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Beamline I
 

A Diffraction Beamline for Surfaces and Interfaces

1.
Summary
It is proposed to build a high-resolution x-ray diffraction beamline on an undulator source at Diamond, to investigate the structure of surfaces and interfaces under well-defined and controllable environments.

Surfaces and interfaces determine many of the properties of materials. The reduced dimensionality can lead to massive structural rearrangements, which in turn affect the electronic, magnetic and chemical behaviour. Furthermore, by depositing other materials onto a surface, a wide variety of novel structures can be formed with unique physical properties and potential application. The use of technologies such as Molecular Beam Epitaxy and Metal Organic Chemical Vapour Deposition to engineer artificial materials for specific purposes has been one of the major themes of material science over the last two decades. A detailed knowledge of the atomic arrangement at a surface or interface and during growth is, therefore, central to a better understanding of their properties, and to the development of novel and future devices.

X-ray diffraction is now an established technique for the accurate determination of the atomic structure at a surface. Its power derives from two factors: the weak interaction of X-rays with matter and the introduction of intense sources of synchrotron radiation.. The first allows a simple data analysis based on kinematic scattering theory, while the second means that many reflections can be recorded, giving the high information content necessary to characterise complex structures. The penetration of X-rays through matter means that a wide range of systems and environments, including; gas-solid, liquid-solid and solid-solid interfaces can be studied.

The UK community has made a significant contribution to this area of research. It uses two stations at the SRS (9.4 and 16.2) as well as ID3, ID32 and XmaS at the ESRF. Access to the ESRF beamlines is limited making measurements, which require demanding environmental conditions difficult to carry out. This fact is constraining development of the UK programme.

The proposed beamline will compete well in terms of flux with the ID beamlines at the ESRF up to 10 keV. The use of interchangeable environmental stages (UHV, electrochemical and high gas pressure) will mean, however, that a greater range of technically demanding sytems will be studied. These will include complex alloy semiconductor and oxide surfaces, quasi crystals, solid-solid, gas-solid and liquid solid interfaces polymer and biological films. The exceptional quality of the X-ray beam delivered from the undulator source will extend the technique in two important ways; through the use of coherent scattering and by the application of microfocus optics. Both will have a major application to the study of more typical, but disordered surfaces.

2.
Scientific Case
2.1 Background

X-ray diffraction is now established as a powerful technique for the determination of structural arrangements of low dimensional materials, such as surfaces and interfaces [1]. It has been used in a wide variety of environments including at solid surfaces and solid-solid or solid-liquid interfaces, which can be probed due to ability of X-rays to penetrate through matter. In well-ordered arrangements, the positions of the atoms can be established to an accuracy of ±0.01Å. The power of the technique is based on two factors: the weak scattering of X-rays by matter and the brightness of modern storage ring insertion devices. The first allows simple data analysis in terms of the Fourier sum of plane waves, whereas the second means that many, often weak, reflections can be recorded giving the high information content necessary to characterise complex structures. For a commensurate, ordered reconstruction or overlayer, the scattering strength along the fractional (in h or k) order rods is determined by the surface, with no contribution from the bulk. Along integer order rods (or crystal truncation rods, CTR’s) the scattered intensity is determined by interference between waves from the bulk and the surface. In this case, the known order of the substrate is used to determine the structure of the outermost layers. 

The sections that follow do not provide an exhaustive list of the measurements that will be carried out but are intended to identify the areas of high quality research that will be possible with such a flexible and powerful beamline. 

2.2 The New Science

Complex Surfaces

Multi-component oxide and other materials are characterised by surfaces with complex and extensive reconstructions. Their determination is one of the major challenges of surface science and Surface X-ray diffraction (SXRD) has developed as a powerful technique for achieving this. The high flux of DIAMOND will be essential to determine the positions of the weakly scattering atoms such as oxygen and nitrogen. The use of a microfocus beam will also enable small domains of different structures on the surface to be monitored. 

Another area that would benefit from a world-class surface diffraction beamline is the structure of quasicrystals. These systems have inherently complex structures, due to the five or ten-fold symmetry that they display. Scanning probe microscopy is useful to determine the outer layer arrangement, although the quasicrystal structure is expected to extend to many layers deep. SXRD will be applied to these structures through measurement of crystal truncation rods, to determine the positions of the atoms within the distorted surface to a much higher accuracy than is possible with the STM. The microfocus option will again enable the different phases that may occur in small domains to be separated. A natural extension to the study of clean quasicrystal surfaces is to observe the effects of different adsorbates on the structure [3]. It may be possible to impose the quasicrystalline order onto a two-dimensional layer, thus forming unique symmetries that are predicted to have different properties to both three-dimensional bulk matter and the reconstructions formed on single crystal surfaces. Preliminary investigations have been carried out and demonstrate the role that SXRD can play in an integrated approach to studying such complex systems.  

Studies of other complex surfaces would benefit from this proposed beamline, for example there is considerable interest in distorted III-V semiconductors. As other atoms are incorporated into the III-V structure (such as thallium or nitrogen in indium antimonide) then the band gap is predicted to narrow. This in turn extends the wavelength cutoff over which useful devices (e.g. thermal imaging detectors) may be produced [4]. The added atoms must be incorporated into the outer layers of the lattice to produce epitaxial thin films rather than forming clumps with an undistorted structure. High-resolution X-ray diffraction measurements from samples produced in-situ by a range of techniques is the ideal way to determine the quality of the structure. Small shifts in peaks would signal the start of incorporation whilst the appearance of satellite structures could provide evidence of clumping. The high flux of DIAMOND is once again essential for the studies on such dilute or disordered systems. Increasingly measurement of the diffuse scattering components (away from the ‘Bragg’ points) will become important, to fully characterise the disorder that will occur in these complex structures.

Molecules on Surfaces

The creation of ordered arrangements of molecules has potential importance in several areas of research. The reconstruction of the molecules to produce long-range order is an obvious extension of the concepts of atoms forming reconstructions. It has potential benefits in the form of selective adsorption. That is the ability of the surface to selectively adsorb one enantiomer in preference to the other. It is very important in many molecular systems (especially drug research) to ensure the purity of the molecules and can be very difficult to separate molecules that have the same chemical composition but differ only in the handedness of their structure. Such distinctions are invaluable as the effectiveness of many drugs is dependant on this, as demonstrated by thalidomide. The ability of specific surfaces to adsorb certain molecules therefore has tremendous potential in the role of molecular purification. Other researchers (e.g. Schreiber, Oxford) have extensively used X-ray scattering techniques to determine the structures that can be formed by self-organisation of molecules, such as long chain thiols (e.g. decanethiol) on gold surfaces [5]. Such measurements are beneficial not only for the role they have in understanding the structure of the interface, but also because it aids the understanding of the self-assembly process. This is a key area for the development of devices built using a ‘bottom-up’ approach, which are predicted to supersede the current generation of silicon ‘top-down’ structures.         

Solid-solid interfaces

The ability of X-rays to penetrate matter allows the diffraction measurements to be applied not only to the surface of a material but also to the internal interfaces, such as at the grain boundary between two well-ordered crystals. Preliminary studies of such interfaces have been carried out at the ESRF [6]. The technique relies on accurately measuring the extra weak features that arise as a consequence of the long-range periodicity introduced at the boundary and their effect on the interface diffraction rods. The application of similar measurements to so called ‘special angle’ interfaces formed by direct bonding of single crystal substrates would give detailed information of the structure and strain at the border. The strain fields could be utilised to produce a variety of ‘smart substrates’ where directed self-assembly could be encouraged, for example, to grow ordered arrangements of clusters on a regular grid. Another application is to study the structure of quantum dot interfaces that must be buried to prevent oxidation and to create the three dimensional confinement potential required by the quantum dots. At present, cross sectional transmission electron microscopy (TEM) is used to ascertain the structure of the dot. X-ray diffraction will be an ideal companion technique where the dots may be measured in–situ without the requirement to cleave the sample, which may change the arrangement. Parameters such as the shape of the dot and the internal strain will be measureable using the diffraction techniques and peak profile analysis.

Multilayers

Multilayer structures are of interest because of the enhanced properties they can exhibit due to indirect coupling across layers. Specific examples of this include chemical or magnetic interactions (e.g. RKKY coupling in magnetic multilayers). A huge amount of structures are possible and careful control of the relative layer compositions, thickness and roughness is essential in order to produce high quality samples with reproducible properties. One example that has been studied by the Leicester group in collaboration with the Ioffe Institute in St Petersburg is that of MnF/Caf mulilayers grown on to single crystal silicon samples. Here the subtle structural changes that are predicted due to the change in the phase of the layer required very high-resolution measurements on many samples to observe the trends. A more complete understanding of the structure could be achieved by using the probing nature of the x-rays to monitor the growth the multilayers in-situ, which would also establish the role of dynamic processes on the quality of the resultant structure. This could, for example, allow different growth rates to be studied to find the optimum performance for layer quality and reproducibility. Measurements of the correlated roughness between the layers would allow more perfect and ideal superlattices to be constructed.

Growth experiments

X-ray diffraction is unique in its ability to monitor (at the atomic scale) the surface structure of materials under realistic processing conditions. Such measurements will become increasingly important in future studies, where the opportunity to close the ‘pressure gap’ will be taken and the true processes that occur in industry will be probed, in contrast to the artificial environments of many research studies. In addition to ultrahigh vacuum molecular beam epitaxy (MBE), processes that could be studied by this technique include metal-organic chemical vapour deposition (MOCVD) or laser ablation. These are much more prominent in technological applications because of the more rapid growth rates and more easily achieved sample environments. Investigations at the ESRF of samples held under high gas pressures have shown the creation of microfacets at elevated pressures and temperatures [7]. Therefore, in addition to the growth opportunities in these environments, the study of important catalytic systems (e.g. ammonia synthesis over iron) under real operating conditions will be possible.

Liquid-solid interfaces

X-rays are able to penetrate through matter and probe the interface of interest, even in buried environments such as at the liquid-solid interface. Experiments that would exploit this feature include the study of crystalline monolayers physisorbed from multicomponent solutions onto solid substrates. Such single crystal studies improve on powder diffraction methods as the commensurate nature of the interface may be probed. The type of materials that may be studied includes liquid crystalline elastomers that combine the liquid crystal ordering within a polymeric elastomer matrix. Such a coupling of properties leads to unique effects, such as ‘soft elasticity’ and spontaneous thermal shape changes. In particular, the length scales of such systems are ideally suited for study by microfocus techniques that would probe the orientation of each ordered domain.

The nucleation processes and phase transitions that occur during crystal growth could be studied using a coherent beam to image the small objects. This could be used to observe the spontaneous nucleation clusters of a crystalline solid in an aqueous solution close to saturation and therefore test the microscopic theory of classical nucleation. 

Another important scientific area that relies on studies of the interface between a solid and a liquid is in electrochemistry. Here, the deposition of one material onto a solid is controlled by the applied electric or magnetic field on the sample. Particular structures are formed [e.g. 8] that may be considered as analogous to the ordered reconstructions that occur in samples grown by molecular beam epitaxy (MBE). The high flux and careful cell design would allow the real-time study of electrochemical reactions. Electrocatalysis using bimetallic surfaces could be monitored to determine the effects of hydrogen oxidation, adsorption and oxidation of carbon monoxide, the oxygen reduction reaction and oxide formation. Microdiffraction would enable the formation of novel metal nanostructures at the solid-liquid interface to be monitored. 

Soft condensed matter
The role of soft-condensed matter materials is ubiquitous, in that they play a very important role in a wide range of different technologies and continue to attract widespread interest in the U.K. scientific community.  In particular the study of interfaces has broadened – the reasons arise from the technological interest that extends beyond the traditional areas of polymer interfaces, colloidal interactions and studies of surface active species.  Self-assembly and templated chemistry are attracting interest as means to produce novel materials.  Many applications of micromachines require control of surface interactions.  Microsensors for chemicals need specific binding sites; in general nanotechnology relies on materials with large specific surface areas.  Understanding interfacial properties has become crucial in all of these areas.  Often the surface properties are controlled by means of polymers that are either grafted or adsorbed to the surface. In other cases the interfaces will have at least one component in a liquid phase, or involve treatment using small molecules or wet chemistry. Biological materials such as lipids and biological macromolecules are also important in many of these applications

Specifically there is interest in studying structure and composition of many interfaces of surface active molecules and polymers.  These studies include polymer/polymer inter-diffusion, the structure of the surface of complex fluids and other materials.  For example, lubricants and traction fluids are complex dispersions of polymers, particles and other additives in oils.  They may undergo phase transformations under the conditions of high pressure in elasto-hydrodynamic lubrication.  The structure and changes in these thin films can only be investigated by spectroscopic and structural studies under adequate simulation of service conditions.  The extension of the methods developed in the physical sciences to practical engineering problems is important to future development in this area.

Significant advances have been made in the study of polymer processing, which is important in many applications including masks for semiconductor production, anti-reflection coatings, adhesion and the electronic behaviour at interfaces in polymer based optoelectronic devices. The free surface and buried interface may influence properties such as chain conformation, composition of mixed systems and chain dynamics. In comparison to the wealth of data available on semiconductor and inorganic materials where many surfaces have been studied, there is very little information available about the surface structure of polymers. Some diffraction measurements have just started to be carried out and results indicate, for example, faster kinetics at the surface compared to the bulk in polyethylene terephthalate and different crystallisation behaviour depending on film thickness [9]. The complementary nature of diffraction techniques and direct local probe microscopy (e.g. AFM) is a key component in understanding the complete structure of the polymer thin film. One particularly exciting area in which polymer processing is playing an important role is in semiconducting polymers, where the interface plays a critical role in determining the electronic properties. Motivation exists for improving carrier mobilities by careful production techniques including annealing the polymer to improve the quality of the surface but without increasing interface roughness.  Self-assembly of new nanostructured polymers will yield a wide range of other technologies. Due to the large characteristic lengths in a polymer film, the Kiessig fringes are narrowly spaced and the high resolution of the proposed beamline will enable improved measurement of intensities. The in-plane ordering will be monitored in the low angle range of the off-specular measurements. Understanding the defects that occur in such materials and their influence on the self-assembly is one area that will benefit from such measurements.

Biological systems

There is an immense interest in the application of thin film techniques to biological systems, with the aim of integrating the non-biological and biological environments by creating artificial interface structures and for correlating the structures involved with the properties displayed. Materials that would benefit from an improved understanding of their surface structure or the interface between two materials include medical implants, biosensors, bio-catalysts and bio-electronic materials amongst others. Understanding the interactions between the biomaterial and a solid surface at the level of amino acids, peptide and polypeptide chains and protein molecules is essential. Grazing incidence X-ray diffraction will enable such structures to be studied in their natural aqueous or chemical environment as opposed to artificial vacuum studies.

One area where these studies will be important is Tissue Engineered Medical Products (TEMPS) where improvements are likely, due to advances in the scaffold materials and processing techniques. Particular emphasis is being placed on surface properties and their subsequent interactions with cells and various types of growth factors. The proposed beamline will allow the correlations between subtle structural changes and phase purity to be made with the invoked biological response. This is highlighted in the letter of support from Brian Meenan who discusses the role that thin film CaP coatings play in implants and the different techniques used to produce them. The refinement of the processes should provide enhanced performance and control of the response from the contacting tissue. One example is the effect of crystallinity on the quality of coatings on bone replacements, which has been found to be a useful indicator of their biofunctionality [10].

Other technologies that could benefit from a deeper understanding of the interface between biological and inorganic materials include self-assembling functional molecules to create devices using a ‘bottom-up’ approach in molecular nanotechnology. Structures that mimic those found in nature may provide promising routes to construct useful devices that may supercede the current semiconductor devices. Tethering molecules to a surface by a variety of techniques could impose in-plane order, allowing conformational changes of molecular systems that do not usually order to be monitored. The effect of different solvent conditions may then be measured in-situ by allowing the x-ray beam to penetrate the liquid layer. Such changes are not easily observed in bulk molecular systems due to the inability of the solvent to pass through the whole crystal.

Opportunities with Coherence and Microfocus

The use of X-rays in diffraction has conventionally yielded the average structure of the ensemble, where the coherence length of the domains on the sample is inversely related to the width of the diffraction peaks. In such measurements, the coherence of the x-ray beam has not been a dominant factor. The advent of new-generation synchrotron sources with low source dimensions and the use of narrow bandpass insertion devices, now ensures that x-ray diffraction with coherent beams will open up a whole new range of studies. The potential of using a coherent source of x-rays in diffraction experiments has only recently been realised with some preliminary experiments carried out at the European Synchrotron Radiation Facility (ESRF) and the Advanced Photon Source (APS). Several types of measurement and analysis have been identified including the reconstruction of the shape of nanocrystals due to oversampling [11] and the determination of dynamical processes by observation of x-ray speckle [12]. The first of these requires that the size of the coherent beam closely matches that of the crystal, resulting in diffraction features with fringes arising from facets. The ‘phase problem’ usually associated with x-ray diffraction is overcome, as the pattern is oversampled by more than a factor of two relative to the Nyquist frequency. Inversion is therefore possible to produce a two-dimensional projection of the crystal shape. 

X-ray speckle is a very powerful probe of dynamic interactions occurring within the volume of the coherent x-rays (calculated to be up to 37.5(384(0.015m for 8keV X-rays and a 40m long beamline). It could provide detailed information on many processes (on a timescale of microseconds) that include thermal roughening, evolution of growing surfaces, diffusion effects, grain boundary motion or nanocluster formation. X-ray speckle studies have attracted significant interest at 3rd generation synchrotron sources, such as the Troika facility (ID10) at the ESRF.

The feasibility of using microfocus techniques at DIAMOND to produce a well-defined beam will ensure an extension to the range of samples that can be studied. This will include measurements of materials where the arrangement of atoms is more disordered, such as in ‘real’ environments like toxic atmosphere of a MOCVD reactor, in structures grown by laser ablation or in various adsorbates including biomolecules. The production of ordered nanocrystals (self assembly of nanoparticles into micron sized domains) would greatly benefit from the microfocus option. 
Analysis Techniques

Analysis of surface diffraction data has conventionally proceeded by a trial and error model refinement process, requiring a significant amount of user intervention. Such analysis can be prone to bias and generally it is difficult to reach a globally minimised solution. Determination of surface arrangements from X-ray diffraction data is therefore frequently achieved by using a model suggested from other evidence (e.g. STM). This is unsatisfactory, not least because two different surfaces (and preparations) are involved. On the other hand, solving the structure of a surface without reference to a model, using conventional crystallographic techniques is difficult because the weak surface scattering is subject to greater error and can be dominated by the bulk. Direct methods extrapolate and refine phases from either a small basis set or use a large set with random initial phases [16]. They work only if the data set is complete, free from large systematic errors in the diffraction intensities and if the structure is not too large.

Two alternative techniques may enable a more automated approach to the analysis. The first uses a Monte-Carlo (or Reverse Monte-Carlo) mechanism to invoke randomised parameter selection and change together with acceptance of a certain proportion of poor moves to jump out of local minima. The second maximum entropy (ME) method offers an alternative approach [17] and has been applied successfully to Si (77) and TiO2. The formalism offers the following advantages over conventional methods

· It is robust with respect to data errors and uses the variances of the diffraction intensities in an active way.

· Bulk surface information can be incorporated.

· Likelihood estimates allow symmetry ambiguities to be resolved.

· The data need not be complete, that is reciprocal space need not be fully sampled.

· Partial structures can be used and developed.

· Likelihood allows incorrect models to be discarded.

2.3 Expected Scientific and Technological Impact

The many different materials and processes that may be grouped under the label of ‘nanoscience’ will be important technologies in the 21st century. Key to these studies are techniques that can be used to determine the structure at the atomic level. X-ray diffraction from such low-dimensional systems will play a crucial role in advancing these materials. This station will become one of the core beamlines in this area and complement two of the approved year 1 beamlines (BL6 and BL14) by extending diffraction measurements to a range of in-situ environments. 

The significance of low-dimensional systems has been recognised by a number of key institutions including the nanotechnology programme of the American government and its incorporation as a priority research area in the European Union Framework 6 programme (beginning 2003). The area of nanomaterials was recently highlighted in a report on international perceptions in Physics and Astronomy in the UK as being of ‘growing importance’ and with ‘the potential for wealth generation and new and exciting science’. The UK department of health published a report entitled ‘R&D priorities for Biomaterials and Implants’ that highlighted the role that ceramic materials may play. In particular, the potential for thin film bioceramic coatings with specific chemical, structural or nanoscale topographical features is now of great interest to the medical implant device industry. Additionally the materials panel of the UK foresight exercise identified biomaterials as a high priority area stating that ‘biomaterials are essential constituents of many medical devices that are used in direct contact with the body and the clinical performance of these devices is often related to the biomaterial properties’ [13]. The DTI sponsored initiative, ‘Building up Biomaterials’ also highlights this area and the requirement for methods to characterise biomaterials and their interfacial properties [14].

2.4 Alternative Sources

Surface X-ray diffraction facilities exist at many high-energy synchrotron sources around the world, including the ESRF, APS, SPring-8 and HASYLAB. The beamlines have tended to be designed to give a high flux of hard X-rays (typically 15keV) to study ordered reconstructions on single crystal samples. Access to the ESRF is limited, typically 1-2 weeks per year. This severely restricts the type and complexity of experiments that can be carried out. Many of the groundbreaking studies in this area have been made through longer coordinated experiments with better control of the sample environment. One beamline (34-ID) is being developed at the APS to concentrate on coherent x-ray diffraction (CXD) [15]. This facility is being added to an existing station and the range of environmental enclosures will be limited in size.

The proposed beamline will be fully designed to produce focussed and coherent beams. The entire beamline: optics, end station, sample chambers, detectors and analysis techniques considered together in the design process. The aim will be to study a structure using traditional diffraction techniques then switch to coherent mode to monitor, for example, step-flow during annealing. This may form small domains that could then be studied by microfocus diffraction and integrated scanning probe methods. This opportunity to fully characterise a sample and follow its development will be unrivalled. 

2.5 Beneficiaries

Beneficiaries of this facility would include the number of leading scientists working in the important fundamental areas that are associated with two-dimensional systems and coherence. The programme described above also includes enabling science that supports industrial research in the following sectors:  electronics (inc. semiconductor devices), catalysis, visual displays, gas sensing, molecular electronics, polymer processing, coatings and lubricants, medical implants, biosensing and corrosion protection. Additionally studies relevant to environmental and biomedical problems will be made. 
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3.
Requirements

The research programme as outlined in the scientific case requires high-energy (6-20 keV), high-intensity X-rays for diffraction, (anomalous) scattering and other experiments on surfaces of solid materials and liquids. The samples need to be held under environmental conditions varying from ultra-high vacuum (UHV) to pressures of several bars using a variety of sample chambers. The two different scattering geometries of interest, each with environmental cells that vary substantially in weight, necessitate two different instruments each with their own experiments hutch. Microfocus will be required to illuminate very small samples, while minimizing the scattering from the surrounding substrate. It should allow textures to be distinguished within a material on the micron scale. If possible the microfocus option should be integrated with a local probe technique (e.g. STM or AFM) looking at the same area of the sample.

The beam 


Photon energy:
should be continuous from 6 to 20 (25) keV and continuously variable for resonant and anomalous scattering studies. It should be optimised in the range 10-14 keV

Energy stability:
0.5 eV

Band pass: 

10-2 to 10-4 and selectable.

Flux:


1x1014 s-1 in 0.1% bandwidth at 10keV.

Beam size at sample 
20(m ( 100(m with mirror, 

                                    5(m ( 5(m with micro focussing

A continuous spectral range should be available to optimize fluorescence yields and enable the use of anomalous dispersion for structure analysis. Harmonic rejection should be enhanced by proper selection of filters, grazing incidence mirrors and by electronic discrimination at the detector. Scanning the energy of the beam should not result in significant operator intervention and the position of the beam should remain fixed. Beam position stability over the duration of an experiment (1-8 hours) should be within 10 m in both horizontal and vertical directions.

Experimental hutch


Two independently operating experiments hutches with:

a) Large, heavy-duty multiple circle diffractometer capable of mounting chambers including UHV with integral surface preparation/characterisation and deposition equipment and other large cells. Vertical scattering geometry, auto alignment of the sample optically and with X-rays.

b) Medium duty but fast diffractometer for smaller chambers, specifically for samples requiring a horizontal scattering geometry. The instrument should allow the use of small UHV (baby) chambers for surface science studies that do not require on-line processing. Auto alignment of the sample optically and with X-rays.

Detectors

Both diffractometers should be able to use either solid state or fast area detectors with large data storage, needed for weakly scattering systems and measurements of dynamic processes. Solid-state detectors will be required for other experiments where energy resolution is important.

Off-line support


Dedicated off-line laboratory space will be an essential support component for this beamline to allow the preparation of samples, setting up of equipment and off-line measurements including, for example, scanning tunnelling microscopy or electron diffraction studies. Basic chemistry facilities, fume cupboard and dry working space are required.  It will be possible for these facilities to be shared with adjacent beamlines.


4.
 Beamline Specification

4.1 Outline specification

The following specification for the beamline meets the above listed requirements and adheres to the proposed floor space available.


[image: image1.wmf] 


The requirements include two independent hutches, each with their own diffractometers, detectors and motor and control electronics. For truly independent operation of both hutches, the undulator beam is split by using a transparent monochromator or a glancing incidence mirror that partially reflects part of the undulator beam. This Troika concept - as developed at the ESRF - has several advantages for the Surface Science beamline. Firstly, it provides two truly independent stations where two experiments can be conducted simultaneously hence increasing the efficient use of precious beamtime (surface science experiments usually require notoriously long periods for the preparation and characterization of samples). Secondly, by tilting the second monochromator crystal the angle of incidence of the side branch beam into hutch 1 can be varied while maintaining the sample horizontal and is crucial for studies of liquid samples.

The optics for the second branch (hutch 2) consists of a collimating mirror, a non-dispersing double crystal monochromator and a focusing mirror. By combining several sets of monochromator crystal (or multi-layer) pairs, the requirements of varying bandwidth and flux at the sample are readily satisfied.

4.2 Design Issues

Many design issues associated with this beamline need further investigation before a final specification of all beamline components is presented. Important issues include the choice of undulator source and the exact specification of the optical components in order to meet the required specification. In particular, the full implications of the beam splitter will be modelled to assess the impact of the diamond crystal on experiments requiring energy scanning in hutch 2. Below a few issues are addressed.

Undulators
In order to meet the required specifications of X-ray energies up to 20 keV a small gap undulator source is required that must operate at higher harmonics, higher than that of comparable stations at existing third generation sources that operate at significantly higher energies than DIAMOND. Detailed investigations and analyses of the performance of the DIAMOND undulators at these higher harmonics, particularly with regard to divergence and bandwidth, are necessary (some experience might be available at the Swiss Light Source which has a similar energy as DIAMOND). Any detrimental increase in beam divergences that might result in operation of undulators at high harmonics are expected and we have included means of collimating the undulator beam using either compound refractive lenses or a collimating mirror near or at the front end.

Monochromators
Two double crystal monochromators (DCM) are placed downstream of the collimating mirror. The first transparent monochromator/beam splitter crystal could be a thin diamond in which case water-cooling will be sufficient. The heat load on the subsequent crystal that directs the beam into hutch 1 is low and no further cooling is required. The second set(s) of monochromator crystals are likely to be made of Silicon. For the effective cooling of these crystals, we plan to use a liquid nitrogen cooling system. The option to employ 3-5 crystal sets has been retained in order to select the bandpass through choosing multilayer, 111 and 511 crystal sets.  The necessity for these will be investigated during the design phase.

End stations
The large diffractometer capable of holding a substantial UHV chamber represents a significant design effort. Comparable instruments exist and tend to be based on a large rotation table that rotates the entire UHV chamber, sample circles and detector circles. Generally, these systems allow very little freedom to correct for a mismatch of centres of rotations of all circles involved (sphere of confusion). Typical errors are reported to be as large as 50m and figures as large as this will seriously hamper spatially resolved measurements using the micro-focusing facility. Separating circles required for detector and sample in a so-called [2+3] geometry and the inclusion of a high-precision sample alignment stage will be investigated during the design phase. Recently, an elegant solution for a horizontal diffractometer based on a parallel actuator (hexapod) was commissioned. Use of such an instrument allows researchers to choose the exact position of the sample, a position that is no longer dictated by the rotation centre of conventional circles.

A key factor in the success of the proposed beamline I is the range of environmental chambers that will be available for the wide diversity of science outlined in the submitted expressions of interest. Combined with the two-hutch strategy, to house a heavy duty vertical scattering diffractometer and a medium duty horizontal scattering one, the range of sample environments available will allow this beamline to be used in the increasingly multidisciplinary scientific area of nanotechnology. The environments that will be made available and included in the costings range from highly specified UHV chambers with integral local probe techniques (e.g. AFM or STM), to high pressure growth chambers (e.g. MOCVD) to smaller cells capable of liquid-solid studies or biological environments. Specification of these cells will be integrated directly into the design process, ensuring that all the requirements are available such as whether coherent studies will be made, therefore requiring the presence of slits as close to the sample as possible. By considering the whole DIAMOND source, beamline optics, sample environment, detector strategies and analysis methods together the integration of the beamline as a user friendly facility will be unrivalled.

Coherence
The DIAMOND source has unique specifications with staggering coherent properties of the beam. Preserving this degree of coherence poses stringent constraints on the objects placed within the path of the beam. For example, experience at the ESRF has shown that Beryllium vacuum windows must be polished. A good strategy to maintain the coherence of the beam as much as possible is to reduce the number of optical components to a minimum. Experience at third generation sources have shown that careful consideration must be given to the detailed design of beam defining slits. Ideally, these slits are placed very close to the sample and allow a very accurate definition of the beam to a size of several microns or larger.

A key issue in the beamline design regarding coherence is the brightness of the output from the undulator, which is the determining factor for the quality of the beam delivered to the sample. To combine the requirement for a high energy beamline (up to 20keV) whilst maintaining a high brightness on a medium energy machine will require careful design of the undulator source and extensive beamline modelling.
At low energies (typically less than 8keV) pink beam and windowless operation of the beamline are potentially important design considerations for x-ray photon correlation spectroscopy measurements. This would remove much of the parasitic scattering that would add to the speckle pattern from, for example, many slits and mirror surfaces. The pink beam (selecting the radiation from the undulator, for example, by using the cutoff edge of the coating on a double mirror system) would still have a narrow enough bandpass to allow studies of dynamic processes to be undertaken. Either the beamline will end with a highly polished (and if possible single crystal) beryllium window or be attached directly to the sample environmental vessel. In such cases, only UHV studies will be possible due to the requirement to maintain the vacuum integrity. For higher energy speckle studies, using direct harmonic radiation from the undulator may provide the necessary flux and bandwidth for certain experiments. Other design issues, relating to this use of the coherent beam include the placement of slits (of special design) as close to the sample as possible. At ESRF and APS, highly polished molybdenum ‘roller slits’ capable of defining small beams have been developed for such studies.

(Micro-) Focusing
Preserving the brilliance of DIAMOND is no mean task and requires further study. Several ways of achieving beam focusing have been implemented successfully at sources around the world; they include:

· a single toroidal mirror

· a collimating mirror combined with a sagittally bent monochromator (horizontal focusing) and focusing mirror (vertical focusing)

· two uniaxially bent mirrors in a Kirkpatrick-Baez arrangement

· a sagittally bent monochromator crystal combined with a vertically focusing mirror


The final choice of focusing system can only be established through detailed study using ray tracing calculations. An important factor in the design will be the undulator performance in terms of divergence and the detailed requirement of the experiment. Micro-focusing can be achieved by several methods which range from slitting down the beam, the use of tapered optics to the use of accurately shaped focusing mirrors. All these solutions require the placement of optics very close to the sample.
4.3 Further specification work

Before a detailed design can progress, the following issues need to be resolved.

· Parameters of the insertion device or devices to match the experimental requirements

· Confirmation of the range of bandpass required

· Confirmation of the need for a collimating mirror

· Choice of focussing option and final focussed beamsize 

Choice of micro-focus option

· 5.
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A Diffraction Beamline for Surfaces and Interfaces on diamond
Expressions of interest are invited from research groups in using a high-resolution diffraction  beamline for the study of surfaces and interfaces on the diamond light source.

diamond  http://www.diamond.ac.uk/ will be built at the Rutherford Appleton Laboratory and is due to be available to users in September 2006. With 24 cells, and at 3.0 GeV, it will be will be unique among the medium energy synchrotron radiation sources and will present great opportunities for fundamental and applied research in both the physical and the life sciences. It will provide very bright radiation from undulators up to 20keV and high flux from multipole wigglers and wavelength shifters to energies greater than 100keV. Bending magnet sources will provide intense radiation over a wide spectral region from 40 keV to the IR.

After consultation with the Science Advisory Committee we are proceeding with the preparation of detailed proposals for six beamlines for consideration for the second year of operation, that is, from September 2007. It is proposed that one of these should be for the study of surfaces and interfaces using high-resolution diffractometer. The station will be designed to accept a range of sample environment systems. The optics will be optimised to produce a coherent beam over a restricted area of the surface for the study of disordered phenomena. These could include growing surfaces, surface diffusion, grain boundary motion and nanocluster formation.   

The outline specification of the beamline is set out below.

Source:

undulator

Optics:
double crystal monochromator with interchangeable crystals, a focussing mirror and polished Be windows to maintain coherence giving:

Energy range

6-20 keV;

Resolution  E/E
1 ( 10-4 to 1 ( 10-2;

Photon flux:

2 ( 1013 s-1 at the sample at 10 keV;

Image size
10m (v)(100m (h) with focussing.

Diffractometer:
Two in line hutches operating independently and containing:

A six axis, heavy duty diffractometer for mounting large specialist environmental chambers;

One six-axis diffractometer for small chambers with horizontal scattering geometry

Beam defining slits for coherent diffraction.

Detectors:

solid state and area detectors.

Sample 

large specialist environmental chambers including UHV;
Environment:
smaller gas and liquid cells.

Expressions of interest, not longer than two sides of A4 should be sent as a word document to diamond@rl.ac.uk by February 20th 2002. They should be marked: BEAMLINE I and include:



Your name and affiliation;

The overall objectives of your proposed research; 



The likely long-term impact on science and technology;



And your comments on the outline beamline specifications.

The information will be used in the preparing the case for the beamline and defining its primary aims. 

Chris Dobson and Colin Norris

Interim Science Directors for diamond

Beamline I              A Diffraction Beamline for Surfaces and Interfaces on Diamond

  Summary Of User Responses 

	Berry
	Open Univ.
	Multilayers
	Reflectivity, roughness, interfaces

	Binns + Gurman + Howes + Nicklin + Norris
	Leicester
	Growth in harsh environments, nanoparticles, complex surfaces, interfaces, quantum dots, analysis
	Environmental chambers, high flux, coherence, microfocus, detectors, improved analysis.

	Clarke
	Cambridge
	Colloids, polymers, crystalline monolayers, solid-liquid interface 
	High flux, microfocus,  specialist sample environment

	Hamley
	Leeds
	Polymer nanostructures
	Specular reflectivity, in-plane off specular diffraction , high resolution

	Lucas
	Liverpool
	Solid-liquid interfaces, weak scattering, catalysis, electroplating, crystal growth
	High flux, microfocus, in-situ liquid cell, UHV studies

	Macdonald + Jones +  Roberts
	Cardiff + Sheffield + Nottingham
	Polymer interfaces, semiconducting polymers, biomolecules
	X-ray diffraction, high flux, microfocus, coherence

	McGrath
	Liverpool
	Self organised nanostructures, quasicrystals
	X-ray diffraction, high resolution, UHV chamber

	Meenan
	Ulster
	Bioceramic materials and coatings 
	X-ray diffraction, environmental chambers inc. biological media

	Moriarty
	Nottingham
	Dynamics of nanocrystal formation, soft-lithography
	Coherence, growth, in-situ cells, microfocus

	Penfold
	Rutherford Laboratory
	Surfactants, ordered surface structures
	In-plane diffraction and off-specular scattering

	Rennie
	Kings College London
	Colloid and interface science, biosensors, adsorbed layers
	Dynamic measurements, in-situ chemical reactions, XPCS, 

	Schreiber
	Oxford
	Ordered organic thin films
	Time resolved studies (order of seconds)

	Silfhout + Prince + Derrick
	UMIST
	Macromolecular thin films, stepflow growth, biomaterials
	Coherence, microfocus, ‘pink’ beam option, 2D detector, energy scanning 

	Thornton
	Manchester
	Metal oxide surfaces, nanocluster growth
	Combine with STM and AFM, coherence

	Vlieg
	Nijmegen
	Crystal growth, solid-liquid interfaces, step dynamics 
	Coherence, real-time nucleation, 2+3 diffractometer geometry 

	Zarbaksh
	QMW
	Liquid-solid interface, wetting behaviour
	Grazing incidence X-ray diffraction
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