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ABSTRACT
The European Spallation Source (ESS), which is under construction in Lund (Sweden), will be the next leading neutron facility with
an unprecedented brilliance and novel long-pulse time structure. A long-pulse source not only provides a high time-average flux but
also opens the possibility to tune the resolution by using pulse shaping choppers. Thus, an instrument can readily be operated in
either a high flux or a high resolution mode. Several of the shorter instruments at the ESS will employ Wavelength Frame Multi-
plication (WFM) in order to enable a sufficient resolution while offering a continuous and broad wavelength range. A test beamline
was operated until the end of 2019 at the research reactor in Berlin to test components and methods, including WFM, in order to
prepare the new facility for the operation of neutron instruments and successful first science. We herein demonstrate the implemen-
tation of WFM for reflectometry. By selecting a short pulse mode under the same geometrical configuration, we compare and dis-
cuss the results for two reference samples. The reported experiments not only serve to prove the reliability of the WFM approach but
also, for the first time, demonstrate the full instrument control, data acquisition and data reduction chain that will be implemented at
the ESS.
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I. INTRODUCTION

Neutrons and x-rays play an important role in the current
research for investigating the structure and dynamics of materials
and can probe these over several orders of magnitude in length and
time. While the scattering interaction of x-rays with matter depends
on the atomic number, neutrons interact with the nucleus rather
than the electron cloud and hence provide complementary and often
unique scattering contrast. In particular, the neutron scattering cross
section is isotope specific, and hence hydrogen and deuterium differ
strongly allowing for an efficient contrast variation in many scien-
tific applications. Additionally, neutrons have a nuclear spin and a
magnetic moment, which enable unique studies of magnetic struc-
tures and phenomena, but also some sophisticated scattering tech-
niques such as spin-echo spectroscopy.

Neutron reflectometry is a powerful method to investigate the
surface and interface structures, including conclusions about mate-
rial compositions, on length scales ranging from sub-nanometers
up to several hundreds of nanometers. The reflectivity depends
on the scattering length density (SLD) profile perpendicular to the
sample’s surface. Thus, it probes the structure and composition
along the surface normal while averaging in the surface plane.
Nowadays, neutron reflectometers typically belong to the instru-
ment suites at different facilities spread all over the world1 and make
an important contribution in various research fields, e.g., concerning
polymer coatings, energy storage, or magnetism.2–4 These instru-
ments require a neutron source, in the form of a research reactor or
a spallation source. The latter typically offers the advantage of natu-
rally providing a pulsed neutron beam to employ the time of flight
(ToF) technique.

The European Spallation Source (ESS), which is under con-
struction in Lund (Sweden), will offer the brightest beam in compar-
ison with today’s working neutron sources by providing long neu-
tron pulses of 2.86 ms length at a repetition rate of 14 Hz.5,6 While
the long neutron pulse at the ESS yields a high time average flux, one
of the main challenges for reflectometry is the need to obtain suf-
ficient wavelength resolution for the study of thick film structures
(around 30-50 nm). It was proposed that Wavelength Frame Mul-
tiplication (WFM)7–9 could be used to deliver this sufficient wave-
length resolution and bandwidth, and the design of the reflectometer
FREIA at the ESS is based upon this approach.6,10 The principle
operation of WFM is based on running a pulse shaping chopper at
an integer multiple of the source frequency, extracting a sequence
of pulses each covering a wavelength band, which, when combined,
overlaps to leave no gaps in the wavelength coverage. This results in
a full bandwidth equivalent to running with no pulse shaping chop-
per or with one placed very close to the source. In other words,
WFM enables a gain in resolution without sacrificing bandwidth
at a long-pulse source and moreover offers a high degree of flexi-
bility concerning the resolution.7–9,11,12 This is especially beneficial
for imaging, diffraction, reflectometry, and SANS. Hence, beyond
the reflectometry instrument FREIA, other short instruments will

utilize WFM from the first day of their operation, such as the
imaging beamline ODIN,13,14 the powder diffractometer DREAM,15

and the vibrational spectrometer VESPA.16 While the natural reso-
lution is sufficient for the majority of use cases for the SANS instru-
ment LoKI, it is foreseen that WFM may be a useful upgrade option
to improve resolution for certain use cases.17 In all these cases, show-
ing that WFM data can be reliably collected, converted to effective
ToF, and processed using ESS data systems is a vital validation of
the method, which will be experimentally demonstrated herein for
reflectometry.

Given this novel time structure and because the ESS is a new
facility being built on a greenfield site, the ESS operated a test beam-
line (V20) at the 10 MW research reactor BER II at Helmholtz-
Zentrum Berlin (HZB) from 2015 until its closure in December
2019 in order to mitigate against the risks associated with such an
undertaking and to allow for the testing of key technologies required
to deliver the instrument suite.18,19 This includes the development
of a data collection and processing pipeline, which is able to handle
the expected high flux, as well as the systems for instrument control,
which are of crucial importance to fulfill the needs of the neutron
user community, for example, to handle sampler changers, cryostats,
magnets, or fluids.

V20 employed a sophisticated chopper system consisting of two
double disk choppers, one for generating a pulsed beam and one
for wavelength band selection, as well as four single disk choppers
for WFM. The first double disk chopper system was very flexible in
providing different pulse lengths but was particularly optimized to
mimic the characteristic future pulse shape of the ESS with a long
plateau region and a full width at half maximum of 2.86 ms. The
flexible experimental endstation allowed for testing a huge array
of components and methods, including but not limited to detec-
tors,20–23 beam monitors,24 focusing optics,25 choppers,26,27 polar-
ization analysis,28,29 spin-echo modulation,30 and dark field imag-
ing techniques30 as well as exploiting the long pulse for scientific
investigations.31,32 In particular, the focus was on experiments that
employed WFM and served the purpose of gaining experience with
the method in practice, to validate its principles and to develop the
data reduction workflow for it.

On V20, sixfold WFM was realized by two disk choppers con-
figured in an optical blind mode (i.e., the first chopper closes when
the second chopper opens)33 that enables constant wavelength res-
olution throughout the bandwidth. The resolution in such a mode
depends on the distance between the two choppers, and thus, to
allow for the tuning of the resolution, the inter-chopper distance was
adjustable at V20.18 Here, the long source pulse was divided into six
shorter sub-pulses with constant wavelength resolution, which over-
lap in wavelength but are clearly separated in their arrival time on the
detector, as shown in Fig. 1. This yields an increased resolution since
each sub-pulse contains a short neutron band with its own start time
(tj0), with an origin halfway between the two WFM choppers. The
combined bandwidth of all sub-pulses is close to the full bandwidth
according to the source period.
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FIG. 1. Time–distance diagram representing the chopper cascade and the posi-
tion of the detector. The 2.86 ms source pulse (created by the source choppers) is
represented by the yellow hatched box in the lower-left corner. The horizontal seg-
ments at successive distances from the source choppers represent the openings
for the WFM and frame overlap choppers. Note that a horizontal line here corre-
sponds to a chopper being open, instead of being closed, as is commonly found in
the literature. The colored areas are bounded by the fastest and slowest neutrons
that can make it through each frame. The distance between the two WFM chop-
pers is labeled z0, while each frame j has its own tj0 marked by the colored vertical
dashed lines.

As WFM is a fundamental principle of several instruments at
the ESS, it is important that the method is properly validated. Four
key questions about the method can be formulated as follows: (i)
Does WFM reach the envisaged resolutions? (ii) Is WFM efficient in
reality, or what losses have to be taken into account? (iii) Will the
merging (“stitching”) of the individual frames create artifacts and/or
pose limitations? (iv) Can the data acquisition and data reduction be
realized effectively in practice?

Answering these questions has been an ongoing process in
recent years. Initially, some proof-of-principle experiments were
performed using improvised setups at a continuous reactor source
that were able to demonstrate the feasibility of WFM in princi-
ple.34,35 More detailed experimental validations were undertaken at
V20 under different experimental configurations. The “V20 com-
missioning paper”19 addresses questions (i) and (iii) by demonstrat-
ing that neutron transmission spectra of a polycrystalline steel alloy,
exhibiting pronounced Bragg edges, can be collected with improved
resolution and in a reliable fashion without noticeable artifacts using
WFM. The same publication partly addresses question (ii) by com-
paring the incident neutron beam spectra without the use of WFM to
ones obtained with WFM under different resolution settings. More
detailed experimental validations have since been performed on
V20, in particular for imaging and powder diffraction, and while the
analysis is still ongoing at the time of writing this manuscript, sep-
arate publications are under preparation that will address questions
(i)–(iii) using imaging and powder diffraction test experiments. This
manuscript is hence meant to focus on questions (iii) and (iv) for
the case of reflectometry. We will show that the WFM concept can
be applied in practice to yield quantitative results that compare well

with data collected using the V20 short pulse mode and as well
as using the dedicated monochromatic reflectometer, V6, at HZB.
Thereby, we also partly address question (i) since the resolution
when using the long-pulse mode without WFM would simply not
be sufficient to yield the herein reported results. The functionality of
software and hardware on V20 was constantly adapted to reflect the
development progress of the responsible divisions within the ESS. As
this integration has been a step-by-step process, it is worth highlight-
ing that the herein described demonstration experiment utilized,
for the first time, the full data pipeline that will be implemented
at the ESS, including a centralized timing system, instrument and
motion control, electronic logbooks, data acquisition, signal pro-
cessing, data storage, and data reduction. While these systems had all
been tested individually, this integrated testing to perform measure-
ments allowed us to focus on question (iv) and is a significant step
toward enabling an operational instrument suite at the ESS. Beyond
the above outlined key questions concerning WFM, another con-
tribution of the work presented herein is the development of the
general workflow for reflectometry to be implemented at the ESS,
namely, the instruments FREIA and ESTIA.

II. EXPERIMENTAL REALIZATION
A. Reference samples

The reference samples were a monochromator sample that
was previously measured on an optimized reflectometer and a bare
silicon block that has a well-known theoretical reflectivity. Together,
these samples allow us to make a direct comparison to our experi-
mental data and thereby highlight any possible inconsistencies. The
silicon block [(100), one side polished, 80 × 50 × 10 mm3] was
purchased from Siliciumbearbeitung Andrea Holm GmbH (Tann,
Germany) and was cleaned with isopropyl alcohol before the mea-
surement. The second sample was a multilayer that typically serves
as a neutron monochromator and hence is referred to in the follow-
ing as a monochromator sample. It consists of ten bilayers of 5 nm
silicon and 10 nm Fe90Co10 and was coated with a 5 nm protection
layer of silicon. The multilayer was manufactured at Helmholtz-
Zentrum Berlin and was deposited on glass with a triode sputter
system at a rate of 0.07 nm/s and a pressure of 1.5 × 10−3 bar. Here,
silicon grows amorphously, while FeCo grows polycrystalline. The
monochromator sample has a nominal area of 150 × 80 mm2.

The silicon block should show a well-defined critical edge and
a featureless decay with the increasing scattering vector and was
chosen since this smooth curve shape will highlight any potential
artifacts from the merging (“stitching”) of the individual frames in
the WFM mode. The interaction of the monochromator sample with
neutrons leads to a more complex reflectivity. The monochromator
sample itself is a neutron polarizer resulting in a double critical edge
for non-polarized neutrons. Furthermore, several Kiessig fringes are
present, which are correlated with the overall thickness of the multi-
layer, while the distance of the Bragg peaks represents the bilayer
thickness. The original characterization was done with polarized
neutrons at V14 (HZB) as depicted in Appendix A (Fig. 10). Ref-
erence measurements with unpolarized neutrons were collected at
the V6 reflectometer at HZB as shown in Appendix A (Fig. 11) and
are used for direct comparison to data that was collected as part of
this work.
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B. Instrumental setup
The ESS test beamline V20 at Helmholtz-Zentrum Berlin was

able to mimic the future ESS neutron pulse with a length of 2.86 ms
and a repetition rate of 14 Hz. A detailed instrument design and
characterization of V20, including verification of the WFM perfor-
mance, has been described previously.18,19 Therefore, only an abbre-
viated description follows, with a focus on the characteristic compo-
nents. The double disk source pulse choppers (SPCs) were designed
to mimic the long ESS pulse including the characteristic plateau but
could also be used to provide a shorter or even longer pulse and
were located at a distance of 21.7 m downstream from the cold neu-
tron source. The double disk wavelength band chopper was installed
at a distance of 31.7 m from the cold source, allowing bandwidths
between ∼1 Å and 10 Å at the possible detector positions. The cen-
ter of the optically blind WFM pulse shaping choppers was located
at 28.55 m from the cold source, i.e., 6.85 m downstream from the
pulsed source. An optical bench with a length of more than 6 m
started at 47 m from the cold source and allowed a tailored setup
for the respective experiments.

The minimum requirement for a reflectometry experiment
consists of two slits for beam collimation and a set of (motorized)
stages to align the sample and the detector. A top view of the setup,
as implemented on V20, is shown in Fig. 2. The first collimation slit
(referred to as slit 2) was placed at the beginning of the optical bench
at a distance of 25.1 m from the SPC.

The orientation of the sample surface was chosen to be verti-
cal to maximize the flux when placing collimation slits at the end
of the neutron guide. The beam at V20 was more pre-collimated
horizontally with the beam profile itself being very inhomogeneous
in the horizontal direction.19 As a result, the flux can be optimized
by performing the experiment in this orientation, something that is
particularly important for a reflectometry experiment where colli-
mation results in the removal of a significant proportion of the flux.
An additional consequence of this orientation is that gravity effects
can be neglected.

The collimation slits had a separation of 1.5 m. The sample
was on top of a motorized positioning system, consisting of a lin-
ear stage, a two-axis goniometer, and a rotation stage, enabling full
sample alignment. A position sensitive delay line detector (Denex,
Lüneburg, Germany), with an active area of 280 × 280 mm2, a spatial
resolution of about 2 mm (FWHM horizontally) × 3 mm (FWHM
vertically), and a sufficient time resolution for time of flight measure-
ments, was placed 3.5 m behind the sample.36 A pixel size of 0.55 mm

FIG. 2. Schematic setup of the experiment in the top view. Beam collimation was
achieved by two rectangular slits with a distance of 1.5 m. The detector was placed
4 m behind the latter slit, while the sample was placed 0.5 m behind it.

TABLE I. Overview of the instrument parameters for the different operation modes.
The respective native ESS pulse would have a resolution of 19.1%–3.9%.

Flight Time of Wavelength Wavelength
Mode path (m) flight (ms) band (Å) resolution (%)

1.2 ms SP 30.6 15.0–74.0 1.8–9.4 8.0–1.6
WFM 23.8 13.0–55.0 2.0–9.0 1.8

was assigned to the collected data during the data streaming and
event formation process. An overview of the instrument parameters
for the different utilized modes is shown in Table I.

In this experimental setup, the long ESS pulse of 2.86 ms
length would result in a natural wavelength resolution of 19.1%–
3.9% depending on the wavelength, whereas the WFM mode pro-
vided a constant resolution of 1.8% for the WFM chopper separation
chosen.

For a direct comparison with a more standard data reduction
chain, we also performed measurements under the same geometrical
conditions, but utilizing the source pulse choppers to provide a short
pulse (SP). For the SP mode, the WFM choppers were parked in the
open position and the two disks of the source pulse chopper (SPC)
co-rotated with a 2○ opening, resulting in a pulse with a burst time
of 1.2 ms, corresponding to a wavelength resolution between 1.6%
and 8.0%. When employing WFM, the ESS pulse was realized by a
counter-rotation of the SPC disks. On V20, it was possible to adjust
the distance between the two (optically blind) WFM choppers with a
corresponding improvement in flux at the expense of resolution, or
vice versa. However, it is worth noting that while this is common for
chopper systems in the optical blind mode, in the case of the future
reflectometer FREIA at the ESS, the spacing between the optically
blind chopper pair is fixed.

For this experiment, the two WFM chopper disks had a sepa-
ration, z0, of 432 mm resulting in a wavelength resolution of 1.8%.
The two frame overlap choppers (part of the WFM chopper cas-
cade) ensured separation of the wavelength frames up to the detector
position. In both operation modes, SP and WFM, the wavelength
band choppers were used to restrict the wavelength band within
the repetition rate of 14 Hz. As discussed by Woracek et al.,19 the
WFM mode on V20 resulted in a narrower overall wavelength band
than that of the SP mode, and in this case, the difference was about
1 Å (Table I). The data are presented as a function of the scattering
vector Qz defined by

Qz = 4 × π × sin(θ)
λ

. (1)

Here, θ is the incident angle of neutrons with respect to the
sample surface and λ is the neutron wavelength. The wavelength
depends on the neutron energy and thus on the ToF and is calculated
by

λ = ToF × h
mn × LPath . (2)

Here, Lpath is the flight path of neutrons, mn is the mass of a
neutron, and h is the Planck constant.
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TABLE II. Measurement parameters for the different samples and measurement modes, namely, short pulse (SP) and Wavelength Frame Multiplication (WFM) modes.

Incident Width of Measurement Measurement time
Sample Mode angle (deg) slits 2 + 3 (mm) time (min) direct beam (min) ΔQz/Qz (%)

Silicon WFM 0.29 0.2 450 150 3.08
0.59 0.5 240 35 3.58

Monochromator sample SP 0.56 0.2 500 152 8.11–2.14
0.96 1.5 30 11 9.82–5.95

Monochromator sample WFM 0.56 0.2 470 150 2.22
0.96 1.5 120 15 5.98

The main difference between SP and WFM modes is the
fact that the former naturally results in a continuous wavelength
band, while the latter requires additional merging of the dataset.
As described in more detail below, all acquired neutron data have
been timestamped and—for the work presented herein—been con-
sidered and presented relative to the absolute reference time, t0, from
the (main) source pulse. The corresponding procedures to arrive at
ToF when using WFM are described in a separate section (Sec. III
A) below. Once the data are available at ToF, the subsequent data
reduction steps for the two measurement modes, SP and WFM, are
essentially the same.

In this study, we aimed at demonstrating that the pro-
cess employed to arrive at ToF, and hence wavelength, does not
introduce systematic and/or problematic artifacts for reflectometry
experiments. Since reflectometry measurements cover a very wide
range of reflectivities, it is possible that relatively small errors in the
corrections could produce artifacts in the finally reduced data that
would compromise data analysis. However, since V20 is not opti-
mized for this technique, the flux available for the experiment was
significantly limited. We therefore chose collimation settings (see
Table II) to maximize the flux while maintaining adequate angular
resolution and avoiding over-illumination. Unfortunately, because
of the nature of the V20 instrument, the precision and repeatability
of the slits used were not well suited to a reflectometry experiment,
so there may be small errors in the slit sizes that could result in an

over-illumination of the sample. For each experiment, two angles
were measured in order to check that the data reduction process
is able to effectively stitch the datasets from the two angular set-
tings together. This is not necessarily required for data analysis but is
commonly done for most reflectometry data analysis packages. Since
beamtime was limited, the angles were chosen to cover a dynamic
range suitable for the samples, within the bandwidth limitations of
the measurement mode. For example, the lower angle had an angular
resolution of 2.22% in the WFM mode and a footprint of the beam of
about 70 mm for the monochromator sample. For the higher angle,
the angular resolution was relaxed in order to maintain sufficient
flux to obtain a signal of sufficient statistical quality in the time avail-
able. This meant that for the monochromator sample, the angular
resolution was only 5.98% for a footprint of 149 mm.

C. Data streaming
The data pipeline at the V20 test beamline also acted as a testbed

for different systems under development for the ESS. The role of the
system is to aggregate all data required to analyze an experiment and
write them to a single file. It must also accommodate the high data
rates expected due to the high flux at the ESS. An overview of the sys-
tem deployed at V20 is shown in Fig. 3 and briefly described below.
Further details of the ESS data acquisition architecture are given in
previous publications.27,37,38

FIG. 3. Overview of the data pipeline at the V20 test beamline.
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The Networked Instrument Control System (NICOS)39 pro-
vides a control interface for the user and uses the Experimental
Physics and Industrial Control System (EPICS)40 to communicate
with beamline devices. The EPICS supports not only control of
devices but also monitoring their state. Data acquisition was car-
ried out this way on V20 for measurements from a range of devices,
including top-dead-center (TDC) signals of neutron choppers and
positions of linear motion devices. Since the integration of devices
with the EPICS is necessary for control, it also provides a conve-
nient approach for the acquisition of low bandwidth data such as
sample environment measurements; however, it is not so well suited
to lossless communication of high bandwidth data such as neutron
detection events. We therefore also employ the Apache Kafka data
streaming platform.41 In a Kafka-based streaming system, all soft-
ware publishes data to, or consumes data from, named data streams
on a server called a “broker.” This gives rise to a conceptually sim-
ple architecture that avoids creation of a complex web of directly
connected software, which can be difficult to configure and main-
tain. Another advantage is that the broker provides a buffer so that
data are not lost if consumers of data cannot keep up with peak data
production rates, or even if they fail part way through an exper-
iment run. Although only a single Kafka broker was deployed at
V20, Kafka supports adding more brokers to form a cluster. This
solves potential problems with communicating through a single
piece of hardware and software, including being a bottleneck for data
throughput and being a single point of failure for the entire data sys-
tem. In fact, a single cluster comprising many brokers can robustly
support the data throughput of an entire neutron facility of many
beamlines.

The “Detector Readout,” see Fig. 3, originates with output sig-
nals from the delay line detector. These were passed through a dis-
criminator (Five Channel Timing Discriminator, Model 715, Philips
Scientific42) and in turn fed to four time-to-amplitude convert-
ers (TACs, 566 Time-to-Amplitude Converter, ORTEC, Oak Ridge,
USA43) to convert cathode-to-anode delay for all four anode out-
puts to a voltage. The output of the TACs was digitized and time-
stamped using the ESS detector readout demonstrator.44 These data
were then processed using ESS developed event processing software
in the “Event Formation Unit”.45

The ESS detector readout demonstrator digitizes the full wave-
form of the pulses produced by the TACs, and thus, the first step in
the event processing software is to extract the amplitude of the pulse
from the data. The amplitudes from the four TACs are correlated
in time in order to find pulses that represent a neutron event. When
pulses from all four TACs have been found in a narrow time window
(∼1 μs), the amplitudes can then be used to calculate the position
of the neutron event in the detector. Finally, the position informa-
tion together with the absolute timestamp of the neutron event is
transmitted to the Kafka broker.

While neutron event data are published directly to Kafka, the
“EPICS Forwarder” monitors the state of devices and publishes
updates to the cluster such that all measured data are aggregated.
The NICOS controls the “File Writer” by publishing start and stop
events of each experiment run, along with further details including
what data should be retrieved from Kafka and information that does
not change during an experiment, for example, the size and position
of pixels in the detector. After being triggered by a start event, the
File Writer consumes data from Kafka and records each experiment

to an HDF546 file in the NeXus format.47 All data required for anal-
ysis of an experiment are thus recorded to a single file, which can
be read later by reduction and analysis software such as Mantid48 or
Scipp.49

III. DATA REDUCTION
The data reduction for the present work was performed with

Python scripts using the Mantid framework.48 In this section, we will
outline in detail the method used to calculate ToF from recorded
neutron event timestamps when WFM choppers are in use. We
will next describe the utilized regions-of-interest and correspond-
ing background corrections, and finally, we will present the resulting
resolutions.

A. Converting WFM data to time of flight
and wavelength

As described above, all neutron data are recorded in the event
mode with absolute timestamps. In order to generate meaningful
ToF spectra, each neutron event needs to be related to a correct start
time. While data recorded in the SP mode naturally yield continu-
ous ToF spectra with respect to the start time of the source pulse, the
data recorded using the WFM mode result in discontinuous spectra,
since the individual openings of the WFM pulse shaping choppers
act as new source pulses, each one producing a wavelength frame
with its own start time.

The first post-processing step that all recorded files were put
through to calculate the event ToFs from detector timestamps used
the original source chopper timings as a start time, regardless of
whether WFM choppers were in use or not. Recorded ToFs for
WFM runs thus need to be converted to actual ToFs by subtracting
each frame’s own start time from the recorded ToFs. This procedure
allows us to reconstruct a continuous (actual) ToF spectrum from
the six WFM frames, even though the frames appear to have “gaps”
between them in the raw recorded data and in the time–distance
diagram (Fig. 1). Subsequently, the wavelength can be calculated
straightforwardly by using the distance between the WFM choppers
and the detector as the corresponding flight path.

At the time of writing this manuscript, the recorded to actual
ToF conversion for WFM runs is still a work in progress, and
two separate methods have been developed at V20. The first, the
most established and tested version, involves using peak finding
to detect the frame edges on the recorded data. This can be cate-
gorized as an “empirical” procedure, by working on the raw data
that were recorded. The second method can be categorized as a
more “predictive” or “analytical” approach, whereby knowledge of
the instrument geometry is used to construct time–distance dia-
grams (such as the one pictured in Fig. 1), which in turn allow us
to determine both the boundaries of the frames and the t0 shifts
that need to be applied to each frame. This is a recent develop-
ment in the ESS software suite and is still under testing. In this
work, we employed the first, well tested procedure to perform data
post-processing.

At this point, we like to make an important distinction between
“stitching” data from different reflection angles to obtain a greater
coverage of the Qz-range and “stitching” the frames in a WFM
dataset into a continuous spectrum. The former is a common usage
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FIG. 4. (a) Raw data from a reflectometry experiment at V20, showing the six WFM frames in different colors, as well as various markers that illustrate the steps in the frame
finding algorithm (refer to the main text). (b) Histogramming of counts in amplitude bins to detect the background as the most common count occurrence.

of the word “stitching” in reflectometry, and to avoid any confusion
in this work, we will employ the term “WFM to ToF conversion” for
the latter one.

The first part of the procedure consisted of detecting the
boundaries of each sub-frame in the data. Peak-finding algorithms
usually require a good signal-to-noise ratio, and the neutron counts
from all pixels were therefore histogrammed into a single spec-
trum, giving the characteristic segmented spectrum, shown as a
black curve in Fig. 4(a). The spectrum was then smoothed using a
Gaussian filter with a standard deviation of 2 (gray curve).

Peak finding also requires a good estimate of the level of back-
ground noise of the processed signal. We wish to point out here
that this background is along the time dimension and is completely
independent of the background subtraction performed in Sec. III C.
This background is only used in this edge-finding step and is not
subtracted from the experimental data. The background noise esti-
mation was carried out by histogramming the neutron counts in
number-of-occurrence bins, to find the most common count in the
data. This will almost always be the background, which shows a
high occurrence of very low counts, as can be seen in Fig. 4(b)
(red dashed line). This raw background value was modified in a
conservative way by adding to it 2% of the range between the
raw background amplitude and the maximum amplitude in the
data. This updated background value is represented by the pink
dashed line.

The leading (left) edge of the signal was then found by iterating
through the spectrum, starting from the left-hand side and finding
the first data point that exceeds the updated background value. This
edge is marked by a blue dot in Fig. 4(a). The same was repeated
for the trailing edge (yellow dot), starting from the right-hand side
and iterating toward the left. The next step was to find five val-
leys (or inverted peaks) between these two edges. A peak-finding
algorithm from the SciPy library50 was called on the inverted data
(to find the valleys). The prominence parameter was given a value
of 0.04 ⋅ (signalmaximum − signalminimum). The five valleys are marked
with red dots in the left panel.

We defined exclusions regions that were 1950 μs-wide around
each red dot, to set the boundaries of the frames. The value of 1950
was obtained from trial and error, giving an optimal balance between
minimizing frame overlap and minimizing event elimination. The
leading (blue dot) and trailing (yellow dot) edges then complete the
set of frame boundaries.

The second part of the procedure involved determining the
time shifts (tj0) that needed to be subtracted from each frame to
obtain a continuous ToF spectrum. While in principle t0 for each
frame is known from the instrument geometry and chopper prop-
erties (angular openings, rotation frequencies, and phases relative to
the source chopper), as illustrated in Fig. 1, in practice, the predic-
tions do not line up with the measurements. Some additional time
offsets, most probably due to timing delays in electronics and detec-
tor readouts that are unaccounted for in the time–distance diagram,
were needed to yield good results.

The time shift for the first frame was experimentally deter-
mined by separate calibration measurements using standard powder
samples in diffraction as well as an iron powder sample in trans-
mission geometry. The time shifts for frames 2–6 were calculated
with respect to frame 1, using chopper cut-out angles and rota-
tion frequencies, according to Eq. (3) in the study by Woracek
et al.19 The resultant time shifts used for the current data are listed
in Table III.

Figure 5 shows the results from converting a direct and
reflected beam to ToF. Some troughs in the signals are visible at the
boundaries between frames. It is a concern that these discontinuities
(hereafter referred to as WFM to ToF conversion artifacts) could be

TABLE III. Time shifts (t0) applied on the measured data.

Frame number 1 2 3 4 5 6

Shifts (μs) −6630 −9054 −11307 −13364 −15313 −17154
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FIG. 5. Data of the direct beam (black squares) and reflection of a bare silicon
wafer after WFM to ToF conversion (red dots, angle of incidence: 0.29○). Different
background colors highlight the six individual sub-frames.

visible in the reduced data. However, they disappear once the specu-
lar intensity is divided (or normalized) by the direct beam intensity
(see below). For this procedure to be successful, it is also obvious
that also other experimental factors need to work smoothly in order
to avoid systematic artifacts in the processed data, e.g., the detector
response needs to be linear across the dynamic range.

B. Resolution and ToF bin sizes
The resolution function of the scattering vector ΔQz

Qz
has two

main contributions: angular and wavelength resolution.51 The angu-
lar resolution Δθ

θ is defined by collimation, the sample angle
resolution, and potentially the detector resolution, while the wave-
length resolution Δλ

λ is defined by the burst time of the pulse,
the flight path length, and potentially the detector time resolution.
Van Well et al.51 reported a definition for the angular resolution as

Δθ
θ
=
¿
ÁÁÀ0.682(d

2
1 + d2

2

l2
)/θ, (3)

where d1 and d2 are the width of the collimation slits and l is their
separation. For the short pulse mode on V20, the wavelength resolu-
tion is wavelength dependent and defined by the burst time τ (note
that while τ is independent of λ at V20, this is not necessarily true
for a spallation source) and the time of flight (ToF) of the respective
neutron and can be written as

Δλ
λ
= τ
ToF(λ) . (4)

When employing the optically blind WFM pulse shaping chop-
pers, τ and ToF have the same linear wavelength dependence within
each wavelength frame,33,51 hence providing a constant wavelength
resolution for the combined wavelength band.14,18 Here, the wave-
length resolution is defined by the distance z0 between the two
WFM choppers and the flight path of the neutrons, which can be
expressed as

Δλ
λ
= z0

LPath
. (5)

In total, the resolution in Qz results in

ΔQz

Qz
=
¿
ÁÁÀ(Δλ

λ
)

2

+ (Δθ
θ
)

2

. (6)

The resolutions of the different settings are summarized in
Table II. The spatial resolution of the detector does not affect the
experimental resolution because neutrons are summed up over an
area larger than the spatial resolution. The bin sizes were calculated
out of the instrumental resolution for each measurement according
to the resolution as described in Table II. The bin widths were cal-
culated iteratively starting from the beginning of each ToF-range by
setting the bin width to the resolution.

C. Regions-of-interest and background correction
Data reduction was based on 2D detector images, as shown in

Fig. 6. A mask was applied on the image to focus on the important
field of view as highlighted by the black rectangle. In the y direction,
the data were confined close to the signal. The choice of the size of

FIG. 6. Two 2D detector example images of a sample measurement (a) and the open beam (b). In these images, x is the horizontal position and hence the direction of
scattering from the sample. In both images, the direct (unreflected) beam can be seen, while on the left, the reflected beam is also observed. All ToFs are summed up to
determine the boundaries for a region marked by a black rectangle.
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FIG. 7. Two example histograms of a reflection (a) and a direct beam (b). Data are shown by blue dots, the background fit is shown by orange lines, and the range of interest
is marked by two vertical red lines.

this box in the y direction must balance the need to capture the full
specular reflection against the signal-to-noise ratio. A larger box may
capture more of the signal, but it also captures more background. In
the x direction, a larger area was selected/retained to allow for sub-
sequent background correction. Afterward, all data were normalized
by their area and the integral of a neutron monitor, which was placed
directly after slit 2.

After ToF binning, histograms along the x direction were gen-
erated by summing up the counts in the y direction. The bin size was
defined by the Qz resolution as described above. The histograms for
each bin allow for a background correction, as shown in Fig. 7. A
range of interest (ROI) marked by two vertical red lines in Fig. 7 was
derived from a Gaussian fit to the signal. The ROI width of the reflec-
tion signal was set to three times the standard deviation to collect at
least 99.7% of neutrons contributing to the signal. The ROI width
of the direct beam was adopted from the corresponding reflection.
The background was fitted to the data outside the ROI to a fourth
order polynomial. Afterward, the integral of the background inside
the ROI was subtracted from the integral of the signal.

After background correction for each individual time bin, the
data are divided by the respective direct beam resulting in reflectiv-
ity. The ToF is converted to Qz according to Eqs. (1) and (2). The
final data were corrected by a scaling factor in R, but the unscaled
data are shown in Appendix B. The scaling factor was determined to
be 1.18 by shifting the plateau of the silicon data to unity and was
applied to all measurements (both WFM and SP modes). It is not
clear what the origin of this scaling is, but it is the same for all mea-
surements. Finally, data of the respective sample measured under
different angles were combined to obtain a complete dataset.

IV. RESULTS
A key result of this test experiment was the successful imple-

mentation of the data pipeline with data from all measurements
written into NEXUS files. This is the first demonstration of the
working data pipeline and instrument control system that will be
implemented at the future ESS. The data recorded using the SP
mode naturally yield continuous ToF spectra with respect to the start
time of the source pulse. Timing corrections were implemented to

compensate for time offsets introduced by detector readout times
and electronics. The data recorded using the WFM mode result in
discontinuous spectra with respect to the start time of the source
pulse. As explained above, for the herein presented results, a post-
data reduction algorithm was written and applied to obtain continu-
ous ToF for the WFM data. An example is shown in Fig. 5. This will
be the basis for the future implementation of WFM systems on ESS
instruments, including the reflectometer FREIA.

A. Silicon block
Figure 8 shows the data of the bare silicon block measured

with WFM and compares them to the Fresnel reflectivity of a sili-
con substrate. The data are a combination of measurements under
two incident angles and corrected in R to scale the plateau below
the critical edge to 1. The data before scaling and stitching of the two
angles are shown in Appendix B (Fig. 12). As a first qualitative result,
one can conclude that the curve looks like the theoretically expected
one. Importantly, discontinuities are not visible and the data decay

FIG. 8. Combined data (red circles) measured with the ESS pulse in the WFM
mode compared to the Fresnel reflectivity of a silicon block (gray line). Inset: data
divided by the Fresnel reflectivity. The dataset consists of measurements under
two incident angles and is scaled so that the plateau value is unity.
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FIG. 9. (a) Reflectivity data of the monochromator sample measured in the short pulse mode. Inset: data divided by the Fresnel reflectivity of the glass substrate. (b)
Reflectivity data of the monochromator sample measured in the WFM mode. Inset: data divided by the Fresnel reflectivity of the glass substrate. Both datasets consist of
measurements under two incident angles and are scaled using the same factor obtained from scaling the data from the silicon block.

monotonically above the critical edge. This observation proves that
the data reduction procedure applied to the originally discontinuous
WFM dataset is adequate. Unfortunately, the Qz-range measured
does not allow for a quantitative fitting of the reflectivity. As can
be seen in Fig. 8, the curve follows very closely the Fresnel reflec-
tivity of silicon (i.e., R/Rf = 1). Over this Qz-range, such a depen-
dence could also be seen for a rough silicon oxide layer, and it is
hence not possible to uniquely fit the data. However, a rough sam-
ple is qualitatively consistent with the sample history, which was
neither purchased exclusively for this experiment nor extensively
cleaned.

B. Monochromator sample
Figure 9 shows the data of the monochromator sample mea-

sured with a short pulse (a) and a ESS pulse in the WFM mode
(b). The data before scaling and stitching of the two angles are
also shown in Appendix B (Figs. 13 and 14). Data, measured at
the monochromatic reflectometer V6 (HZB), are shown in gray for
comparison.

All data overlay well up to the first Bragg peak at 0.055 Å−1

and show at least six well pronounced Kiessig fringes between
0.02 Å−1 and 0.05 Å−1. In fact, the data in the low Qz-range (up
to 0.027 Å−1) show evidence of improved resolution relative to the
reference monochromatic measurements made using V6. Deeper
minima and even a seventh Kiessig fringe are visible for the current
ToF measurements, for both SP and WFM modes. In contrast, the
Bragg peaks measured at V20 are broadened relative to those at V6.
It is also notable that the Bragg peak measured at V20 using WFM
is even broader than that measured using the SP mode. At high Qz ,
above the first Bragg peak, the data in both ToF modes are smeared
out in comparison with the reference data. All of these features are
due to the wavelength dependence of the resolution function for
the SP mode and the difference in bandwidth of the two modes.
For the SP mode, the wider bandwidth means that the first Bragg
peak occurs within the Qz-range covered by the first measurement
angle for the respective dataset. Covering the Bragg peak with the
first measurement angle with its higher resolution with respect to

the second measurement angle leads to a better Qz resolution in the
respective range. This is not the case for the WFM mode, where the
data of the first measurement angle end right after the maximum
of the Bragg peak. Thus, most of the significant reflectivity curve
(all fringes and >50% Bragg peak, compare Fig. 14) is covered by
the data with high resolution, but the Bragg peak is not fully cov-
ered with sufficient data points. Nevertheless, the data of the second
angle show a decreasing trend with increasing Qz between 0.06 Å−1

and 0.09 Å−1. In both ToF modes, the angular resolution for the sec-
ond angle is significantly worse than that for the V6 measurement,
which results in a broader Bragg peak in the stitched data and fewer
data points. Finally, the overall shorter Qz-range for the WFM data is
a result of the shorter wavelength band compared to the short pulse
measurements (see Table I).

V. DISCUSSION
The ESS test beamline was designed as a multipurpose instru-

ment with a focus on providing the future ESS pulse structure
including a WFM option, acting as an instrument control testbed
and data pipeline. It was not, however, optimized for reflectometry.
In particular, this means that several compromises were required
to perform this experiment. The large cross section of the neutron
guide (60 × 125 mm2) provided high flux and flexibility, e.g. for
imaging experiments, but it was less well suited to reflectometry
since the flux obtained through the tight collimation required for
reflectometry was relatively low. Furthermore, the ad hoc slits and
sample alignment stages used were not well suited to this technique
and resulted in some uncertainty in the angular resolution and foot-
print on the sample surface. After data reduction, a scaling factor
was required to bring the total reflection of the silicon data to unity.
While we cannot identify the cause of this scaling, we can be sure
that it is not due to the WFM data treatment since the same scal-
ing factor is required for both the WFM and SP modes. In fact, it
is also notable that the discrepancy between the direct beam and
the reflected intensity is visible in Fig. 5 (in the fifth and sixth sub-
frames), demonstrating that this factor is present in the raw data. It
must, therefore, be due to the non-ideal experimental setup rather
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than the data treatment. Finally, the overall flux after collimation
was limited, and as such, we were forced to compromise on reso-
lution for the second angle in order to make measurements within
the available beamtime.

Despite these drawbacks, reflectometry was possible using
WFM on two different samples. The data were of high enough qual-
ity to develop and test different WFM to ToF conversion procedures,
one of which was presented herein in detail. As this process entails
merging of discontinuous datasets in the form of several wavelength
frames into one continuous wavelength band, it is the frame bound-
aries that are potentially prone to systematic artifacts. In this study,
any inconsistency in the data acquisition and reduction procedure
would immediately be revealed by minima and/or maxima in the
signal after normalization by the direct beam. When looking at the
herein obtained final data, it is clear that they compare well with the
reference data and, importantly, WFM to ToF conversion artifacts
are not visible.

The resolution function has two main contributions, namely,
the wavelength resolution Δλ

λ and the angular resolutionΔθ
θ . In

general, ToF experiments have a better resolution at low Qz in
comparison with monochromatic experiments (0.2 Å−1 on V6).52

This is because ToF instruments are generally able to use much
longer wavelengths than those typically provided by monochromatic
instruments. Therefore, for any given minimum Qz , θ is smaller for
the monochromatic instrument, and so, Δθ

θ is relatively larger. Due
to the long native ESS pulse and correspondingly poor wavelength
resolution, most of the features observed in our data here would
not be visible without the use of WFM. As shown in Figs. 8 and
9, the measurements reproduce the Fresnel reflectivity of the sil-
icon substrate (at least over the limited Qz-range measured) and
compare very well to the reference data of the same monochro-
mator sample measured with an optimized, monochromatic instru-
ment. The frame transitions are visible in the data after WFM to
ToF conversion (see Fig. 5) but vanish after division of the spec-
ular intensity by its incident beam. This proves that the conver-
sion to the ToF procedure performs effectively and without visible
artifacts.

VI. CONCLUSION AND OUTLOOK
The ESS will be one of the leading neutron sources with an

outstanding high flux and a long-pulse time structure. By using
pulse shaping choppers, the long pulse will allow for a high degree
of flexibility when it comes to customizing the instrument perfor-
mance in order to provide the optimal balance between flux and
resolution—much more so than is possible at a short pulse neu-
tron source. The instruments of shorter physical length at the ESS
can optimally exploit a larger wavelength bandwidth compared to
the longer instruments, and when a higher wavelength resolution is
required, they employ pulse shaping by Wavelength Frame Multipli-
cation (WFM).6 While employing WFM allows for the use of a broad
and continuous wavelength band at increased resolution, it requires
an additional merging of the dataset compared to running without
it. In this work, we have experimentally demonstrated that the WFM
concept works for reflectometry measurements. Although the ESS
test beamline V20 was not optimized for reflectometry, the results
are comparable to those obtained on a well-established instrument.

Furthermore, the data presented herein were obtained by using
the full data pipeline and instrument control as will be implemented
in the future ESS instruments. Establishing and verifying this work-
flow was—for the first time—successfully achieved for the present
experiments. This was only possible due to the close and fruitful col-
laboration of instrument scientists, software developers, and engi-
neers. Given the multinational collaboration structure of the ESS
and being a new facility, maturing the herein demonstrated interplay
between divisions and partner institutes is one of the important steps
for the ESS to ensure successful commissioning and early science
once the facility starts to operate in 2023.

The WFM specific data reduction was implemented herein as a
post-process data treatment. The conversion of the individual sub-
frames to ToF works in a robust manner and will be the basis for
future fully automatic data treatment. Another future possibility of
treating data obtained in the WFM mode foresees that the event-by-
event conversion to ToF is performed as part of the event formation
unit or the file writer. In such a case, one would write the raw and
stitched data files simultaneously, thus cutting out the time needed
to re-read the raw data to perform the conversion. Details will be
presented and discussed in following publications.

WFM is planned for the ESS reflectometer FREIA, and the
instrument will hence directly benefit from this study, as will all
instruments that employ WFM since they will make use of the same
data processing pipeline. In addition, the whole ESS instrument suite
will benefit from the practical experience gained concerning data
streaming and instrument control that is now to be implemented
during the construction of the individual instruments before they
start hot commissioning.
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APPENDIX A: REFERENCE DATA
One of the used samples was a well characterized neu-

tron monochromator sample manufactured at Helmholtz-Zentrum
Berlin. This monochromator sample is a neutron polarizer and
interacts differently with neutrons of different spin states. A full
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FIG. 10. Data obtained from the V14 instrument at HZB measured with polarized
neutrons (λ = 4.7 Å) and with a magnetic field of 300 G. (a) Reflectivity measured
with up (closed symbols) and down (open symbols) spin states for different angles.
(b) Transmission measurements with same instrument settings.

characterization was done previously on V14 at HZB. The data are
shown in Fig. 10. A magnetic field of 300 G was applied, and the
monochromator sample was measured with neutrons in spin-up and
spin-down states from 0 to 1.3○.

FIG. 11. Data obtained from the V6 instrument at HZB measured with unpolarized
neutrons (λ = 4.7 Å).

The measurements at V20 were carried out with unpolarized
neutrons. Thus, the data were compared with data obtained with
a dedicated reflectometer (V6 at HZB) measuring with unpolar-
ized neutrons. The data from V6 are shown in Fig. 11. Due to the
unpolarized neutron measurements at V6, the resulting data reflect a
sum of the two spin states measured at V14. Thus, two critical edges
are visible.

APPENDIX B: REFLECTOMETRY DATA
Reflectometry data obtained by ToF experiments are usually

measured using 2–3 different angles depending on the available
bandwidth in order to cover the desired Qz-range. Since most cur-
rent analysis packages require a continuous curve, the data from
each of these angles are generally stitched together over the desired
Qz-range. To do this, the data are overlapped in Qz for two consecu-
tive angles to allow matching of the data. This stitching process was
demonstrated in this work and is shown in Figs. 8 and 9. For com-
parison, we include here the unstitched and unscaled data for the
two samples measured in this work.

Figure 12 shows the unstitched and unscaled data for the silicon
block. The data of the lower angle (black) and the higher angle (red)
have an extensive overlap region to ensure appropriate stitching. For
each angle, the data of the higher Qz values measured are based on
the neutrons with shorter wavelengths. It is notable that the data
become quite noisy at the high Qz end for each angle, and these data
have been excluded from the stitched data shown in Fig. 8. These
noisy data are visible in the first sub-frame (short wavelengths) in
the ToF spectrum shown in Fig. 5 where the reflection signal is com-
parable to the background for these wavelengths. The other notable
feature in the unscaled data is that the plateau of the total reflection
is lower than one. For all the data measured (both samples), a simple
scaling factor was required to correct this plateau to unity.

The unscaled and unstitched data of the monochromator sam-
ple are shown in Figs. 13 and 14. Both show well matched data mea-
sured under two different angles. The Qz resolution is different due
to different slit settings. The final data shown in Fig. 9 are obtained
by stitching the data measured under different angles. For both

FIG. 12. Data of the silicon block measured with the WFM mode at V20. Measure-
ments were carried out under incident angles of 0.29○ (black) and 0.59○ (red),
respectively. The Fresnel reflectivity of a silicon substrate is used as a reference.
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FIG. 13. Data of the monochromator sample measured with the SP mode at V20.
Measurements were carried out under incident angles of 0.56○ (black) and 0.96○

(red), respectively. A reference curve measured with unpolarized neutrons at the
V6 reflectometer is shown in gray for comparison.

FIG. 14. Data of the monochromator sample measured with the WFM mode at
V20. Measurements were carried out under incident angles of 0.56○ (black) and
0.96○ (red), respectively. A reference curve measured with unpolarized neutrons
at the V6 reflectometer is shown in gray for comparison.

WFM and SP modes, using the same correction factor in R obtained
for the measurements of the silicon block as described above leads
to congruent datasets of the measurements and the reference data.
Data measured with the WFM mode result in a smaller Qz-range
with respect to the data measured with the SP mode because the
wavelength band is about 1 Å shorter.
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