Introduction
The development of the Canadian Light Source has followed a phased approach to the delivery of a modern, state-of-the-art synchrotron radiation research facility. In the first phase, the Canadian Light Source Project encompassed of the accelerator complex, seven user beamlines and two facility diagnostic beamlines. Phase II consists of six funded proposals (five funded by the Canada Foundation for Innovation) including a total of seven new user beamlines and their associated infrastructure. The proposed third phase, currently under consideration for funding, would include three new proposals containing five new user beamlines and their associated infrastructure.

The selection of experimental facilities for the CLS has been guided by a high level research plan which focused our efforts in three distinct areas: Material and Chemical Sciences, Life Sciences, and Environmental and Earth Sciences. Most modern synchrotrons have similar research plans. The CLS is unique in the relative emphasis being placed on life sciences research, perhaps as a function of the emphasis of the research campus on which we are co-located.
The technical design team at the CLS was sized to be capable of delivering, on average, one to two new beamlines per year. The design process for phase I beamlines utilized the same staff that were involved in the design and construction of the main storage ring and the other core facilities. Full time work by the technical design team on phase I experimental facilities began in January of 2004. Light to the last of the phase I experimental endstations was achieved in May of 2006, just over two years later. Thus, the first set of beamlines was achieved a little faster than the one to two per year target we set ourselves. We were able to deliver the phase I beamlines so quickly because of part time work that was accomplished, at lower priority, when staff were available while they were working on the core facilities. The design of the phase II beamlines is on schedule for substantial completion by the end of 2006, with some activity spilling over into 2007. The proposed phase III projects were developed assuming that serious design work would begin in the last quarter of 2007 (for those projects which were successful). We recognize that our core facility technical design staff will likely need to have a modest increase in 2008 as all of these new proposals get underway. This increase would be accomplished through the capitalized salaries in those new project budgets.

This report has several sections. First is a status report on the CLS facility. Next is a summary of the “cradle to grave” process for the establishment of new experimental facilities at the CLS. Following this is a status report on the phase I experimental facilities. Finally there is a status report on the phase II experimental facilities.

Facility status report

This report provides an overview of the construction and operation of the Canadian Light Source following funding approval from CFI on March 31,1999.  The overview includes the major project milestones, significant project achievements and awards, and summarises the current operational status of the facility.  
Table 1 Major CLS Facility Milestones
	1999 March 31
	Formal announcement from the Canada Foundation for Innovation that the Canadian Light Source Project funding has been approved.  The formal start of the CLS Project.

	1999 September
	Official sod-turning event and the start of the construction of the main experimental hall.

	2001 January
	Main experimental hall building is complete and ready for occupancy.

	2001 June
	Received Canadian Nuclear Safety Commission (CNSC) operating license for re-commissioning the changes to the linac that were needed to incorporate the linac in the CLS injector chain.

	2002 June
	Started commissioning the booster synchrotron, which is the main component of the CLS injector.  The 2.9 GeV electrons produced are the highest energy achieved by any Canadian particle accelerator.

	2003 September
	Started commissioning the main storage ring.

	2003 November
	The first electron beam was stored in the storage ring after resolving several minor commissioning problems.

	2003 December
	The first synchrotron light was detected outside of the storage ring walls in the Optical Diagnostics Beamline.

	2004 March
	The first x-rays were detected outside of the storage ring walls from the 45-mm undulator for the SGM Beamline.

	2004 July
	Received an amended CNSC operating license to permit Routine Operation of the facility for normal use by external experimenters.  At this point the commissioning of the storage ring is formally complete.

	2005 June
	Synchrotron light was delivered to all of the initial seven beamlines, and experiments by external users started.

	2006 March
	First scientific publications of results obtained at the Canadian Light Source.


Major Facility Achievements and Awards
The Canadian Light Source facility has achieved significant national and international recognition in several areas of technical development of synchrotrons.  Some of these are outlined below.

The CLS is among the first of the third generation light sources to operate at an energy of approximately 3 GeV (2.9 GeV) which capitalizes on the developments in insertion device technology over the 1990’s.  These developments allowed the production of very bright x-ray beams from smaller facilities than the very large billion-dollar projects in Europe, America and Japan.  The first beam at CLS in 2003 November was followed almost immediately by the first beam at Stanford’s SPEAR III facility (3 GeV) a month later.  Since the start of the CLS, other light sources of similar energy have been started including in the UK (DIAMOND at 3 Gev), France (SOLEIL at 2.75 GeV), Australia (ASP at 3 GeV), Spain (ALBA at 3 GeV), China (SSRF at 3.5 GeV), Armenia (CANDLE at 3 GeV) and a proposed new facility in Taiwan.  In all cases, the selection of the energy was based on a scientific case similar to the CLS project.
The design of the CLS lattice (the layout and specification of the magnets around the storage ring) is highly optimized, permitting excellent performance from a comparatively small ring.  Although the CLS capability is similar to the other facilities listed above, the CLS is physically the smallest of all these storage rings, resulting in lower capital and operating costs.
The CLS is the first light source to use a super-conducting rf cavity to drive the electron beam around the storage ring.  This choice of new technology followed from the significant technical improvements derived from larger high-energy facilities.  Several of the new facilities mentioned above have visited CLS to see first-hand the system performance, and the same technology and cavity design has been selected by the UK and Chinese projects for their new facilities.  The Taiwanese facility has also used the same cavity design for an upgrade of their current facility.
The CLS was one of the first facilities to implement chicaning of two undulators in the same straight section in the ring, to derive two separate beamlines (the PGM and SGM beamlines) from a single straight.  Third generation light sources are built primarily to use undulators, and the ability to use two separate undulators in the same straight has allowed CLS to significantly increase the number of these high-performance beamlines available in the facility.
All five of the initial x-ray beamlines are based on insertion devices, either wigglers or undulators.  Four of the insertion devices are undulators which use room-temperature permanent magnets, and were designed, assembled and shimmed at CLS.  These undulators included two planar undulators, one in-vacuum small-gap undulator and an elliptically polarizing undulator.  The shimming was so accurate that the perturbation of the stored beam is less than 50 microns at any gap without any feed-forward correction magnets.  The superconducting wiggler design, based on a CLS specification and supplied by a laboratory in Novosibirsk, has attracted attention from several other facilities as being a very clever approach to producing a high flux of hard x-rays for a broad range of applications.
Today, CLS staff are sought out for collaborations with other facilities in controls systems, instrumentation, RF controls, insertion device design, etc.  As the beamlines come into operation, it is reasonable to expect continued and expanded interactions with other facilities in a broad range of technical systems for synchrotrons and beamlines.
During the work, the CLS Project team (UMA and CLS Inc.) received several awards including:

· Excellence for Technical Innovation from the Consulting Engineers of Saskatchewan (2001)
· National Award for Exceptional Engineering Achievement by the Canadian Council of Professional Engineers (2002)
· Engineer of the Year - Saskatoon Engineering Society to the CLS design team (2004)
Current Status

Table 2 shows that the core CLS accelerator system has achieved all the performance goals for 2004/2005 outlined in the original Project specification from 2000 August 31.  In particular, the beam energy, maximum current, size, lifetime and stability either meet or exceed the specifications originally set down by the project team.  Work has now turned to increasing the reliability and availability to meet user needs, and to continue to improve the system performance towards meeting the very demanding long-term goals that were also set by the project team.

Table 2 CLS Accelerator Performance
	
	Achieved

(2006-03-31)
	Design Goals

	
	
	Start

(2003)
	First 2 years

(2004 – 2005)
	Long-term

(> 2008)

	Horizontal Emittance   (nm(rad)
	15 to 20
	( 30
	( 20
	( 13

	X-Y Coupling
	<0.4%
	<10%
	<1%
	< 0.2%

	Tunes ( x / y )
	(10.22 / 3.26)

(10.22 / 4.28)
	(10.22 / 3.26)
	(10.22 / 4.26 )

( low Y size )
	(11.22 / 3.26)



	Beam size ( x / y )               ((m)
	435 / 30
	520 / 120
	420 / 30
	360 / 12

	RMS orbit stability ( x / y ) ((m)
	3 / 2
	50 / 10
	40 / 3
	30 / 1

	Current (mA)
	240
	100
	200
	500

	Lifetime  @ 100 mA        (hours)
	19

	> 4
	> 6
	> 10 / Top-up


The number of operating hours of the facility has steadily increased, from 400 hours in 2003 for the initial commissioning, to 1870 hours in 2004 (970 for commissioning and 900 hours for routine operation), and over 4000 hours in 2005, with over 1900 hours of beamline operation.  Figure 1 shows the progress in operating hours over 2005 as the machine development time ramped down, and the beamline user time ramped up.  An additional 1500 beamline user hours have been delivered in the first three months of 2006, with an average current over 140 mA during the March run.
In addition, in the last run of 2005 the storage ring was operated for several shifts at 1.5 GeV and again at that energy in early 2006.  The time to switch energy and re-inject beam is less than two hours.  Work has also started on the radiation safety tests to support operation in “top-up” mode.  This work will continue in 2006.
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Figure 1 CLS operating time during 2005
Building experimental facilities at the CLS

Building experimental facilities at the CLS is a mature process which has been successfully followed in the development, construction and commissioning of the phase I beamlines. Following the conclusion of phase I, a “lessons learned” approach was used to make minor adjustments to the process in preparation for the development of the phase II experimental facilities. The major change has been in the area of resource allocation. In phase I, human resources were allocated as needed across the projects, with no single person (other than the beamline scientist) being devoted to one particular beamline throughout its development cycle. In the lessons learned analysis, it was determined that this process had not yielded the desired efficiencies. Thus, for phase II, a consistent development team is identified for each project and is kept together for the duration of the project. Because of technical specialization, some people are members of more than one team at the same time.

The development process begins once a principal investigator has identified the need for some particular facility at the CLS. This process has sometimes been directed by perceived needs identified by our blue ribbon international Science Advisory Committee, and sometimes independently by the scientific community we serve.
CLS, working with appropriate principal investigators, organizes a national workshop to determine whether or not there is a national user community for the proposed facility, and to identify the required characteristics of the proposed facility. In at least one case, the workshop has concluded that the proposed facility is premature, but most often the workshop results in the formation of a cohesive science team dedicated to the construction and utilization of the proposed facility.

The next step is development of a conceptual design which can be used to estimate a required budget and confirm the technical capabilities of the facility. Once this has been accomplished, the science team, with support and coordination from the CLS, engages in a fund raising activity.

Upon successful funding of the facility, a seven stage developmental process is begun. The stages in the development are: concept design, preliminary design, detailed design and procurement, installation, commissioning, project closeout and operations. 

Each project is designed to be as independent as possible, and budgets are developed which allow the projects to function without excessive reliance on “core” resources at the CLS. Each budget, for example, contains sufficient capitalized salaries to allow CLS to hire the required new personnel. Of course, a number of design and supervisory functions require existing “core” personnel from the CLS, but the CLS team was staffed for our estimated capability of building, on average, one or two new beamlines per year. The phase I, phase II and proposed phase III buildout rate is on average consistent with this. 
Phase I experimental facilities status report
Of the seven phase I experimental facilities, all have seen monochromatic synchrotron radiation in their primary endstation. Two are not yet scheduling general users (CMCF and SM), mainly because of delays in commissioning their insertion devices. These last two will be hosting beam team members for research this summer. In the following, representative data will be shown for each beamline, together with a short description of the facility.

High Resolution Far IR spectroscopy (Far IR)

The far-IR beamline is in the middle-phase of commissioning and is expected to be fully commissioned by July 2006. A set of marquee experiments designed to confirm all the important operational parameters of the facility will be undertaken during the 2nd quarter in 2006, and it is expected that the far-IR beamline will become available to general users at some capacity by the beginning of the 2nd semester of 2006. Although first light was observed in May 2005, the final optical component was not installed until September. The observed signal to noise ratio has been optimized by adjusting both the vertical position of the electron beam orbit in the storage ring and the last two mirrors in the beamline. 
Signal to noise ratio has been compared with that obtained using the internal mercury lamp as a source.
Far-IR Endstation capabilities: 

· The far-IR endstation is equipped with a Bruker IFS125HR Ultra-high spectral resolution (≥ 0.001 cm-1) Fourier transform spectrometer with a maximum optical path difference of 9.4m. The present set of optical components and detectors cover the spectral region between 10 and 12000 cm-1. 

[image: image2] 
Figure 2  Comparison of the intensities of the SR and the internal Hg arc-lamp of the FT spectrometer in the far-IR region. The intensity of the former is between 10 & 20 times stronger than the internal Hg lamp.


[image: image3]
Figure 3 Comparison of the S/N of the SR ( recorded during Run 23 in March 2006) to that of the internal Hg arc-lamp of the spectrometer in the far-IR region.  The Y-axis represents the magnitude of the ratio of S/NSR / S/NHg; the beamline will be declared operational if S/NSR / S/NHg  ≥  3.

Mid IR spectromicroscopy (Mid IR)

Not yet available. Will show much better performance with an evacuated beampipe. 

Variable Line Spacing Plane Grating Monochromator (VLSPGM)

This facility was designed to provide photons in the energy range from 5 to 250 eV with a resolving power of better than 10000 over this range. Photons are provided by a planar permanent magnet undulator designed and built at the CLS. 
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Figure 4 Measured flux at the VLS PGM primary endstation, January 2006. Different color curves show monochromatic output from the low, medium and high energy gratings.

This facility is operating with a general user program. Fourteen user proposals have been scheduled, and six shifts have been used by an industrial group
. Techniques which have been used include solid state absorption, photoelectron emission microscopy, x-ray optical luminescence and photoemission. An example of data taken by a user is shown in Figure 5.
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Figure 5 XANES study showing the aluminum L-edge of some minerals. Data taken by Grant Henderson et al.
High Resolution Spherical Grating Monochromator (SGM)

The SGM is a beamline that was first implemented at the Canadian Synchrotron Radiation Facility in Madison, Wisconsin and then moved here for a high performance upgrade. Worldwide, few beamlines are successfully moved from their first synchrotron to another one due to the usual wide difference in characteristics of the respective sources, so this was a significant accomplishment for the CLS and is a tribute to the expertise of CLS staff.
Comparisons between SGM performance at the Synchrotron Radiation Center (SRC) in Wisconsin and at the CLS are shown in the following Figure 6. Also shown is one of the first publications based on data acquired on the SGM beamline at the CLS (Figure 7).
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Figure 6 Comparison of SGM data from CLS (left hand pane, Wang & Henderson unpublished) and SRC (right hand pane, Wang & Henderson, Chemical Geology 213  (2004) 17). CLS data are electron yield (black) and fluorescence (red) and SRC data show only electron yield. Scan times were 8 minutes at CLS and 45 minutes at SRC. 
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Figure 7 One of the first scientific
 publications from data taken at the CLS.  Inset figures, from the paper, show comparison between simulated and measured data.
Soft X-ray Spectromicroscopy (SM)

The soft x-ray spectromicroscopy beamline was designed to have two major endstations. One is a scanning transmission x-ray microscope (or STXM) and the other is a photoemission electron microscope (or PEEM). Both endstations have been operated using bending magnet radiation from an upstream dipole. Images acquired in this mode are shown in Figure 8 for the PEEM and in Figure 9 for the STXM.
The insertion device, a fully adjustable elliptically polarized undulator, has just been commissioned in our storage ring. It was designed and built here at the CLS, and the team was very happy to report that, even with no orbit correction, the device could be operated in our storage ring through its entire range of gaps and polarizations with a maximum effect of less than 50 microns horizontally and less than 20 microns vertically. This small effect is well within the correction capabilities of our orbit correctors, indicating an excellent job by our staff.

[image: image8.png]



Figure 8 The PEEM on the CLS soft x-ray spectromicroscopy beamline.
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Figure 9 The STXM on the CLS soft x-ray spectromicroscopy beamline.  Data was acquired with no zone plate, and a 20 micron order sorting aperture pinhole. Scan was over a 500 micron by 500 micron range, with 200 points in each direction and a dwell time of 10 milliseconds.
Canadian Macromolecular Crystallography Facility (CMCF)

The CMCF facility is a high performance protein crystallography beamline incorporating and in-vacuum small gap undulator for brilliant hard x-rays and a large CCD camera as the detector for capturing the crystallographic images. The first diffraction image has been acquired and is shown in Figure 10. 
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Figure 10 First diffraction image at the CLS Canadian Macromolecular Crystallography Facility. Acquired March 18, 2006.
Hard X-ray Micro-Analysis (HXMA)

The HXMA facility
 is a flexible hard x-ray beamline powered by a 63 pole 2 T superconducting wiggler. HXMA is designed to support multiple techniques including x-ray absorption spectroscopy, powder and small molecule diffraction, x-ray scattering, and x-ray microprobe experiments. The beamline is equipped with three experimental tables in tandem in a large hutch. The first (most up-stream) of these contains x-ray absorption spectroscopy hardware, the middle a six circle diffractometer, and the third (most down-stream) a microprobe capability incorporating Kirkpatrick-Baez mirrors to produce the micro-beams. Commissioning of XAS and preliminary user experiments are proceeding well with user-friendly software at an advanced stage of development (Figure 11). Figure 12 compares experimental data taken on HXMA and SSRL’s beamline 9-3. Commisioning of a powder capability is scheduled for Summer 2006, followed by microprobe and additional diffraction capabilities. Because of its flexible nature, HXMA is one of the most over-subscribed beamlines at CLS.
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Figure 11 Data acquisition on HXMA.  Any data values being acquired can be plotted and compared in a flexible manner.
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Phase II experimental facilities status report

Phase II experimental facilities are being developed, with the first such facility expected to have all of its components installed at the CLS before the end of 2007. Three facilities are in the detailed design stage (SXRMB, VESPERS and SyLMAND), with two more expected to enter this stage soon (REIXS and then BMIT) 
as the respective preliminary design stages conclude. CMCF2 is delayed by indecision in the science community on the best implementation of its robotics and automation program. Initial developmental work on all projects began before CFI confirmation of award had occurred.
Resonant Elastic and Inelastic X-ray Scattering (REIXS)

The REIXS beamline is headed by George Sawatzky of U. British Columbia and Alex Moewes of U. Saskatchewan. It is a soft x-ray beamline and will share a straight section with the soft x-ray spectromicroscopy beamline. These two facilities will use elliptically polarized undulators of the same design, and with a rapid switching mechanism that will sometimes allow both undulators to feed the same beamline with very rapidly changing polarizations as a chopper alternately selects light from one undulator and then the other.

Progress is being made in the design of each of the two endstations (one for elastic scattering funded through the REIXS proposal and the other for inelastic scattering independently funded through a proposal headed by Alex Moewes). The two endstations will time share the beamline in a design which allows experiments at each endstation to be prepared while the other endstation is in use.
The preliminary design report for this beamline is currently under review, and it will enter detailed design in about two weeks. Major procurements do not normally take place before a project has entered detailed design.
Soft X-ray Microcharacterization Beamline (SXRMB)

This facility is for X-ray absorption spectroscopy and microprobe in the medium X-ray energy range (1.7-10 keV). SXRMB is in the final stages of the detailed design and procurement process. Most of the major procurements, except for the endstation area, are either awarded or in the final stages of award. Beamline components should be installed at the CLS beginning as early as this year (for the shielding enclosures) and continuing through to the third quarter of 2007. It is anticipated that first light to an endstation will occur in early 2008.
Synchrotron Laboratory for Micro and Nano Devices (SyLMAND)

This project was funded independently of CFI and is currently in the detailed design stage. The first major procurement has been awarded and contract negotiations with the chosen vendor are almost complete. The design team is focusing now on some of the support infrastructure that is required for this facility. In particular, procurement of the instruments needed to process the x-ray lithography masks is beginning.
High Throughput Protein Crystallography (CMCF2)

The conceptual design report for this beamline is currently being reviewed by the science team. Once approved, the preliminary design phase will be very short, since it is expected that this beamline will be tendered as a “turnkey” solution. The robotics and automation of the endstation will be based on designs in place at the Stanford Synchrotron Radiation Laboratory, and much of that development will be done in house.
Very Sensitive Elemental and Structural Probe Employing Radiation from a Synchrotron (VESPERS)
VESPERS is designed to measure x-ray fluorescence emission and x-ray diffraction on the same microscopic spot. This experimental facility is in the detailed design process and all of the beamline components except for the monochromator and endstation are in the procurement process. Since the required monochromator is quite unique, a consultant who has built a similar monochromator was hired to provide CLS with the design. The monochromator will be a ‘build to print’ procurement, once CLS engineers have completed the 3D modeling of this device. Endstation design is advancing, and its procurement should follow shortly. It is anticipated that all components of this facility will be installed at the CLS before the end of 2007.
BioMedical Imaging and Therapy (BMIT)

The BMIT facility is in the preliminary design stage. Two major procurements have been made (the superconducting wiggler and a data acquisition camera). The design team has been focussing on the facility to restrain and manipulate large animals as they are imaged with one or more of the available imaging modalities on this facility. This structure is unique in the world, and has required a considerable amount of innovation on the part of the design team. It is currently nearing the completion of an exhaustive and rigorous review process. The preliminary design report is expected in the next few weeks, allowing the procurement of major components to begin as the detailed design phase is entered.
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Figure 12 CLS HXMA vs SSRL BL9-3. The sample was a 5mM aqueous solution of arsenate, pH 7.0 in 50mM HEPES buffer. Offsets have been applied for clarity. Similar (non-dispersive) detector systems were used for both sets of measurements.
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�Paragraphs run together here… I would space them out a little…


�I suggest that you delete this sentence  – see the next comment about Figure 3. Figure 2 also needs to be mentioned in the tex.t.


�I VERY STRONGLY suggest that you DELETE FIGURE 3. The obvious reaction to this is that the beamline really stinks – nowhere is the SN better than conventional source – and the reader will wonder why we’re bothering with it at all! 


�Presumably you’re waiting for some text here?


�I assume this does not mean the CLS industrial group (i.e. Cutler and co…)?


�You should not say “science publications” as the common usage of this means that they were published in the journal Science!


�Please DO NOT say that HXMA is optimized for XAS - I don’t think that this is really true. The truth is that XAS abilities are compromised by what is required for diffraction - for example the extra cooling on the toroidal mirror means that we can’t use it for harmonic rejection and therefore need to detune (ugh!)…


�Sections below should be in this order – i.e. SXRMB, VESPERS … CMCF2. 
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