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a b s t r a c t

We discuss the implications of a long pulse neutron source for the chopper system of direct geometry
time-of-flight spectrometers. While the same conditions apply for the layout of the resolution defining
choppers as on reactor based instruments, we emphasize the multi-chromatic nature of the instruments.
The chopper system must not only provide a unique assignment of the wavelength to each pulse, but also
provide adopted time frames matching the respective energy of the pulse. We propose a chopper system
consisting of disc choppers, heavy T0 choppers and a newly developed Fan chopper to account for the
various challenges due to the long pulse nature.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Direct geometry neutron time-of-flight spectrometers have
been used traditionally for high resolution studies of self-
correlation functions and local excitations, which give rise to
scattering into a large solid angle. These and similar studies do
not require high momentum space resolution due to the small
dispersion and therefore the instrument can measure the scatter-
ing signals with a high efficiency by large solid angle coverage of
the detector. For the measurements of coherent inelastic scattering
traditionally three axis neutron spectroscopy has been employed.
With the development of large position sensitive detectors and the
improvement of the instrument brilliance it became possible to
map the reciprocal space of single crystalline samples efficiently
with chopper spectrometers thanks to the large detector coverage.
The most prominent early example of this application is the MAPS
spectrometer at the short pulse spallation source ISIS, which was
followed by instruments at the new MW spallation sources
SNS and J-Parc. These instruments benefit from the high peak
brilliance of the source. Due to the short neutron pulses the time-
of-flight resolution is extremely good. The latest generation
of reactor based time-of-flight spectrometers has adopted the
mapping capabilities. The lower peak flux of the moderator
spectrum is partly compensated by higher measurement frequen-
cies or repetition rate as compared to the spallation source, at least
for moderate resolution requirements. While at steady sources
repetitions rates up to 1000 Hz can be realized, spallation sources
typically run at frequencies from 10 to 60 Hz. The frequency

limitation has been overcome by multi-chromatic use of the
spallation source, sometimes called the Repetition Rate Multi-
plication (RRM) [1] or Multiple Ei method [2]. At the future long
pulse spallation source ESS, the multi-chromatic methods have to
be explored for all instruments in order to use the neutrons from
the source efficiently and explore the potential gain in instrument
performance due to the increased peak brightness. In this paper
we describe the implications on the chopper system for the multi-
chromatic operation. It is organized as follows: first we review the
relationship between energy resolution and intensity with respect
to the requests for the chopper system. Then we discuss the novel
challenges for an improved multi-chromatic operation. We briefly
discuss the problem of the long pulse in terms of background
and the layout of a T0 chopper. Finally we conclude with recom-
mendations for the layout of chopper systems serving different
applications.

2. Energy resolution

In direct geometry time-of-flight spectroscopy the neutron
velocity is selected by the M chopper (counter rotating chopper
pair) that transmits only the neutrons of a pulse, that have the
desired velocity. The neutron pulse itself can be formed either by
the source as in the case of a short pulse spallation source or by
(pair of) choppers as on reactor based TOF spectrometers, the
so-called P chopper. The generic layout of a direct geometry time-
of-flight spectrometer for a reactor source and also for a long pulse
source is shown in Fig. 1.

The energy resolution can be calculated from the apparent time
spread due to the finite pulse width τP and τM at the P chopper
and the M chopper, respectively. While these two contributions
to the energy resolution are experimentally controlled by the
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chopper system, flight path uncertainties due to the spatial
extension of the neutron beam and the sample and due to the
time and the position of the neutron detection have to be taken

into account [3,4].

ΔE¼ h3

m2
n

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2þB2þC2

p
λ03LSDLPM

ð1Þ

A¼ τMðLPMþLMSþðλ0=λÞ3LSDÞ ð2Þ

B¼ τPðLMSþðλ0=λÞ3LSDÞ ð3Þ

C ¼mn

h
LPM � λ0 �ΔL ð4Þ

with λ; λ0 representing the neutron wavelength before and
after scattering at the sample, respectively. The different flight
paths are introduced in Fig. 1. τP and τM give the opening times of
the P and M chopper, respectively. Also the intensity I that passes
through a chopper system is proportional to the pulse width and
the geometry of the instrument

Ip
τPτM
LPMLSD

: ð5Þ

The optimization of the energy resolution under the additional
condition of maximized intensity relates the burst times of the
P and M choppers, respectively:

τP ¼ τM
LPM

LMSþðλ0=λÞ3LSD
þ1

 !
ð6Þ

i.e. when the uncertainty contributions A and B are equal.
In the flight path diagram Fig. 1 the chopper openings τP; τM

and the distance between the choppers LPM determine the velocity
distribution, which can pass through the chopper system. Also the
energy transfer resolution is completely determined by the P and
M chopper system, if the appropriate flight path uncertainties are
taken into account. We emphasize here that the contribution
of the flight path uncertainty is directly proportional to the final
wavelength λ0. If the final wavelength is short, this contribution
can therefore be neglected while it becomes dominating for long
wavelength. Particularly for thermal neutrons and for neutron
energy gain processes short pulses define therefore the perfor-
mance of the instrument. For long final neutron wavelength λ0

it is however necessary to keep the flight path uncertainties as
small as possible. From Eq. (6) we see that the requirements on the
P chopper burst time are more relaxed than the requirements on
the M chopper, if the distance between the choppers is signifi-
cantly larger than the sample-to-detector distance LSD and the
monochromator-to-sample distance LMS. The major technological
challenge is therefore the matching of the M chopper contri-
bution and the flight path uncertainties. Using counter rotating
chopper pairs and multi-slit configurations [5] as used on the LET
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Fig. 1. Generic layout of a chopper spectrometer and a schematic flight path
diagram showing the action of the choppers for a total instrument length
LDet ¼ 79:3 m. Neutrons are emitted from the moderator during the pulse length
of the source. Different colors code the neutron wavelength before and after
scattering λ and λ0 , respectively. The initial λ is calculated using the emission time at
the moderator, from which the P and M choppers accept neutrons. For a discussion
of the consequences of the extended pulse see Figs. 3, 4 and 6. The neutron pulse is
shaped by the P chopper and a narrow velocity/wavelength distribution is selected
by the M chopper. The additional choppers avoid cross-talk between the different
chopper/source pulses (bandwidth choppers ‘BW’), time frame overlap (the newly
developed fan chopper ‘F’ consisting of multiple blades) and block the direct line-
of-sight, when the proton pulse interacts with the target (T0 chopper). (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)

Fig. 2. (a) Energy resolution for different distances LPM for balanced P and M choppers, assuming a flight path uncertainty ΔL¼ 20 mm. The initial wavelength is λ¼1.8 Å.
(b) Energy resolution for ℏω¼ 0 meV as a function of chopper distance LPM for different initial wavelengths λ, τM ¼ 10;20 μs for the short and long wavelength, respectively.
The flight path uncertainty is ΔL¼ 20 mm as in (a).
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spectrometer at ISIS or Fermi choppers, chopper opening times of
10 μs (FWHM) are achievable today for reasonable neutron win-
dow width of 10–20 mm. We calculate the energy resolution
according to Eqs. (1)–(4) for different chopper distances LPM in
Fig. 2. We account for the different contribution from an assumed
flight path uncertainty ΔL¼ 20 mm by choosing different pulse
length of the M chopper and balance the pulse length of the P
chopper accordingly. The resolution is improved significantly, if
LPM is increased from 10 to 20 m. The difference between the 50 m
and 200 m case is comparably small. If instead ΔL¼ 40 mm is
assumed, the differences become less pronounced for the 5 Å case,
as the resolution is governed by the ΔL contribution and not
controllable by the chopper system anymore. Thus it is especially
important to keep the flight path uncertainties small for high
resolution cold chopper spectrometers, which represents a special
challenge for the detector development.

3. Characteristic wavelengths of chopper systems at spallation
sources

The mismatch between the periodicity of the spallation source
(typically 20–100 ms) and the time frame T frame necessary to
collect the neutrons of interest for the experiment (see Eq. (11)),
typically ranging from several ms to tens of ms for thermal
and cold neutrons, inspired the idea of repetition rate multi-
plication or the multiple Ei method [1,6–8]. As seen from Fig. 1
subsequent openings of the M chopper select different wave-
lengths with a step size δλ from the spectrum. As each incident
pulse can be used to collect a time-of-flight spectrum, such multi-
chromatic operation corresponds to performing many experi-
ments with different incident energies E. The dynamical range,
which can be covered, is determined from the bandwidth Δλ set
by the distance between the source and the detector LDet and the
source frequency f source:

Δλ¼ h
mn

ðf sourceLDetÞ�1 ð7Þ

The wavelength stepsize δλ is given accordingly:

δλ¼ h
mn

ðfMLMÞ�1 ð8Þ

We recall here the value of h=mn ¼ 3956 m s�1 Å in practical units.
fM denotes the frequency, at which the M chopper opens, and LM
gives the distance from the moderator to the M chopper. From Eqs.
(7) and (8) it is clear that large distances lead to a narrow band
instrument with small wavelength or energy steps. In a sense such
an instrument becomes close to an experiment at a continuous
source. For short distances it becomes possible to cover a huge
energy range in a single pulse. For the geometry shown in Fig. 1
the bandwidth Δλ corresponds to neutron energies ranging from
7 to 280 meV, where the upper wavelength limit is determined by
the opening of the T0 chopper.

To understand how the neutron source is used by the chopper
system, we employ the concept of acceptance diagrams [9,10].
As introduced by Andersen [10] we chose the time as the abscissa
and the wavelength as ordinate. The colored regions in Fig. 3a
indicate at what time and wavelength a neutron must be emitted
from the moderator surface to reach the respective chopper in an
open position. To pass through the chopper system all choppers in
the system have to accept the respective neutron. So neutrons,
which are emitted from the source at the time with the wave-
length at the crossing of the different acceptance regions, pass
through the chopper system.

The repetition rates of the P and M choppers have to be linked
by the distance from the source LP and LM to transmit the same

wavelength periodically with the source frequency:

f P ¼
LM
LP

fM ð9Þ

(note, that the repetition rate of a chopper can be increased by
distributing several windows equidistantly on the circumference
of the disk). In turn all neutrons that pass through a chopper
system fulfilling condition Eq. (9) originate from the same time at
the moderator surface within the resolution limits, as shown in
the top of Fig. 3b. This time has been used in Fig. 1 to calculate the
neutron wavelength λ.

As evident from Fig. 3 for large distances the acceptance region
is mainly determined by the M chopper. If the overall distance of
the chopper system from the source is increased, the time region,
from which transmitted neutrons start, will be increased. But as
the neutron pulse is also spreading more during the longer flight
path, the spectral density remains the same and accordingly the
transmitted intensity, assuming that the neutron transport is ideal
and determines the transported divergence completely.

The time covered in Fig. 3a includes the time of the neutron
pulse and 3 ms for the so-called after glow, during which neutrons
will be emitted, to check for possible contamination. It shows a
situation, where P and M choppers are phased in order to transmit
neutrons of wavelength λ¼5 Å, which were emitted 1.9 ms after
the beginning of the pulse. In addition, acceptance regions are
shown for the preceding and following chopper pulses.

The wavelength step Eq. (8) is given by the distance between
neighboring acceptance regions. If additional crossing regions
exist during the time the source emits neutrons, the chopper
system exhibits cross-talk. During one opening of the M chopper
two different wavelength packages would be transmitted, which
would prevent the energy analysis of the scattered neutrons.
The cross-talk between different openings of the choppers is
excluded for the LP ¼ 50 m, LM ¼ 75 m and the LP ¼ 100 m,
LM ¼ 150 m configurations. For the chopper layout governed by
Eq. (9) all common acceptance regions of the P and M chopper at
the moderator originate from the same time, independent of the
incoming wavelength λ. The distance in time to the next accepted
region is independent of the incoming wavelength λ, too,
and depends only on the distance between the P and M choppers
and the distances between the choppers and the moderator.
The argument given here is equivalent to the reasoning of Schober
et al. [11]: the bandwidth of the chopper system consisting of the P
chopper and the pulse is narrower than the repeat wavelength of
the system M chopper and pulse.

For the two other configurations, the cross-talk must be
considered further in the design of the chopper system, but it
can also be explored to overcome condition Eq. (9). Especially for a
short distance LP the bandwidth ΔλP is significantly larger than
the step size δλM. So one pulse passing through the P chopper can
feed several openings of the M chopper, as shown in the inset of
the lower panel in Fig. 3b. The repetition rate of the P chopper can
be reduced accordingly. This leads however to different originating
times at the moderator for the different wavelengths λ. To assure,
that only neutrons from the plateau region of the source pulse
are accepted, the bandwidth passing through the P chopper ΔλP
must be larger than the instrument bandwidth Δλ (see Eq. (7)).
Assuming a minimal distance LP ¼ 6 m we can estimate that
the distance LDet from moderator to detector must be larger than
166 m, if the burst time of the P chopper τP is balanced for λ0 ¼ λ
and τM ¼ 20 μs One has to consider, that in this case the neutrons
originate from different times at the source, which might reduce
the usable bandwidth as seen in Fig. 3, where the trajectories of
the longest wavelength neutrons originate from to0.

J. Voigt et al. / Nuclear Instruments and Methods in Physics Research A 741 (2014) 26–3228



4. Bandwidth selection

The neutron source does not only emit neutrons in the
wavelength band given by Eq. (7). Therefore the chopper system
must be extended to limit the bandwidth that is used from a single
source pulse. For the specification of the bandwidth chopper
system we analyze the acceptance diagram Fig. 4: The red region
in Fig. 4 indicates the full acceptance regions of the bandwidth
chopper at LBW ¼ 30 m. The zoom in Fig. 4b clarifies, how this
distance was determined: the slope of the acceptance regions is
inversely proportional to the distance of the respective chopper
from the moderator surface. The dashed line determines the
shortest distance LBW, where the bandwidth chopper is fully open
for one pulse of the P, M chopper system and fully closed for the
preceding pulse. In that case we do not take into account the finite
time to open the neutron guide cross-section at the band width
chopper position. Therefore, the bandwidth chopper is placed at a
larger distance from the moderator, indicated by the flatter slope

in the acceptance diagram. The transmitted bandwidth is then
determined by the opening of the chopper. A variable bandwidth
selection can be obtained implementing this chopper by two discs
with 1801 windows. The bandwidth can then be selected by the
phase between the choppers, which allows us to vary the chopper
opening between 0 and 1801.

To avoid contamination from earlier spallation pulses, the
action of this bandwidth chopper is not sufficient. It is necessary
to have any other system of two choppers, that has a bandwidth
smaller than the repeat wavelength of the bandwidth chopper. For
the layout presented in Fig. 3 that condition is fulfilled, if the P
chopper pair is constructed with a finite spacing such that

4τP � 14 HzoLP1P2
LBW

: ð10Þ

The factor 4 assures that the extreme wavelengths passing through
the P chopper pair are considered. If τP becomes larger due to a
larger distance LPM (cf. Eq. (6)), it might be necessary to add

Fig. 3. (a) Acceptance diagram for P and M choppers at different distances from the moderator surface LP and LM, respectively. The opening times of the choppers are
balanced according to Eq. (6) for λ0 ¼ λ. Red: accepted by the M chopper; blue: accepted by the P chopper. Two more accepted regions are shown for the M chopper,
corresponding to the opening one revolution before and after, respectively. The top most panel represents the pulse shape of the ESS moderator. An afterglow is expected up
to 6 ms after the beginning of the pulse. The frequency of the M chopper is 350 Hz, the repetition rate of the P chopper is given by Eq. (9). (b) A flight-path-diagram showing
the difference between having the P chopper close to the source (bottom) or having it at larger distance fulfilling condition Eq. (9) (top). The insets focus short time-of-flight
close to the moderator surface. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

Fig. 4. Acceptance diagrams for the bandwidth selection for the time the moderator emits neutrons. The black lines give the regions accepted by the P and M choppers. The
red region indicates, when the bandwidth chopper accepts neutrons. (a) Full acceptance region. (b) Zoom into the low wavelength limit region: the slope of the dashed line
determines the minimum distance LBW, at which the band width chopper can open exactly between two pulses defined the P and M choppers, neglecting the finite opening
time. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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another slow chopper, which builds such a chopper system in
combination with the first bandwidth chopper.

5. Adapted time frames

The time frame requested by the experiment is set by the time
the energy loss neutrons need to arrive at the detector.

T frame ¼
mn

h
LSD; λ0 ¼mn

h
LSDλ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1

ℏω
E þ1

s
ð11Þ

Here ℏω denotes the energy transfer to the sample during the
scattering process and E the initial neutron energy. The time
necessary to collect the full energy spectrum of the sample
depends on the accessible excitations. In the thermal energy range
high energy excitations require a large energy window. If the
energy of the neutrons is not high enough to create excitations in
the sample, the time frames can be shortened as frame overlap
between energy loss events from the one pulse and energy gain
processes from the subsequent pulse is excluded. However, a
general condition for the length of the time frame and hence the
repetition rate cannot be given, as it depends on the excitation
spectrum of the specific sample under investigation.

In contrast to this request for variable time frames the M-
chopper spinning at the constant frequency fM sets a fixed long
wavelength limit, if the time frame is limited by the time, at which
two subsequent pulses reach the sample position:

0 Åoλ0o f �1
M �δλLMS

LSD
: ð12Þ

Therefore the chopper system must be flexible enough to shift the
long wavelength limit, if the neutron energy loss increases the
wavelength beyond that limit.

We describe here a new chopper concept, the so-called fan
chopper, which selectively suppresses the pulses that are prepared
by the P and M choppers. This pulse suppression chopper consists
of several narrow blades, which spin at the source frequency
(14 Hz for ESS). Spinning a blade of the specified width dblade and
radius Rsup with 14 Hz, any single pulse can be suppressed by
choice of the phase. For the suppression of several pulses, several
blades can be mounted on the same axle, where the phases of
the blades can be set independently. A schematic drawing of the
chopper is given in Fig. 5, where different blades are connected to

hollow shafts, driven on a common axle. In the flight-path-
diagram Fig. 5a the fan chopper suppresses four M chopper pulses,
to have sufficient recording time for neutrons with λ0o1:5� λ.
While the blades in the example have been phased to suppress
4 pulses that could pass through the M chopper spinning at
350 Hz, there is no restriction to phase them according to an
arbitrary frequency of the M chopper, e.g. if the M chopper
frequency is varied to adapt the energy resolution. It should be
emphasized that there is no limitation, which pulse can be
suppressed. As an example consider a narrow high energy excita-
tion, which is just beyond the limits of the time frame set by
Eq. (11) for a pulse with energy E. The subsequent lower energy
neutrons cannot excite high enough, so the time frame can be
shorter for the colder neutrons without risking frame overlap in
such a special case.

The blade width dsup can be calculated from the following
relations:

2
fM

�dsupþdNG
ωsupRsup

4τM ð13Þ

dsup�dNG
ωsupRsup

4τM ð14Þ

dsup and dNG give the width of a single chopper blade and the
neutron guide at the chopper position, respectively, ωsub ¼
2πf source is the angular velocity of the fan chopper and Rsup is
the distance from the chopper axle to the inner edge of the
neutron guide window. fM and τM are the frequency and the burst
time of the M chopper, respectively. Expression Eq. (13) confirms
that the pulses before and after the suppressed pulse are not
affected. Expression Eq. (14) takes care that the transmission of the
chopper is exactly zero during the time at which the neutrons
could be transmitted through the M chopper.

6. T0 chopper

As mentioned earlier during and after the interaction with the
proton beam a lot of high energetic particles are released from the
moderator. These particles are a serious potential origin of back-
ground for the experiment. The situation at a long pulse spallation
source is more severe as the production time of high energy

Fig. 5. (a) Zoom into the flight-path-diagram Fig. 1 clarifying the principle of the fan chopper: 2 periods of the M chopper are available for closing and opening the neutron
beam and 100% absorption must be assured, when the M chopper is open. Here the blades are fanned out to block 4 pulses resulting in 4 time frames covering an extended λ0

range. (b) Schematic of the engineering realization: the chopper has a repetition rate of 14 Hz. Each blade can be phased independently.
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particles, i.e. the proton pulse duration, is a significant fraction of
the source periodicity.

If the moderator-to-detector distance is increased and the
direct line-of-sight is avoided by the neutron transport system,
this background contribution can be reduced. The brilliance
transfer of instruments aiming for a broad bandwidth and high
neutron energies is, however, restricted for short neutron guides.

Alternatively, the direct line-of-sight can be blocked during the
impact of the proton beam by a T0 chopper. This chopper must be
very massive to stop a significant amount of the high energy
particles, especially the fast neutrons. As an example, choppers in
use at the SNS or in J-Parc bring 30 cm of steel into the beam.
At the long pulse source the choppers must close the beam
completely for 5–7 ms. In Fig. 1 we show the impact of closing
the direct-line-of sight for 6 ms, i.e. the neutron guide is com-
pletely blocked during this time and the time for opening and
closing the beam has to be added, when the effect of the chopper
is investigated. This long closing time leads to significant black
regions in the neutron spectrum, which is not accessible for an
experiment. As shown in Fig. 1 only neutrons above a certain
wavelength can pass the chopper, depending on the departure of
the neutrons from the moderator. In the figure we have assumed
that the neutrons used at the spectrometer originate from the
center of the plateau phase of the neutron time distribution.
Furthermore, the chopper will create also black regions for other
bands. This is shown in the acceptance diagram of the T0 chopper
in Fig. 6. The black regions indicate regions blocked by the
chopper. The dashed lines indicate the region, from which the
neutrons for the experiment originate. We compare in the top and
bottom figure two different realizations of a T0 chopper. The lower
graph consists of a single blade as in operation at the short pulse
sources spinning at 14 Hz. In this case the angular width of the
blade is determined by the angular width of the neutron guide β,
the time T0 and the angular velocity of the T0 chopper:

α¼ βþT0�ωT0 ð15Þ
The center graph displays the acceptance diagram for two

counter rotating blades also spinning at 14 Hz. As long as α4β

it is now sufficient, if

α¼ T0�ωT0: ð16Þ
As a result the upper configuration transmits a larger bandwidth.
Particularly the lower limit is shifted to a lower wavelength. For
the distance of 37.5 m the lower limit of the second black region
coincides with the bandwidth. For the counter rotating blades, the
thickness of a single blade cannot be reduced, because for some
time only a single blade is in the beam.

7. Conclusion

We have addressed the different aspects of a chopper system
for a direct geometry time-of-flight spectrometer at a long pulse
spallation source. We analyze the acceptance diagrams of the
various choppers used at the spectrometer to determine the time
and wavelength, at which the source emits neutrons that pass
through the chopper system.

The long pulse nature of the source provides the freedom to
vary the resolution in a wide range by the P and M chopper speed
and windows. If the instrument is optimized for good energy
resolution, the distance between the P and M chopper should be
larger than 20 m.

The special feature of a chopper spectrometer at a pulsed
source is the multi-chromatic operation, i.e. the employment of
multiple initial wavelengths. On a long pulse source one can chose
between a broad or narrow bandwidth operation, as the mod-
erator time distribution is not determining the energy resolution.
The overall length from source to detector determines the dyna-
mical range that can be probed. The band width selection can be
accomplished by a single chopper taking the acceptance properties
of the P and M chopper system into account. Furthermore the
distance between the moderator surface and the M chopper
determines the energy step in multi-chromatic operation.

To explore the large dynamic range optimally it is important to
adapt the time frame according to the requested energy transfer
range. A novel ‘fan chopper’ design provides the opportunity for
arbitrary pulse suppression to increase the time frame.

A special effort is required to prevent an increased background
level due to the long impact of the proton beam onto the target
and the related high energy particle production. Besides the option
discussed in this paper, it is furthermore possible to use a neutron
transport system, which omits the line-of-sight from the sample
region to the source and increases the distance.

Chopper spectroscopy at a long pulse spallation source offers
unique possibilities to study the dynamics in condensed matter
as unprecedented energy resolution at thermal and cold neutron
energies can be combined in a single experiment with high
flux measurements. The multi-chromatic operation already used
at short pulse sources can be explored more efficiently, as all
parameters such as energy resolution and dynamic range are
controlled by the chopper system without constraints by the
source characteristic.
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