
 

MXType.Localized 

Document Number MXName 

Project Name <<VOR>> 

Date 11/03/2014 

Revision MXRevision MXPrinted 
Version 

 State MXCurrent 
 

European Spallation Source ESS AB 
Visiting address: ESS, Tunavägen 24 

P.O. Box 176 
SE-221 00 Lund 

SWEDEN 

www.esss.se 

 

 

 

 

 
ESS Instrument Construction Proposal 

VOR : Versatile, Optimal Resolution Chopper Spectrometer 
A wide bandwidth chopper spectrometer at the ESS that will access new scientific domains. 

 
 
 
 
 
 Name 

(name, title, e-mail address) 
Affiliation 
(name of institution, address) 

Proposer Dr. Pascale P. Deen European Spallation Source ESS AB 

Co-proposers Dr. Anette Vickery Currently:  
Technical University of Denmark  
Anker Engelunds Vej 1  
Building 101A  
2800 Kgs. Lyngby.  
Previously: Niels Bohr Institute 
HCØ, D408 
Universitetsparken 5, Copenhagen 
 

ESS coordinator Dr. P. P. Deen European Spallation Source ESS AB 
 

 

 

The following table is used to track the ESS internal distribution of the submitted proposal. 

 
 

Name 

Document 
submitted to 

Ken Andersen 

Distribution Dimitri Argyriou, Oliver Kirstein, Arno Hiess, 
Robert Connatser, Sindra Petersson Årsköld, 
Richard Hall-Wilton, Phillip Bentley, Iain 



Executive Summary

VOR, the versatile optimal resolution chopper spectrometer, is designed to probe dynamic
phenomena that are currently inaccessible for neutron scattering due to flux limitations. VOR
is a short instrument, 30.2 m moderator to sample, and provides instantaneous access to a broad
dynamic range, 1 - 80 meV within each ESS period. Its short instrument length combined with
the long ESS pulse width enables a quadratic flux increase by relaxing energy resolution from
�E/E = 1% up to �E/E = 6/7%. This is impossible both on a long chopper spectrometer at
the ESS and with instruments at short pulsed sources. In comparison to current day chopper
spectrometers, VOR can offer an order of magnitude improvement in flux for equivalent en-
ergy resolutions, �E/E = 1-3%. Further relaxing the energy resolution enables VOR to gain
a further order of magnitude in flux. In addition, VOR has been optimised for repetition rate
multiplication (RRM) and is therefore able to measure, in a single ESS period, 6 - 14 incident
wavelengths, across a wavelength band of 1 < � < 8 Å. The unique strength of VOR is illus-
trated by the following bullet points:

• Wide bandwidth:

Access all dynamics, rapid identification.

Perform one shot measurements.

Expect the unexpected in exploratory studies.

• Trade flux for resolution with gains up to two orders of magnitude in flux:

Perform in-operando studies on the second timeframe.

Probe time dependent phenomena.

Study samples currently inaccessible due to flux limitations.

• VOR - a chopper spectrometer optimised for small samples:

Study small single crystals of high quality and few imperfections.

Study current day inaccessible samples and determine global behaviour.

Study high absorption isotopes.

Study magnetic multilayers.

Study samples under extreme environments.

• Flexible energy resolution:

Probe a wide range of timescales using the chopper setting for relative variable (RV)
energy resolution:

Ensure equivalent statistics across entire bandwidth in a single ESS shot using chop-
per setting for relative constant (RC) energy resolution:
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Figure 1.1: (top) Overview of VOR. (bottom)
Neutron flux on sample as a function of energy
resolution for a range of incident wavelengths
for the RC chopper configuration.

Complex dynamics in soft matter mani-
fests itself via a large number of relaxational
phenomena. These can be probed by a large
range of energy resolutions to single out dif-
ferent relevant time scales. Only via si-
multaneous access to dynamics over many
timescales is it possible to provide a full
overview of the macroscopic properties on a
molecular level. VOR will access times scales
across 3 - 1400 ps in a single ESS period and
extend down to 0.8 ps using two time periods.
Providing a wide energy bandwidth simplifies
rapid identification of complex spectral be-
haviour. In strongly correlated physics the dy-
namics uncovered are becoming increasingly
complex. The recent example in cobaltates
of an interplay between electron-phonon cou-
pling, found at thermal energies, and mag-
netic excitations found at cold energies, ex-
emplifies the need for a large bandwidth. Fur-
ther, providing high flux concomitant with
a wide bandwidth will make it possible to
probe compounds currently inaccessible due
size limitations. A quintessential example is
that of high temperature superconducting ma-
terials, typically grown as mm3 sized samples, in which the hour glass shaped magnetic exci-
tation is deemed to be universal but the precise energy range can vary significantly between
compounds.

The information gained by neutron scattering techniques remains severely fux-limited. On
relaxing energy resolution a quadratic increase in flux will make much needed in-operando mea-
surements accessible for spectroscopy on the hour down to the second time-frame. For instance,
it will be possible to gain an insight into battery performance as a function of ion diffusion,
structural dynamics, and phase transformations thereby shedding light on battery life-times and
capacity with the aim to improve the world’s drastically needed energy storage technology. An
increase in flux will enable the neutron scattering community to probe non-equilibrium physics,
currently causing a lot of excitement in very diverse fields. Non-equilibrium states are deemed
to be important in biological processes such as phase separation during cell polarity that de-
termine their specialised function in the body. Equally, non-equilibrium physics are of the ut-
most importance in reaction-diffusion systems, typical in chemical reactions, and also recently
demonstrated in magnetic order with spatial and temporal fluctuations interacting to provide a
wide variety of dynamical phenomena.

The instrument concept provides two chopper configurations: a relative variable energy res-
olution (RV) and a relative constant energy resolution (RC). The RV configuration is at present
commonly used on chopper spectrometers worldwide. It allows a constant neutron burst time
that optimises flux for a particular wavelength and energy resolution but leaves the other incident
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RRM wavelengths with a strongly varying energy resolution and flux. This mode of operation
is of interest to the soft matter community who wish to probe a wide range of timescales. Other
communities require the RC configuration to provide a nearly constant �E/E at the elastic line
across all incident wavelengths. As such, the various incident RRM wavelengths are measured
with equivalent statistics when using the RC chopper configuration. This mode of operation is
ideal for single snap shot measurements required for in-operando studies and kinetic behaviour.

Currently neutron scattering studies are centered on samples that can be grown as large
crystals or those that provide the greatest scattering cross-sections thus resulting in a biased
overview of the physics involved. VOR is optimised for flux on a 1 x 1 cm2 beam spot and
therefore will be able to provide rapid identification of samples that we are currently unable to
probe. In particular, samples grown by high pressure synthesis have uncovered a wide variety of
novel phenomena since this technique allows the exploration of phase diagrams not accessible
at atmospheric pressure. VOR will make it possible to access novel states and global behaviours
that are currently concealed.

VOR is optimised for both short range correlations in powders or soft matter and long range
correlations in single crystals samples. Flux is optimised by transporting a large divergence
to the sample and an exchangeable collimator at the end of the guide will vary the divergence
profile to accommodate low or high-Q resolutions with �Q down to = 0.015 Å�1 at the lowest
detector angles. Such flexibility will allow the user to optimise the incident beam to their sci-
entific needs. The angular detector coverage will be -40 < 2✓ < 140 o and ±26o, in and out of
plane respectively using 10B thin film technology.

The unique time structure of the ESS provides an opportunity to build a short direct ge-
ometry spectrometer, VOR, with flux gains per incident wavelength that are between one and
two orders of magnitude in excess of current fluxes on direct geometry chopper spectrometers.
The characteristics of VOR will be unparalleled in the neutron scattering community and shall
provide new insights into novel and exotic phenomena that are currently inaccessible.
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Chapter 2

Instrument Proposal

2.1 Scientific Case

2.1.1 Science drivers for spectroscopy using a wide energy bandwidth
Electronic correlations

Figure 2.1: The hour glass spectrum uncovered
in insulating La5/3Sr1/3CoO4 and further work
to determine the relationship between high en-
ergy phonons and cold energies magnetic dy-
namics.

A wide bandwidth instrument with sufficient
flux makes rapid identification of complex
spectral responses easy. This is particularly
pertinent in the study of high-temperature
superconductivity in which an hour-glass-
shaped magnetic excitation spectrum appears
to be a universal characteristic of its magnetic
state. However the precise energy range of
the hour glass dispersion varies significantly
between compounds that reveals the diverse
energy scale from several meV to several tens
of meV [1, 2, 3]. An instrument that covers a
broad energy range makes it possible to mea-
sure a large number of samples with uniden-
tified dynamics, perform rapid identification
and eradicate or build on current theories.
The increased intricacies of physics requires
ever complex theories that encompass all dynamics, both magnetic and phononic. This has
recently been exemplified by studies on the insulating cobaltate La5/3Sr1/3CoO4. Probing the
electron-phonon coupling at much higher energies, see Figure 2.1(right), than the magnetic ex-
citations (⇠ 13-25 meV), were necessary to determine that the hour-glass magnetic excitations,
observed in this compound, are intimately coupled to frustration and arising from chiral or non-
collinear magnetic correlations, see Figure 2.1. Measurements with a wide dynamic range ease
to establish the relation between the phonons in the thermal and the magnetic dynamics in the
cold energy range.
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Soft matter

Figure 2.2: Normalized intermediate scatter-
ing functions from C100H202 as measured with
quasielastic neutron scattering (QENS, symbols)
and calculated from the molecular dynamics simu-
lation (MD, solid lines) for different values of mo-
mentum transfer Q, [4]

Soft matter science encompasses liquids, col-
loids, polymers, foams, gels, granular mate-
rials, and a number of biological materials.
Soft matter is multiscale with dynamic be-
haviour on the timescale of 10�12 up 104 s.
The scientific field is vast yet one can state
that the ultimate goal of soft matter science
is an understanding of macroscopic dynamic
and mechanical properties on a molecular ba-
sis. Dynamics play a central role in soft mat-
ter and the complexity of the dynamics in soft
matter manifests itself through a large num-
ber of relaxational phenomena. To cover the
full dynamics range many soft matter neu-
tron scattering studies use a series of instru-
ments ranging from spin-echo, backscatter-
ing, cold/thermal inelastic spectroscopy to vi-
brational spectrometers. A broad bispectral
dynamic range would, at least for a large portion of the dynamic spectrum, allow one to identify
simultaneously many of the energy scales in the sample. This is especially important for sample
dependent and life time limited systems.

Recent work determined three relaxational modes necessary to describe chain relaxations in
molecular liquids by tuning the instrumental energy resolution from 23 µeV to 3 meV (FWHM)
such that the corresponding observation time was varied on a time scale from 118 to 1.1 ps [4].
The range of energy resolutions provided by RRM gives simultaneous access to time scales
from 3 - 1388 ps in a single ESS period and between 0.8 - 1388 ps in two frames, using the
bispectral nature of VOR. The accessible time scales on VOR will make it possible to probe
more realistic and complex structures, as found in nature, for which extra coupled relaxational
modes are expected.
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Expect the unexpected

Figure 2.3: Contour maps of the neutron scattering intensity
in Sr2RuO4 at T = 5 K with an incident energy (left) E

i

= 151.2
meV and (left) E

i

= 12.6 meV as measured on 4SEASONS @
J-Parc using RRM.

As communicated by the instrument
responsibles, the J-Parc spectrome-
ters AMATERAS and 4SEASONS
use RRM for all experiments. As a
result experiments aiming to probe
the high(low) energy excitations re-
veal unexpected low(high) excita-
tions. A particular example is
the magnetic scattering in Sr2RuO4

in which high energy excitations
were accompanied by unexpected
low energy incommensurate excita-
tions, see Figure 2.3. This illus-
trates how wide S(Q, !) surveys
are hugely beneficial in novel com-
pounds to provide a broad overview
for systems in which the scattering
profiles cannot match theory and for
which certain dynamics have been
overlooked in previous studies.

2.1.2 Benefits of the relative variable and relative constant energy resolu-
tion chopper configurations.

The chopper cascade on VOR is able to provide two chopper settings: the relative variable (RV)
and relative constant (RC) energy resolution chopper configurations. In the RV configuration
the chopper burst times are constant across the ESS period and therefore optimised for a par-
ticular wavelength. In this mode the energy resolutions varies substantially across the various
incident RRM wavelengths. This mode of operation is perfect for soft matter studies for which
a wide range of energy resolutions is required. However the measuring time is determined by
the optimised energy resolution and results in excessively measuring or undermeasuring the ad-
ditional wavelengths. The flux can vary by two orders of magnitude. The RC energy resolution
configuration provides an almost uniform �E/E for all incident wavelengths and provides an
efficient use of time as the entire dynamic range is probed with equivalent statistics, ideal for
single shot measurements and in-operando studies for compounds with a broad range of excita-
tions.
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2.1.3 Science driver for high flux single shot measurements
Batteries

Figure 2.4: Recent bodies of work (left) diffrac-
tion reveals large changes in lattice parameter in the
operational mode of a Ni-ion battery (right) Broad
range of excitations of an LiMPO4 (M=Mn, Fe)
olivine cathode for Li-ion batteries, [5, 6]

Improving energy storage technology has
become a critical challenge as the estimate
of the world’s future energy consumption is
threatening to become unsustainable. It is
believed that lithium-ion battery (LIB) tech-
nology will provide a high-efficiency solution
for energy storage. Yet Li-ion battery perfor-
mance remains limited by many parameters
including electron conductivity, ion diffusion,
structural stability and phase transformations.
Many of these physical behaviours are not yet
fully identified and are not cyclic on a meso-
scopic scale. This is particularly the case un-
der operational mode, and has left our ability
to predict battery life and capacity very lim-
ited. The field of battery research is very ac-
tive with a huge body of work resulting from
a wide range of techniques including trans-
mission electron microscopy (TEM), Micro-

Raman scattering analysis, neutron and x-ray diffraction and tomography. Yet only recently
have neutron diffraction techniques uncovered large changes in lattice parameters and unit cell
volume during charge and discharge of a Li-ion battery (over a time range of seconds to days
[5]. Indeed many aspects of their basic vibrational and other physical properties have not been
studied in detail.Yet these are of great importance since it gives an insight into ionic conductiv-
ity and battery lifetime. A first study on the excitations of a cathode material LiMPO4 (M=Mn,
Fe) for lithium-ion batteries has only recently been published, see Figure 2.4 and reveal a broad
range of excitations up to 150 meV that include phonon excitations with unstable modes show-
ing large Li vibrations [6]. The high flux of VOR enables in-operando experiments to correlate
ion dynamics with the dynamics of the host electrolyte to optimise this energy storage tech-
nology. Its wide bandwidth can access the low energy localised rotational dynamics and the
phonon modes at higher energies simultaneously.

CO2 capture

Carbon dioxide capture and sequestration has been recognized as an effective measure to
mitigate global warming. Several methods are currently used with varying efficiencies for dif-
ferent environments. These include electrodialysis, capture via membranes, solid adsorbents,
such as zeolites and activated carbon and the use of solvents to capture CO2. The kinetics
that drive these materials vary on the second to hour timescale and are therefore ideal for in-
operando studies. Several static crystallographic studies have been performed but these cannot
provide insights into the dynamics of the crystal lattice and gas molecules upon gas loading.
Very few spectroscopic studies exist due to the limiting flux. A recent study reports the novel
application of in-situ gas loading with inelastic neutron scattering combined with density func-
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tional theory (DFT) calculations, see Figure 2.5, [7].

Figure 2.5: Understanding the mechanism by
which porous solids trap harmful gases such
CO2, [7]

VOR will make it possible to probe in-
elastic measurements on the second timescale
with sufficient flux to observe gas load-
ing directly. This would require an im-
provement in neutron flux between one
and two orders of magnitude. Figure
2.5 shows a typical excitation spectrum
with dynamics between quasielastic ener-
gies and up to 150 meV. Simultaneous fits
of data to models across all the dynamic
features are possible with a broad dynamic
range.

Hydrogen Storage

Hydrogen is at the forefront of a future
sustainable energy solution. However, to ex-
ploit hydrogen we must be able to understand
how to produce, store, transport and distribute
it. The vibrational properties of hydrogenous
materials are studied by several spectroscopic
methods. Infrared (IR) and Raman spectro-

scopies are well established optical techniques. Inelastic neutron scattering provides advan-
tages over the more traditional methods (a) inelastic neutron scattering (INS) spectroscopy is
sensitive to the vibrations of hydrogen atoms, whereas Raman and infrared are more sensitive
to the motion of heavier atoms, (b) hydrogen is often the strongest scatterer in a matrix with
(almost) zero cross section, (c) INS is not subject to optical selection rules. All vibrations are
active and, in principle, measurable and (d) INS observations are not restricted to the centre of
the Brillouin zone as are the optical techniques. Neutron scattering therefore remains a pivotal
tool in the study of hydrogenous materials. Dynamically hydrogenous materials cover a large
energy range. Fast diffusion dynamics give rise to quasielastic scattering up to 3 meV. In the
cold energy range (3-20 meV) one finds librations(swaying) of molecules, molecular rotations,
torsions around molecules and indicators of the potential surface around the molecule. In addi-
tion one may also, at higher energies, have overlapping external phonon modes that could give
rise to couplings between lattice phonons and intramolecular vibrations. Many of these modes
are interconnected and would benefit greatly from a broad band spectrometer to probe these
interconnected dynamics simultaneously, thereby identifying the interplay of hydrogen bond-
ing and enabling manipulation of hydrogenous materials. In-operando studies of hydrogenous
materials in batteries will be very instructive, particularly when combined with other measure-
ments such as optical spectroscopy and electricial characterisation. More recent studies have
begun to focus on complex hydrides and/ or host/hydrogen systems whose functional proper-
ties approach those required for commercial application. Future studies will shed light on the
mechanisms of reaction, dehydrogenation and rehydrogenation, so that the operating regimes
for these hydrogen storage materials can be tailored to fall within the required targets for these
applications. The substantial flux gains of VOR will enable in-operando studies particularly to
probe kinetics on the second to minute timescale.

9



Non equilibrium physics

Non-equilibrium states are a common feature of many scientific disciplines and has in re-
cent years become the focus of many theoretical and some experimental studies. A main fea-
ture in soft matter are the mesoscopic correlations originating from a large number of degrees
of freedom. These structures can easily be brought into a non-equilibrium state and can cause
non-linear responses via the application of external stimuli such as an electric field, a pulsing
laser or mechanical stress. In the field of soft matter, these non-equilibrium states can give
insight into, for example, phase transition dynamics of nanostructured materials, phase separa-
tion during cell polarity that determine their specialised function in the body and macroscopic
reaction diffusion systems that are thought to play an important role in cellular processes. In
magnetism non-equilibrium behaviour is readily observed in spin glasses and has recently be-
gun to receive considerable interest in the field of magnetic frustration [8]. However, to date
inelastic neutron scattering studies of these transient states have been limited due to flux limita-
tions. VOR will be particularly powerful in the study of symmetry breaking phase transitions.
Inelastic experiments on the second - minute timeframe will be possible with VOR’s enhanced
flux concomitant with its broad dynamic range.

2.1.4 Science driver for 4D S(Q, !) coverage with small beams
Novel phenomena

Figure 2.6: The electronic phase diagram for
R2Mo2O7 with variation of R-site ionic radius and
hole doping(Ca or Cd substitutions for A site). PI,
PM, SGI, and FM stand for the paramagnetic insula-
tor, paramagnetic metal, spin-glass (Mott) insulator,
and ferromagnetic metal, respectively, [9].

Broad, good coverage of momentum
transfer is essential to understand spatial cor-
relations and their dynamic counterparts. The
field of strongly correlated physics is built,
in a large part, upon such knowledge. How-
ever, linking spatial to dynamic correlations is
only truly possible by providing 4D informa-
tion (Q

x

Q
y

,Q
z

, E) using single crystals. Sin-
gle crystal growth is complex and large crys-
tals, as needed for the weak scattering cross
sections from inelastic neutron scattering, are
a rarity. Inelastic neutron scattering experi-
ments are often performed on large crystals
of poor quality or by aligning many smaller
crystals to create a large crystal mass. Both
solutions result in non-optimal S(Q, !) pat-
terns. Furthermore there have been suggestions that since neutron scattering studies are per-
formed on atypical large samples, the behaviour observed is atypical. Inelastic neutron scatter-
ing on reduced sized single crystal samples will make it possible to probe materials synthesised
by high pressure synthesis that are smaller in size than generally employed in a single crystal
neutron spectroscopy experiment . High pressure synthesis has revealed a great variety of com-
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pounds that display novel phenomena, since high pressure synthesis can lead to the formation of
compounds which cannot be formed using any other technique and several that are not readily
formed in nature. An example is the high pressure synthesis of (Y1�x�y

Tb
x

Cd
y

)2Mo2O7 that
led to the study of the phase diagram in Figure 2.6, R= (Y1�x�y

Tb
x

Cd
y

), [9]. High pressure
synthesis permitted close manipulation of the stochiometry, and thus the study of a more global
behaviour. VOR focusses the neutron beam onto a 1 x 1 cm2 beam area and is therefore opti-
mised for the study of small samples. Focussing a beam results in greater flux on a smaller area
but nevertheless it produces greater divergence profiles thus broadening S(Q). The instrument
concept has been carefully optimised to ensure Q ⇠ 0.05 Å�1 can be accessed with �Q accept-
able for single crystal studies.

Quantum phenomena at at low T, high B and high P

Small sample sizes are also a prerequisite for extreme environments. In recent years it has
become clear that strongly interacting electrons are the basis for abundant exotic behaviours

ranging from high temperature superconductivity to quantum criticality. Of particular interest
is the proximity of antiferromagnetic correlations to a quantum critical point with quantum
fluctuations down to 0 K, [10]. It would be a great feat to study the dynamic behaviour of a
heavy fermion compound as it is pushed from a Fermi metal into a non-Fermi regime and

towards quantum criticality simply by applying pressure. This is currently impossible due to
the lack of neutron flux, instead chemical pressure is applied at great cost to the crystal

growers and with the uncertainty that alloyed materials entail. High pressure is also expected
to yield new phases in frustrated magnetic materials. For instance it is expected that uniaxial

pressure will lift the spin ice degeneracy in frustrated compounds and induce an
unconventional, long ranged ordered phase. High pressure measurements are limited by

current neutron flux. The small samples required to reach high pressures (up to 10 GPa for
magnetic studies) will require improvements over several orders of magnitude. Relaxing the
energy resolution of the wide bandwidth chopper spectrometer further, up to �E/E = 4-6%,

will provide an extra order of magnitude of flux and make such studies feasible.
A general feature of correlated electron behaviour is the complicated phase diagrams that

develop with the application of magnetic field and/or pressure. Indeed it is expected that one
would create fundamentally new phases through the simultaneous application of high pressure,

high magnetic field and low temperature. Interestingly the typical pulse rate of the ESS is
comparable to that of the pulse duration of pulsed magnetic fields (30 - 40 T) and therefore one

can envisage employing pulsed magnetic fields to probe relaxational dynamics in correlated
materials. The restrictive sample environment will require small sample areas (5 -10 mm2 and
smaller) with the associated reduction in neutron scattering intensities. Instruments in which

the flux is maximised onto smaller sample areas will therefore be of great benefit to the future
magnetism user community. The implementation of complex sample environment tends to be
concomitant with large background contributions due to the extra material in the incident and
scattered beam. This is particularly inconvenient at low angles where magnetic scattering is

most intense and magnetic form factor measurements require most precision to determine, for
instance, anisotropy resulting from hybridisation effects. On VOR collimation and well
defined/limited divergence profiles of the scattered beam will make it possible to access

magnetic scattering down to Q ⇠0.05 Å�1 in single crystal samples [11, 12].
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2.2 Description of instrument concept and performance
The VOR instrument provides a broad simultaneous energy coverage for 1 ! 80 meV. Its vari-
able energy resolution, afforded by the long pulse nature of the ESS source and the reduced
instrument length, enables increasing the flux quadratically by increasing linearly the energy
resolution from �E/E = 1% up to �E/E = 6-7%. Focussing the neutron beam onto a < 1 x
1 cm2 beam area optimises the instrument for the study of small, limited lifetime samples and
kinetic phenomena. The 30.2 m moderator to sample length ensures measurements in the first
time frame and avoids parasitic scattering from the prompt pulse over its full dynamic range.
Broad momentum space coverage (Q) is provided by the angular range of the detector -40o <
2✓ < 140

o and ± 26o, in and out of plane respectively. The following outline of the instrument
concept for VOR is based on analytical considerations and instrument simulations using the
ray tracing simulation package McStas version 2.0.The analytical calculations are based on the
balanced resolution configurations devised initially by Lechner [13] and subsequently restated
on the instrument papers of, among others, Amateras @ J-Parc, LET @ ISIS, CNCS @ SNS,
4SEASONS @ J-Parc and IN5 @ ILL [14, 15, 16, 17, 18].

2.2.1 Beam extraction
Beam extraction from the moderator has been optimised to extend the spectral range of the in-
strument from the cold into the thermal regime up to 80 meV. The upper limit is not defined by
the scientific case but moreso by the technical limits of the choppers and guide transmission.
Beam extraction has been considered in detail via both supermirror extraction and careful con-
sideration of the thermal flux at the edges of the cold moderator. The simulations have been
performed using the updated ESS moderator with the McStas 2.0 simulation package that per-
mits the extraction of both thermal and cold spectra simultaneously and therefore allows the
study of bispectral extraction. It has been found that bispectral extraction via a supermirror
switch is not possible since the resultant divergence profiles for a wide angular range, -2 < ✓
< 2�, is highly structured and assymetric at the sample position. This result is alluded to in
the published studies of bispectral extraction using a supermirror switch [19, 20] and has been
further demonstrated in this study. These results are not presented here but are available upon
request. A much longer instrument will reduce the assymetry through multiple bounces of the
neutrons from the guide walls but for a short instrument this is not possible to overcome.

Beam extraction using the thermal flux at the edges of the cold moderator is therefore con-
sidered. The baseline ESS moderator system consists of a thermal and a cold moderator posi-
tioned near the center of four 60 degree extraction windows with Be reflectors juxtaposed to the
cold and thermal moderator, see Figure 2.7. Neutrons emitted from the thermal/cold moderator
or from the sides of the reflectors arrive on one beam extraction windows. Each of these 60
degree beam windows is subdivided into twelve 5 degree beam slots, most of which will host
an instrument. These slots have been indexed in increasing order with the first slot at beamport
angle = 0 � and the center of the extraction window position at beamport angle = 30 �, see Figure
2.7(left).
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Figure 2.7: (left) An overview of the ESS moderator as described in the Technical Design Report 2013
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Figure 2.8: Normalised extracted brightness at the
entrance of the guide using the beam extraction out-
lined. A comparison is made to the thermal and cold
spectra of the ESS moderator and a simple addition
of the thermal and cold spectra to show the strength
of the beam extraction proposed.

Figure 2.7(right) shows the variation of
1 Å and 7 Å fluxes entering the guide as the
guide is rotated from beam port angle = 0� to
beam port angle = 30�. A divergence window
of -2 < �✓

c

< 2� is considered. The relative
thermal and cold fluxes vary substantially. At
beamport angle = 30� the flux is uniquely cold
in origin as the guide only views the cold
moderator surface. The 1 Å flux decreased
two orders of magnitude with respect to the
maximum thermal flux at beam port angle =
0�. As the guide is rotated to beam port an-
gle = 0� the 1 Å flux is maximised with only
a minimal loss of 15% of the 7 Å flux. For
an intermediate wavelength, e.g. 4 Å, the de-
pendence of flux on the horizontal beamport
angle can be extrapolated from the 1 and 7 Å
dependencies. Figure 2.8 compares the nor-
malised brightness of the baseline ESS cold
and thermal spectra with neutrons extraction
from the moderator at the entrance of the
guide. The divergence and beam size limits described above have been taken into account.
A further comparison with the lineshape in which the thermal and cold spectra are added in-
dicate the effective nature of the beam extraction proposed. The flux and divergence profiles
at the sample position are also consistent with the scientific needs of the spectrometer and are
shown in section 2.2.2.
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2.2.2 Guide Outline
The guide of the broad bandwidth chopper spectrometer, VOR, aims to maximuse flux for 1 <
� < 8 Å onto a 1 ⇥ 1 cm2 sample area within a single ESS period of 71 ms. The acceptance of
the neutron guide must ensure the transmission of a maximum divergence that will provide a �
Q = 0.02 Å�1 for single crystal measurements and yet a much broader Q resolution for diffuse
scattering phenomena. At 1 Å the guide transports at least -0.5� < ✓ < 0.5� while for the highest
� the divergence profile extends across at least -2� < ✓ < 2� in both the horizontal and vertical
directions. For the highest Q -resolutions the divergence profiles should result in smooth Bragg
peaks at the detector to enable precise determination of lineshapes and broadening effects. To
enable quantitative analysis it is imperative that the flux profile is uniform within 10 % across
the 1 x 1 cm2 sample profile.

Background suppression: Line of sight
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Figure 2.9: (left) Overview of the guide with a curvature of 900 m radius and a 8 channel bender across
a central section of the guide. The straight red line shows that direct line of sight is avoided. (right)
A comparison of the flux transmission, for -0.7 < ✓ < 0.7�, between the curved guide outlined and an
equivalent straight guide.

The background originating from the prompt pulse of protons on the target will be sub-
stantial and to date has not been fully quantified. To avoid background contributions the guide
is curved once out of line of sight and the provision for a T0 chopper is put in place. Figure
2.9(left) shows the curvature of the guide. The radius of curvature is 900 m across 9.5 m in the
central portion of the guide. The curved section contains 8 channels (thickness = 0.5 mm) to
maximise low wavelength transmission. The straight red line shows that direct line of sight is
avoided. Figure 2.9(right) shows the neutron transmission at the sample position of the curved
guide relative to an equivalent straight guide for +/-0.7o divergence. At 1 Å the relative trans-
mission is 81 % and this increases to 95 % above 2 Å.

Background suppression: T0 chopper

Provision for a T0 chopper is made by a 400 mm exchangeable piece of guide at a distance
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at or beyond 14 m. The long pulse of the ESS, 2.86 mS, requires the T0 chopper to be closed
for at least this pulse width. A T0 chopper will limit the minimum wavelength transmitted in
addition to the wavelength bandwidth. Figure 2.10 (left) shows the dependence of the time
of flight required to fully close the guide width, for the guide proposed, for a range of rotation
frequencies. Figure 2.10 (central) shows the frequency dependence of the minimum wavelength
transmitted while the frequency dependence of the wavelength bandwidth transmitted is given
in Figure 2.10 (right). Placing a T0 chopper at 14 m allows 0.93 Å neutrons to traverse with a
wavelength bandwidth of 8.5 Å while rotating a T0 chopper at 14 Hz, see Figures 2.10 middle
and right. A recent publication by S. Itoh [22] highlights the development of an 300 mm wide
Inconel based T0 chopper for instruments at J-Parc that could successfully reduce background
by a factor of 30 for neutron energies near 500meV. Frequencies up to 100 Hz were successfully
tested. A similar concept could be employed on VOR. The ESS main bunker extends to 15 m
and it is possible that some extra shielding will be needed beyond 15 m. Detailed simulations to
judge the effect of the guide gap to include a T0 chopper at 14 m have not yet been performed.
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Figure 2.10: Calibration for T0 chopper at 14 m. (left) Transmission through a T0 chopper rotating
between 7 < f < 28 Hz (center) Frequency dependence of minimum wavelength (right) Frequency
dependence of wavelength bandwidth.

Placing a T0 chopper at 14 m situates it inside the bender. This is not deemed to be a prob-
lem by the optics group. However if this is not possible due to technical limitations then it will
be possible to place a chopper at 19 m, at the end of the bender guide. The bandwidth and
minimum wavelength restrictions are less severe at 19 m but substantial extra shielding will be
required to limit the background contributions from the T0 chopper reaching adjacent instru-
ments.

Further Guide Overview

The aim of the guide is to transport a high divergence, up to ± 2 � with a well defined and
clean divergence profile. The guide follows an elliptically curved design with the horizontal
and vertical small axes, defined as half the height at the centre of the ellipse, 0.021 and 0.032 m
respectively. The optimised guide starts at the minimum distance possible from the moderator,
2 m, to maximise the accepted divergence, and therefore the flux. All the guide sections focus
on the moderator in both horizontal and vertical directions while the focal point at the guide exit
has been chosen to be behind the sample in order to homogenise the divergence profile at the
sample position. The guide profile is outlined in Figure 2.11 with further parameters provided
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Section Length V-Focus in V-Focus out H-Focus in H-Focus out m-value
[m] [m] [m] [m] [m]

1 7.5 2 0.7 2 4 5
2 9.5 N/A N/A N/A N/A 2.5
3 9.5 2 0.7 2 1.2 2.5
4 1.35 2 0.7 2 1.2 2.5
5 0.1 N/A N/A N/A N/A 4

Table 2.1: Parameters pertaining to the guide concept. The focussing parameters are distances from the
end of the guides. For sections 2 and 5 the parameter values are not applicable (N/A) since these portions
are not elliptical.

in Table 2.1.
Section 1 extends to the first choppers just before 9.5 m. Section 2 is the 8 channel bender

outlined in the previous section. Section 3 extends from a second set of choppers at 19.5 m
to the monochromating choppers at 28.5 m. The penultimate section, section 4, extends from
the monochromatic choppers to an exchangeable collimation piece that begins at 29.85 m. An
exchangeable guide piece, 0.5 m, to introduce polarisation analysis can be placed section 4. The
collimator, at the end of the ellipse, extends for 0.1 m. The angular acceptance of the collimator
will be varied by exchanging collimator pieces. The sample position sits at 0.35 m from the
guide exit. All guide simulations shown incorporate at least a 0.1 m guide gap at the chopper
positions.
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Figure 2.11: Guide Overview along the (left) horizontal and (right) vertical plane. The bender portion,
section 2, is shown as a straight section for simplicity.
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The effect of guide gaps on flux transmission
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Figure 2.12: Flux at the sample position (1 ⇥ 1
cm2) for a range of guide gap widths at the pulsed
shaping chopper position normalised to the flux for
a 0.1 m guide gap width. The gaps at the monochro-
matic and RRM positions are 0.13 m and 0.1 m re-
spectively.

The chopper cascade devised for VOR
envisages variable chopper blade distances
along the guide, in order to optimise the en-
ergy resolution. The chopper blade separation
needed, for the range of wavelengths and en-
ergy resolutions of VOR, requires up to 0.3 m
between the pulse shaping chopper blades
and up to 0.13 m between the monochromat-
ing chopper blades. Further details are given
in section 2.2.3.

It remains unclear whether the chopper
design will incorporate a fan chopper with a
series of blades at various distances apart or
whether the blades will be translated with re-
spect to each other. In the former case, guide
pieces can be incorporated to minimise flux
loss while in the latter this is not possible. It
is therefore important to understand the loss
of flux as a function of guide gap. Figure 2.12
shows the relative flux on the sample as a function of chopper blade distance at the pulse shaping
chopper for 0.1 < chopper blade distance< 0.4 m. The guide gaps for the RRM and monochro-
mating chopper blades are 0.1 and 0.13 m respectively and remain fixed for this study. These
distances are the maximal guide gaps expected for VOR. The flux is normalised to the flux
achieved for a 0.1 m pulsed shaping chopper distance. Figure 2.12 shows that the flux on sam-
ple decreases by 3.9 % and 5.9 % for 1 and 7 Å respectively when increasing the pulse shaping
guide gap from 0.1 m to 0.4 m. This is a minimal loss and therefore guide openings will not
greatly diminish the eventual flux on the sample provided that the guide is fully evacuated.

Flux and divergence profiles

The guide outlined must provide a uniform flux and divergence profile to the sample po-
sition. The flux on sample must be uniform within 10 % to enable quantitative analysis. The
divergence profile must be uniform and lead to clean resolution profiles with approximately a
Gaussian shape. this is particularly true for single crystal studies but can be relaxed for stud-
ies with broad Q-dependencies. The collimator at the end of the guide will adjust the angular
acceptance and symmetrise the Q-lineshapes. The science case calls for a reduced sample size
and although there will be much need to study mm sized samples, focussing onto such a small
area will result in a very poor divergence profile and loss of information at low Q . The beam
size at the sample is limited to 1 ⇥ 1 cm2. This is substantially smaller than the beam size at the
sample on more recent chopper spectrometers have been optimised for: AMATERAS (J-Parc):
2 ⇥ 2 cm2, 4 SEASONS (J-Parc) 2 ⇥ 2 cm2, HRC (SNS) 5 ⇥ 5 cm2. The flux and divergence
profiles are shown in Figure 2.13 for 1 and 7 Å using the guide with a single channel in sec-
tion 5. Cuts through the flux and divergence profiles are shown in Figure 2.14, normalised for
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ease of comparison . The cuts through the flux profiles show a uniform flux profile across ⇠
1 cm in both the and x and y direction with flux variations limited to less than ± 10 %. The
divergence profile at high wavelength shows pronounced structure that could be observeable in
the Q-dependence of highly correlated Bragg scattering but can be corrected using a collimator
with a reduced angular acceptance. Collimation and Q-dependence are discussed below.
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Figure 2.13: (top) Flux at the sample position for (left) 1 Å and (right) 7 Å. (bottom) Divergence at the
sample position for (left) 1 Å and (right) 7 Å.
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Figure 2.14: (top) Flux and divergence profiles through the central portion of Figures 2.13. (top)
Variation in flux profile as a function of � cut along (left) the x-direction and (right) the y-direction.
(bottom) Variation in divergence profile as a function of � cut along (left) the x-direction and (right) the
y-direction.

Collimation

Flux gains on a chopper spectrometer can be made by increasing divergence. The study of
weakly correlated compounds results in short range order for which broad divergence profiles
are acceptable while the study of long range correlations requires well defined and limited di-
vergence profiles. To facilitate both types of experiment the guide has an exchangeable Söller
collimator that varies the divergence profile at the sample. The angular collimation is defined on
the inset of Figure 2.15(right). Figure 2.15(left) shows the variation of Bragg peaks scattered
from a powdered sample of Na2Ca3Al2F14 typically used for calibrating diffraction profiles.
Without collimation the structure provided by the divergence profile is clearly observed in the
Bragg scattering. Collimating the incident beam removes the structure and provides very clean
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lineshapes necessary for linewidth analysis. The concomitanant loss in flux, 25 % for 0.7� col-
limation, is shown in Figure 2.15(right).
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Figure 2.15: (left) Typical Q dependence of powdered Na2Ca3Al2F14 with a single collimation channel
and 0.7� collimation with incident � = 7 Å. A single Bragg peak is shown for clarity. (right) Flux loss at
the sample position as a function of collimation. Inset: definition of the angular collimation.

Q-dependence

Single crystal studies requires resolution profiles (in Q) that are able to distinguish highly
correlated scattering from diffuse features, a common feature observed in many strongly cor-
related materials in magnetism. Current day chopper spectrometers have Q-resolutions that
match those of triple axis spectrometers. With the advent of position sensitive detectors on
cold chopper spectrometers worldwide and the subsequent proliferation of single crystal exper-
iments on these instruments, typically within the field of magnetism and superconductivity, the
data is rarely Q-resolution limited. The experiments, however, are often limited by the mini-
mum Q-value that can be accessed. In the field of magnetism, the possibility to access Q down
to 0.05 Å�1 is important for accurate determination of form factors, essential to understand the
finer details of magnetic order and when comparing theory with experiment. In the soft matter
community accessing the low Q region is very important to distinguish the behaviour of collec-
tive modes that are observed at low Q from single particle excitations at higher Q. Accessing
Q down to 0.05 Å�1 is essential to overcome the problems associated with the intensity decay
due to atomic vibrations, the Debye-Waller factor. This is equally important for chemists who
typically are not interested in the Q-resolution but do need access to low Q regions that are not
accessible by indirect spectrometers, again to overcome the Debye-Waller factor. Interestingly,
it is possible to compare and overlay data obtained on spin echo spectrometers with data ob-
tained on chopper spectrometers for regions of Q < 0.2 Å�1.

The Q-dependence of a chopper spectrometer is a function of both the divergence and the
energy resolution. It is instructive to consider a one dimensional Q resolution to make compar-
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isons between equivalent instruments. The Q-resolution can be simply calculated as follows:
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As such there are two terms within the Q-resolution. If the divergence dominates the Q-
resolution shows a cosine dependence, as a function of @Q. The Q-resolution will show a
linear dependence if the energy resolution dominates. Figure 2.16(left) shows the calculated
Q-resolution for a range of incident wavelengths at 1 % energy resolution, using the RC chop-
per mode. The McStas simulated Q-resolutions, obtained after fitting the Bragg scattering of a
powdered Na2Ca3Al2F14 sample, is shown for comparison. The analytical function compares
very well to the simulated Q-profiles. Figure 2.16(right) shows the simulated Q-resolution as
a function of Q and collimation for � = 4 Å and �E

E

= 1%, again simulated using powdered
Na2Ca3Al2F14 with McStas 2.0.
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i

= 4Å and �E

E

= 1% using the RC chopper mode.

2.2.3 Chopper cascade
VOR, as a wide bandwidth instrument, will provide a wide range of incident wavelengths onto
the sample within the time period of the ESS via the use of repetition rate multiplication (RRM).
The chopper cascade proposed provides two chopper set-ups: (1) a relative variable (RV) energy
resolution as currently employed on many chopper spectrometers (2) a relative constant (RC)
energy resolution that allows optimal flux for all the incident pulses on the sample. Both config-
urations must be optimised for RRM. Indeed RRM has become almost ubiquitous on spallation
source chopper spectrometers and several of the instrument at J-Parc carefully considered the
implications of RRM on their chopper design [17, 14]. Nevertheless there remain two issues
that have not yet been resolved. The first issue is the fixed time window for each subframe
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around the incident wavelengths that results in frame overlap at the higher wavelengths, see
Figure 2.17(left). Two frame overlap choppers will address this issue on VOR. The second is-
sue arises from the fixed burst times of the pulse shaping and monochromating choppers T1 and
T2 respectively. The flux that arrives at the sample is proportional to the product of the burst
times of the pulse shaping (T1) and monochromating choppers (T2). On a conventional chop-
per spectrometer the instrument is optimised for an energy resolution at a single wavelength and
therefore a single T1 and T2. The flux distribution for a large bandwidth instrument is therefore
not well balanced across the wavelengths and can result in a flux difference of two orders of
magnitude across the wavelength band, see Figure 2.17(right). The RC chopper configuration
on VOR resolves this problem.
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Figure 2.17: (left) Time distance diagram for a range of wavelengths on a broad bandwidth instrument,
showing the energy loss (E

f

= 0.2E
i

) and infinite energy gain neutron paths in blue and red respectively.
Frame overlap strongly limits the possibility to probe the higher incident wavelengths. (right) Analytical
calculations of the product of the pulse shaping and monochromating burst times, T1 and T2 respectively,
relative to optimised T1 ⇥ T2 for each wavelength. A comparison between a instrument with fixed
burst times (RV) and variable burst times (RC) across the wavelength band is shown. The variable time
windows provided by the RC chopper configuration shows the relative gain in flux.

The chopper positions proposed for this instrument are outlined in tables 2.2 and 2.3. The
critical chopper components are the pulse shaping (PS), RRM and monochromating (M) chop-
pers positioned in a x:2x:3x configuration (x = 9.5m). The radius of the chopper blades is
limited by current technological capabilities, radius = 36 cm for operation up to 400 Hz. A
bandwidth chopper (BW), positioned at 19.05 m, limits the maximum wavelength transmitted
to the sample. The frame overlap choppers (FO) are positioned at 27.5 and 27.55 m. In the RV
configuration the PS and M choppers contain 2 slits each with a width that slightly exceeds the
guide width at that position. The RRM chopper contains the same number of slits as the PS
chopper. The PS chopper will run at a higher frequency than the RRM chopper frequency by
an integer multiple number. This allows the user to vary the number of incident pulses and is
an important component of the time of flight frame variation throughout the ESS 71 ms period.

Frame overlap choppers

The FO choppers are employed to vary the time between incident pulses and are used in both
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Chopper Name Position (m) Type Slits Slit angle � Radius (cm) Max.Freq. (Hz)
PS 9.5 CR 2 7 36 400
T0 14 SD 1 7.6 30 14

RRM 19 CR 2 4.88 36 400
BW 19.05 SD 1 4.88 36 14
FO 1 27.5 SD 1 259 36 250
FO 2 27.55 SD 1 259 36 250

M 28.5 CR 2 2.86 36 400

Table 2.2: Chopper positions for the RV chopper configuration. CR = Counter rotating, SD = single
disk

Chopper Name Position (m) Type Slits Slit angle � Radius (cm) Max.Freq. (Hz)
PS 9.5 2 x CR 2 140 36 400
T0 14 SD 1 7.6 30 14

RRM 19 CR 2 4.88 36 400
BW 19.05 SD 1 4.88 36 14
F0 27.5 SD 1 259 36 250
F0 27.55 SD 1 259 36 250
M 28.5 2 x CR 2 140 36 400

Table 2.3: Chopper positions for the RC chopper configuration. CR = Counter rotating, SD = single
disk

the conventional and double blind chopper configuration. The first of the FO choppers runs at
an integer value of the source frequency, (n+1)⇥ f

source

, with the second running at (n)⇥ f
source

.
In this configuration there are three parameters to optimise the timeframes across the period
once the principal wavelength and resolution have been decided upon : (1) FO frequency, (2)
the phase of the FO choppers and (3) the frequency of the RRM chopper (integer division with
respect to the PS chopper). It should be noted that the time varying window chopper design by
the Jülich group is also suitable for this instrument concept and could replace the FO choppers
if deemed more suitable. To show the versatility of the FO chopper system several chopper con-
figurations are shown in Figures 2.18. Only trajectories permitted by the chopper opening times
are shown. Figure 2.18 show the conventional chopper configuration with an energy resolution
as given on the figure specified for the second incident wavelength on each figure. There are
many more configurations possible. They are intended to show the versatility of the concept
in both inelastic and quasielastic mode. The range of energy transfers is defined by E

final

=
0.2E

incident

and energy gain E
final

= 1 or 300 K. In quasilastic mode E
final

= 0.8E
incident

and
energy gain E

final

= 300 K.

Constant energy resolution across the bandwidth: RC chopper configuration.

It is not possible to achieve a time variation in burst times with the type of chopper system
currently in use on chopper spectrometers worldwide. The instrument tends to be optimised for
a particular resolution at a particular wavelength. In RRM mode on a wide bandwidth spec-
trometer the other wavelengths are sampled with widely different energy resolutions and flux,
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Figure 2.18: Analytical calculation for the RV chopper configuration (equally possible for the RC chop-
per configuration) for a range of incident wavelengths and energy resolutions. The energy resolutions are
specified in the figures for the 2nd wavelength of the RRM series. Both inelastic and quasielastic (QES)
modes are shown.

see Figure 2.17(right). To realise an opening time that varies with wavelength it is possible
to use a blind chopper set-up as described in Figure 2.19. Two choppers, offset by a distance
Z, are phased so that chopper 1 closes as chopper 2 opens. The nominal wavelength crosses
the mean position between choppers 1 and 2. The opening times �t1 and �t2, as shown in Fig-
ure 2.20(left), for adjacent pulses will vary proportionally to the distance between the chopper
blades, Z, when using a blind chopper set-up.

Time 

In
te

ns
ity

 

to
f(Z

0)

to
f(Z

1-
 δ

)

to
f(Z

1+
δ)

Z0 Z1

Figure 2.19: (left) Outline of the blind
chopper set-up with two pairs of chop-
pers at each chopper position that can be
translated by a distance z. (right) A time-
intensity plot showing the opening and
closing of the two sets of chopper pairs.
The dashed lines denote the burst time
through the first chopper pair as it arrives
at the second chopper pair. The green area
shows the transmitted region.

Figure 2.20(right) shows the opening times of the M
chopper required for a range of resolutions across a
range of wavelengths and compares these with the cal-
culated opening times of the blind chopper. The resolu-
tions are varied by varying the distance Z from z = 1 cm
for �E/E = 1.3 % up to z = 8.4 cm for �E/E = 7.3
% between the blades of the monochromating chopper.
The opening times required for a balanced resolution
for a given energy resolution across the complete band-
width can be perfectly provided by the opening times
of the blind choppers, see Figure2.20(right).

A single chopper blade, limited by the technical
limitation that the frequency cannot exceed 400 Hz,
cannot provide an edge sharp enough for high energy
resolution measurements. It is therefore necessary to
employ a counter rotating pair for the opening edge and
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Figure 2.20: (left)Diagram outlining the geometric configuration to achieve equivalent energy resolu-
tions for a range wavelengths. (right) Comparison of the M burst times required for constant energy
resolution across a range of wavelengths, with the opening times provided by the calculated blind chop-
per set-up.

another counter rotating pair for the closing edge of the
double blind chopper system as shown in Figure 2.19.
The distance between the counter rotating blade in each
pair is 1 cm. The energy resolution is altered by trans-
lating the chopper pairs at Z0 and Z1, see Figure 2.19.

Figure 2.19(right) shows the burst time of the first chopper pair centered on tof(Z0). This
burst of neutrons is transported to the second chopper pair with a time centered at time tof(Z1-
�), dashed line in Figure 2.19(right). The opening the of the second chopper pair, centered on
tof(Z1+�), provides the final burst time, such that 2� is the time for the neutrons to traverse the
monochromating blades. The final burst time is denoted by the filled section.

Typical examples, as used in the McStas simulations, of the distance between the chop-
per blade pairs for the pulse shaping and monochromatic choppers are given in table 2.4 and
shows that the PS chopper inter-blade pair-spacing extends out to 30 cm to reach the broadest
resolution and the M inter-blade pair-spacing extend to 13 cm for the broadest energy resolution.

Approximate � E/E 2 % 3.3 % 4 % 5 % 6 %
PS chopper spacing (mm) 137 216 259 321 382
M chopper spacing (mm) 35.0 53.4 63.3 77.4 91.5

Table 2.4: Distance between the pairs of PS and M blades for a range of energy resolutions.
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Figure 2.21: (left) The gap between the double blind chopper pairs of blades at the M chopper position
to obtain an almost uniform energy resolution across a broad wavelength band. (right) Normalised flux
on the sample (normalised to the highest wavelength) with choppers on (�E/E = 2%) and choppers off
using the RC chopper configuration. This plot shows, as expected, an increase in the FWHM of the
incident pulse as the wavelength increases across the bandwidth. In addition, the comparison between
choppers off and choppers on show the minimum wavelength for which the flux is derived from the full
brightness transported through the guide.

Figure 2.21(left) shows the uniformity of the energy resolution across a broad wavelength
bandwidth using a range of distances between the chopper pairs in the double blind chopper
configuration. Figure 2.21(right) shows a simulated range of wavelengths transmitted to the
sample on VOR. There are two important points to note. First a close correlation between the
intensity of each wavelength pulse and the variation of the neutron flux on the sample, with the
choppers disabled, is observed. Below 4 Å it is necessary to cut the maximum intensity of the
beam to provide the required FWHM in time for �E/E = 2% on VOR. Second, a broadening of
the widths of the incident wavelength pulses, with increasing wavelength, provides the intended
constant �E/E energy resolution.

RV chopper configuration versus RC chopper configuration

In conjunction with the ESS chopper group leader we have devised a proposal to interchange
the RV and RC choppers according to the requirement of the user, see Figure 2.22. In the RC
configuration the choppers are able to translate with respect to each other to obtain the required
energy resolution while the RV choppers are stationary and parked above the guide. In the
RV chopper configuration the choppers are lowered into position with the RC choppers left
stationary in the open position.
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Figure 2.22: An outline of the relative positions and translational capabilities of the RV and RC chopper
configurations.

Effect of the double blind chopper configuration
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Figure 2.23: McStas simulated time of flight line-
shapes of elastic scattering from a vanadium scat-
terer for a range of incident wavelengths and energy
resolutions using the RC chopper configuration.

The energy lineshape created by the dou-
ble blind chopper configuration is symmet-
ric and can be fitted using a simple gaus-
sian profile for tight energy resolutions while
for coarse energy resolutions the energy
lineshape resembles more a top hat func-
tion with sloping sides, see Figure 2.23.
Figure 2.23 shows the elastic lineshape of
the scattering from a cylindrical vanadium
sample, 1 cm in diameter, that has been
positioned at the sample position to de-
termine the energy lineshape of the elas-
tic peak. The time of flight profile of
a range of incident wavelengths and var-
ious energy resolutions are shown. The
lineshapes are clean and symmetric as re-
quired for quantitative and lineshape analy-
sis.
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Figure 2.24: Flux at the sample position for (left) 1 Å with � E/E = 3.3 % and (right) 7 Å with � E/E
= 2 %.

Of great importance are the flux profiles at the sample position after the beam has been lim-
ited by the choppers. The flux profile at the sample position for VOR is shown in Figure 2.24 in
the RC chopper configuration using a monitor placed at the sample position integrating over all
divergence transmitted to the sample position. The double blind choppers do not greatly alter
the flux profile at the sample position as shown in Figure 2.24.

Relative merits of RV and RC chopper configurations.

The RV chopper configuration provides a broad range of time windows via the widely varied
energy resolutions, �E, using RRM across the full wavelength bandwidth. Access to a broad
range of time windows is crucial for the multiscale discipline of soft matter in which com-
plexity is revealed via a large number of relaxational phenomena on different timescales. The
ability to probe these timescales in a single shot is greatly beneficial for sample dependent and
lifetime limited samples. In contrast, as explained in Figure 2.17, widely varying energy resolu-
tions across the bandwidth results in widely varying fluxes at the sample. It will be impossible
to perform a time dependent experiment on a compound with a broad range of excitations if
the relative fluxes differ by two orders of magnitude when using RRM. Using the RV chopper
configurations many of the RRM wavelengths are under or overmeasured. The RC chopper
configuration provides equivalent statistics across the bandwidth for all wavelengths. The sci-
entific case of VOR encompasses both fields of study and as such a flexible chopper solution
using both the RV and RC chopper configurations must be implemented.

2.2.4 Flux at the sample
A lack of flux is commonly cited as the limitation to accessing novel information in neutron
scattering. Indeed can be expected that incremental increase in scientific knowledge will be
gained by a factor of ten improvement in neutron flux while entirely new scientific domains
will be accessed with two orders of magnitude.
The fluxes expected on VOR are given in Figures 2.25 for both the RV and RC chopper con-

figuration. The variation in flux between the two chopper configuration is due slightly different
energy lineshapes obtained by the two different chopper configurations. The results are com-
pared to flux data provided by CNCS at the SNS [16] and LET [15] at ISIS. The VOR Chopper
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Figure 2.25: Neutron flux on sample as a function of energy resolution for a range of incident
wavelengths for (left) the RV chopper configuration with each flux representing the optimised
chopper opening times for that wavelengths shown. (right) the RC chopper configuration.

Spectrometer can offer a ten-fold increase in flux at equivalent resolution over the entire wave-
length range. However, with a marginal relaxation of resolution, � E/E = 2 ! 5 %, the VOR
chopper spectrometer is able to offer an increase of two orders of magnitude in flux. An energy
resolution of � E/E = 5 % is quite common on a triple axis instrument. It should be noted that
Figure 2.25 does not take into account multiple pulses provided by RRM.

2.2.5 Sample environment
The science case for VOR is varied and the sample environment will be accordingly so. The
instrument needs to be future-proofed to allow for the type of sample environments that will
be required. It is for this reason that the end of guide to sample environment is 350 mm. Low
temperature sample environments such as variable temperature orange cryostats tend to have
an outer body diameter in the range of 300 - 400 mm. High temperature furnaces such as a
cryofurnace tends to be a standard variable temperature cryostat with an extended temperature
range above room temperature, up to 600 K, and so will have equivalent dimensions. A vana-
dium furnace that extends its temperature range up to 1100 K is shown in 2.26(left). The outer
vacuum case neutron window is 214 mm and will fit easily within VOR. The widest sample
environment tend to be cryomagnets. The vertical cryomagnets currently in use at the ILL pro-
vides a vertical magnetic field up to 15 Telsa and require an outer diameter between 28.6 and
60 cm. This can be accommodated on VOR. Equally the 17 Tesla horizontal magnet created
at Birmingham University, UK, and in use on D33, shown in Figure 2.26(center), requires an
outer diameter of 48 cm that can easily be accommodated on VOR.

High pressure equipment, up to 3 GPa, tends to be smaller than the dimensions allocated on
VOR. However high pressure equipment tends to have a lot of material in the scattered beam.
Collimation of the scattered beam is therefore being considered for sample environments with
thick tails and will be placed directly after the sample environment tank in the detector vessel.

Gas handling equipment is typically performed within a cryostat and does not require a large
space, see Figure 2.26(right)
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Figure 2.26: (left) Vanadium furnace courtesy of AS Scientific Products ltd. (right) Outline of
the horizontal cryomagnet created for neutron scattering experiments by Birmingham Univer-
sity. (right)Gas handling equipment, courtesy of ISIS.

For soft matter, goniometers, rotation and translation stages for mounting samples and specific
sample environment such as flow cells, sample changers and controlled atmosphere boxes are
all possible within the space allocated.

2.2.6 Detectors
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Figure 2.27: Dependence of the minimum en-
ergy resolution on VOR as a function of detec-
tor distance.

VOR is envisaged to be a medium energy resolu-
tion chopper spectrometer that can access a very
high flux. Figure 2.27 provides the relationship
between sample to detector distance and the mini-
mum energy resolution for a range of wavelengths
considering uncertainties due to a 1 cm sample
width and 1 cm detector depth uncertainty. The
minimum energy resolution has been calculated
whilst respecting a maximum chopper frequency
of 400 Hz and considering the guide dimensions
of VOR. A 3 m sample-detector distance provides
a � E/E of 1 % for the highest wavelengths whilst
maintaining a reasonable energy resolutions for
the lowest wavelengths. A 4 m sample to detec-
tor would provide a better energy resolution but is
not required by the science case and could only be
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implemented at significant extra cost.

Detector technology will be based on B10 thin film technology. In current state-of-the-
art large PSD arrays in neutron scattering, 3He tubes was the detector technology of choice.
However, due to the 3He crisis [23, 24, 25], 3He is no long possible for large detector areas. Ad-
ditionally, for practical limitations, the spatial resolution is unlikely to improve much on 2 cm.
The detector array envisaged on VOR will employ the ’Multi-Grid’ detector design which in-
corporates thin conversion layers of 1µm thick 10B Carbide [26] coupled to segmented square
tubes incorporating an anode wire and counting gas for signal detection. This design foresees a
1 cm3 voxel design; however it should be noted that the ’depth’, hence time resolution of such a
device can be made extremely good if required, due to the conversion in a very thin layer [27].
Optimisation of the design parameters is needed to achieve optimal performance for a particu-
lar application, however these are well understood analytically [28, 29] and have been recently
verified [30, 31].

Figure 2.28: Detector tank outlining the guide exit that will be incorporated into the evacuated
tank and the extended beamstop.

Recent results [32, 33, 34, 35] show that performance is equivalent to that of traditional 3He
and is achievable across the entire � range with a price estimated to be broadly comparable to
pre-crisis implementations for these applications. A demonstrator module implemented on the
IN6 instrument at the ILL, as a direct replacement for existing 3He tubes, showed that the data
during ongoing experiments collected was equivalent quality [36]. The gamma rejection of 10B
detectors is equal or superior to that of present implementations of 3He tubes [37].
The detector tank is an integral part of the structure for the multigrid design. Windows in the de-
tector tank will be minimised with the guide exit incorporated into the detector tank, see Figure
2.28. The main volume of the detector tank will be pumped to cryogenic vacuum, 10�6 mbar.
The entire tank will be non-magnetic to enable polarisation analysis and high magnetic field
measurements. The detector bank covers scattering angles from -40 to 140� in the horizontal
and from ±26�. An extended beamstop limits the background contributions at low scattering
angles.
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2.2.7 Polarisation analysis
Polarisation analysis (PA) is not appropriate as a component of the principal science case for
VOR. However it is deemed important to the magnetism and soft matter community. VOR is
not suitable for simultaneous polarisation analysis across the entire bandwidth due to the strong
wavelength dependence of 3He polarisers and analysers. Analysing and polarising supermirrors
are already excluded due to their stringent cut-off for wavelengths below 2 Å. Nevertheless a
polarised experiment is possible using a two step approach to measure first the thermal and then
the cold spectra. The 3He pressure of a polarising and analyser cell can be varied between the
two steps to maximise flux versus polarisation. It is for this reason that I wish to maintain a
0.5 m exchangeable guide section after the monochromatic chopper to insert a 3He section to
polarise the incident beam. Analysis of the scattered neutrons will be performed using a 3He
wide angle cell surrounded by an homogenous magnetic field created using a PASTIS styled
insert.

Science case for polarisation analysis: Quantum magnetism

Nature Materials 4, 329 - 334 (2005)

Figure 2.29: Inelastic neutron scattering data for
KCuF3. The colours indicate the size of the neutron
scattering cross-section S(Q,E) and the superim-
posed black dashed lines indicate the region where
the multi-spinon continuum is predicted at T = 0 K
by the Muller Ansatz equation.

Polarisation analysis is essential to dis-
criminate between the broad and weak scat-
tering continua and lattice dynamics and
is not possible on present day chopper
spectrometers which makes direct compari-
son between experiment and theory a dif-
ficult task. Heisenberg antiferromagnets
that are constrained to 1 or 2 dimensional
lattices exhibit a rich variety of dynam-
ics that lead to novel phases. A very
nice example is provided by the scatter-
ing from the quantum spin S=1/2 system
KCuF3, for which broad continua can ex-
tend up to 100 meV with more classical
and localised dynamics down to the elas-
tic line, see Figure 2.29. Quantum theo-
ries expect a cross over between the classi-
cal and quantum state for higher spin states.
In KCuF3 the broad continua can extend
up to 100 meV with more classical dy-
namics down to the elastic line, see Figure
2.29, [38]. Only via polarisation analysis
is it possible to discriminate the very weak
broad continua from background contribu-
tions.
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Science case polarisation analysis: Soft matter

Figure 2.30: Cartoon that describes typical neutron
scattering profiles in soft matter.

Polymorphism in pharmaceuticals or
other bioactive molecules severely affects
their physicochemical properties, which is
undesirable to the pharmaceutical formula-
tion sciences. Intermolecular interactions in
polymorphic molecules are markedly differ-
ent and are often dominated by hydrogen
bonding. When analysed with neutron spec-
troscopy these interactions usually manifest
as mixed collective modes which contain both
an incoherent and coherent component.
Although selective deuteration is currently
employed in order to allow identifying the
dynamics of relevant molecular subgroups it
also affects the bioactivity of the molecule i.e.
the deuterated substances are often biologi-
cally inactive. Polarisation analysis would allow the separation of the incoherent signals from
collective modes on undeuterated samples and offer new opportunities for the application of
neutron spectroscopy in pharmaceutical formulation sciences. Neutron polarisation of soft mat-
ter samples is not popular mostly due to the high cost in flux especially since inelastic neutron
scattering of soft matter is already hindered by limited flux. The increased fluxes on VOR would
make it feasible to perform polarisation analysis.

2.3 Technical maturity
The instrument concept proposed does not include any components that are not technically
feasible. However there are certain risks.

• Risk : Bispectral extraction
Instrument views cold moderator edge to gain thermal spectra.
Mitigation : There is no possibility of failure when viewing the moderator edge in terms
of bispectral extraction, as opposed to the failure of a supermirror due to radiaton damage.
However the ESS moderator is in the process of a redesign and this will alter the details
of the moderator geometry and therefore beam extraction. We are however confident that
the beam extraction method propoosed will remain a feasible option.

• Risk : Fast neutron background
The instrument is designed to limit the effect of fast neutrons by measuring only in the
first frame.
Mitigation : The guide concept is curved once out of line of sight to minimise background
effect. In addition a T0 chopper will be implemented if deemed necessary.

• A novel chopper design.
Mitigation : Tests will can be performed on the test beamline at HZB. Most of the com-
ponents are currently available. Precise details concerning the exchange between RV and
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RC chopper configuration need to be finalised. We see no reason why this design should
not function.

• Risk : Detectors will not be available.
Mitigation : This is a common risk for all ESS instruments that require large areas of
detector given the lack of 3He options. As such it is a high priority for ESS to develop
such systems and current progress is good.

• Risk : Shielding will not be sufficient to provide a low enough instrumental background.
Mitigation : This is again a common risk for all the short (< 40 m) instruments at ESS and
the neutron optics group is working to address it. During the engineering design phase
we will work closely with the optics group to determine exact requirements and design
the shielding solution.

During Phase 1 of the construction project the mitigation strategies for these aforementioned
technical risks shall be validated.

2.4 Costing
The instrument costing includes four phases: 1) Design and planning (1-2 years), (2) Final
design (1 year), (3) Procurement and Installation (2 years) and (4) Beam testing and cold com-
missioning (2 years). The components included are integrated design, systems integration, de-
tector and data acquisition, optical components. choppers, detector vessel, sample environment,
shielding, instrument specific support equipment and instrument infrastructure. Integrated de-
sign must include the time of a design engineer, a draft engineer and instrument scientist. Man-
power is costed at 10 ke per month. System integration determines compatability between
components and compliance with ESS standards. The components have been costed in accor-
dance with the various technology group leaders, optics and shielding (P. Bentley), choppers (I.
Sutton) and detectors (R. Hall-Wilton).

• Guides are costed at 30 ke/m. This price includes installation, mounting, guide housing
and vacuum pumps.

• Shielding is costed at 5 ke/m3. Shielding for the first 15 m of the instrument is not costed
since it is communal.

• Beam dump and shielding around the detector tank = 1Me.

• Choppers are costed at 350 kefor a counter rotating pair, 150 kefor a single blade. This
includes housing and mounting. Complexity does not add to the price.

• Detectors (10B thin film technology) are costed as a single unit, costed at 6 Me. This
includes electronics, housing and mounting.

• Further optical components include beam monitors.
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• Sample environment. A general value, 500 ke, has been given to buy our own sample
environment. However it is envisaged that the sample environment group will provide the
bulk of the sample environment.

• The detector vessel is costed at 500 ke, including vacuum pumps to provide a cryogenic
vacuum.

• Polarisation analysis at 200 ke.

The costing of the instrument is given in the table below.
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Figure 2.31: Instrument costing
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