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Figure 1: View of V7. Flight path equipped with containers �lled with He gas for loss free transport
of the neutron beam to the sample position (left). Sample position equipped with translation, tilt and
rotation stages. The detector box with active area of 30 cm x 30 cm is behind the sample stage (right).

2 Instrument application

Typical applications are:

• Energy research (fuel cells and Li-ion batteries)
• Materials research (hydrogen storage materials, phase transitions in metals and characterization
of porous media)

• Life science (water uptake in plants and water management in soils)
• High-TC superconductivity (�ux pinning in superconductors)
• Magnetism (visualization and analysis of domain networks and visualization of static and alter-
nating magnetic �elds)

• Cultural heritage and paleontology

3 Instrument layout

Figure 2: Schematic view of V7.
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Possibilities of pulse shaping

interest and a number of outstanding developments in the field
have been launched [6,7]. The most prominent neutron imaging
techniques that have been envisaged are energy-dispersive
imaging [8–10], mainly in order to take advantage of Bragg
diffraction on the one hand and fast and stroboscopic imaging
[11–13] on the other hand. In contrast, here the potential of
spallation neutron sources for neutron imaging with respect
to several innovative methods and techniques will be discussed
as well as the implications of such sources and methods onto the
corresponding instrumentation.

2. Conventional neutron imaging

As pointed out above, conventional neutron imaging, which
depends on an intense continuous beam and utilizes a broad
energy spectrum, benefits the least from modern source devel-
opments [4]. Nevertheless a conventional imaging facility at a
short pulse target station (SPTS) like the SNS could compete with
most of the currently available state-of-the-art imaging instru-
ments, of which some of the most productive ones are located at
medium flux sources like CONRAD at BENSC (BERII, D) [14] or
NEUTRA [15] and ICON at PSI (SINQ, CH) [16]. Taking into account
assumptions for the long-pulse target station (LPTS) of ESS [3–5],
i.e. source pulses of about 2 m s at a frequency of 16.6 Hz, that
provide a time-averaged flux approximately 1.5–2 times higher
than at the ILL, a corresponding instrument could outperform
existing instruments. Taking advantage of a multispectral beam
extraction [17] as possible at ESS beam ports, an instrument could
additionally combine thermal and cold neutron imaging in one
instrument and at the same time achieve a more intense beam
utilizing a broader spectrum. Optionally a chopper can be utilized
to choose either the thermal or the cold part of the spectrum.
Choosing a thermal spectrum can improve the transmission and
decrease beam hardening effects, while concentrating on the cold
part of the spectrum enables to increase contrast in many cases.

However, bispectral beam extraction can also be done at reactor
sources and as can be seen in Fig. 1 at the considered SNS coupled
cold moderator the thermal contributions do not substantially fall
short as compared with the bispectral extraction at the ESS.

3. Special imaging methods

Moreover, during the last decade neutron imaging has seen a
rapid and outstanding development concerning technical as well
as methodical aspects. With the advent of several new methods,
all of which require different beam conditions, the benefit of
different sources to neutron imaging cannot any longer be defined
straightforwardly as a single figure as it is possible to do for most
highly specialized scattering techniques. Rather, a FOM has to be
determined separately for different methods. An outstanding
challenge might be keeping in mind to combine as many of the
methods within one instrumental set-up, best without negatively
affecting the performance of each of them. Several (of the most
promising) methods and their needs with regard to the source
shall be discussed.

First, some detailed considerations shall focus on fast,
respectively, stroboscopic imaging [11–13] of dynamic and
repetitive processes and energy-dispersive imaging at Bragg edges
in the transmission spectrum [8–10] because these imaging
methods have been discussed as the most promising at spallation
neutron sources. Nevertheless, no detailed and elaborated con-
siderations or discussions have been reported. The requirements
of the latter method depend strongly on the features of a sample
that are intended to be addressed. Therefore, special attention has
to be paid to this technique, which is being investigated
extensively. Another method that shall be discussed, but has not
been taken into account yet in detail with respect to opportunities
offered by the new sources is polarized neutron imaging [18].
In most of the current approaches, it requires a monochromatic
beam but it can profit from multiple wavelength measurements
as will be discussed. Other methods like propagation-based
inline phase contrast [19], and the grating interferometer-based
methods of differential phase contrast and dark field imaging

[20], which require a fixed wavelength with low resolution
(dl/l¼ 15–30%) will be mentioned only shortly with respect to
necessary considerations for effective implementation. Otherwise
their benefit from a pulsed source has to be considered equal to
that of conventional imaging.

3.1. Fast and stroboscopic imaging

Both fast and stroboscopic imaging [11–13] require the highest
possible neutron flux density within the shortest time intervals of
exposure. It has been argued that the pulsed beam of a spallation
source may enable very short exposure times and hence time-
focused images, i.e. good time resolution. However, the beam
pulses spread in time until at the nearest possible sample position
at about 10–12 m from the target (due to shielding requirements)
the advantage of a small time window of a highly intense beam
has nearly vanished. A rough comparison for an envisaged
exposure time of 1 m s between a beam extracted from a J-SNS
coupled cold moderator and the ANTARES facility at FRMII based
on published material [1,2] results in a gain factor of only "1.3
at comparable collimation. In a time frame of 1 m s only a
wavelength bandwidth of approximately 0.33 Å representing in
the maximum (at around 3 Å) about 10% of the total intensity of a
pulse can be used (at 12 m distance). For shorter exposure times,
the intensities for both sources scale similarly, when the
moderated spectrum is considered approximately flat in the given
wavelength range. For longer exposure times, the situation gets
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Fig. 1. Figure-of-merit (F) for a variety of typical neutron scattering instruments at
various sources. For the continuous source F coincides with the continuous source
brilliance by definition. For the long-pulse (LP) ESS source a duty cycle of 0.03 has
been considered, while for a short pulse (SP) source values between 0.001 and 0.02
(wavelength and moderator dependence) are responsible for a larger variation of F
given by the grey areas. The upper limit i.e. F ¼ F is given by the corresponding
curves. As the lower limit which is approximately 0.33 for the LP ESS a wavelength
resolution dl/l"0.1 like appropriate for e.g. small angle scattering has been
defined [4,5]. The dotted lines are the effective maximum at the SPTS for
diffraction experiments, where the peak brilliance is corrected by a pulse shape
factor, accounting for the long tails in the pulse structure [5]. Continuous radiation
experiments like conventional neutron imaging are not being considered. (Figure
courtesy of F. Mezei, reprint from [5] with permission from Elsevier Masson SAS.)
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instrument, a large degree of flexibility and modularity is
necessary. The presence of a broad spectrum of cold neutrons
is an essential condition for exploiting the wave nature of the
neutron and thus enabling interaction mechanisms such as
coherent neutron scattering, wave propagation with phase
shifts and magnetic moment precession in external magnetic
fields.

CONRAD-2 is well suited for absorption contrast radio-
graphy and tomography and is frequently used for basic
science and industrial applications, while allowing energy-
selective measurements with no additional effort. Further-
more, solid-state polarizers can be installed and used for
imaging with polarized neutrons (Wood & Anderson, 2001).
Phase grating setups are available and can be used for grating
interferometry experiments, where phase contrast and dark-
field imaging are used to obtain spatially resolved information
about the microstructure or magnetic properties of materials
(Pfeiffer et al., 2006; Kardjilov et al., 2008).

2. Instrument parameters

The imaging facility at the BER II research reactor was
designed in 2004 and constructed in 2005 as an instrument
supporting the materials research activities at the former
Hahn-Meitner-Institute (Kardjilov, Hilger et al., 2011). At that
time, V7 (CONRAD-1) was situated at the neutron guide NL-
1B (58Ni coated) with a characteristic wavelength of 2.2 Å. The
space behind the neutron guide did not allow for a long
collimation path, since only 5 m of unoccupied space was
available. Therefore, the beam size at the sample position was
limited to 10 ! 10 cm (Kardjilov, Hilger et al., 2011). This size
was too small for many conventional imaging purposes and
was a competitive disadvantage compared to other existing
facilities worldwide.

The upgrade program of CONRAD-1 (V7) between
October 2010 and October 2012 included (i) an exchange of
the 58Ni-coated neutron guides (m = 1.2, which allows for
reflection of neutrons with 1.2 times the divergence compared
to using a mirror based on a single Ni layer) with new
supermirror guides (m = 2.5 or 3 in the curved section and m =

2 in the following straight section; see Fig. 1), (ii) an increase
of the collimation path from 5 m to 10 m, and (iii) the provi-
sion of a more spacious experimental environment and user
work space. These upgrades improved the efficiency of
neutron transport and led to an increased beam size owing to
the larger beam divergence and longer collimation path.
Additionally, the curvature of the guide was increased by
changing the curvature radius from R = 3000 m to R = 750 m in
order to enlarge the distance from the shielding of the
neighboring instrument to the beam axis.

The new neutron guide design is presented in Fig. 1.
Monte Carlo simulations showed that using a curved guide

section with a length of 15 m and a radius of R = 750 m is
sufficient to avoid a direct line of sight to the cold source of the
reactor. The optimization study of the curved guide section
indicated that different wall coatings (m = 2.5 for the inner
wall and m = 3.0 for the outer, top and bottom walls) provide
the best result in terms of transported beam intensity and
homogeneity. In front of and behind the curved guide are
straight guide sections, as shown in Fig. 1. The role of the final
straight section is to homogenize the beam intensity over the
guide cross section. All guide sections have a constant cross
section of height ! width = 12 ! 3 cm.

A flight path of L = 12 m is available downstream of the
final straight guide section. This distance is necessary in order
to make full use of the pinhole configuration, where a certain
L/D ratio can be realized by using apertures with different
diameter D at the beginning of the flight path. For apertures
with typical diameters of 1–3 cm, the calculated L/D ratios are
between 1200 and 400, respectively.

The complete layout of the CONRAD-2 instrument is
shown in Fig. 2. The shielding of the instrument hutch is based
on a sandwich design where the inner side is covered by 5 mm
of B4C plastic and the outer side is shielded by 5–10 cm-thick
lead plates.

In the presented instrument’s layout three sections which
are accessible through slide doors (shown as arrows) can be
defined. In the first section the beam modulation is performed
by using a pinhole exchanger for setting different L/D ratios, a
double-crystal monochromator and a velocity selector for
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Figure 1
Neutron guide design of the CONRAD-2 neutron imaging instrument. View from the top.
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Fig. 3. a) Wavelength spectra of three imaging beamlines at PSI: NEUTRA (thermal),
ICON (thermal-cold), BOA (cold). b) Attenuation coe�cients for Fe, Cu (with
Bragg edges) and V computed with nxsPlotter. c) Neutron absorption probability
of di↵erent scintillator compositions and thicknesses.

The curves for the di↵erent scintillators have been calculated with the thickness

of the absorbent isotope (either 6Li or natural Gd) in every design and considering a

linear behavior of the absorption cross section from the thermal wavelength (1.798 Å).

Using the data in Fig. 3, an estimation of the attenuation coe�cient value for white

IUCr macros version 2.1.10: 2016/01/28
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extraction of monochromatic beams, a source grating setup for
grating interferometry, and a polarizer for imaging with
polarized neutrons. These devices can be placed in the beam
by translation stages, and the combination of a few devices is
possible (e.g. grating interferometry with a monochromatic
beam). In the second section a measuring position for high-
resolution and high-speed imaging is installed, because of the
narrow and intense beam which is available there. Depending
on the used option a small pinhole can be set by the pinhole
exchanger in order to provide a well collimated beam in the
case of high-resolution measurements or a larger aperture can
be used in the case of dynamic imaging. In addition, the
analyzer for polarized neutrons or the phase grating for the
grating interferometry technique can be used in front of the
detector. The sample environment and the detector can be
translated out of the beam if measurements at the end position
are performed. At a distance of 12 m from the pinhole the
beam expands to 30! 30 cm owing to the divergence provided
by the neutron guide. This position is used for investigation of
large samples. The paths between the three positions are
covered by aluminium containers (length of 1 m each) filled
with He gas in order to prevent intensity loses by scattering of
neutrons in air. Nevertheless the containers can be removed
separately and the free space can be used as a temporary
measuring position. This opportunity is used when dynamic
studies with short exposure times are performed. In this case
the measuring position is placed as close as possible to the
neutron guide.

After completion of the upgrade, the intensity at the end of
the guide (at the pinhole position) was 13.5 times the
previously measured intensity, with a flux of 2.7 !
109 n cm"2 s"1. The intensity measured at the end position
10 m from the pinhole was 2.4 ! 107 n cm"2 s"1 at an L/D set
to 330 (pinhole D = 3 cm). The illuminated area was markedly
increased, now allowing us to investigate samples up to 30 !
30 cm in size. Additional scanning of the sample with image
stitching even permits imaging of samples up to 50 ! 50 cm
large.

To characterize the intensity distribution of the beam,
images of the empty beam were acquired at the sample posi-
tion (10 m distance from the pinhole position) by a position-

sensitive (two-dimensional) detector (Williams et al., 2012;
Kardjilov, Dawson et al., 2011; Tötzke et al., 2011) (see Fig. 3).
The instrument is equipped with different detector systems
optimized for large size samples (large area detector: sCMOS
Andor ‘Neo’ 2560 ! 2160 pixel; 50, 100 or 200 mm 6LiZnS:Ag
scintillators), for visualization of dynamic processes (high
speed detector: sCMOS Andor ‘Neo’ 2560! 2160 pixel; 200 or
400 mm 6LiZnS:Ag scintillators) and for high-resolution
imaging, where a prototype of a high-resolution detector
(CCD Andor ‘DW436N-BC’ 2048 ! 2048 pixel; 10 mm
Gd2O2S scintillator) provides images of samples with a pixel
size as low as 6.4 mm at reasonable exposure times (Williams et
al., 2012). The different detector systems available at the
beamline are summarized in Table 1.

Imaging facilities located at neutron guides in general suffer
from a non-uniform intensity distribution and a pronounced
dispersion of neutron divergences introduced by reflections in
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Figure 2
Layout of the neutron imaging instrument CONRAD-2.

Figure 3
Images of the primary beam applying different pinhole diameters D and
an optional graphite filter. The size of the illuminated area is 20 ! 20 cm.

Collimation – pinhole
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Fig. 3. a) Wavelength spectra of three imaging beamlines at PSI: NEUTRA (thermal),
ICON (thermal-cold), BOA (cold). b) Attenuation coe�cients for Fe, Cu (with
Bragg edges) and V computed with nxsPlotter. c) Neutron absorption probability
of di↵erent scintillator compositions and thicknesses.

The curves for the di↵erent scintillators have been calculated with the thickness

of the absorbent isotope (either 6Li or natural Gd) in every design and considering a

linear behavior of the absorption cross section from the thermal wavelength (1.798 Å).

Using the data in Fig. 3, an estimation of the attenuation coe�cient value for white

IUCr macros version 2.1.10: 2016/01/28
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bandpass at about 34m distance.
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   

Bandpass chopper rotates at single ESS frequency. This version dictates the length of

our bandpass chopper opening time, since the first 3 frames are in sum broader than

the last 3 frames.
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the pulse frequency. All choppers are operated at the same frequency. Additionally, a variation of the 
chopper frequency enables a focusing of the instrument onto a certain wavelength band width and 
hence onto a certain q-range, which is recorded simultaneously (figure 2). This allows to optimize a 
specific measurement for a distinguished q-range of interest especially in cases when time resolution is 
required.         
 

 
 
 
 
 
 
 
 
 
 
Figure 2 Simulated neutron spectra at 
sample position as a function of chopper 
speed. 
 

 
In cases where a more relaxed resolution (Δλ/λ > 5%) is required in favour of higher intensity, the 
approach of a constant resolution over the wavelength band can be abandoned easily (figure 3). A 
frame overlap mirror between the second pulse shaping and the wavelength band chopper hinders 
parasitic cross talk between pulses at wavelengths longer than 16 Å. Two slits define the beam 
collimation and hence the angular resolution. The first slit about 4 m upstream the sample position is 
located behind the frame overlap mirror, while the second slit, defining the footprint of the beam on 
the sample, is located directly in front of the sample position (distances of a few cm can be set). A 
third slit behind the sample limits the neutron entrance window of the shielding mounted on the 
secondary reflectometer arm towards the area detector of 30 cm x 30 cm. The spatial resolution is 
approximately 2 mm and the maximum distance between sample and detector is 2 m. A very first slit 
right upstream of chopper 1 is used to limit the beam width to enable high wavelength resolution and 
to reduce background. 
The sample position as well as sample holders and substrates (Si-crystals) and a specific sample 
environment are being designed such that neutron reflectivity measurements can be combined with in-
situ IR spectroscopy in its surface sensitive ATR-mode (Fig. 1). The last section of the neutron guide, 
mounted between chopper 3 and sample, is supermirror coated (m3) only on top and bottom faces like 
all the guide parts after the first collimation slit and is removable in order to allow for future 
installation of various neutron optics, polarizers or else. The whole set-up is compatible with the future 
upgrade of the guide system at BER-2, which includes m3 supermirror coatings at NL3b and will be 
discussed elsewhere. 
 
3. Expected performance 
Various simulations have been performed using the software package VITESS [8] in order to predict 
the performance that is expected from the novel instrument. To achieve reliable results, respectively in 
order to verify those, simulations were performed on the source and the guide system only. Hence, a 
neutron spectrum at the guide exit is provided, which has been compared to TOF measurements of the 
spectrum at the given position. For this purpose the latter data have been scaled by flux measurements 
utilizing a gold foil. Discrepancies in the flux density of more than half an order of magnitude were 
found. Consequently, all simulation results were downscaled accordingly. Slight differences between 
measurements and simulations concerning the spectral distributions have been concluded to be most 

3

Possibilities of pulse shaping



Journal of large-scale research facilities, 2, A98 (2016) http://dx.doi.org/10.17815/jlsrf-2-108

Figure 1: View of V7. Flight path equipped with containers �lled with He gas for loss free transport
of the neutron beam to the sample position (left). Sample position equipped with translation, tilt and
rotation stages. The detector box with active area of 30 cm x 30 cm is behind the sample stage (right).

2 Instrument application

Typical applications are:

• Energy research (fuel cells and Li-ion batteries)
• Materials research (hydrogen storage materials, phase transitions in metals and characterization
of porous media)

• Life science (water uptake in plants and water management in soils)
• High-TC superconductivity (�ux pinning in superconductors)
• Magnetism (visualization and analysis of domain networks and visualization of static and alter-
nating magnetic �elds)

• Cultural heritage and paleontology

3 Instrument layout

Figure 2: Schematic view of V7.
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3He + 1n ð 3H + 1p + 0.77 MeV

6Li + 1n ð 3H + 4He + 4.79 MeV
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Neutron Phase Imaging and Tomography
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We report how a setup consisting of three gratings yields quantitative two- and three-dimensional
images depicting the quantum-mechanical phase shifts of neutron de Broglie wave packets induced by the
influence of macroscopic objects. Since our approach requires only a little spatial and chromatic
coherence it provides a more than 2 orders of magnitude higher efficiency than existing techniques.
This dramatically reduces the required measurement time for computed phase tomography and opens up
the way for three-dimensional investigations of previously inaccessible quantum-mechanical phase
interactions of neutrons with matter.

DOI: 10.1103/PhysRevLett.96.215505 PACS numbers: 61.12.Ex, 42.25.Fx, 42.30.Rx, 61.43.Gt

For particle physicists, neutrons are small massive par-
ticles with a confinement radius of about 10!15 m and a
distinct internal quark-gluon structure. In quantum me-
chanics, neutrons are described by de Broglie [1] wave
packets whose spatial extent may be large enough to show
interference effects similar to what can be observed with
visible laser light or highly brilliant x-rays from synchro-
tron sources. Measurements of the neutron wave packet’s
phase shift induced by different interaction potentials
have a long and distinguished history in the exploration
of the fundamental properties of quantum mechanics [2].
If such phase sensitive measurements are further com-
bined with neutron imaging approaches, two- or even
three-dimensionally resolved spatial information on the
quantum-mechanical interactions of massive particles
with matter can be obtained.

Consequently, several attempts have been made to detect
the neutron wave optical phase variations induced by an
object in the past years. They can be classified into inter-
ferometric methods [3–5], techniques using an analyzer
crystal [6], and free-space propagation methods [7,8].
However, practical difficulties arise, because the currently
available neutron sources are not sufficiently coherent or
bright for the effective application of the existing phase
sensitive imaging methods. This is because they require
monochromatic crystal optics [3–6] or the high spatial
coherence of a pinhole source [7,8].

In this Letter we demonstrate how an alternative ap-
proach using a grating-based shearing interferometer can
be efficiently used to retrieve quantitative differential
phase contrast (DPC) images with polychromatic neutron
sources of little spatial and chromatic coherence. We have
recently shown that this method can be used for DPC
imaging using polychromatic x rays from synchrotron or
tube sources [9,10]. Here we describe, in particular, how
taking into account the quantum-optical properties of mat-
ter waves allows for a successful adaptation of the latter
method to a beam of massive particles, i.e., to neutrons.

Our setup consists of a source grating G0, a phase
grating G1, and an analyzer absorption grating G2

[Fig. 1(a)]. The source grating (G0), an absorbing mask
with transmitting slits, typically placed close to the neutron
beam exit port, creates an array of individually coherent,
but mutually incoherent sources. Each individual line
source provides enough spatial coherence for the DPC
image formation process [11]. Since the source mask G0
can contain a large number of individual lines, each creat-
ing a virtual source, efficient use can be made of typical
neutron source sizes of more than a few square centimeters.
To ensure that each of the line sources contributes con-

FIG. 1. Grating-based neutron shearing interferometer. (a) The
source grating (G0) creates an array of individually coherent, but
mutually incoherent sources. (b) The phase grating (G1) forms a
periodic interference pattern in the plane of the analyzer grating.
A phase object in the incident beam will cause a slight refraction,
which results in changes of the locally transmitted intensity
through the analyzer.
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extraction of monochromatic beams, a source grating setup for
grating interferometry, and a polarizer for imaging with
polarized neutrons. These devices can be placed in the beam
by translation stages, and the combination of a few devices is
possible (e.g. grating interferometry with a monochromatic
beam). In the second section a measuring position for high-
resolution and high-speed imaging is installed, because of the
narrow and intense beam which is available there. Depending
on the used option a small pinhole can be set by the pinhole
exchanger in order to provide a well collimated beam in the
case of high-resolution measurements or a larger aperture can
be used in the case of dynamic imaging. In addition, the
analyzer for polarized neutrons or the phase grating for the
grating interferometry technique can be used in front of the
detector. The sample environment and the detector can be
translated out of the beam if measurements at the end position
are performed. At a distance of 12 m from the pinhole the
beam expands to 30! 30 cm owing to the divergence provided
by the neutron guide. This position is used for investigation of
large samples. The paths between the three positions are
covered by aluminium containers (length of 1 m each) filled
with He gas in order to prevent intensity loses by scattering of
neutrons in air. Nevertheless the containers can be removed
separately and the free space can be used as a temporary
measuring position. This opportunity is used when dynamic
studies with short exposure times are performed. In this case
the measuring position is placed as close as possible to the
neutron guide.

After completion of the upgrade, the intensity at the end of
the guide (at the pinhole position) was 13.5 times the
previously measured intensity, with a flux of 2.7 !
109 n cm"2 s"1. The intensity measured at the end position
10 m from the pinhole was 2.4 ! 107 n cm"2 s"1 at an L/D set
to 330 (pinhole D = 3 cm). The illuminated area was markedly
increased, now allowing us to investigate samples up to 30 !
30 cm in size. Additional scanning of the sample with image
stitching even permits imaging of samples up to 50 ! 50 cm
large.

To characterize the intensity distribution of the beam,
images of the empty beam were acquired at the sample posi-
tion (10 m distance from the pinhole position) by a position-

sensitive (two-dimensional) detector (Williams et al., 2012;
Kardjilov, Dawson et al., 2011; Tötzke et al., 2011) (see Fig. 3).
The instrument is equipped with different detector systems
optimized for large size samples (large area detector: sCMOS
Andor ‘Neo’ 2560 ! 2160 pixel; 50, 100 or 200 mm 6LiZnS:Ag
scintillators), for visualization of dynamic processes (high
speed detector: sCMOS Andor ‘Neo’ 2560! 2160 pixel; 200 or
400 mm 6LiZnS:Ag scintillators) and for high-resolution
imaging, where a prototype of a high-resolution detector
(CCD Andor ‘DW436N-BC’ 2048 ! 2048 pixel; 10 mm
Gd2O2S scintillator) provides images of samples with a pixel
size as low as 6.4 mm at reasonable exposure times (Williams et
al., 2012). The different detector systems available at the
beamline are summarized in Table 1.

Imaging facilities located at neutron guides in general suffer
from a non-uniform intensity distribution and a pronounced
dispersion of neutron divergences introduced by reflections in
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Figure 2
Layout of the neutron imaging instrument CONRAD-2.

Figure 3
Images of the primary beam applying different pinhole diameters D and
an optional graphite filter. The size of the illuminated area is 20 ! 20 cm.

instrument, a large degree of flexibility and modularity is
necessary. The presence of a broad spectrum of cold neutrons
is an essential condition for exploiting the wave nature of the
neutron and thus enabling interaction mechanisms such as
coherent neutron scattering, wave propagation with phase
shifts and magnetic moment precession in external magnetic
fields.

CONRAD-2 is well suited for absorption contrast radio-
graphy and tomography and is frequently used for basic
science and industrial applications, while allowing energy-
selective measurements with no additional effort. Further-
more, solid-state polarizers can be installed and used for
imaging with polarized neutrons (Wood & Anderson, 2001).
Phase grating setups are available and can be used for grating
interferometry experiments, where phase contrast and dark-
field imaging are used to obtain spatially resolved information
about the microstructure or magnetic properties of materials
(Pfeiffer et al., 2006; Kardjilov et al., 2008).

2. Instrument parameters

The imaging facility at the BER II research reactor was
designed in 2004 and constructed in 2005 as an instrument
supporting the materials research activities at the former
Hahn-Meitner-Institute (Kardjilov, Hilger et al., 2011). At that
time, V7 (CONRAD-1) was situated at the neutron guide NL-
1B (58Ni coated) with a characteristic wavelength of 2.2 Å. The
space behind the neutron guide did not allow for a long
collimation path, since only 5 m of unoccupied space was
available. Therefore, the beam size at the sample position was
limited to 10 ! 10 cm (Kardjilov, Hilger et al., 2011). This size
was too small for many conventional imaging purposes and
was a competitive disadvantage compared to other existing
facilities worldwide.

The upgrade program of CONRAD-1 (V7) between
October 2010 and October 2012 included (i) an exchange of
the 58Ni-coated neutron guides (m = 1.2, which allows for
reflection of neutrons with 1.2 times the divergence compared
to using a mirror based on a single Ni layer) with new
supermirror guides (m = 2.5 or 3 in the curved section and m =

2 in the following straight section; see Fig. 1), (ii) an increase
of the collimation path from 5 m to 10 m, and (iii) the provi-
sion of a more spacious experimental environment and user
work space. These upgrades improved the efficiency of
neutron transport and led to an increased beam size owing to
the larger beam divergence and longer collimation path.
Additionally, the curvature of the guide was increased by
changing the curvature radius from R = 3000 m to R = 750 m in
order to enlarge the distance from the shielding of the
neighboring instrument to the beam axis.

The new neutron guide design is presented in Fig. 1.
Monte Carlo simulations showed that using a curved guide

section with a length of 15 m and a radius of R = 750 m is
sufficient to avoid a direct line of sight to the cold source of the
reactor. The optimization study of the curved guide section
indicated that different wall coatings (m = 2.5 for the inner
wall and m = 3.0 for the outer, top and bottom walls) provide
the best result in terms of transported beam intensity and
homogeneity. In front of and behind the curved guide are
straight guide sections, as shown in Fig. 1. The role of the final
straight section is to homogenize the beam intensity over the
guide cross section. All guide sections have a constant cross
section of height ! width = 12 ! 3 cm.

A flight path of L = 12 m is available downstream of the
final straight guide section. This distance is necessary in order
to make full use of the pinhole configuration, where a certain
L/D ratio can be realized by using apertures with different
diameter D at the beginning of the flight path. For apertures
with typical diameters of 1–3 cm, the calculated L/D ratios are
between 1200 and 400, respectively.

The complete layout of the CONRAD-2 instrument is
shown in Fig. 2. The shielding of the instrument hutch is based
on a sandwich design where the inner side is covered by 5 mm
of B4C plastic and the outer side is shielded by 5–10 cm-thick
lead plates.

In the presented instrument’s layout three sections which
are accessible through slide doors (shown as arrows) can be
defined. In the first section the beam modulation is performed
by using a pinhole exchanger for setting different L/D ratios, a
double-crystal monochromator and a velocity selector for
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Figure 1
Neutron guide design of the CONRAD-2 neutron imaging instrument. View from the top.
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 ∆λ/λ  λ 

   



















  

In this configuration, all but the bandpass choppers are kept fully open, the bandpass

acts as a T0 chopper. The natural overlap is large, on might consider a second

bandpass at about 34m distance.
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

















  

   

Bandpass chopper rotates at single ESS frequency. This version dictates the length of

our bandpass chopper opening time, since the first 3 frames are in sum broader than

the last 3 frames.
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