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a b s t r a c t

The HORACE suite of programs has been developed to work with large multiple-measurement data sets
collected from time-of-flight neutron spectrometers equipped with arrays of position-sensitive detectors.
The software allows exploratory studies of the four dimensions of reciprocal space and excitation energy
to be undertaken, enabling multi-dimensional subsets to be visualized, algebraically manipulated, and
models for the scattering to simulated or fitted to the data. The software is designed to be an extensible
framework, thus allowing user-customized operations to be performed on the data. Examples of the use
of its features are given for measurements exploring the spin waves of the simple antiferromagnet
RbMnF3 and ferromagnetic iron, and the phonons in URu2Si2.

& 2016 Elsevier B.V.. Published by Elsevier B.V. All rights reserved.

1. Introduction

Neutron spectrometers at central facilities around the world
are routinely used to measure the wave-vector, Q , and energy, ω,
dependency of the spectrum of lattice dynamics and magnetic
excitations, ω( )S Q, . These data can provide detailed information
about the strength, range and symmetry of the interatomic and
magnetic interactions, and consequently are highly sensitive tests
of theoretical models. The triple-axis spectrometer (TAS) at re-
search reactors has traditionally been the instrument of choice
because of its controllability and flexibility [1], whereby the

ω( )S Q, -dependency is explored point-by-point. Over the past 15–
20 years time-of-flight spectrometers with position-sensitive de-
tectors (PSDs) have established themselves as extraordinarily ef-
fective instruments for measuring excitations in single crystals
where the interactions are strong in one or two dimensions, for
example in the cuprate and iron-based superconductors, and in
quasi one- and two-dimensional model magnetic systems. [2–21].
However, until recently there have been relatively fewer mea-
surements in systems where there are significant interactions in
all three spatial dimensions. By combining many separate runs,
each with a different crystal orientation, into a single data set,
complete measurements of the four-dimensional scattering

function ω( )S Q, can be made. This has become possible through
the combination of the latest instruments with large solid angle
position sensitive detector arrays [22–27] and, crucially, optimized
software to visualize and manipulate the massive data sets that are
created.

Here the software application HORACE is described, which is in
routine use, at several neutron facilities, by their users for the vi-
sualization and analysis of such data sets. This paper describes the
background to the experimental method, and the principles of
HORACE are outlined. The features of the software are described in
detail, together with a summary of how it is practically used, with
examples that illustrate its operation and features. Details of
computer hardware requirements, and software download and
installation are also summarized.

2. Theory

Fig. 1 shows a schematic diagram of the MERLIN spectrometer
[23] at the ISIS spallation neutron source at the STFC Rutherford
Appleton laboratory in the UK, an example of the latest generation
of direct geometry spectrometers. In this example, a pulse of
protons hits the spallation target every 20 ms to produce a pulse of
neutrons. These are rapidly slowed down in a moderator to pro-
duce a pulse of neutrons with characteristic width measured in
microseconds, but with a spread of useable energies in the in-
strument of ∼ ∼10 meV to 3 eV. A monochromatic pulse of neu-
trons with the desired energy Ei is selected by correctly choosing
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the phase of a rotating collimator (Fermi chopper), or system of
disk choppers, just before the sample. The sample scatters neu-
trons, and on MERLIN these are collected by a three steradian po-
sition sensitive detector array. The time of arrival with respect to
the proton pulse of each scattered neutron is recorded together
with its location on the detector array. Because the moderator-to-
sample distance x1 is known, as is the sample-to-detector distance
x2 for each detector element, the magnitude of the scattered wave
vector for each recorded neutron is determined by the time-of-
arrival at the detector, tdet:
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For a chosen ki and sample orientation, there are three in-
dependent degrees of freedom, corresponding to the spherical
polar angles θ and ϕ that define the direction of kf , and the time-
of-arrival tdet which in turn has a one-to-one correspondence with
energy transfer, ω, or equivalently with ≡ | |k kf f . In consequence,
the momentum and frequency dependent scattering function

ω( )S Q, is measured on a 3D manifold in the four dimensions of Q
andω, with the volume defined by the ranges of θ and ϕ set by the
size of the detector array, and ω−∞ ≤ ≤ Ei. Equivalently, in any
particular choice of coordinate frame for Q , then of the four co-
ordinates ω{ } ≡ ( )αQ Q, with θ ϕ= ( )α αQ Q t, , det , α = −1 4, only
three components are independent, with the fourth an implicit
function of the other three. We note that a similar line of reasoning
can be used for indirect geometry spectrometers, for which
the final energy Ef is fixed and the time-of-flight is used to de-
termine ki.

The physically relevant coordinate frames in which to express
the components of Q are ones that are fixed with respect to the
crystal lattice. For example, one may choose the components along
the reciprocal lattice vectors a*, b* and c*. A good choice of co-
ordinate frame and of which component of { }αQ is the implicit
coordinate will depend on the material being studied. For ex-
ample, in some magnetic materials such as the parent high tem-
perature superconductor compound La2CuO4 [29], the magnetic
ions are arranged in layers, with the magnetic exchange para-
meters between the layers orders of magnitude weaker than those
within the layers. In this case, the best choice of coordinate frame
is one with components Q1 and Q2 within the layers and Q3 per-
pendicular to the layers. Because the interactions between the
layers are negligible, ω( )S Q, has a simple dependence on Q3,
mainly due to the form factor. In this instance, Q3 is taken to be the
implicit variable, and the intensity as a function of ω( )Q Q, ,1 2 gives
the relevant information of ω( )S Q, . Typical plots of ω( )S Q, at a
constant energy are thus projected along the physically unin-
teresting Q3-axis. In quasi-1D magnets, where the interactions are
strong only along one direction – label it Q1 for definiteness – then
Q3 can be ignored as the implicit variable and the intensity in-
tegrated along Q2 to improve the statistical quality of the data, and
intensity as a function of ω{ }Q ,1 gives the full information of

ω( )S Q, . These techniques have been used to study spin dynamics
in single crystals since the early 1990s [30–33], and full mapping of
excitations in quasi-2D materials became possible with the advent
of the large position sensitive detector array of the MAPS spec-
trometer [34,35]. They are now routine on time-of-flight spectro-
meters around the world to study excitations in quasi-1D [11–16]
and quasi-2D magnets [17–21] as well as copper based [2–5] and
iron based [6–10] superconductors and their parents. Well-estab-
lished software applications, such as DAVE [36], MSlice [37], and
Utsusemi [38] exist to visualize and to perform some analysis of
the data. Though it is possible to use the same techniques and
software tools to analyze data from 3D materials [39,40], such
analysis is far from routine.

In the case of MERLIN the number of detector elements is
≈70, 000, which is typical of the number for similar instruments at
other sources, and the energy transfer axis is typically divided into

Fig. 1. Schematic of the MERLIN chopper spectrometer, at the ISIS spallation neutron source. A white beam of neutrons from the source moderator is incident from the bottom
left in this schematic. The principles of operation are described in the text. Such instruments are ideally suited for the technique of combining multiple datasets, with their
high flux and large solid angle detector coverage enabling rapid surveys of the 4D scattering function ω( )S Q, to be undertaken.
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