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1 Executive Summary  
 
The tenth of our Instrument Workshops, on Polarised and Inelastic Cold Neutron Scattering, was 
held at Lucas Heights on 27-28 January. 30 participants attended, from 6 Australian Universities, 
3 ANSTO Divisions, and 5 overseas countries in Asia, Europe and North America. All 
participants had the opportunity to give their vision for work in 2005 and beyond. In addition to 
four invited talks on the subject of "Scientific Opportunities with Polarised and Cold Neutron 
Inelastic Scattering" (Steve Nagler, Oak Ridge National Laboratory, USA; Feri Mezei, Hahn 
Meitner Institute, Germany; Kazu Kakurai, Japan Atomic Energy Research Institute; and Trevor 
Hicks, Monash U.), and "Using Neutrons to Answer Fundamental Questions about Frustrated 
Quantum Antiferromagnets" (Ross McKenzie, U. of Queensland), "Using Neutrons to Answer 
Fundamental Questions and Address Technologically Important Issues:  Case Studies in 
Magnetism" (Robert Stamps, U. of Western Australia), and "Possible Scientific Program and 
Plans for a Cold-Neutron 3-Axis Spectrometer from Taiwan" (Wen-Hsien Li, National Central 
University, Taiwan). 
 
The Australian community is interested in a wide range of polarised and cold inelastic scattering 
applications, and there was consensus that a versatile instrument was needed.  The highest 
priority is to build a cold-neutron triple axis spectrometer with polarised-beam and 
polarisation analysis capability.  There is strong interest from the National Science Council of 
Taiwan in constructing such a machine, possibly at the reactor face on CG4, and this could well 
turn out to be the highest performance machine of its type in the world. 
 
Alternatively, if ANSTO has to fund such a machine, it would likely be on the CG1 guide, 
upstream of the SANS.  The second priority is to preserve the wide-angle polarisation analysis 
capability presently available on LONGPOL and/or to pursue polarised-beam reflectometry.  The 
latter simply requires a higher precision slit system. 
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In any case, the recommendation is that ANSTO proceed with a monochromator/ shield/ 
polariser system and appropriate dance floor on a cold guide, in such a way that alternative 
secondary spectrometers (3-axis, LONGPOL-type, reflectometry) can be installed.  If the 
National Science Council of Taiwan proceeds with its cold 3-axis project, ANSTO should then 
implement the LONGPOL / polarised-beam reflectometry option.  If not, ANSTO should 
implement the cold 3-axis spectrometer. 
 
The workshop came to the following additional conclusions: 
 
1.  There was a strong sense that any 3-axis spectrometer should have a multi-analyser/multi-
detector combination, or at least an upgrade path to this. 
 
2.  At this stage, there is no case for 2 cold-neutron triple-axis spectrometers at the RRR. 
 
3.  The desired Q-range is 0.02 – 5 Å-1; with an energy transfer range of 20 µeV – 15 meV 
 
4.  The instrument is likely to run unpolarised for 2/3 of the time and polarised for the remainder, 
and the instrument(s) should be designed to allow easy changeover between polarised and 
unpolarised operation. 
 
5.  We expect roughly equal interest/demand in studying single crystals, powders, 
surfaces/interfaces and naturally disordered systems. 
 
6.  There was a strong sense that the facility should eventually have a cold-neutron time-of-flight 
spectrometer of the IN5 or IN6 type, with a polarised incident beam option, and designed in such 
a way that polarisation analysis could be implemented if inexpensive large-area analysers become 
available.  This should be a high priority for the next wave of instruments that ANSTO plans to 
build after 2005. 
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2 Introduction 
 
Changes to the spin state of neutrons upon scattering provide important detailed information 
about the scatterer. Determination of the spin state dependence of neutron cross sections provides 
a unique and powerful probe of magnetic structures and excitations.  The use of polarised 
neutrons is on the rise internationally, and all modern facilities have capabilities for polarised 
neutron scattering. There is a long history of polarised neutron analysis in Australia, dating to 
1974 with LONGPOL with one of the first demonstrations of neutron polarization analysis. 

 
Fig. 1   Trevor Hicks’s pioneering work on the spin-glass problem, using LONGPOL.  The 

nuclear (top panel) and magnetic (bottom panel) cross-sections which are separated with 
polarisation analysis.  The point at zero scattering vector is calculated from the measured 
bulk magnetic susceptibility.  Above the glass temperature there is agreement with the 
magnetic cross-section.  Below the glass temperature there is no agreement which means 
that the moment fluctuations are not thermally activated, and are therefore frozen into a 
magnetic glass. (from Ref.[1] E, Ahmed and Hicks Solid State Comm 15, 415 (1974)). 

           

ANSTO, Polarised and Inelastic Cold Neutron Scattering Page 6 of 28 



Workshop on Polarised and Inelastic Cold Neutron Scattering                   Lucas Heights Jan.2004 

There is also a strong background within Australia of magnetics research. Some highlights 
include Australian work on spin density waves (R Street), spin-glass research (Monash), rare-
earth magnets (CSIRO and the consequent founding of the lab at UWA), and magnetic alloys 
(UNSW). Industrial links have existed in the past within Australia, and currently exist with 
overseas industries through IBM and Seagate. 
 
With the new reactor, we now have the possibility to establish Australia as a leader in select areas 
of modern polarised neutron scattering: 
 
The areas targeted in this workshop were those of particular interest for the use of a cold-neutron 
instrument, with polarized beam and polarization analysis (most likely a cold-neutron triple-axis 
spectrometer). Note that some thermal 3-axis spectroscopy and reflectometer details can be found 
in reports of other workshops [2,3]. The brief of this workshop is cold neutron TAS. 
 

3 Types of Measurements: 
 
There are a variety of techniques for using polarised neutrons to study magnetic properties and 
phenomena in matter. These include magnetic Bragg peaks observed with diffraction, separation 
of coherent and incoherent contributions to spectra, inelastic scattering and polarisation analysis 
of excitations and spin-echo techniques. 
 
Cold neutrons are easier to polarise than thermal neutrons, partly due to the efficiency of the 
collecting polarisers. The focus of the workshop was on the use of polarised cold neutrons within 
the scope offered by the techniques listed above (excluding spin-echo). 

4 Scientific opportunities 
 
A number of research areas at the forefront of science and technology of interest to the Australian 
and international research community are summarised below. Additional interests not represented 
at the workshop are recognised at the end of this section together with suggestions of how 
communities with interests in these areas can be involved. 
 
Forefront condensed-matter physics. 
Polarization analysis and cold neutron inelastic scattering techniques should have a major input 
on condensed matter physics in the foreseeable future. The most exciting science will rely on new 
discoveries that cannot be predicted today, but it is possible to imagine the input to areas of 
current interest. 
 
Strongly correlated electron systems are a significant component of forefront condensed matter 
physics. Understanding the ground states of heavy-fermion, mixed-valent, and quantum-critical 
magnetic alloys requires a detailed knowledge of magnetic fluctuations and excitations. Getting at 
the low-energy dynamics is only possible if the magnetic scattering can be isolated from non-
magnetic contamination such as phonons, and polarization analysis combined with inelastic 
scattering is the cleanest and most direct way of accomplishing this. Details of the ground state 
can be further elucidated by sorting out the polarization of matrix elements between the ground 
and excited states. This represents an area of future opportunity. 
 
The physics of quantum-fluctuation-dominated magnetic systems requires understanding 
unconventional excitations much different from classical spin waves. Triplons in dimerized 
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systems, deconfined spinons in quantum-critical spin-liquid states, and novel longitudinal 
exciations can all be studied effectively with the aid of polarization analysis. The application of 
magnetic fields to such materials often provides unique insights. As the highest available 
continuous fields are of order 10T, the Zeeman splittings in observed excitations will be of order 
1meV – in other words there is a natural fit between the available magnetic fields and the energy 
scale that is accessible with cold neutrons, and the observation of the most interesting and 
extreme effects is only possible with the energy resolution afforded by cold neutron inelastic 
scattering. 
 
Inelastic scattering of cold neutrons with polarization analysis will also have a major impact on 
the investigation of novel and complex materials. Current examples include new exotic 
superconductors (eg cobaltates and ruthenates), CMR materials, orbitally ordered oxides and 
others. Similarly frustrated magnetic materials such as pyrochlores and Kagomé structures 
typically have relatively low energy scales and possibly complex excitations. 
 
Much of this science delineated above can be best done with appropriate single crystals. There is 
some indication of growing interest in this possibilitiy in the Australian scientific community, and 
ample opportunity exists to have an international impact with the convergence of theoretical 
expertise, single-crystal synthesis of novel materials, and new world-class neutron 
instrumentation. 

5 Highlights from the workshop 
 
Kakurai presented  a quasi elastic measurement on a heavy fermion superconductor:  

Fig. 2 Low-energy excitations in the heavy-fermion superconductor UPd2Al3.  from Ref. [4] Metoki et al., Phys. 
Rev. Lett. 80, 5417 (1998). 
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Then several speakers gave examples of gapped systems. Also shown by Kakurai SrCu2(BO3)2,  
in its dimerised phase: 

 
Fig. 3   Experiments on the dimer system SrCu2(BO3)2, showing left: Excitation spectra at zero field and right: Field-
dependent thermal-neutron triple-axis showing that the zero-field results and complicated field dependences can be 
accounted for by the Dzyaloshinskii-Moriya type interdimer interactions (from Ref.[5]: H. Kageyama et al. Phys. Rev. 
Lett. 84, 5876 (2000)). 
 
Aïn showed experiments on CuGeO3 a spin-Peierls compound. 

Fig. 4 Experiments on the Spin-Peierls system CuGeO3. Cold-neutron 3-axis experiments showing the existence of 
a second gap. (Ref [6] by Aïn et al. Phys. Rev. Lett. 77, 3649 (1996)). 
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Fig. 5 Survey experiment done at ISIS on the spin-Peierls system CuGeO3, showing the magnon and the continuum 
scattering above it, at 4K (left) and 50 K (right). (Ref [7] by Arai et al. Phys. Rev. Lett. 77, 3649 (1996)). 

 
Fig. 6 Polarised Cold-Neutron Experiment in a 4T magnetic field showing Zeeman splitting of the triplet excitation, 
with the Sz = ±1 modes in the spin-flip channel and the Sz = 0 mode in the non-spin-flip channel [Unpublished work by 
Aïn and Regnault] 
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Mezei and Nagler both chose among other examples a same one on Haldane chains :  
 
 
 

Fig 7 NDMAP (Ni(C5D14N2)2N3(PF6)) is a S=1 1-D antiferromagnet with a disordered quantum spin liquid ground 
state.• An external field closes the Haldane gap and induces a Bose condensation of magnons.• The high-field phase is 
an ordered spin solid;  but, unlike a conventional ordered magnet, has a triplet of sharp magnon excitations, one of 
which is an exotic long-lived longitudinal mode. [ Ref [8] A. Zheludev et al., PRL 88, 077206 (2002); PRB-accepted 
(2003); cond-mat/0301424; cond-mat/0308545] 
 
 

6 Interfaces, magnetic materials. 
 
Great advances in growth and fabrication technologies have led to an unprecedented ability to 
atomically engineer materials that do not occur naturally. It is possible in these structures to 
drastically modify electronic, optical and magnetic properties by strategic design of interfaces 
between dissimilar materials. An example that has completely transformed magnetic thin-film 
research was the discovery, and subsequent research into, the phenomena of giant magneto-
resistance.  
 
Studies of this and related properties rely heavily on an ability to resolve the orientation and 
distribution of magnetic moments at and near buried interfaces. A wide range of phenomena in 
nanometer-thick films and multilayers are open to study using neutrons: chiral and helical 
orderings in structures with competing interactions, temperature-driven phase and reorientation 
transitions nucleated at interfaces, enhanced magnetic moments at ferromagnetic interfaces, 
proximity induced magnetic moments in nonmagnetic metals (such as Pd) and frustration induced 
at interfaces involving combinations of ferromagnets, ferrimagnets, and antiferromagnets. The 
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range of materials extends across the transition and rare earth metals in a variety of alloys and 
multilayered geometries. 
 
The forefront of magnetic materials research involves understanding static order and dynamics of 
ordering in thin film structures patterned into geometries with nanometre dimensions. This also 
includes nanocrystalline materials and techniques for nanostructuring produced using ‘self-
organization’. In addition to using neutrons for studies of static magnetic order and distributions 
of magnetization in buried ferromagnetic and antiferromagnetic components, new directions in 
technological applications require understanding the relationship between geometrical structure 
and low frequency spin wave dynamics. In particular, mode diffusion and damping mechanisms 
are of particular importance. Spin-wave scattering and interactions involving scattering from 
conduction electrons in magnetic metals is of especial interest at present, especially in regards to 
current driven reversal schemes and high-frequency magnetoresistance. 
 
 

Fig 8 Comparison of measured with calculated neutron reflectivities for the epitaxial 
Au(111)/Co/W sample. The underlying magnetization models is represented schematically [from 
Ref [9] Sellmann et al. Phys. Rev. B 64 054418-1 (2001)] 

6.1 Nanostructures.  
 
Miniaturisation of devices has attracted world wide attention, and when the dimension of 
materials becomes small, the lattice constant will change, clearly affecting materials properties. 
Unique quantum effects appear when the size of materials is smaller than a few tens of 
angstroms. Such effects can dramatically affect magnetic properties. This is especially relevant 
for possible magnetic memory devices used in information communication technology. 
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6.2 Magneto- and spin -electronics.  
 
One of the most important developments for existing and future technological applications is the 
discovery of modifying electronic transport properties, such as diffuse and ballistic resistance, in 
magnetic structures using small magnetic fields. The physics involves spin-dependent scattering 
at interfaces with metallic magnets, and is very sensitive to magnetic ordering and can involve 
low-frequency magnetic excitations. 
 
Cold-neutron scattering with polarization analysis is potentially important in fully understanding 
dilute magnetic semiconductors with possible implications for new types of electron-spin-based 
‘spintronic’ devices. The magnetic structure and excitations in Mn- doped GaAs is extremely 
interesting but very challenging to sort out experimentally. Opportunities exist to investigate 
interesting systems such as Tb15Mn Sb11, and this may well be an emerging field. 
 

6.3 Hydrogen Storage Materials  
Concerns over greenhouse gas emissions from over six hundred million vehicles worldwide has 
led to extensive research into alternative fuels. Facile production and innocuous emissions mean 
that hydrogen has emerged as one of the leading alternatives. Hydrogen is an ideal energy source, 
since it contains more chemical energy per weight than any hydrocarbon fuel, and when 
combined with oxygen in a hydrogen-oxygen fuel cell, the only product is water. Given the 
concern over environmental pollution and the diminishing reserves of hydrocarbons, hydrogen 
would make the ideal replacement fuel for petroleum. Production of hydrogen is also a 
straightforward process from renewable energy sources such as hydroelectric, wind, solar, 
geothermal – with water being the only necessary starting material [10]. 

The United States Department of Energy (D.O.E.) has decreed that a fully fledged hydrogen 
storage system that can store ~ 6.5 % by weight of hydrogen (wt.%) with a volumetric storage 
density of 62 kg H2/m3 would result in an economically viable hydrogen based vehicle [11]. A 
number of issues remain before hydrogen can be implemented as a widespread fuel alternative. 
These include production, distribution and storage. Of these, hydrogen storage is the primary 
concern. Limitations associated with compression and liquefaction has meant that extensive 
research has been undertaken into other forms of hydrogen storage, which include hydrocarbons, 
metal hydrides, activated carbons, graphite nanofibres, carbon nanotubes, alanates, borohydrides, 
mesoporous materials and intercalated graphite. Hydrogen storage via hydrocarbons has issues 
with carbon dioxide production. Major drawbacks with metal hydrides are their excessive weight 
and operating temperatures. The low atomic weight of the other materials listed make them an 
ideal candidate for hydrogen storage. 

In an effort to meet the D.O.E requirements the nature and dynamics of hydrogen in the above 
storage materials needs to be researched. The diffusion properties of hydrogen in a material can 
be determined from quasi-elastic neutron scattering and inelastic neutron scattering can be 
employed to determine optical and phonon modes. The resolution in energy required to determine 
the diffusive nature of hydrogen is in the range of 20 –100 µeV. To access these energies a time 
of flight instrument on a cold neutron source is required.  

6.4 Separation of coherent and incoherent scattering. 
 
Many atoms have incoherent and coherent scattering cross sections for neutrons which are 
comparable. Neutron polarization analysis can be used to separate the contributions from both 
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effects. These correspond to the collective (coherent) and ‘self’ or diffusive (incoherent) 
dynamics of atoms in many materials of technological interest such as diffusion of light atoms in 
metals and structurally disordered materials such as liquids,  glasses and polymers.  For instance, 
the motion of tagged segments of polymers in macromolecules can be followed via the incoherent 
scattering.  An accurate measurement of the coherent and incoherent scattering laws in the 
aforementioned systems is essential for verifying models of the two processes. Neutron 
polarization analysis appears to be a strongly emerging technique in this field.  

6.5 Phase transitions and molecular magnets  
 
Studies of phase transformations in crystalline materials and an understanding of transition 
mechanisms are fundamental to the understanding of structure/property relationships in 
condensed matter physics and materials science.  A number of research groups throughout 
Australia have various interests in this area of basic and applied science.  Of particular interest 
here are: 
 
• phase transitions involving an aspect of the magnetic state of the material which can vary 

from purely magnetic transitions (paramagnetic-to-ferromagnetic, paramagnetic-to 
antiferromagnetic, ferromagnetic-to-antiferromagnetic); 

• transitions involving more exotic magnetic structures; 
• transitions controlled by the domain state of the material;  
• the appearance of superconductivity and the magnetic structure of a superconducting material 

in a magnetic field; and 
• changes in crystal structure resulting from a dynamical instability in the crystal lattice 

vibrations (soft-phonon-mode materials). 
 
The last class of material, an example of which is the Heusler alloy, Ni2MnGa, has become 
particularly relevant as a magnetic actuator on account of the strong magneto-elastic coefficients 
exhibited by the material in association with a martensitic transformation. 
 
Examples of studies of phase transitions cover samples of various forms: bulk single crystals, 
powder samples, thins films.  Indeed, the nature of the transition is often influenced by the form 
of the specimen.  Thus there is a need to cover various specimen forms in developing a 
polarisation analysis facility.   
 
Molecular magnets are materials which are currently of fundamental interest but which will 
become technologically significant in the future as the demand for increasingly small and faster 
magnetic memories evolves.  Several Australian chemistry groups are represented in studies of 
these systems and while at the present time the demand by these groups for neutron scattering as 
a technique has been relatively small, on the basis of research at overseas reactors, a scientific 
case to enable a measurement of the magnetic structure and dynamics for such materials should 
be considered.  
 
Another important application employed mostly by chemists at overseas reactors is the direct 
measurement of the density of state (DOS) function for a new material.  The DOS has important 
consequences for the physical properties of materials.  While there has been little use of this 
technique to date, by Australian chemists, nevertheless, the measurement of the DOS is a 
capability which should be included in this new national facility. 

ANSTO, Polarised and Inelastic Cold Neutron Scattering Page 14 of 28 



Workshop on Polarised and Inelastic Cold Neutron Scattering                   Lucas Heights Jan.2004 

7 Survey of neutron scattering usage  
 
As part of an extensive evaluation of the scientific impact of, and prospects for, neutron scattering 
methods, a survey has been done by the ‘European Neutron Scattering Association’ (ENSA)  on 
neutron scattering usage in Europe. The following diagram summarises some of the conclusions   
 
elaborated on a poll among the scientists involved in neutron scattering. Physicists constitute 
almost one half of the community. Chemists and materials scientists constitute the other half.  

 
Fig 8 Usage of neutrons by discipline (right) and by technique (left). (http://ensa.web.psi.ch/ensa/survey.pdf)
 
The pie chart  shows the neutron usage by technique: A majority of neutron beam studies in 
Europe focus upon structural determination. Diffraction and SANS constitutes half of all neutron      
usage. One third of all studies, focus upon dynamics, and purely inelastic scattering is nearly a 
quarter. 
 
The diagram shows the usage of neutrons beams by instrument: The triple-axis spectrometer is 
the third most used instrument, in after powder diffraction and SANS. In addition, many 
experiment classified “Polarised neutrons are performed on triple-axis spectrometers”.  
 
 

  1998 1999 2000 2001 2002 
Total published 14 23 20 17 11 IN14 Cold 3-Axis 
In PRL & Nature 2 1 2 2 0 
Total published 6 13 9 7 7 D7 Time-of-Flight 
In PRL & Nature 1 0 0 0 0 

 
Table 2.  Scientific Productivity of the IN14 Cold-Neutron 3-Axis Spectrometer and the D7 Polarisation-Analysis 
Instrument at the Institut Laue Langevin.  For each instrument: Total number of publications per year and (below) those 
published in Physical Review Letters and Nature. 
 

8 The instruments 
 
Let us begin with a reminder of basic knowledge on neutron scattering technique 
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8.1 Essentials of Neutron Spectroscopy  
Wavelength, energy and frequency relationships for neutrons: 

Wavevector, k (Å-1)               k  = 2π/λ 
Energy, E (meV)                   E  = 2.072 k2 

Frequency, ν (THz)               ν = 0.242 E 
Temperature T (K)                T = 11.605 E 
Neutron velocity v (km/s)      v = 0.63 k 
Wavenumber  ν (cm-1)           ν = ν (Hz)/c (cm/s) 
 

Ranges of neutrons:    Hot neutrons              λ  <  1 Å 
                                    Thermal neutrons      λ  ~  1 Å  
                                    Cold Neutrons            λ  >  3 Å ( E < 9 meV) 
 
Cold neutrons are big business, they are in great demand because their respective energy and 
wavevector scales are essential for determining the dynamics in important and technologically 
relevant materials  
     - molecular systems (reorientational dynamics, rotational tunneling) 
     - macromolecules (protein and polymer dynamics) 
     - liquids (simple, complex and quantum) 
     - solids (glasses, lattice dynamics, spin dynamics, diffusion) 
     - nanostructured materials 
           
For these applications ISIS is planning a 2nd target station, devoted to cold neutron science 
 
Inelastic Neutron Scattering or Dynamic Response: there is an intimate relationship between the 
inelastic scattering cross section and the wavevector and frequency dependent linear response 
function χ(Q,ω) of the system to a weak perturbation i.e. passage of a neutron  (L. Van Hove, 
Phys Rev, 95, 249, 1954) 
 
Only the transfer of neutron momentum, energy as well as modification of neutron spin state 
carry information. The neutron scattering cross section is: 
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The formalism is equally applicable to both magnetic and non-magnetic systems. The imaginary 
part (i.e. dissipative) of χ(Q,ω) can be modelled. 

8.2 The triple-axis spectrometer (TAS) 
 
The classical instrument used to investigate well defined excitations, particularly dispersive 
excitations. Invented by the late B. Brockhouse (1961). The basic design has not really changed 
since then. 
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Fig 9  Schematics of a triple axis(http://www.ill.fr/YellowBook/IN12/). 
 

It is still the most versatile instrument available for INS experiments on single crystals, where we 
know exactly where we are in the reciprocal space, and it is still by far the best way to measure 
the dispersion of any type of excitation, magnetic and non-magnetic. This instrument can 
selectively measure intensities at well defined regions in (Q, ω) space. This very selective 
instrument does not necessarily use all scattered neutrons efficiently. Only few neutrons fulfilling 
the scattering law at any one point in (Q, ω) are collected. 
 

8.2.1 Kinematics of TAS 
 

Two Fundamental relations govern the 
scattering process these are conservation 

of: energy                    and          momentum 
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8.3 The time of flight spectrometer 

 
 
 
Fig 10 Sketch of a TOF instrument (http://www.ill.fr/YellowBook/IN6
 
The preferred method for study of excitations with little or no dispersion and whose Q-
dependence is negligible or well-known a priori: 
       - diffusion (broadening of the elastic line) 
       - molecular spectroscopy 
       - polymer dynamics 
       -crystal-electric-field transitions (Q dependence  is already well known via the magnetic form 
factor) 
       - vibrational densities of states in liquids and amorphous solids 
       - etc. …… 
 
This technique simultaneously detects many points in (Q, ω) space by time-resolved neutron 
detection which occurs within a very large solid angle provided for by literally hundreds of 
(fixed) neutron detectors  - very high data acquisition rate because of large solid angle. 
E (meV) = 5.227[v(km/s)]2 Flight times for distances of  several m ~ order of millisecs  

8.3.1 Neutron Pulsers (Choppers)  
 
TOF spectroscopy uses the correlation between the neutron wavelength (Å) and its associated 
velocity v (msec-1), λ =3956/v. It measures the time neutrons need to travel a known distance. 
This gives us the neutron energy. It need an electronic signal (a “time marker”) that counts the 
neutron time of flight. The time marker chops up the beam into bunches by opening and closing 
in well defined time intervals. Chopper signal starts the TOF measurement 
Duty cycle – this is necessarily small (typically 98% of the beam is lost when chopper is closed). 
duration of burst, typically 20 µsec . 
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But this loss is more than compensated by the large number of detectors which simultaneously 
scan (Q, ω) space 
 

 
Fig 11 Principle of neutrons selection, using choppers. 
 
 

 
 
 
Fig 12 Spectroscopy of a time of flight instrument. 

8.3.2 Instruments for diffuse scattering 
 
These instruments are based on the TOF principle but they can also be operated without their 
fermi chopper, on an elastic mode. They are oriented towards polarization analysis, but could also 
be used without. 
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sample  

velocity 
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multidetector 

main precession coils (ø 3 m) 
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polarization analysers 
 
 
 
 
Fig. 13  The SPAN Neutron Spin-Echo instrument at HMI, a D7-type diffuse scattering instrument with spin-echo 
energy analysis capability. 
 
 

 
 
Fig. 14 Schematic Diagram of the D7 Instrument at the Institut Laue Langevin in Grenoble 
(http://www.ill.fr/YellowBook/D7/). 
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8.4 Essentials of Polarized Neutrons 
 
In Polarised neutron mode we analyze the spin state of the neutron after scattering, relative to its 
state before scattering. Previously we only analyzed the energy and momentum of scattered 
neutrons with randomly oriented neutron moments.  (Note that polarized neutrons are easier to 
produce with cold neutrons). Polarization analysis (PA) – analyzes components of the neutron 
polarization vector after scattering 
 
In the simplest case, polarization and analyzis are along the same axis (uniaxial or longitudinal 
polarization analysis [12]. We do this because in many cases the polarization of scattered 
neutrons is parallel or anti-parallel to the incident polarization. This is used in separating non-
magnetic and magnetic scattering. 
 
                                    f     ↑       
                                                     z  (polarization direction) P = 2f – 1   P // z 
 
                                1 – f    ↓                      
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Projection of the Fourier transform M(Q,ω) of the magnetization m(r,t) on a plane ⊥ to Q. Only 
components ⊥ Q are effective in scattering ( )M Q M Q⊥ = × ×
 
So that the spin scattering is proportional to: 
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There are selection rules for Polarized Neutrons – Magnetic scattering for longitudinal 
polarimetry. Pi can be fixed // or ⊥ to Q by application of a field at sample position. 
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Components of M⊥ perpendicular to Pi ¨ spin flip  
yM⊥

xM⊥

Q

⊥M
Components of M⊥ parallel to Pi ¨ non spin flip 
 
If Pi // Q all magnetic scattering is spin flip Pf = - Pi  
 

 
 

Selection rules for Polarized Neutrons - Nuclear Scattering 

illf
ss

l sIBMbsV fi ⋅+⋅−= ⊥ σσ,

bl scattering length I nuclear spin. 

8.4.1 Polarizing and Analyzing 
Techniques used to polarize and analyze on TAS and TOF spectrometers. Left a Heusler single 
crystal and right a super mirror. 

 

9 Instrument Options and Possible Costs  
 
Listed below are average estimated costs for different options that could be installed in the guide 
hall 
 

Options Price 
LONGPOL as is, + new monochromator ~$1M
LONGPOL as is + Cold TAS including REFLECTOMETER option ~$2M
Refurbished LONGPOL (20% of D7?) $3M
Copy D7 $10M
Cold TAS at reactor face (with polarisation analysis, single or multi-detector)  $5-10M
IN5-type time-of-flight (end of guide, including guide) $10M 
IN6-type time-of-flight (on monochromator) ~$6M

An extremely fundamental issue is that of the type of instrument to be constructed.  The two main 
ways of performing energy analysis are time of flight (TOF) and using crystal analysers, as on a 
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three axis spectrometer (TAS).  In the former case, on a continuous neutron source like a reactor, 
the neutron beam is monochromated and chopped.  Therefore each neutron has a known initial 
velocity and is ‘born’ at a known time.  Thus the time it takes for the neutron to reach the detector 
yields the neutron velocity after the sample.  As the energy relates to the velocity, the neutron 
energy change can be calculated and the sample behaviour determined.  The TAS spectrometer 
uses a monochromator to define the incident energy and a second to define the energy after 
scattering, with the difference being the energy lost (or gained) by the neutron.  These two types 
of instrument suit different problems. 
 
The crystal analyser on the TAS scatters neutrons of a known energy change (∆E) into a single 
detector at a known angle.  Thus it is suitable for features which are not of large extent in E (ω) 
and q.  Typical examples are phonons and magnons, or close examination of a Bragg peak (for 
example magnetic order parameter studies).  Adding  PA is relatively simple and inexpensive as, 
for cold neutrons, a single supermirror polariser can be placed on the input side for polarisation 
and a second one on the output side for analysis.  An advantage of the TAS is that with suitable 
slits it can operate as a horizontal scattering plane reflectometer for solids, and if it is fitted with a 
PA option, the polarisers, flipper and guide fields would allow PA reflectometry, which is of 
great value in the study of magnetic multilayers. 
 
The TOF instrument is a survey instrument, which covers larger volumes of q ω space.  This is a 
useful instrument in spectroscopies in which the features are extended in q ω space.  The extreme 
case of this is chemical spectroscopy; however none of the participants was a user, or desired to 
be a user, of these techniques.  Other experiments include phonon density of states, diffusive 
modes such as hydrogen in metals, and the measurement of diffuse scattering due to magnetic 
and/or structural disorder, which may extend throughout reciprocal space.  In this case it is often 
desirable to eliminate all but the elastic scattering.  To disentangle magnetic diffuse from other 
scattering, PA is also required, so a TOF spectrometer without PA is not desirable.  Advantages 
of the TOF instrument include its greater reciprocal and energy space coverage in less time; the 
point counter on a TAS may not reveal new features simply because one is not looking for them, 
which a TOF instrument may measure a lot of uninteresting regions of q ω space, but may also 
reveal unexpected features in the scattering.  Its disadvantages include the large area detectors 
required (cost) and the difficulties in polarising a large fraction of this detector area. 
 
There are a number of decision points in the process.  The first depends on the Taiwanese 
contribution.  It was noted that the Taiwanese need to be able to make the strongest possible case 
for the funding, which implies the reactor face TAS option.  This then implies that the ANSTO 
instrument will be a guide-based instrument with different capabilities. 
 
Financial limitations mean that the best possible outcome – a powerful, dedicated TOF machine 
with large detector area and large polarised detector bank to complement the high performance 
thermal TAS and high-performance Taiwanese cold TAS – is not possible.  Hence, the 
discussions below must be read with the financial limitations in mind.  One proposed way 
forward essentially follows M. Ain’s second suggestion or proposal, which is for a single detector 
cold TAS on a guide, complete with supermirror polariser and analyser and associated equipment.  
The instrument could be constructed with allowance for a set of slits allowing horizontal 
scattering plane reflectometry from magnetic multilayers and other solid thin films, and would 
(almost incidentally) be capable of depolarisation experiments also. 
 
In addition, the existing LONGPOL detector bank can act as a second detector module for this 
instrument.  Pulsing the flipper pseudo-randomly would allow the instrument could work much as 
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LONGPOL presently does, with the advantages of additional flux and reengineering of software.  
The ability to collect separate spin flip and non-spin flip cross sections, as well as the difference, 
is desirable.  It is also highly desirable to add further analysed detectors to the LONGPOL 
module.  If the instrument is to be capable of TOF for non-PA measurements, a chopper, disk or 
Fermi, probably Fermi, is required, preferably in addition to greatly increased detector area.   The 
Fermi chopper may in fact be useful for energy-analysed PA measurements as well (it is the 
technique used on D7 successfully and, if the system incorporates spin turning Helmholtz coils, 
then the true spin flip non-spin-flip cross sections can be determined in detectors whose scattering 
vectors are not parallel with the polarisation vector), and the pseudo-random sequence may not be 
required.  It should be noted that an open geometry instrument (no after-sample collimation), such 
as a TOF spectrometer with a large area of detectors requires an Argon-filled flight path, which if 
the system is on a monochromator must be able to be swung through some angle to allow for 
changes in takeoff angle (incident energy). 
 
A TAS can be built with a multianalyser.  While only a single detector can perform the much-
used constant-q scan, this does have advantages for measuring less localised features.  Further, 
modern data processing techniques mean that a constant-q scan can be extracted in software even 
if not measured directly.  This is not such a high priority, but perhaps should be costed. 
 
In summary, the instrument will be a cold three axis capable of easy reconfiguration to run in 
other modes.  The modes of operation will be: 
1) Cold three axis mode, with a single detector, with or without PA 
2) Horizontal scattering plane constant wavelength reflectometer, with or without PA 
3) LONGPOL augmented by a Fermi chopper and possibly large, relatively inexpensive low-

spatial-resolution gas detectors to allow TOF spectrometry with and without PA. 
 
Care should be taken to preserve full operational capability of each individual option and to 
ensure that reconfiguration is streamlined.  It is assumed that instrument time will be scheduled in 
blocks such that reconfiguration is minimised. 

10 Preliminary Cost Estimates 
 
Option 1 (New Cold-Neutron 3-Axis  + moving existing LONGPOL over to RRR) 
 

Component Price Source 
Dance floor 75K Sunjung Kim 
Shielding on the guide 350K Sunjung Kim 
Vertically focusing monok stage  114K AZ-Systemes 
Graphite  for mono 90K Louis-Pierre Regnault 
Flight tube and sample stage 210K AZ-Systemes 
Polariser and analysers 250K Thomas Krist 
1 Detectors 2K  
Fermi Chopper 150K  
Electronics 30K  
Computer and IT 20K  
Frame for detectors-analysers bank 50K Sunjung Kim 
Materials 150K Sunjung Kim 
Labor 400K  
TOTAL $1891K  

(Plus XYZ coils for the guiding field, flippers, filters, permanent magnets  $300K) 
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Option 2 (Refurbished LONGPOL, with solid angle ~20% of D7) 
 

Component Price Source 
Dance floor 75K Sunjung Kim 
Shielding on the guide 350K Sunjung Kim 
2 Vertically focusing monok stage  228K AZ-Systemes 
Graphite  for mono   X  2 180K Louis-Pierre Regnault 
Flight tube and sample stage 210K AZ-Systemes 
1 Polariser and 8 analysers 1000K Thomas Krist 
8 Detectors 15K  
Fermi Chopper 150K  
Electronics 30K  
Computer and IT 20K  
Frame for detectors-analysers bank 50K Sunjung Kim 
Materials 150K Sunjung Kim 
Labor 400K  
TOTAL $2858K  
(Plus XYZ coils for the guiding field, flippers, permanent magnets  $300K) 

 

11 Ancillary Equipment 

11.1 Magnetic field 
It is considered essential to be able to provide substantial fields to the sample.  Fields should be of 
the order of 10 – 15 Tesla.  It would be advantageous to be able to apply fields in all three 
orthogonal directions.  It may be possible to use a split pair system to provide all three directions 
(if the magnet can be rotated appropriately). The use of a cryocooler based superconducting 
solenoid would reduce the use of liquid gas consumables, although at an increased initial cost. 

11.2 Temperature control 
A number of different temperature control options may be required as no device will give access 
to the entire range of temperatures.  These potential devices should be as far as possible 
compatible with the superconducting magnet and also the XYZ Helmholtz coils.  They will 
require good temperature controllers with magnetic field independent temperature sensors. 

11.2.1 Low Temperature 
Preferably a continuous flow cryostat with a pumped sample space to give temperatures down to 
1.2K.  Alternatively a cryocooler based system at least capable of 5K. 

11.2.2 Ultra Low temperature 
The ability to extend to ultra low temperatures would add significantly to the research 
capabilities.  

• The first stage would consist of a Heliox 3He cryostat that will get to 0.3 K. 
• The second stage would make use of a dilution refrigeration system that would extend the 

temperatures down to the low mK regime (note this may require dedicated support staff, 
see below). 
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11.2.3 High Temperature 
A lower priority item would be the ability to access temperatures in excess of room temperature.  
There is apparently an existing 900ºC furnace that may be suitable.  

11.3 XYZ Method (3-Directional) 
An important ability is for a series of Helmholtz coils to change polarisation axis of the neutron 
relative to the scattering vector in three mutually orthogonal directions.  This allows, in principle, 
a separation of magnetic and non magnetic scattering and also a separation of coherent from 
incoherent scattering. 

11.4 2-Stage sample holder 
A two-stage sample mount would be useful for calibration of the instrument just prior to sample 
measurement.   

11.5 User access to sample space 
In order to make the device as adaptable as possible we would like to have user access the sample 
space.  Some of the possible sample modifications/inputs that may allow us to access new or 
improved science are;- 

• Exchange gas – Apply or change the exchange gas around the sample, in particular 
Hydrogen gas exposure to battery/fuel cell materials. 

• Pumping to excited states – the ability to apply RF or microwave signals to samples in 
the course of the experiments to pump the system to excited states.  Optical pumping 
could also be achieved using laser systems. 

• Stress/Pressure – the ability to apply either uniaxial stress or pressure to the sample 
during measurements may provide a window to otherwise inaccessible states and phases 
as well as allowing examination of changes the occur due to change in strain of a 
material. The generation of relatively small uniaxial stress to a sample is relatively easy.  
A hydrostatic pressure cell may be suitable for pressure based measurements.   

11.6 Software 
The obvious requirements of ease of use, intuitive and reliable are essential.  An ability to provide 
extreme flexibility to at least the experienced user would be a major advantage (No experiment 
should be excluded because “the software won’t allow it”).  
The software should provide an instant graphical feedback of the experiment to the user. 
One form of experiment that may find increased application, that should be included in the 
software, is the possibility of stroboscopic measurements of time varying effects.  This must 
include the ability to generate an appropriate triggering signal to trigger external equipment. 

11.7 Support Staff 
As well as the obvious provision of support staff for the device itself some support for other 
equipment may be of advantage to the user and the Bragg Institute.  Some suggestions would 
include support for the XRD, SAXS and X-ray reflectometer.  Support staff responsible for other 
common equipment such as temperature stages and controllers and magnet systems would be 
good.  In particular to obtain best performance from dilution based refrigerators requires 
significant operational experience the users will probably not have. 

11.8 Data access 
A simple system to access data from off the Lucas Heights site is essential.   
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12 Polarised-Beam Instruments Approved so far for the Replacement Reactor 
 
Instrument Polarised 

Incident Beam 
Polarisation 
Analysis 

Inelastic 
Scattering 
Capability 

Incident 
Wavelength 
Range 

TAIPAN 
Thermal 3-Axis 
Spectrometer 

Yes Yes Yes Thermal 

PLATYPUS 
Reflectometer 

Yes Yes No Cold 

QUOKKA 
Small-Angle 
Neutron 
Scattering 

Yes No, but can be 
implemented if 
large area 3He 
polarisers 
become available 

No Cold 

WOMBAT 
High-Intensity 
Powder 
Diffractometer 

No, but could 
easily be 
implemented 

No, but could be 
implemented if 
large area 3He 
polarisers 
become available 

No Thermal 

ECHIDNA 
High-Resolution 
Powder 
Diffractyometer 

No No No Thermal 

KOALA 
Quasi-Laue 
Diffractometer 

No No No No 

KOWARI 
Residual-Stress 
Diffractometer 

No No No No 
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13 Selected Cold 3-Axis Spectrometers with or without Polarisation-Analysis 
 

Spectrometer Polarisation 
Analysis 

Comment 

RITA-II  at PSI no Enclosed analyzer detector housing is 
most advanced built to date.  Modest 
flux at PSI 

SPINS (NIST) Polarized mode 
for fixed Ei only 

uses combined housing and PSD, 
medium flux. 

IN14 (ILL) YES high intensity, lacks combined 
housing and PSD.  

 
MACS (NIST) NO Under construction;  

~US$7M; Enormous double focusing 
monochromator. Excellent for 
samples with weak Q dependence 

 
 
 
 
 
Cold 3-Axis  

STAR Oak Ridge YES planned for the future ~$6-7M 
LONGPOL 
(ANSTO) 

Yes, but only 
measures the 
difference: 

SF-NSF  

Low intensity; uses pseudo-random 
flipper sequence. Solid angle 
coverage: ~0.02 str 

D7 (ILL) YES Presently being upgraded with huge 
array of supermirror analysers & 
detectors; uses disc chopper. Solid 
angle coverage: ~0.19 str 

DNS (Jülich) YES uses Fermi chopper. Compact 
instrument 

 
 
 
 
 
TOF  

SPAN (HMI) YES Also has wide-angle spin-echo 
option; 0.15m2 detector 
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14 Appendix A List of participants 
 

Institute First Name Last Name Email 
Bragg Institute Michel Aïn mai@ansto.gov.au
Curtin University Craig Buckley C.Buckley@curtin.edu.au
UNSW Sean Cadogan J.Cadogan@unsw.edu.au
ANSTO–Materials&Eng Sciences George Collins gcz@ansto.gov.au  
Bragg Institute Yang Fei yfx@ansto.gov.au
Monash Trevor Finlayson trevor.finlayson@spme.monash.edu.au
Bragg Institute Elliott Gilbert epg@ansto.gov.au
Australian National University Darren Goossens goossens@rsc.anu.edu.au
Monash U. Stephen Harker stephen.harker@spme.monash.edu.au
Monash U. Trevor Hicks trevor.hicks@sci.monash.edu.au
ANSTO-Engineering Glenn Horton gih@ansto.gov.au
ANSTO-Engineering Eno Imamovic eia@ansto.gov.au
JAERI, Japan Kazu Kakurai kakurai@neutrons.tokai.jaeri.go.jp
Bragg Institute Shane Kennedy sjk@ansto.gov.au
Bragg Institute Oliver Kirstein oli@ansto.gov.au
Bragg Institute Robert Knott rbk@ansto.gov.au  
Taipei ECO Kuan-Ching Lee kclee@nsc.gov.tw
National Central UniversityTaiwan Wen-Hsien Li whli@phy.ncu.edu.tw
AINSE Dennis Mather dmz@ansto.gov.au  
University of Queensland Ross McKenzie mckenzie@physics.uq.edu.au
Hahn-Meitner Institute, Germany Ferenc Mezei mezei@hmi.de
University of Modena, Italy Oscar Moze moze@mail.unimo.it
Oak Ridge, USA Stephen Nagler naglerse@ornl.gov
Bragg Institute Robert Robinson rro@ansto.gov.au
Bragg Institute Jamie Schulz jis@ansto.gov.au
University of Western Australia Robert Stamps stamps@physics.uwa.edu.au
Bragg Institute Andrew Studer ajs@ansto.gov.au  
UNSW Oleg Sushkov sushkov@phys.unsw.edu.au
University of Western Australia Robert Woodward woodward@physics.uwa.edu.au
Monash U. Xiangyuan Xiong  xiangyuan.xiong@spme.monash.edu.au
 Bragg Institute Dehong Yu dyu@ansto.gov.au
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15 Appendix B Workshop Program 
Tuesday, 27th of January 2004. 
 
Time Presentation Presenter Chair 
8.30 Arrival at ANSTO   
9.00 Opening and Welcome G. Collins, ANSTO Michel Aïn 
9:05 An Overview of Instrument Opportunities at 

the Australian Replacement Research 
Reactor. 
Users community 

R. A. Robinson, ANSTO  

9:30 Charge to the Workshop R. A. Robinson, ANSTO  
9:35 An  Introduction to Polarised neutrons and 

inelastic scattering 
Oscar Moze, University of 
Modena, Italy 

 

10:15 Coffee   
10:30 Scientific Opportunities with Polarised and 

Cold Neutron Inelastic Scattering – 
American Perspective 

Steve Nagler, Oak Ridge 
National Laboratory, USA 

Oleg Sushkov, 
UNSW 
 

11:30  5 minutes for each attendee Rob Robinson 
12.30 Lunch   
13.15 Scientific Opportunities with Polarised and 

Cold Neutron Inelastic Scattering – European 
Perspective 

Ferenc Mezei, Hahn Meitner 
Institute, Germany 

Steve Nagler 

14:15 Using Neutrons to Answer Fundamental 
Questions about Frustrated Quantum 
Antiferromagnets 

Ross McKenzie, University 
of  Queensland 

 

14:35 Using Neutrons to Answer Fundamental 
Questions and Address Technologically 
Important Issues: Case Studies in Magnetism 

Bob Stamps, University of 
Western Australia 

 

14.50 Afternoon Tea and Workshop photo   
15:10 Scientific Opportunities with Polarised and 

Cold Neutron Inelastic Scattering – Japanese 
Perspective 

Kazu Kakurai, JAERI Japan Ross McKenzie 

15:50 Scientific Opportunities with Polarised and 
Cold Neutron Inelastic Scattering – 
Australian Perspective 

Trevor Hicks,  Monash 
University 

 

16:30  Open Discussion of Scientific Opportunities Forum for Discussion Sean Cadogan  
18:30 Dinner    
 

ANSTO, Polarised and Inelastic Cold Neutron Scattering Page 30 of 28 



Workshop on Polarised and Inelastic Cold Neutron Scattering                   Lucas Heights Jan.2004 

Wednesday, 28th of January 2004. 
 
Time Presentation Presenter Chair 
9:00 Welcome Back  Oscar Moze 
9:05 Characteristics of the Cold Neutron Source 

and Neutron Guides`at the Australian 
Replacement Research Reactor 

Shane Kennedy, Bragg 
Institute 

 

9::35 Instrument Options for Polarised Neutrons 
and Inelastic Scattering at the RRR 

Michel Aïn, Bragg Institute  

10:05 Possible Scientific Program and Plans for a 
Cold-Neutron 3-Axis Spectrometer from 
Taiwan 

Wen Hsien Li, National 
Central University,  Taiwan 

 

10:35 Coffee   
11:00 Discussion   
12:00 Charge for writing Workshop Report   
12:30 Lunch   
13:30 Write Report   
16.30 Workshop Summary and Close   
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