edge
transmission data were collected on the Al plate (Fig. 7)
on ENGIN-X in the same geometry as for the CCD
collection in order to support the interpretation of the
radiographic images. The plate was positioned in front of
the transmission detector with the neutron beam entering
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Fig. 5. Radiographic images of an iron and copper cylinder. Upper left: The direct image obtained for a wavelength above 4 Å shows no significant

contrast between Fe and Cu. The white rings are guides to the eye to mark the phase boundaries. Upper centre: Ratio of two images collected below

(l1 ¼ 2.508 Å) and above (l2 ¼ 2.595 Å) the (2 2 0) Bragg edge of copper. Upper right: Ratio of two images collected below (l1 ¼ 2.279 Å) and above

(l2 ¼ 2.390 Å) the (1 1 2) Bragg edge of ferrite. Lower left: the incoming neutron beam direction was along the cylinder axis. Lower right: theoretical Bragg

edge spectra of Cu and Fe. Dashed vertical lines indicate pairs of wavelengths used for contrast enhancement.

W. Kockelmann et al. / Nuclear Instruments and Methods in Physics Research A 578 (2007) 421–434428
from the side. Thus a vertical column of 5 pixels covered
the height of 12mm of the Al plate.

4. Experimental results and interpretation

With each measurement, lasting about 3–4 h, a series of
40 radiographs was obtained for a typical wavelength
range from 3.2 to 4.6 Å (Table 3). The sequence of images
was inspected for energy dependent variations and each of
the radiographs was subjected to a quantitative analysis of
the transmission as a function of energy and position. In
the following, selected snap shots collected at four different
wavelengths are presented. The dark areas in the images
are associated with high attenuation while white areas are
associated with high transmission. Typically, some contrast
features and spatial variations are only visible in the
energy-selective radiographies, and become obscured by
averaging over a large wavelength range. The following
qualitative and semi-quantitative conclusions can be
derived for the individual samples.

4.1. Fe–Cu cylinder

The measurements on the Fe–Cu cylinder on ENGIN-X
demonstrate the effortlessness with which contrast between
different materials can be enhanced, or generated in the
first place. The diffraction and Bragg edge spectra of the
Fe–Cu cylinder indicate no significant texture of the ferrite
cylinder and a mildly textured Cu phase. Fe and Cu are
difficult to distinguish by conventional integrating neutron
radiography. The direct transmission image in Fig. 5
(upper left) collected with neutron wavelengths greater
than 4 Å does not discern between the two crystallographic
phases. Contrast for one or the other phase can be
obtained, however, by collecting two images below and
above a Bragg edge, and by pixel-by-pixel division of the
two images. This is demonstrated for pairs of wavelengths
around Fe and Cu edges. The inner Cu cylinder is made
visible by using a pair of wavelengths l1 ¼ 2.508 Å and
l2 ¼ 2.595 Å around the (2 2 0) Bragg edge (Fig 5, upper
centre). The ferrite cylinder is enhanced in the ratios of
images collected at wavelengths below and above the (1 1 2)
Bragg edge at l1 ¼ 2.279 Å and l2 ¼ 2.390 Å (Fig 5, upper
right). As a conclusion, contrast enhancement and inver-
sion of phase contrasts is achieved by making use of
characteristic Bragg edges, whilst the two metal phases are
indistinguishable in the averaged radiography.
4.2. Steel welding construction

41 radiographs for a series of wavelengths between 3.2
and 4.5 Å were collected on OSIRIS. Fig. 6a displays four
of the images, after division by the corresponding open
beam acquisitions for the same wavelengths. For a
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Fig. 6. (a) Radiographic transmission images of a steel welding, collected

at four different wavelengths. The incident beam direction was from the

top, aiming at the welding seam. (b) Neutron transmission curves at 4.06 Å

obtained from marked positions (symbols) in the 4.06 radiograph in (a).

Theoretical positions of (2 0 0) and (1 1 1) Bragg edges are marked by

arrows.
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wavelength of 4.23 Å, just above the first (1 1 1) Bragg edge
of fcc iron, the measured radiography is homogeneous and
featureless. For images collected below and close to the
(1 1 1) steel Bragg edge at wavelengths of 3.89 and 4.06 Å,
respectively, considerable spatial variations of lower
(white) and higher (dark) neutron transmission in the
order of few millimeters are observed. The welding seams
of the sample become clearly visible. The spatial variation
of the attenuation along the welding seam becomes lost in
the transmission data if the latter are integrated over a
large wavelength range. Hence, the weld line is only visible
in some of the energy dependent radiographs.
The uniform image recorded above the theoretical value

of the first (1 1 1) Bragg edge of 4.17 Å for generic stainless
steel rules out any compositional variation across the welds
as an explanation for the transmitted intensity variations
recorded below that Bragg edge. The contrast variations
are rather attributed to alterations of the micro-crystal-
linity during the welding process. In principle, the radio-
graphs allow making estimations of the number of
crystallites oriented in a particular way, by using Eq. (9).
For the radiograph recorded at a wavelength of l ¼ 4.06 Å
which is between the first and second Bragg edge one finds
that the observed dark-grey levels are proportional to the
number of crystallites having their (1 1 1) directions at �131
from the incident beam, using Eq. (2). So the vertical light-
grey line at the centre of the radiograph indicates that on
cooling the weld metal crystallized with very few (1 1 1)
directions along the beam direction (coming from top in
Fig. 6), or in other words, with fewer (1 1 1) planes parallel
to the surface of the sample. The same calculation for
l ¼ 3.89 Å results in b111�211, and again there is a higher
transmission at the weld pool. On the other hand, the
contrasts seem to be inverted for the image recorded with
neutrons of l ¼ 3.51 Å, a wavelength slightly shorter than
lII ¼ l200 ¼ 3.61 Å. So in principle the neutrons could be
Bragg-reflected off the beam either by (1 1 1) planes at �331
from the beam direction or by (2 0 0) planes at �131. The
observed reduction in transmission is more likely to be due
to the latter case. It can be noted that neutron diffraction
indicates a weak texture of the bulk material with
maximum multiples of a random distribution (m.r.d.)
around 1.4, observed in the region of the weld seam as well
as far away from it. There is no significant difference
observed around the weld seam compared to the rest of the
sample. In particular, the texture data show no reduction
of the (1 1 1) pole density along the beam direction. This
may indicate that for the conventional global texture
diffraction measurement with a beam of 5� 10mm grain
orientation effects are lost in the bulk, whereas the
transmission data analysis is able to show local texture
variations due to its higher special resolution. It should be
noted that the uncertainties of the tilting angles according
to Eq. (2) are given by the divergence of the incident beam
(Table 2) rather than being determined by the wavelength
band of 30mÅ (see Section 2.1).
The transmissions at different positions on the illumi-

nated sample area were analysed as a function of
wavelength. Fig. 6b shows transmission curves for a point
on the seam, on the mid-weld, and from outside the seam
line, respectively. Each of those three points covers an area
of about 0.5mm2 by combining a group of 1280 pixels. At
lower wavelengths between 3.2 and 3.5 Å the transmission
drops from 90% to about 55% for the three analysis
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Fig. 7. Radiographic transmission images from a rolled and compressed aluminium plate, collected at four different wavelengths. The incoming beam

direction was from the side (arrow in photo).
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points. This unusual transmission behaviour is not well
understood at the moment but is assumed to be due to
background effects arising from the sample mounting and/
or from sample environment rather than from the sample
itself. The derived transmission values from the transmis-
sion data are therefore rather qualitative than quantitative.
Above 3.5 Å the transmission curves show clear steps
which are in agreement with the theoretical positions of the
(1 1 1) and (2 0 0) Bragg edges. At wavelength higher than
the (1 1 1) edge the transmission is the same for the
different spots across the weld line. This semi-quantitative
assessment therefore confirms that the dark-light contrast
patterns around the welding seam are in fact due to
microstructural variations from the welding process.

4.3. Rolled aluminium plate

Energy dependent radiography measurements on an
aluminium plate (Fig. 7) on OSIRIS reveal rather distinct
sheets of alternating transmission, aligned parallel to the
surface and more or less symmetrical about the centre of
the plate. On average, the transmission is lower in the
centre of the plate compared to the top and bottom layers.
Within a given layer, a rather irregular variation of the
transmission as a function of the neutron energy is
observed. No radiographs were collected above the (1 1 1)
Bragg edge of aluminium of 4.7 Å.

Bragg edge transmission data collected on ENGIN-X
show that the layers in the plate with the weakest and
strongest transmissions can be related to the variation of
crystallographic texture in the material. Fig. 8a shows the
Bragg edge spectra of 5 pixels of the transmission detector
down the thickness of the plate. The curves measured in the
inner parts of the plate can be regarded as highly distorted
Bragg edge spectra typical for textured material. Clear
texture components are visible as drastic transmission dips
of about 20%. Spectra are mirrored on either side of the
central layer, as for the radiography data. The presence of
strong texture components is confirmed by the diffraction
texture measurements. Fig. 8b shows the pole figures from
the centre of the Al plate showing a relatively strong
texture with maximum m.r.d. values of 4.3. Minimum pole
densities of almost zero indicate that all of the illuminated
material is actually textured. The pole figures show the
hallmarks of a rolling texture with a pronounced brass
texture component. It is worth pointing out that texture
diffraction measurements provide no spatial resolution but
yield the global texture averaged over the whole illumi-
nated volume; i.e. different, spatially separated compo-
nents superpose. The Bragg-edge transmission technique,
on the other hand, has some spatial resolution given by the
pixel size of 2� 2mm, although it has to be noted that the
structure properties are averaged over the whole penetra-
tion depth of 100mm of the plate. In the Bragg edge data
different textures in the aluminium plate are spatially
resolved. Distinct attenuation peaks around 2.9 Å in the
Bragg edge spectra adjacent to the central layer correspond
to (2 0 0) planes tilted by 451 towards the incoming beam
direction. These transmission minima correspond to the
four strong pole density maxima on the circumference in
the (2 0 0) pole figure, which are related to the brass texture
component. The neutron wavelength of 2.9 Å that corre-
sponds to the strong brass component of the (2 0 0) planes
is outside the observation window of the CCD transmis-
sion measurements. The centre of the Al plate exhibits
pronounced but different texture components in the Bragg
edge spectrum.
By comparing the radiographies in Fig. 7 with the Bragg

edge spectra in Fig. 8a it can be inferred that the
transmission variations in the energy dependent data are
related to texture variations in the aluminium plate,
generated by manufacturing and working processes.
Radiography is able to display local texture variations
with high spatial resolution, although at the moment only
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Fig. 8. (a) Bragg edge transmission data of the aluminium plate for 5 spots through the thickness of the plate at the position of the arrow in Fig. 7. The

incident beam direction was the same as for the radiography measurements. (b) (1 1 1), (2 0 0) and (2 2 0) pole figures from neutron diffraction on a central

area on the plate, indicated by a rectangle in Fig. 7, with the beam coming from the top. ‘m.r.d. ’ stands for ‘multiples of a random distribution’.
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in a comparative and qualitative sense. Changes of
attenuation due to Bragg scattering are clearly discernable
in the radiographies. The highest attenuation values
observed for the inner layers vary with energy. The
seemingly irregular variation, however, is explained by
the distorted Bragg edge spectra that indicate rather
regular wavelength dependencies based on distinct texture
components. For example, the transmission images for 4.23
and 4.06 Å (Fig. 7) correspond to distributions of (1 1 1)
planes that are tilted from the face of the Al plate by 25.31
and 301, respectively.

4.4. Thick welding seam

The cut-out of multi-pass girth weld shows variable
transmission with changing neutron energies over a wide
energy range. Beyond the first (1 1 1) Bragg edge of 4.17 Å
the transmission images appear homogenous. This ob-
servation supports the view that the contrast variations at
lower wavelengths are due to microstructural deviations
rather than due to compositional inhomogeneities. The
radiographic images in Fig. 9a are completely different
from Figs. 6 and 7 being characterized by fragmented, on a
number of rather irregular black regions concentrated
contrast spots, separated by similarly irregular light-grey
regions. The transmission variations are interpreted to be
due to irregular grain orientation distributions in the
welding seam. The effect is similar but not the same as that
for a material with ‘regular’ texture. As for the latter case,
the crystal orientation remains almost constant through the
black regions, and it changes quite drastically when moving
into the light regions. This is consistent with a material
composed by rather large grains, with dark and light
regions corresponding to grains having different orienta-
tions, resulting from the different beads performed during
the multi-pass welding operation. This interpretation



ARTICLE IN PRESS

Fig. 9. (a) Radiographic transmission images of a steel welding as a function of neutron energies, measured with the PI-MAX (upper row) and ANDOR

(lower row) systems; (b) ‘R’ factor map for a wavelength of 4.17 Å calculated according to Eq. (9). It must be noted that the contrasts are inverted, i.e.

higher attenuation is indicated by white spots. The scale is given in units of m.r.d. (multiples of a random distribution). (c) ‘R’ map for a wavelength of

4.06 Å according to Eq. (9), displaying the distribution of crystallites having their (1 1 1) planes tilted at �131 from the incident beam.

W. Kockelmann et al. / Nuclear Instruments and Methods in Physics Research A 578 (2007) 421–434432
corresponds to the case exemplified by the transmission of
the large-grained material of Fig. 1b, and is confirmed by
the transmission spectra measured from a small cube cut
out from a similar multi-pass stainless-steel weld (data not
shown here). Therefore the radiographies can be explained
as the combined contribution of the transmission spectra
from a small number of relatively large crystallites.

Fig. 9a compares the results obtained for the two camera
systems, PI-MAX and ANDOR, on OSIRIS for the same
sample of the multi-pass girth weld. The energy dependent
radiographies exhibit the same transmission features,
confirming that the contrast patterns are reproducible. In
both camera settings, the outline of the welding seem in
such a single-phase and chemically homogeneous material
is made visible. Visualization of welding lines and structure
transitions is a particular advantage of energy selective
radiography.

Fig. 9b and c display maps of ‘R’ factors for wavelengths
of 4.17 and 4.06 Å, respectively, calculated according to
Eq. (9). The base attenuation (Eq. (6)) has been accounted
for by using the radiograph collected above the first Bragg
edge at 4.23 Å. Thus these figures display the effect of
removal of neutrons out of the primary beam exclusively
due to spatial variations of Bragg scattering. The images
look significantly different both in appearance and in the
magnitude of the R-factor. The R-image of Fig. 9b
corresponds to the wavelength of the first Bragg edge
(Table 1), and hence it gives the number of crystals having
their (1 1 1) directions exactly aligned with the direction of
the neutron beam. This is a very stringent condition and so
the picture shows very low R-values without any distinctive
pattern, essentially telling that there are no crystallites
aligned in such way. On the other hand, the image on
Fig. 9c is proportional to the number of crystallites having
their (1 1 1) directions tilted at �131 from the incident
beam, i.e. within a Debye-Scherrer cone. The R-values now
vary from 0 to 1.3, and a clear contrast emerges between
the different regions of the weld. The white areas near the
bottom show the largest number of suitable aligned
crystallites whilst the top-centre of the weld shows a region
with almost no crystals aligned for Bragg reflection. Several
applications can be envisaged for this type of analysis. For
instance, inspection of R-images collected at a large
number of wavelengths could be used to investigate the
relative orientations between different regions of a multi-
pass weld. Collection of images in situ at different stages of
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the welding process could be used to track the changes
experienced by the earlier beads due to the thermal
treatment and caused by the later ones.

5. Discussion

The examples in this work show that information on
structurally different zones in an otherwise homogenous
material can be obtained by energy-selective radiography
at a pulsed source, even with a make-shift set-up that was
used for the ISIS measurements. Pulsed neutron radio-
graphy can be efficiently employed to distinguish crystal-
lographic phases with little absorption contrast, and to
map structural features in single-phase samples that do not
provide contrast for conventional radiography. Due to the
generally good transmission of many materials for
neutrons, large scale samples of some tens of centimeters
can be analysed. Whereas a pixel transmission detector,
with a fibre-coupled readout of the scintillator pixels,
provides high spectral resolution at modest spatial resolu-
tion in the order of millimetres, pulsed Bragg edge
transmission radiography with state-of-the-art CCD cam-
era systems can yield a spatial resolution that is one order
of magnitude better in the sub-millimetre range down to
100 mm.

Contrast enhancement and contrast variation are well
known techniques wherever attenuation edges can be
exploited [11,12]. Contrast variation in neutron radio-
graphy can be achieved by energy-selective radiography by
collecting two images on either side of a Bragg edge, either
on a continuous source or at a pulsed source. Inversion of
phase contrasts was demonstrated for the Fe–Cu cyclinder
in Fig. 5 using this approach. Furthermore, ratios of
images can be produced to render a given material
‘transparent’ if the total cross section is comparable for
the selected wavelength pair. Bragg edge spectroscopy is
typically a strong domain of pulsed sources, due to high
energy resolution that can achieved with the TOF
technique on long flight paths. Likewise, energy-selective
radiography at a pulsed source takes advantage of this
principally unlimited energy resolution and the ease with
which the energy scan can be set-up and adapted to the
requirements for a given material. Different edges of one
the same phase can be utilized and close-lying edges of
different phases can be separated. This ability to tune the
energy bands to optimal conditions in terms of resolution
and counting statistics offers a great deal of flexibility for
material studies.

A quantitative transmission analysis can be related to
existing cross section data for given materials. The
quantitative interpretation of all aspects of this study will
need some more methodical and experimental investiga-
tions. Because all samples were quite extended along the
beam direction multiple scattering effects and superposi-
tion of directly transmitted and scattered neutrons cannot
be excluded. At the moment, the transmission analysis is
semi-quantitative, also due to unexplained background
effects. As a result, it is difficult to determine the Ibase
(Eq. (6)). Nevertheless, the potential of such a transmission
analysis performed on the basis of the collected images on
selected sample spots is demonstrated in Fig. 6b. The data
can principally be used to identify the most intense Bragg
edges of a material, and thus can be used to map the Bragg
edge positions, hence residual strains. In practice, the
timing resolution is not sufficient to compete with present
day strain scanners and Bragg edge technology. The
determination of strain distributions requires a time
resolution of less than 10micro-seconds in order to achieve
a state-of-the-art strain resolution of 30 me [25], which is
unachievable with the current set-up due to the long decay
times of the 6Li-based neutron scintillator.
While Bragg edges are the basis for contrast variation

between different crystallographic phases, a main advan-
tage of the presented imaging method is that crystal-
lographic texture can be visualized with high resolution, by
translating grayscale maps into orientation maps of the
grains. In principal, the contrast between different texture
components, such as cube or brass components, can be
enhanced by choosing proper pair of wavelengths, for
example one inside or one outside a transmission dip as it is
observed on the aluminium plate in Fig. 8a. Whilst
mapping of texture with high resolution is a novel neutron
application, mapping of individual texture components has
even higher potential, for example to map components
related to specific working treatments such as cold working
and annealing treatments. In contrast, conventional
neutron texture diffraction is typically performed on a
few spots on a sample (Fig. 8b) with a resolution
determined by the size of the neutron beam and the
thickness of the sample. A quantitative evaluation of
texture from transmission data via Eqs. (8)–(9) yields
numbers of crystallites having a certain angle with the
incoming beam. This is demonstrated in Fig. 9b and c
which directly display the spatial variation of (1 1 1) planes
tilted at a particular angle. It is in principle possible to
define the orientation distribution function of high-
symmetry materials from the analysis of data recorded at
different orientations [16]. This kind of quantitative
analysis has to be further developed with additional
experiments.

6. Conclusions and perspectives

The pilot experiments at the ISIS pulsed neutron source
have demonstrated the principal options of energy-selective
imaging. A wealth of information can be obtained by
energy selective neutron radiography, for example compo-
sitional and structure variations can be distinguished by
exploiting the superb crystallographic-phase sensitivity due
to the Bragg edge contrasts. Phase contrast and phase
enhancement techniques can be very effectively used at
intense pulsed sources. Mapping of phase distributions and
texture variations that are present as a result of work-
ing processes and material modifications have a direct
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industrial relevance. Direct imaging of hidden welding
seams and material transitions in a single measurement is
only one example. There are other important applications,
not covered in this work, which would greatly benefit from
energy dependent radiography. Very low H distributions,
important to hydrogen embrittlement studies, can be
mapped taking advantage of the fact that the neutron
cross section for hydrogen steadily increases for increasing
wavelengths. Imaging of inclusions and precipitates, for
instance in Ni based superalloys, may be attempted by
directly exploiting the ability to map crystal orientations
and textures with high resolution. In particular, imaging of
textures will significantly enlarge the areas of applications
of neutron imaging. Further quantitative analysis and
interpretation of the transmission data is necessary in order
to develop energy-selective radiography towards a stan-
dard tool for material research.

In the past, it was believed that wavelength resolved
neutron imaging techniques were flux limited, and as such
not suitable for application at pulsed sources. However, the
present results show that such investigations can be
performed with presently available gated CCD camera
systems and that results can be obtained in reasonable
acquisition times. It was shown that structural differences
and changes by the manufacturing process can be
visualized with high spatial resolution down to 100 mm.

An obvious shortcoming of the experimental set-up
concerns the beam divergence. It needs to be considerably
increased well above L/D ratios of 200. For the present
studies the divergence was of minor relevance since the
samples were positioned directly in front of the neutron
scintillator. A much larger field of view of at least
20� 20 cm2 is required to cope with much larger objects
for investigations of technically relevant samples and
constructions. Larger objects than that, like welded plates
or tubes, could be examined in a scanning mode. A
dedicated TOF radiography instrument at a pulsed neutron
source would focus on the wealth of complementary
information that can be only extracted by energy-selective
radiography. Much detector development work is required
in order to use the produced neutrons more efficiently.
Presently, only a fraction of the neutron spectrum per pulse
is used at a time, and superimposed to the final image. The
neutrons would be more efficiently used with a detector
system that can accumulate counts into multiple time-slices
simultaneously, thus improving the performance in terms
of acquisition times tremendously.
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