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Abstract

The neutron optics design and performance for VULCAN – the SNS Engineering Diffractometer – is presented.  A gradually tapered focusing neutron guide is used to deliver desired beam divergence at sample position.  Selection of instrument resolution is achieved with an interchangeable guide-collimator system in the last 3-m of the neutron guide system.  The effect of focusing on instrument resolution was evaluated and the strategy for detector deployment is discussed.  © 2001 Elsevier Science. All rights reserved
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1. Introduction

Two premium engineering diffractometers will enter into commissioning phase in 2008: VULCAN at the Spallation Neutron Source (SNS) in the USA and TAKUMI in the Japan Proton Accelerator Research Complex (J-PARC).  VULCAN is named after the Roman God of Fire of Metalworking whereas TAKUMI carries the meaning of a skillful master engineer.  Both instruments are expected to transform the field of engineering diffraction, enabling scientific opportunities that hitherto were impossible.
The application of VULCAN will cover a broad range of materials science and engineering.  The primary use of VULCAN is for stress-related studies, including mapping of the residual stress distribution in components and the determination of deformation behaviors under applied load.  Other uses include in-situ measurements of materials kinetics in chemistry, stress, texture, and microstructure.  
Because of the diversity of applications, the instrument must have a large degree of flexibility for intensity-resolution optimization.  As the sampling volume is reduced to ~mm size, the momentum transfer (Q) resolution ΔQ/Q can be effectively controlled by shaping the horizontal and vertical divergence of the incident beam.  For experiments that do not require high resolution, the incident beam divergence can be relaxed for intensity gain.  For VULCAN, the resolution was chosen to be 0.2% in the high-resolution (HR) configuration.  This level of resolution is sufficient to resolve ~ 20 peaks for common engineering materials, such as Fe, Al, and Al2O3.  To achieve this resolution the horizontal divergence has to be reduced, but some intensity increase can be achieved by relaxing the vertical divergence.  
A center-piece of the instrument is therefore the neutron guide system.  The basic idea of the neutron guide design has been given in ref. [1], but it has since been refined and eventually evolved into a focusing neutron guide [2], following a logarithmic spiral shape, with a 3-m long interchangeable guide-collimator (IGC) that allows the selection of incident beam divergence and hence the instrument resolution for a given experiment.  Fig. 1 shows a schematic layout of VULCAN.  This is a 43.5 m long instrument.  Up to the start of the IGC (4.5 m from the sample), each section of the guide is coated with 3Ni or m3 supermirror coatings on all four sides.  For the guide section within the IGC, the top and bottom are coated with high-end m3.6 coatings to further increase the vertical divergence on sample. In high-intensity (HI) configuration, an optional 0.5 m guide section, coated with m3.6 on all four sides, can be mounted after the IGC system for additional focusing in both vertical and horizontal planes. 
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Fig. 1 Schematic layout of the VULCAN diffractometer

Monte Carlo simulation with the IDEAS software [3] was used to estimate the performance of the neutron guide system.  The calculated flux distribution and Q-resolution have been presented in ref. [4].  The flux on 2(2 mm2 sampling cross-section was integrated over a bandwidth of 0.9-2.2 Å, the primary operating wavelength range for VULCAN.  In the HR configuration, where the neutron guide is terminated at 1.5 m from the sample position, the calculated flux is 3.0×107 n/s/cm2, and the ΔQ/Q is 0.2%.  In the HI configuration, where the neutron guide is terminated at 1 m from sample, the flux reaches 1.2×108 n/s/cm2, while the ΔQ/Q resolution varies from 0.2 to 0.6% depending on the detector angle.
The focusing guide configurations were compared with a reference to an un-tapered guide system.  In the HR case, the gain in neutron flux comes entirely from the increase of the vertical divergence due to tapering of the guides (logarithmic spiral shape in our case).  Since the VULCAN detector assembly extends out of the horizontal scattering plane, it is important to assess how this increase of vertical divergence would negatively affect the resolution for out-of-plane detectors.  As illustrated in Fig. 2, in the laboratory coordinate system, an out-of-plane detector element may be located with two angles (2x, ), where 2x is the apparent scattering angle in the horizontal scattering plane and  the out-of-plane tilt angle.  Such a detector element measures diffraction signals at a real scattering angle  and an azimuthal angle  on the 2 Debye-Scherrer cone.  For a given (2, ), 2x and  are determined by the following relationship,
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Fig. 2 Schematic to illustrate the location of an out-of-plane detector element and the Debye-Scherrer cone that it measures.  
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Thus, the detector element may be characterized with either (2x, ) or (2, ).  Note that  is measured from the horizontal scattering plane.
VULCAN utilizes scintillation detectors with a pixel size of 5×47.5 mm2. To minimize the contribution by the detector element, it is necessary to align the detector so that its long pixel dimension lies in the tangential direction of the Debye-Scherrer cone.  This requires a rotation of the detector element about the radial direction by an angle , which is given by the equation,
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In Fig. 3, the diffraction peak profiles obtained for the 90º detector in the HR configuration, with or without vertical focusing, are compared.  The calculations were made for a diffraction peak centered at d=1 Å.  The intensity gain as a result of vertical focusing is 2.3 at =1.414 Å.  As might be expected, the diffraction peaks are broader at large  angle due to the contribution of the vertical divergence.  It is clear that at º, the increase in vertical divergence translates to a broadened diffraction peak and there is virtually no gain in peak intensity.  Notice that for 90º detector bank, the detector tilt angle  is the same as , see Eq. (2).  
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Fig. 3 Comparison of diffraction peak profiles in the high-resolution configuration with or without focusing.  The calculations were made for the 90º detector.
To quantify at what  value the benefit of vertical focusing vanishes, we define the following figures of merits, i.e., 
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where I is the integrated intensity, and R the estimated standard deviation of the diffraction profile (second moment).  F0, F2, and F4 therefore define the figures of merit for the determination of peak intensity, peak position, and peak width.  The ratio of these figures of merit with or without focusing are plotted in Fig. 4 for d=1 Å peak.  It can be seen that for F2, the cut-off is =20º.  For F4, the resolution becomes more important and the cut-off is =12º.
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Fig. 4  Ratio of figures of merit between the options of with or without vertical focusing in the high-resolution configuration.  
Fig. 5 compares diffraction peak profiles in the HI configuration.  A greater gain was realized (~ 3.6) as evidenced from the integrated intensity, due to focusing in both vertical and horizontal scattering planes.  Because the peak is broad in the HI configuration, the effect of additional beam divergence due to focusing no longer dominates and therefore R varies slowly with .  As a result, the gains by vertical focusing can be maintained to higher  angles.  For example, as illustrated in Fig. 6, the ratio of F2 for the d=1 Å peak is above 1.5 even at =30º.  It is clear, therefore, that the focusing design with tapered guides would be particularly beneficial 
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Fig. 5 Comparison of diffraction peak profiles for d=1 Å peak measured by the 90º detector in the high-intensity configuration, with or without focusing.
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Fig. 6  Ratio of figures of merit between the options of with or without focusing in the high-intensity configuration.  

for HI applications (e.g., measurements in deformed materials where the peaks are intrinsically broad).
The above analyses also point out the strategies for detector deployment as funds become available.  Initially, the priority should be to increase the coverage in the horizontal scattering plane to take advantage of the vertical focusing, starting with 2=90º and moving to higher 2.  The coverage in the vertical scattering plane would be limited to =±20ºfor the 90º detector, but for the 150º detector, the resolution changes little with  so full coverage for  is beneficial.  Next, the 60º detector with =±10º should be implemented.  Finally, the coverage for  at all detector banks may be further increased, because, as shown in Fig. 6, detectors at high  values continue to benefit from focusing in high-intensity applications.
Oak Ridge National Laboratory is managed by UT-Battelle, LLC, for the U.S. Department of Energy under contract DE-AC05-00OR22725.
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