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The European Spallation Source (ESS), scheduled to start operation in 2020, is aiming to deliver the most
intense neutron beams for experimental research of any facility worldwide. Its long pulse time structure
implies significant differences for instrumentation compared to other spallation sources which, in con-
trast, are all providing short neutron pulses. In order to enable the development of methods and tech-
nology adapted to this novel type of source well in advance of the first instruments being constructed at
ESS, a test beamline (TBL) was designed and built at the BER II research reactor at Helmholtz-Zentrum
Berlin (HZB). Operating the TBL shall provide valuable experience in order to allow for a smooth start of
operations at ESS. The beamline is capable of mimicking the ESS pulse structure by a double chopper
system and provides variable wavelength resolution as low as 0.5% over a wide wavelength band be-
tween 1.6 Å and 10 Å by a dedicated wavelength frame multiplication (WFM) chopper system. WFM is
proposed for several ESS instruments to allow for flexible time-of-flight resolution. Hence, ESS will
benefit from the TBL which offers unique possibilities for testing methods and components. This article
describes the main capabilities of the instrument, its performance as experimentally verified during the
commissioning, and its relevance to currently starting ESS instrumentation projects.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The European Spallation Source, ESS, that is currently under
construction in Lund, Sweden, is expected to deliver first neutrons
in 2020. The 5 MW source shall provide the brightest peak flux of
any neutron source to date and the time averaged flux will be
comparable to the flux of the best continuous high flux reactor
neutron sources [1–3]. The existing pulsed spallation neutron
sources, including the two most recently built and powerful
sources, the Spallation Neutron Source, SNS, in the US [4] and the
Japanese Spallation Neutron Source at J-PARC [5] as well as the
medium flux spallation sources that have been operational for
around 30 years at the Los Alamos Neutron Scattering Center [6] in
the US and at the Rutherford Appleton Laboratory [7] in the UK all
provide a short neutron pulse. A short pulse duration allows to
achieve the best required wavelength resolution by the choice of
the length of the instrument and the choice of the moderator, i.e.
trading flux for resolution. The long pulse at the ESS enables high
efficiency also for those neutron scattering techniques that require
k).
only a relaxed wavelength resolution (5–15% for a majority of
applications), such as small-angle neutron scattering (SANS), re-
flectometry and spin-echo spectroscopy [8]. Moreover, the long
pulse allows for very flexible pulse shaping and tunable wave-
length resolution that can be adjusted to the instrumental and
even to the individual experimental requirements by appropriate
disc chopper systems. This enables instrumentation to maximize
the efficiency for a broad range of applications combining the
flexibility of a continuous source with the efficiency of a pulsed
source. In addition, the pulse can be shaped symmetrically which
is of particular advantage, e.g. in the case of diffraction. Here,
“ideally symmetric peak shapes can be obtained that will allow
more precise refinements of both crystal and magnetic structures”
[9]. Several neutron instrument types, such as SANS beamlines,
reflectometers, diffractometers and imaging stations profit from
the opportunity to exploit the full pulse width and its high flux for
low wavelength resolution measurements. However, the long
pulse approach maintains the opportunity to tune the resolution
by cutting the pulse shorter and trading flux correspondingly. The
best efficiency is obtained for instruments which are able to work
with multiple wavelength frames from each source pulse in a so-
called wavelength frame multiplication (WFM) mode [10–12].
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Fig. 1. (a) Layout of the test beamline (TBL) with locations of all choppers. The source chopper system, mimicking the ESS source pulse consist of a counter rotating double
disc chopper (ESS Source Chopper) and a wavelength band (WB) chopper that is also a double disc chopper. The WFM chopper system consists of two single disc pulse
shaping choppers (WFM PSC1 andWFM PSC2), each mounted on a translation stage (optical blind), and a set of two frame overlap (FOL) choppers. (b) Illustration of the basic
single pulse mode, where the measurement position defines the wavelength resolution and a continuous spectrum is recorded at the detector. (c) Illustration of the six-fold
WFM mode, where the spectrum is divided into sub-frames that are separated in time of flight, but overlap in wavelength.
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However, so far no practical experience exists with the experi-
mental realization of such pulse shaping techniques and the re-
lated data reduction, i.e. stitching of data from several “sub-
frames”.

A dedicated test beamline (TBL) providing a complete WFM
chopper system has been designed [11] and installed at the BER II
research reactor at Helmholtz-Zentrum Berlin (HZB). The con-
struction was part of the contribution of Germany to the design
update phase of the ESS project. The TBL started its “hot” com-
missioning phase in spring 2015 and is now fully operational.

The TBL provides the ideal infrastructure for a “green field
project” such as ESS to investigate novel instrument concepts and
test and implement specific hardware and software already during
the construction phase. For instance, the ESS will utilize a stan-
dardized and integrated control system for all instruments, which
is currently under development [13] and will require integration
with instrument hardware. The TBL allows for this control system
to interface with different beamline components individually
while retaining the instrument functionality as a whole. ESS spe-
cific components can be quickly integrated as they become avail-
able and require testing. Thus the TBL significantly aids the early
success of the ESS by providing the opportunity to fully integrate
all levels of control and data acquisition well before ESS instru-
ments enter commissioning. Data reduction and analysis routines
that are – to some extend – specific for long pulse source in-
strumentation can already be implemented as well. In particular,
the TBL allows to test the WFM mode in different experimental
configurations (e.g. diffraction, imaging, reflectometry, SANS) and
to develop experimental procedures, experience and specific data
reduction (‘stitching’) routines that will be relevant to the corre-
sponding ESS instruments. The availability of testing capabilities at
the TBL is a significant factor to provide a fully functional system at
ESS at the beginning of operations, helping to save valuable beam
time and minimizing delays in scientific production. Moreover,
given its high level of flexibility, the TBL is ideally suited to develop
novel instrumentation and cutting-edge techniques that can take
full advantage of the ESS in the future. These developments will be
briefly introduced in this article, while details will be described in
corresponding publications.
2. Instrument layout

The TBL has been designed to mimic the time structure of the
ESS in both, pulse shape and periodicity, by using a counter-ro-
tating double chopper system. Moreover, the instrument has a
sophisticated pulse shaping chopper system installed, in form of
wavelength frame multiplication (WFM) choppers that provide six
sub-pulses from each source pulse. The TBL is the first instrument
that uses a dedicated WFM chopper system, a principle that has
first been suggested in Ref. [10]. Hence, many of the instruments at
the ESS will benefit from the experience that is gained at the TBL,
including method development, data reduction and analysis as
well as testing hardware interfaces.

The main parameters of the TBL have already been discussed in
Ref. [11] and are summarized in the following for a comprehensive
overview. We emphasize that a few changes have been made since
the conceptual design phase. A more detailed specification of key
instrument components is summarized in the table in the
Appendix A.

The TBL has been installed during the ESS design update phase
(2010–2013) at HZB [14,15]. In the same period an upgrade project
was conducted at HZB aimed at upgrading the cold-neutron in-
strument suite at BER II. This opportunity was used to install a new
supermirror guide (m¼3) with a large cross-section of
60�125 mm2 between the renewed cold-neutron TOF spectro-
meter (NEAT) [14] and the SANS instrument V4 [16], facing the
center of the cold neutron source. The guide, designated as NG2b,
starts at a distance of 1.53 m from the cold source as part of the in-
pile section. A rotary shutter is installed at a distance of 5 m and
the neutron guide continues with curved sections (5 m of
RC1¼1500 m and 30.45 m of RC2¼2300 m) with the final 5 m
being straight, ending at 46.17 m from the cold source. The guide
has several gaps where the choppers are positioned as depicted in
Fig. 1 and the Appendix A.

The ESS pulse is mimicked by a double chopper at 21.75 m,
while a wavelength band chopper (also a double chopper) is in-
stalled at 31.7 m that allows separating pulses by defining the
wavelength bandwidth. The bandwidth varies between 6.1 Å and
10.2 Å with the distance of the sample position chosen between
47 m and 55 m from the cold source. The maximum possible
sample position is located at 60 m from the cold source. The
double chopper configuration enables to set a wide range of
bandwidths with no lower limit. With this basic chopper system,
the wavelength resolution is defined by the instrument length and
the burst time which is designed to be identical to the ESS pulse
length with τ¼2.86 ms. Since the instrument length, measured
from the ESS source pulse choppers, is relatively short compared
to the average length of instruments at ESS, the wavelength re-
solution provided with the ESS source pulse length is relatively
low, i.e. 4.2% at 8 Å to 16.6% at 2 Å at 55 m (33.25 m flight path
from the source pulse). Such resolution is acceptable for many



Table 1
Example wavelength resolutions that can be obtained using typical values for the parameters at the TBL. Single pulse mode operation is shown for two different burst times
(2.86 ms is referred to as basic ESS pulse mode). zo is the distance between the WFM choppers PSC1 and PSC2. For the example settings of the WFMmode, corresponding ToF
spectra are presented in Fig. 11.

Mode Spectrum in Fig. 11 Burst time [ms] Detector position [m] LTOF [m] Δλ/λ [%]

2 Å 4 Å 8 Å

Single pulse X 2.86 47.3 25.55 21.6 10.8 5.4
2.86 50.8 29.05 19.0 9.5 4.8
2.86 55 33.25 16.6 8.3 4.2
0.4 47.3 25.55 3.1 1.5 0.8
0.4 50.8 29.05 2.7 1.4 0.7
0.4 55 33.25 2.4 1.2 0.6

WFM Spectrum in Fig. 11 z0 [mm] Δλ/λ constant
B 140 2.86 47.3 18.75 0.75
A 427 2.86 47.3 18.75 2.27
D 140 2.86 50.8 22.25 0.63
C 427 2.86 50.8 22.25 1.91
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neutron scattering techniques, such as reflectometry, SANS and
spin-echo encoding. These methods will actually benefit the most
from the ESS long pulse as compared to short pulse sources. Some
more examples of specific resolution settings that can be achieved
at various settings are included in Table 1.

Since many scattering and imaging methods require better
wavelength resolution, additional pulse shaping is required as
pointed out earlier. The TBL is hence equipped with a wavelength-
frame-multiplication (WFM) chopper system that chops the initial
pulse into six sub-pulses, generating what is referred to as ‘wa-
velength frames’. The first component in the WFM system is the
pulse-shaping chopper (PSC) pair which operates in an optically
blind mode [11], meaning that the closing time of the first chopper
coincides in time with the opening time of the second chopper,
while their distance can be varied by moving them simultaneously
along the beam axis. This provides tunable wavelength resolution,
which is nevertheless constant over the full wavelength band. In
order to avoid overlap between the wavelength frames in time of
flight (ToF), two frame overlap (FOL) choppers are installed. Due
the large cross-section of the neutron guide three additional slits
(5�10 cm2 between the WFM choppers that is adjustable,
5�10 cm2 after the FOL chopper 1 and 2�10 cm2 after the FOL
chopper 2) are installed in the guide system to reduce con-
taminant neutron trajectories as discussed in [11].

For polarized neutron experiments, a polarizing S-bender has
been installed at the end of the neutron guide. The S-bender is
located inside the concrete shielding with a guide field extending
outside of the shielding and can be positioned either in or out of
the beam remotely.
Fig. 2. Dimensions of the experimental endstation. A polarizer is installed at the end of
the beam. The optical bench is flexibly adjustable.
Downstream of the end of the guide system, which is hosted in
a common shielding, optical benches based on items aluminum
profiles have been installed and aligned along the beam direction,
allowing fixing and aligning components flexibly and efficiently.
The benches currently span a length of 6 m, from 47.1 to 53.1 m
from the cold source, while the length can be increased up to the
60 m position. The center of the beam is 370 mm above the bench,
which can be adjusted if needed. The beam height is 1200 mm
above the floor level.

Fig. 1a shows the principal components of the TBL, while Fig. 1b
illustrates the operation in the basic single pulse mode, i.e. oper-
ating ESS source chopper and wavelength band chopper only.
Fig. 1c illustrates the WFM mode. The available space for experi-
mental setups can be seen in Fig. 2. The pictures in Fig. 3 showcase
how different experimental setups can be realized at the TBL,
underlining the versatility of the instrument.
3. Commissioning results

3.1. Beam characteristics

Spectral flux measurements were performed for the basic sin-
gle pulse mode, while the WFM chopper system was parked in the
open position. The source chopper was set to mimic the ESS pulse
(2.86 ms pulse length with a repetition rate of 14 Hz) and the
wavelength band choppers were set to prevent fame overlap
within the repetition rate.

The spectrum and flux were measured with a calibrated 3He
the neutron guide, inside the concrete shielding. Motorized X-Y slits allow defining



Fig. 3. Example usage of the test beamline: (a) experimental setup for powder diffraction with a detector at 90°; (b) experimental setup for spin-echo experiments, where
the beam is polarized at the end of the neutron guide.

Fig. 4. Neutron spectrum at a distance of 47.3 m from the cold source (25.6 m from
the source chopper).
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beam monitor with a detection efficiency of 10�5 at 1.8 Å. The
monitor was placed at a distance of 1.1 m behind the end of the
neutron guide which is the first accessible position downstream
from the concrete shielding. This position corresponds to
LDet¼47.3 m from the cold source and a flight path of
LTOF_SP¼25.6 m from the source chopper. As the leading edge of
Fig. 5. (a) The beam profile at 47.3 m (about 1.1 m after the end of the guide, without an
across the beam profile.
the opening of the chopper pair triggers the start of the detector
electronics, a corresponding t0 time correction needs to be applied
to the ToF data when converting to wavelength (see Eq. (1)). The
illuminated area was 2�2 cm2 defined by a borated slit system
that was placed directly in front of the monitor and positioned in
the center of the beam (the guide having a cross section of
6�12.5 cm2). The corrected neutron flux is presented in Fig. 4. The
integrated neutron flux is determined as 3�106 n/cm2/s.

The neutron beam size and intensity distribution have been
characterized with a scintillator coupled CCD camera system as
shown in Fig. 5a. The intensity was further characterized at various
detector distances, up to 50.8 m from the cold source. The in-
tensity per area decreases with an increase in distance due to the
angular divergence of the beam and about 3% of loss per meter can
be attributed to air scattering and absorption. In the presented
comparison, the beam was limited to 5�10 cm2 by a borated slit
system placed at 47.1 m. The vertical divergence of the beam is
rather large (40.25°) while the horizontal divergence is restricted
by the three additional narrow slits (see Section 2) in the guide.
The visible vertical structures in the beam cross section in Fig. 5a
are a signature of the gaps and slits in the guide while the latter
introduce a collimation that enables this observation. The same
collimation effect causes the horizontal beam width not to change
significantly with the distance from the end of the guide (Fig. 6a).

In order to test the real space resolution capability of the basic
y additional slit), recorded with a scintillator-CCD camera. (b) Intensity distribution



Fig. 6. (a) Intensity distribution across the beam profile at increasing detector distances (using a slit that limited the beam to 5�10 cm2 after the guide exit).
(b) Demonstration of obtainable spatial resolution using a standard resolution mask and a MCP neutron imaging detector.

R. Woracek et al. / Nuclear Instruments and Methods in Physics Research A 839 (2016) 102–116106
set-up, a pinhole was introduced by placing a borated slit of
10 mm height and 50 mm width at a distance of 47.1 m and an
imaging detector at a distance of 50.8 m. The slit size in the ver-
tical direction was chosen significantly smaller than in the hor-
izontal direction to account for the difference in incident diver-
gence. The corresponding theoretical collimation ratios L/D, where
L denotes the distance from pinhole to sample position and D the
pinhole dimension, are 370 and 123 in the vertical and horizontal
direction, respectively. A position and ToF sensitive imaging de-
tector was installed at the TBL that uses highly neutron-sensitive
(10B doped) microchannel plates (MCPs) inside a hermetically
sealed vacuum tube and operates with a delay line readout. The
active area of the detector has a diameter of 40 mm [17]. Using a
standard resolution mask [18], spatial features down to twice the
pixel size of 150 μm could be resolved. The detector settings in the
present example resulted in this relatively coarse pixel size.
However, in general the spatial resolution can be improved by
another choice of detector parameters.

3.2. Characterization of the source pulse

In contrast to short pulse neutron sources, that feature a sharp
peak with an extended tail, the long pulse from the ESS will have a
distinct pulse shape that rises steeply, and then slowly reaches a
plateau, before it decays with the characteristic tail as well. Hence,
short and long pulse sources both feature a tail at the end of the
pulse that is mainly determined by the moderator properties. In
order to mimic the long pulse structure, a double chopper system
is well suited, where the characteristic rise is achieved by two
different chopper speeds: One chopper opens fast and the second
chopper delays the full opening of the beam. The plateau is
reached when both choppers are fully open. The slower chopper at
the TBL runs at the future ESS source frequency of 14 Hz and has a
single window of 23° while the second, counter rotating chopper
is operated at 3 times the source frequency, i.e. at 42 Hz and has a
window of 50°. The details of the chopper system are described in
[11]. The only feature that cannot be replicated properly this way
is the decaying tail, which however is of less significance for ap-
plications at a long pulse source, in particular because for higher
wavelength resolution the pulse can be shaped by choppers
adequately.

The source pulse contains neutrons of all energies which will
start to propagate with varying speeds, determined by their en-
ergies, i.e. wavelengths λ. At the detector which is located at a
distance LDet from the pulse-defining choppers, the neutrons are
separated by their time of flight, defined by:
( )= λ = λ ( )t m L /h L /3956 Å m/s , 1TOF Det Det

where m is the mass of the neutron and h is Planck's constant. The
wavelength resolution Δλ/λ at the detector is determined by the
burst time τ (pulse length) and the time of flight:

( ) ( )Δλ λ = τ λ λ ( )/ /t . 2TOF

The wavelength resolution hence varies over the wavelength
range, where the slower neutrons are separated more than the
faster neutrons.

A few possibilities were considered to record the shape of the
pulse in order to verify the instrument performance and design
parameters. The most straightforward option would be to install a
detector directly behind the source chopper itself. However, since
there is no space at this position due to the fact that the guide
starts right behind the chopper, it was considered to place an in-
coherent scatterer after the chopper and a detector below it. This
option was not implemented however as it would require to open
the heavy shielding for the installation of these components, an
operation which can only be accomplished during a sufficiently
long reactor shut down period. Instead, two other measurement
strategies were applied as described below.

3.2.1. Monochromator measurement
The ToF spectrum at the detector position in direct beam geo-

metry is the initial pulse structure convoluted with the ToF spec-
trum of the wavelength distribution in the pulse. Therefore, when
a single wavelength of the initial pulse is selected at the detector
position, the pulse shape is convoluted with a delta function, and
the pulse shape will directly become apparent. A vivid example is
the shape of diffraction peaks at spallation neutron sources. The
peaks have an asymmetric profile introduced by the shape of the
source pulse which in turn is due to the spallation/moderation
process. This peak profile is convoluted with the peak shape pro-
duced by the diffraction process itself. However, in the present
case with a 2.86 ms long pulse, the contribution of the diffraction
peak shape can be neglected.

For the measurement, a pyrolytic graphite monochromator (PG
[002]) was placed in the beam at an angle θ¼45°. Neutrons of a
defined wavelength λ (in this case 4.75 Å) are scattered according
to Bragg's law, λ¼2dhklsinθ towards the detector at 2θ¼90°. The
mosaic spread of the monochromator is 0.8°, offering an approx-
imate wavelength resolution of Δλ/λ¼3%. A 3He detector was
placed at 2θ¼90° at a distance of 1 m from the monochromator.
The detector was operated in event recording mode, where the
output trigger signal of source pulse chopper (corresponding to
the opening edge of the chopper window) was used to trigger the



Fig. 7. Verification of the pulse shape at the TBL, designed to mimic the pulse produced by the ESS using counter rotating double-disc choppers. VITESS simulations
corresponding to the future ESS source (dashed line) and TBL (blue straight line) are included for comparison. (a) Measurement performed with the PG monochromator and
detector at 90°. (b) Measurement performed by utilizing an additional chopper as “slit in time”. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. Example of a short pulse produced with counter rotating double-disc chop-
per. The data was recorded using a PG monochromator as described in Section 3.2.1.
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detector electronics. The detector was hence operated at the pulse
repetition rate of 14 Hz. More detailed considerations of the ac-
curacy of this approach can be found in Refs. [19,20]. Fig. 7a shows
very good agreement of the recorded pulse shape with the design
goal for the source pulse profile at the TBL simulated with VITESS
Monte Carlo simulations [11,21].

3.2.2. Time-slit measurement
Additionally, a ‘camera obscura’ geometry in ToF (or a ‘ToF

pinhole’) was used to project the time structure of the source pulse
onto the detector, which was positioned in the direction of the
incident beam. The ‘ToF pinhole’ is provided by a fast opening
chopper between source and image. Since the wavelength band
chopper is actually a double chopper system (with window sizes
of 140° and 202°), it could in principle produce a sufficiently fast
opening by co-rotating both choppers with a phase to produce a
window with the size of the beam cross section. However, al-
though located optimally at about half way between the source
choppers and the detector position, the wavelength band chopper
cannot turn fast enough (maximum frequency 42 Hz) to produce a
sufficiently small time window for a well resolved projection.
Hence the WFM chopper pair was utilized for this task. The disks
were moved to the minimum distance between each other and the
phases were set so that only a small single window was produced,
while rotating at the maximum frequency of 70 Hz. Another ad-
vantage of this set-up is the remotely controlled slit installed be-
tween these choppers, which allows reduce the beam width (in
this case 5 mm), improving the projection conditions significantly.
The recorded signal – in analogy to a pinhole camera – needs to be
inverted and corrected for the “magnification” of the projected
pulse width according to LSource-RotatingSlit/LDetector-RotatingSlit. The
recorded pulse shape, using the same detector as for the mea-
surement with the monochromator, is shown in Fig. 7b. Good
agreement is obtained when comparing the results of the two
measurement techniques. The tails at the beginning and the end of
the pulse observed with the ‘ToF pinhole’ technique are attributed
to additional broadening in time due to the finite width of the
chopper transmission function.

3.3. Versatility of pulse lengths at the TBL

Besides its main design purpose to mimic the ESS time structure,
the setting of the double disc source pulse chopper system can be
varied such that pulse durations longer or shorter than the ESS source
pulse can be realized. Examples of possible settings can be found in
the Appendix A. This enables even more versatility of the TBL. For
instance, when the wavelength frame multiplication mode is tested
with its high wavelength resolution in the six sub-frames of the full
wavelength band, it is useful to compare the experimental results to a
measurement with a continuous wavelength band with the same
(high) resolution. An example of the shortest achievable pulse width is
presented in Fig. 8, having an approximate FWHM of 400 μs. Ex-
amples of possible experimental configurations and the achievable
range in wavelength resolution are included in Table 1.

3.4. Wavelength frame multiplication

The basic principle of wavelength frame multiplication (WFM)
was proposed in Refs. [10,22] and practical aspects and specific
designs including Monte Carlo simulations of real systems are
discussed in Refs. [11,12,23]. First proof-of-principle experiments
were undertaken at a continuous reactor source and have de-
monstrated the feasibility of the approach [24]. The idea to com-
bine WFM with the principle of optical blind choppers for constant
wavelength resolution and the specific design procedure for an
optical blind WFM system is described in detail in Ref. [11]. This
combination was applied in the design of the TBL.

The principle layout and functionality of the chopper system
for the TBL is shown in the ToF diagram that is reprinted here in
Fig. 9. The WFM Pulse Shaping Choppers (WFM PSC) operate in
optical blind mode, which requires individual windows for each
wavelength frame. As a consequence the maximum achievable
chopper frequencies are limited. The ToF starting point t0n, i.e. the
effective pulse source position of each wavelength frame, for an



Fig. 9. (Reprinted from [11]) ToF diagram for the TBL. The locations and disc profiles of the choppers are shown. The insets A and B provide magnified views of the detector
position and the pulse shaping, respectively. The dark colored areas together with the non-colored next to them display the mean of the desired wavelength bands of each
sub-frame, while the consecutive semi-transparent areas display potential overlap fractions originating in the pulse broadening in time. These are partly suppressed at the
frame overlap choppers or otherwise arrive in non-used time fractions at the detector. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 10. The WFM chopper system on the linear stages with the slit system in the center. (a) Showing the arrangement with the minimum distance between the two
choppers, yielding the highest resolution. (b) Showing the arrangement with the maximum possible distance, yielding higher intensity at lower resolution.
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optical blind chopper system, is given at the position half way
between the first (WFM PSC1) and the second (WFM PSC2) pulse
shaping chopper (more detailed discussion in 3.4.2). In the case of
the test beamline, the center between the choppers is at a distance
of 6.85 m away from the source chopper (28.55 m from the cold
source). Note that the ToF reference time t0n of the WFM system is
individual to each frame. The wavelength resolution can be tuned
by changing the distance z0 between the choppers. Each chopper
can be individually translated along the beam axis, keeping the
ToF reference times t0n unchanged. The minimum and maximum
distances that can be achieved for the WFM PSC at the TBL are
z0min¼140 mm and z0max¼427 mm, respectively. These two ex-
treme cases are shown in Fig. 10.

3.4.1. Tuning the resolution
In order to test the performance of the WFM system, a 3He de-

tector operated in event recording mode was placed in the direct
beam. By varying the chopper settings and the detector position,
several instrument configurations with different wavelength re-
solutions were investigated. The detector acquisition was started
with the opening of the ESS source pulse chopper using the output
trigger signal of the source pulse chopper and data recorded in
histogramming mode. The corresponding ToF spectra presented in
the following are using the time tSourceChopperOpening as the reference
time, i.e. the point in time of the opening of the choppers which
mimic the ESS source pulse The beam size was restricted to a size of
5�5 mm2 using a slit system positioned in the center of the full
beam cross section at 47.1 m from the cold source.

Fig. 11a depicts four ToF spectra that were recorded using the
maximum and minimum chopper distances zo and two different de-
tector positions, LDet1¼47.3 m and LDet2¼50.8 m from the cold source.
The flight paths LTOF, from the center of the WFM chopper pair to the
detector position, are hence given as LTOF1WFM¼18.75 m and
LTOF2WFM¼22.25 m. The wavelength resolution is given by Δλ/λ¼



Fig. 11. (a) Four example spectra of the incident beam, recorded by placing the detector at two different distances on the optical bench and using the highest and lowest
resolution achievable with the optical blind WFM chopper system. The resolutions for the presented settings are included in Table 1. (b) Comparison of measured intensities
using the basic ESS pulse mode (no WFM) or the WFM mode in highest and lowest resolution setting for a detector distance of 47.3 m.
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z0min/LTOF and is presented in Table 1 for the cases shown in Fig. 11.
The differences in the overall flight time for the different detector
distances are evident. Also, the neutron intensity varies with detector
distance and with the resolution chosen. The flux at the same detector
position scales linearly with the resolution as expected. For the two
WFM settings presented in Fig. 11b the intensity differs by a factor of
approximately 3. The intensity at different detector distances is ob-
viously influenced not only by the resolution, but also by the beam
divergence and air scattering losses along the final flight path.

For a quantitative comparison of the neutron flux versus resolution
for the basic ESS single pulse mode (without WFM) and two distinct
WFMmodes (highest and lowest resolution setting), care was taken to
prevent saturation of the detector, as had been observed before in
particular in the basic ESS single pulse mode. Therefore beam absor-
bers, in the form of borosilicate glass plates with 12.5% B2O3 content
and a thickness of 7 mm, were added at the slit position (this applies
only to the data presented in Fig. 11b). This ensured quantitative count
rates of the detector systemwithin its dynamic range for all resolution
settings, but also resulted in the strong absorption of longer wave-
length neutrons by the borated glass. For the comparison presented
Fig. 12. Illustration of the start of the pulses produced by the WFM chopper pair
(indicated by a black circle), situated in the center of the pulse for the longest
(green lines) and shortest wavelengths (red lines). If for example the opening of the
ESS pulse triggers the detector electronics, as in the presented examples, each (of
the six) time frames has to be shifted by twindow_n. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version of
this article.)
here, the detector was placed at a distance LDet1¼47.3 m from the cold
source. The flight path LTOF in the case of the single pulse mode is
LTOF1SP¼25.6 m and measured from the position of the ESS source
pulse chopper, while in the case of theWMFmode LTOF1WFM¼18.75 m
is measured from the center of the WFM chopper pair. As mentioned
above, the flux should scale linearly with the resolution. In the basic
ESS pulse mode, however, the resolution naturally varies over the
wavelength band while it remains constant over the wavelength range
in the WFM mode. Fig. 11b presents a detailed comparison in the ToF
range between 24 and 32ms, which is within the second wavelength
frame of the standard WFM settings. Comparing the flux at 27 ms, a
factor of approximately 4.7 between the basic ESS pulse mode and the
WFM mode with a resolution Δλ/λ¼2.27% is found. This agrees with
the expected gain in resolution: A ToF of 27 ms corresponds to roughly
4 Å, where the resolution in the basic ESS pulse mode is Δλ/λ¼10.8%
implying a factor of 4.8. Corresponding agreement is found across the
whole ToF range. Comparing the flux of the lowest and highest WFM
resolution setting, the factor of almost exactly 3 over the wavelength
band is found which again agrees well with the gain in resolution
from Δλ/λ¼2.27% to Δλ/λ¼0.75%. The effect of the different resolu-
tions is illustrated by application examples in Section 4 of this article.

3.4.2. Conversion from ToF to wavelength
Using spectrum D of Fig. 11a (recorded at a distance of 50.8 m and

the highest resolution setting) as an example, the conversion from the
ToF at the detector position to the wavelength scale shall be illustrated.
Every individual WFM time frame of the six frames in total at the TBL
has its very own ToF reference time t0n, i.e. the time when the two
WFM choppers transmit a pulse of a specific frame n. More specifi-
cally, t0n is the point in time when the burst times for all wavelengths
of one frame are identical. In space this point coincides with the center
position between the two pulse shaping choppers (WFM PSC1 and
WFM PSC2) as indicated with a black circle in Fig. 12. In time this point
coincides in an optical blind chopper system with the closing time of
the first and the opening time of the second chopper.

However, the spectrum presented in Fig. 13a is plotted using the
time tSourceChopperStart as the reference time, i.e. the starting point in
time of the opening of the ESS source pulse mimicking chopper pair,
which is also triggering the detector. Hence, each individual wave-
length frame, corresponding to the six chopper windows n¼1…6, has
to be shifted by a time offset tWindow_n in order to align it to the re-
ference time t0n. It can be seen from Fig. 12, that this time offset
corresponds to the time that passes between the start of the ESS
source pulse and the closing time of the associated window of WFM
PSC1 (i.e. opening time of the associated window of WFM PSC2). Be-
sides the distance between the ESS source chopper and the WFM
pulse choppers it also depends on the phase and frequency setting of



Fig. 14. Comparison of the continuous wavelength spectra for the high resolution
WFM settings at 47.3 m (green curve) and 50.8 m (brown curve). The first wave-
length frame starts at 2 Å. The corresponding ToF spectra are shown in Fig. 11a. Also
included is the continuous wavelength spectrum that is obtained in the basic ESS
pulse mode (black curve). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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the WFM pulse shaping choppers and can be determined accordingly
for every frame. However, once the offset for the first frame is de-
termined, the time shift between each subsequent frame only involves
the frequency. Thus the required time shifts between two consecutive
can simply be calculated from the time interval that passes between
the central opening times of the individual windows, defined by:

( )
( )

_ = θ _ − θ _ ⋅

+ θ _ − θ _

⋅ ( )

+

+

⎡⎣
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t

f / 360

f / 360 /2. 3

ShiftWindow n WFMPSC1window n 1 WFMPSC1window n
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.
Here, the angle θ (in units of degrees) corresponds to the center

position of each window and f is the rotation frequency of the
chopper in Hertz. For example, the offset time for the second
frame is given as:
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To compare the analytical values derived from the design para-
meters, calibration measurements were performed by using char-
acteristic, well-known, polycrystalline materials in front of the detector
producing Bragg edges at well-defined wavelengths in the transmis-
sion spectrum. Materials that were used include face-centered-cubic
and body-centered-cubic iron as well as graphite powder (see also
Section 4 of this article). The calculated time offset values and the
experimentally determined quantities were in close agreement. Slight
variations were observed. A maximum difference of 0.058 ms was
obtained for the 2nd frame which is equal to a difference of
ΔλE0.01 Å at the utilized settings corresponding to approximately
Δλ/λ¼0.25% at 4 Å, well below the wavelength resolution and hence
verifying the system specifications.

The spectrum with time offset corrections applied is presented
in Fig. 13b. The measured intensity at time channels between the
frames is discarded. The start and end of frames is defined through
the geometry, rotation speed and flight path. For practical reasons,
the start and end of each frame have so far been determined
empirically from the measurements. As can be seen in Fig. 13b, in
contrast to Fig. 13a, the ToF of neighboring frames overlap after the
t0 correction, which means that the wavelength bands of neigh-
boring frames overlap. The time channel data is rebinned to match
the chosen time resolution. The resulting data are then added such
that the intensities in the overlapping regions are added together.
From there on it is a simple ToF to wavelength conversion (see Eq.
(1)) using the distance LTOF from the center of the WFM choppers
(location of the six WFM source pulses) to the detector position to
produce the continuous wavelength spectrum, as shown in
Fig. 13. Conversion from the as-recorded data into a continuous ToF spectrum, using s
frames are separated in ToF at the detector position. (b) Shifting each frame accordin
spectrum is obtained. (c) The final continuous wavelength spectrum.
Fig. 13c. Finally, the conversion allows comparing the WFM spectra
with the basic ESS pulse mode spectrum in Fig. 14.

Even though the WFM chopper system is optimized for certain
wavelengths (starting with the first frame at 2 Å), the system is ro-
bust enough to shift the frames by about half their width by delaying
the opening times using a different phase offset between the WFM
chopper system and the source chopper system. In particular this
allows placing the overlap regions between the frames at different
wavelengths, and basically to any desired wavelength with respect to
two consecutive frames. This allows investigating any potential or
suspected perturbation effects on data in the stitching region. An
example is shown in Fig. 15 where two spectra, recorded with dif-
ferent phase offsets of the WFM choppers with respect to the source
chopper, are shown, while for both the maximum chopper distance
zmax and a detector distance of 50.8 m were used.

3.5. Polarized option

A polarizing S-bender, containing 400 wafers that are coated with
polarizing Fe-Si supermirrors with m¼3 and an absorption layer
made of an anti-reflecting layer of Gd and Si including a Gd layer with
1 μm thickness, can be moved into the beam by a vertical linear slide
and can be aligned via a remote controlled rotation stage. The device
has an active area of 60 mmwidth and 125mm height. In addition to
the spin-selective absorbing properties of the device, the beam is also
slightly deflected to one side. The corresponding intensity distribution
at a distance of 47.3 m is presented in Fig. 16.

The polarization was characterized at another instrument using a
polarized monochromatic (4.9 Å) beam and the weighted
pectrum D of Fig. 11a as an example. (a) For the as-recorded data the wavelength
g to the opening times of the corresponding chopper windows, a continuous ToF



Fig. 15. (a) The frames can be’ moved’ by adjusting the delay between the opening of the source chopper and the opening of the WFM chopper windows. (b) This allows
placing the overlap regions between two frames at different wavelengths.

Fig. 16. The intensity beam profile at 47.3 m (about 1.1 m after the end of the guide) (a) without polarizer and (b) with polarizer. The intensity in the area marked with the
red square is 44% of the intensity without the polarizer, while it is 24% in the area marked with the yellow circle. Note: The shaded area results from an absorbing mask that
was positioned for a reference. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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polarization was determined to be 98.7%. At the TBL, the polarization
at the detector was measured during the course of an experimental
campaignwith a specific set-up. This involved a 3 m guide field and a
spin flipper positioned between the polarizer and a compact polar-
izing bender without an absorption layer, but instead using an in-
dependently adjustable collimator to suppress the non-reflected
transmitted spin state. The polarization was measured for the basic
single ESS pulse mode covering the full design wavelength range
(Fig. 17). The resulting values vary between 50% and 80% from 1.8 Å
to 9 Å reaching 70% at 2 Å and 80% from 3.5 Å and then remain
constant up to 9 Å. In another measurement campaign, involving 3He
analyzers, the incident beam polarization by the S-bender was de-
termined to be larger than 97% for all wavelengths up to 7 Å.
Fig. 17. The polarization at the detector position of 51 m measured with a 3.5 m
long guide field and a spin flipper installed behind the S-bender. A bender-colli-
mator combination was used as the spin analyzer.
4. Commissioning of resolution settings by Bragg edge trans-
mission measurements

In order to demonstrate the capabilities of the tunable wave-
length resolution with a vivid example, a polycrystalline sample of
low carbon steel (BCC structure) with a thickness of 10 mm was
placed in front of the detector. The same 3He detector as described
before was used. The data presented in this section is com-
plementary to the data shown Section 3.4 where no sample was
used. Spectra were recorded for the two WFM chopper settings
corresponding to the maximum and minimum resolution as well
as for the basic single ESS pulse mode. The crystalline structure of
the sample gives rise to Bragg scattering and leads to Bragg edges
in the transmission spectrum. These Bragg edge patterns can – in
analogy to diffraction patterns – be used in imaging experiments
for the determination of crystalline phase and lattice strain [25,26]
with simultaneous spatial resolution. An example of a similar
chopper setup for a continuous source that was used to determine
lattice strain under tensile loading can be found in [27]. To obtain
the ‘transmission spectrum’, the ‘sample spectrum’ is normalized
by the ‘open beam spectrum’ measured without a sample.

The results are shown in Fig. 18a for the high resolution setting



Fig. 18. (a) Placing a BCC-iron sample in front of the detector produces characteristic Bragg edges in transmission. The transmission spectrum can be obtained by normalizing
the spectrum with sample by the spectrum without sample. (b) Comparison of the different wavelength resolutions for three different operation modes, where the basic ESS
pulse mode provides the coarsest resolution resulting in a smearing of the Bragg edge. The highest resolution setting produces the sharpest Bragg edge as expected. (c) By
choosing a different phasing of the choppers, the Bragg edge was shifted to be partly at the end of the 2nd frame and partly in the beginning of the 3rd frame. The transmission
spectrum after the data reduction and stitching shows good agreement between spectrum C and E and hence demonstrates the functionality of the WFM approach.
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recorded at LDet¼50.8 m (LTOFWFM¼22.25 m, spectrum D), where
the two measured spectra as well as the normalized transmission
spectrum are shown. It can be seen that the sharp intensity peaks,
occurring in the frame overlap regions of the spectra, vanish in the
normalization and are hence not present anymore in the resulting
transmission spectrum.

Fig. 18b depicts the Bragg edge corresponding to the (110) lattice
plane family for the high and low resolution WFM setting with the
detector at LDet¼50.8 m as well for the basic ESS pulse mode, where
the detector was placed at LDet¼47.3 m (lowest wavelength re-
solution). The differences in wavelength resolution between the
three spectra are apparent when comparing the slope of the Bragg
edge, which is more smeared when the resolution is coarser. An
example with practical application of this effect is presented in [28].

A particular strength of the WFM mode is that a broad continuous
wavelength band can be covered with high wavelength resolution at a
long pulse source. However, the regions where the frame overlap in
wavelengths occurs are potentially prone to artifacts and systematic
errors. The verification that the overlap regions do not introduce any
artifacts is crucial in order to ensure the correct operation and ap-
plicability of such a chopper system. For this purpose, the transmission
spectra were recorded using the chopper settings introduced in Fig. 15,
where the frames were shifted in spectrum C as compared to spec-
trum E. Fig. 18c again shows the Bragg edge corresponding to the (110)
lattice plane family for both settings, located at around 4.05 Å. While
this particular wavelength is located in the middle of the second frame
for spectrum C, for spectrum E it is located at the end of the second
frame and at the beginning of the third frame, i.e. in the overlap re-
gion. It can be seen in Fig. 18c that the transmission spectra and the
Bragg edge are basically identical for the two settings, demonstrating
the correct operation of the WFM system in this configuration.
5. Summary and conclusion

The dedicated ESS test beamline at HZB has started operation
and the commissioning of the instrument has shown that it per-
forms according to the design goal. The instrument is highly
flexible in terms of experimental setups and a wide selection of
optional beamline components is available. These components,
e.g. detectors and beam monitors, slits, power supplies, motion
stages, etc., can be utilized in various configurations for setups
adapted to the measurement task. For specific setups additional
equipment can be added and implemented on demand with a high
flexibility. This infrastructure showcases the strength of the TBL to
serve its two major purposes in being a platform for integration
and development of beamline components (hardware and soft-
ware) that are relevant to ESS and to undertake dedicated devel-
opment of advanced neutron scattering techniques.
Currently, the TBL can be fully controlled via the control system
CARESS provided by the HZB and in parallel via NICOS [29] that is
under consideration to be used at ESS. This approach allows a step-by-
step integration of components into an ESS framework, eventually also
via EPICS [30], without sacrificing the functionality of the TBL, but
rather constantly adding to its performance. By performing method
development tailored to long pulse sources, the specific needs and
requirements for the associated hardware and software become ap-
parent during such measurements and can be addressed accordingly.

Within the first six months of operation, the TBL has successfully
served method and component development in areas including
WFM diffraction and associated data reduction, ToF imaging detector
tests and development [17], diffraction and spectrometer detector
tests and associated readout development, PASTIS 3He polarization
analyzer tests [31], Larmor encoding techniques, such as spin-echo
modulated SANS [32–34], ToF wavelength-resolved dark field ima-
ging [35–37] and Bragg-edge transmission analysis [38–40]. Details
and results of these experiments will be published elsewhere.

In conclusion, the TBL at HZB as a dedicated ToF testing facility
of ESS will play a significant role for the early success of ESS. It
supports the necessary technology development required for
construction and enables acquiring the experimental expertize
required at the start of ESS instrument operation. Apart from ad-
vancing the state-of-the-art in neutron methods with a focus on
the ESS long pulse source, the test beamline also serves to mitigate
the risks associated with a “green field” project.
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See Table A1.



Table A1
The layout of the ESS test beamline is summarized in the following table: .

Component Distance to cold
source [m]

Distance to source
chopper [m]

Description

1 Cold source 0 –

2 Guide – – Inpile part straight, followed by curved sections (R¼1500 m and R¼2300 m)

3 Source Chopper Disc 1 21.7 0 � Window size: 23°, d¼700 mm

� Normal speed: 14 Hz
� Rotation (viewing from cold source): CW
� Selectable Speeds: 7 Hz, 8.4 Hz, 10.5 Hz, 14 Hz, 21 Hz, 42 Hz

4 Source Chopper Disc 2 21.7 0 � Window size: 50°, d¼700 mm

� Normal speed: 42 Hz
� Rotation (viewing from cold source): CCW
� Selectable Speeds: 7 Hz, 8.4 Hz, 10.5 Hz, 14 Hz, 21 Hz, 42 Hz

5 Guide – – L¼6.5 m, m¼3, curved (r¼2300 m), H¼12.5 cm, W¼6 cm

6 WFM Chopper Disc 1 28.3 6.64 � Window sizes:

� d¼600 mm
� Normal speed: 70 Hz
� Rotation (viewing from cold source): CW
� Selectable Speeds: 14 Hz, 28 Hz, 42 Hz, 56 Hz, 70 Hz
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Table A1 (continued )

Component Distance to cold
source [m]

Distance to source
chopper [m]

Description

7 Slit 28.55 6.85 Adjustable slit system common setting: H¼10 cm, W¼5 cm

8 WFM Chopper Disc 2 28.8 7.06 � Window sizes:

� d¼600 mm
� Normal speed: 70 Hz
� Rotation (viewing from cold source): CW Selectable Speeds: 14 Hz, 28 Hz, 42 Hz, 56 Hz, 70 Hz

9 Guide – – L¼1.5 m, m¼3, curved (r¼2300 m), H¼12.5 cm, W¼6 cm

10 Frame Overlap Chop-
per 1

30.5 8.8 � Window sizes:

� d¼600 mm
� Normal speed: 56 Hz
� Rotation (viewing from cold source): CW Selectable Speeds: 14 Hz, 28 Hz, 42 Hz, 56 Hz, 70 Hz

11 Slit Fixed slit to prevent frame overlap
H¼10 cm, W¼5 cm

12 Guide – – L¼1 m, m¼3, curved (r¼2300 m), H¼12.5 cm, W¼6 cm
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Table A1 (continued )

Component Distance to cold
source [m]

Distance to source
chopper [m]

Description

13 Band Chopper Disc 1 31.7 10 � Window size: 140° (contrary to the specified value of 150° used in Ref. [11])

� Diameter: 700 mm
� Normal speed: 14 Hz
� Selectable Speeds: 7 Hz, 8.4 Hz, 10.5 Hz, 14 Hz, 21 Hz, 42 Hz

14 Band Chopper Disc 2 31.7 10 � Window size: 202°

� Diameter: 700 mm
� Normal speed: 14 Hz
� Selectable Speeds: 7 Hz, 8.4 Hz, 10.5 Hz, 14 Hz, 21 Hz, 42 Hz

15 Guide – – L¼5.75 m, m¼3, curved (r¼2300 m), H¼12.5 cm, W¼6 cm

16 Frame Overlap Chop-
per 2

37.6 15.9 � Window sizes:

� d¼600 mm
� Normal speed: 28 Hz
� Rotation (viewing from cold source): CW
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Table A1 (continued )

Component Distance to cold
source [m]

Distance to source
chopper [m]

Description

� Selectable Speeds: 14 Hz, 28 Hz, 42 Hz, 56 Hz, 70 Hz

17 Slit Fixed slit to prevent frame overlap
H¼10 cm, W¼2 cm

18 Guide – – L¼3.5 m, m¼3, curved (r¼2300 m), H¼12.5 cm, W¼6 cm

19 Guide – – L¼5 m, m¼3, straight, H¼12.5 cm, W¼6 cm

20 Polarizing S-bender 46.5 24.8 Can be translated in and out of the beam remotely. Guide field reaches outside of the shielding
End of concrete
shielding

47 25.3 –

21 Measurement
position

47–54 (60) 25.3–30 (38) Optical benches allow setups in direct beam and/or towards the side
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