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Executive summary

The S2 task force was created by the Global R&D board in June 2006 to determine the nature and size of a system test needed to properly test the ILC acceleration technology.  Our charge was to set the goals, specifications and a timeline for the system test(s).  This report contains our conclusions along with some of the facts and reasoning which led to our conclusions.  It was not part of the charge to make a detailed plan for doing the tests so providing the background information will help in the making of those plans.  There is more detailed information about our deliberations on our Wiki page.
 

This report and the background information should help in making a detailed plan for carrying out the needed system tests.

Our major conclusions are summarized in the following bullets.

· The TTF facility at DESY has provided valuable system tests of many elements of the ILC technology.  More tests can and should be performed there.  Further testing activities for the XFEL, as well as the complete XFEL, will continue to provide valuable experience.

· However several important changes to the TTF design are being planned for the ILC.  These include a higher gradient, relocation of the quad to the center of the cryomodule, shortening of the cavity end-group, and a new tuner design.  Also under discussion are different modulators, klystrons, and cavity shapes among other developments.  These design changes are numerous and major enough that a further system test is warranted.

· The basic building block of the ILC linac is one RF unit containing three cryomodules with full RF power controlled as in the final linac.  The minimum size system test needed to confirm the performance of a new design is a single RF unit with ILC like beam.  As many tests are statistical in nature, a longer string test with several RF units or multiple tests with one RF unit would be better.  The primary reason beam is needed is to check that higher order modes (HOMs) are coupled out and absorbed so they do not cause a significant heat load at liquid helium temperature.
· All three regions have expressed a desire for command of basic ILC SCRF technology and are preparing to manufacture cryomodules locally.  Local test facilities at the scale of 1 RF unit are under construction in Asia and the Americas.  Europe is trying to increase its ILC related efforts with a forthcoming proposal to the European Commission (FP7).  The proposal will be based on expanding the usage of existing infrastructures.

· As construction of the project starts, a test facility (or facilities) will be needed to qualify manufactured RF unit components of the final consolidated ILC linac system design.  These components may be built at industries in different regions.  One of the possible scenarios is to build a test string with contributions of a total of several RF units from the three regional teams.  There are many factors that will influence the choice of the size of the string and whether the goals can be accomplished instead through several smaller tests or one long string.  These factors will be coupled to the future industrialization strategy adopted for ILC main linac components.  Therefore we cannot at this stage determine the ideal scale of this second phase of system tests.  

· Sections ‎5 and ‎6 list reasons for doing tests and give a rough schedule for doing them in a phased approach.  Some of the reasons for tests evolved from the R1 – R4 ranked lists of technology demonstrations called for by the Greg Loew TRC report.  Our plan is based on a natural schedule for components to be ready.  Therefore some low risk items are tested earlier than some high risk items.  The phasing of the plan recognizes development times necessary for the final design of components, as well as the need for a few iterations that may be necessary to reach ILC specifications for the full RF unit, especially if these have to be implemented outside the TTF.  There are number of phases to the system tests we propose (starting with 1 cryomodule and ending with several RF units).  Phase 1.3 (at least 1 RF unit of near final ILC design) should be successfully tested before more than 1% of the final industrially produced ILC cryomodules are manufactured.  This keeps the risk of having to rebuild a large number of cryomodules low while accepting a moderate risk of a schedule delay and having to rebuild 1% of the cryomodules.  This risk is moderate because the successful phase 0 and 0.5 tests were done with cryomodules only slightly different than the final design.
· Note that significant design changes require new tests.  Section ‎‎‎5 elaborates on this.  Experience shows that there is a significant lag (2-3 years) from a design change to construction of hardware to completion of a test.  For this reason it is important to limit the number of changes and to make them as soon as possible.  In particular, if design changes are needed to make the cryomodule transportable or cheaper to manufacture then these changes should be made soon.  Put in another way, if these and other critical design decisions are done too late then the required engineering and testing cycles will necessitate delay of the ILC construction timeline accordingly.

1 Goals and charge

The Global R&D board set up the S2 Task force as one of several task forces, each assigned to develop a major part of the overall ILC R&D Plan.  Our charge was to determine the nature and size of system test(s) needed to validate ILC main linac technology.  This includes the building and testing of a string of cryomodules after the proof of principle milestone of reliable production of cavities and single cryomodules has been achieved.  As the basic building block of the linac, the minimal string is one RF unit  containing three cryomodules with full RF power controlled substantially as in the final linac and tested with an ILC-like beam.  We were charged to examine whether this and further tests are needed as well as with setting the goals, specifications and timelines for all such tests.  We were also asked to examine the relationship between future industrialization needs and planning for further system tests.  (See ‎Appendix A for the complete statement of the charge.)

2  General remarks on our work methods and process

We set up a plan to work in parallel on a number of key issues:  

· Prepare a list of reasons for doing system tests. This list started with the R1-R4 items from the 2003 TRC report.

· Determine how large a linac would be needed for various beam and non beam related system tests.

· Understand what components will be available from the S0/S1 task force development of cavities and cryomodules.  These components may be available “free” for use in a system test.

· Look at how previous projects were industrialized to give us an idea of how many cryomodules might be built as part of the industrialization effort.  This could affect the size of a system test either by the need to test the industrial production or by having components available for “free” because they were produced as part of an industrialization plan.

· Look at lessons learned from previous projects as a guide to what system tests catch and miss and hence what we need.

· Estimate the cost and schedule for system tests and consider the present regional plans for test linacs.

Some of the needed system tests along with specifications have been defined in the R1-R4 ranking of the R&D issues in the 2003 TRC report.  After reviewing the TRC report’s recommended tests we revised and expanded the list giving due consideration to which tests needed beam.  The many generic lessons learned from the operation of TTF-I and TTF-II, as well as other SRF-based accelerators were discussed.  (See Section ‎4.)  Calculations were done to evaluate the number of RF units needed for making meaningful studies on the use of DFS steering to control emittance growth.  Other simulations determined the number of RF units required to study the effects of cavity misalignments on emittance growth.  These calculations and lessons learned were used in the compilation of the comprehensive list of tests in Table 3.  These tests were classified into broad categories depending on the number of RF units needed, the risk to the ILC if the test were not done and whether the test would need beam. 

Evolving plans at TTF-II (FLASH), XFEL, STF, and ILCTA@FNAL helped us formulate the possible scope and timelines for S2 related activities as did the conclusions of the S0/S1 Task Force regarding the phasing of the number of cavities to be fabricated and successfully processed over the period 2007–2009.  In view of these plans we outlined a phased approach to doing the system tests (Table 6) starting with cryomodule tests proceeding to preliminary RF unit system tests, then to one RF unit meeting ILC specs, and then to a larger system test done primarily to support industrialization.  We examined several scenarios for how ILC industrialization may evolve given the context of how previous high tech projects such as LHC have been industrialized.  These discussions generated ideas on the need for continued industrial component testing, full cryomodule testing, as well as for continued system testing in the later phases of S2 activities. 

Our task force’s work was conducted in an open manner.  We held regular phone meetings, and several face-to-face meetings.  Presentations are available on an open Wiki page from the linearcollider.org website via the Global R&D board wiki.
 

We also maintained an email list and an email archive which is available via the above wiki.

3 General lessons learned from operation of SRF accelerators

4.1 Introduction

The S2 task force felt that it was prudent to review the experiences which have been gained during development, construction, and commissioning of other SRF-based accelerators in the past.  This exercise serves the following purposes:

· To help us develop a test plan with the goal of avoiding recurrence of the type of problems that were encountered in the past.

· To help us develop a reasonable methodology for determining the scale (both the physical size and time duration) for the system testing involving a number of cryomodules.

As an example, the failure statistics of the TRISTAN SRF system (maximum 8 units of 508MHz CW RF stations which drive 16 cryostats, totaling 32 cavities with 160 cells) during 1988-1995 are summarized in Table 1.

Table 1
Summary of failure statistics of TRISTAN SRF system.  In the period of 1988-1995, the number of cryostats continuously operated for 6-7 years is 7.The number of cryostats that had to be repaired in one way or other was 9.
	 
	 
	1988
	1989
	1990
	1991
	1992
	1993
	1994
	1995

	HOM
	4
	　
	　
	　
	　
	　
	　
	　

	IC Leak
	Ceramic Arc
	 
	2
	 
	1
	　
	　
	　
	　

	
	Polyethylene
	　
	 
	1
	1
	　
	　
	　
	　

	
	Water Leak
	　
	　
	　
	2
	1
	　
	　
	　

	Cavity Leak
	　
	1
	　
	3
	2
	　
	1
	　

	Piezo Tuner
	　
	1
	3
	6
	5
	1
	2
	1


Table 1 indicates that there are a variety of failures of different types and causes.  The HOM load connection failures have an infant morality pattern due to a design problem.  Leaks at input couplers and cavities are due to fatigue and hence failures start after significant operating time.  The piezo tuners fail at random times.  The different failures naturally require different types of precautions and counter-measures when it comes to technical specifics.  However, it appears fair to state that in order to maintain good, long-term operability of SRF-based accelerator systems:

· Accelerated tests should be done on components where possible.  Examples are moving tuners much more often than they would be moved in the ILC, rapid cool-down of feedthroughs followed by tests for vacuum integrity, irradiating components, and thermal cycling a cryomodule pair to check for leaks and development of alignment problems.  It is important to do these types of component tests in addition to the system tests.
· We should pay attention to long-term use of seemingly innocuous components in realistic operating conditions.  We should not simply trust the catalog numbers.

Although TRISTAN is a first generation SRF-based accelerator and, therefore, most of its lessons are, by now, knowledge shared by all experts in the world, it is still worth noting these points during development of ILC.

A major difference of ILC, with respect to TRISTAN and other storage rings, is that it is a pulsed linac system.  Here, TTF/FLASH experience provide us with input, the most important of which is that

· Besides stable operation of the SRF hardware elements, we need to establish the methods for attaining stable beam operation in the linac environment in terms of intensity, phase, energy, timing and other characteristics.
XFEL, which is currently under construction, will offer critical operation experience from its daily operation as a major user facility.  While the ILC cryomodule differs in important aspects from that of XFEL, the designs are still very similar and the lessons learned from XFEL will be important for the ILC.

4.2 Lessons learned

It is interesting to compare the amount of cryomodule running experience expected at ILC to that which has been done at previous accelerators.

In discussion at the TESLA Technology Collaboration Meeting in September 2006
 it was pointed out that the magnitude of operational experiences at past, present and future SRF-based accelerators may be quoted in the unit of “cryomodule-centuries”.  Ten units of cryomodules operated over five years, for instance, correspond to 0.5 cryomodule-centuries.  The operational experience in the world is summarized in Table 2.

It is seen that the system scale of operating ILC exceeds those at past SRF-based accelerators by two orders of magnitude or more.  The larger size of the ILC system means that testing should be even more thorough than in previous projects as undetected design and manufacturing errors will have a larger impact.  In the following, general lessons learned from past and present SRF accelerators are summarized.

Table 2
The magnitude of “cryomodule-centuries” that have been accumulated at past SRF-based accelerators and that are expected at XFEL and ILC during 10 years of operation.
	Accelerator
	Cryomodule-centuries

	CEBAF
	5

	LEP-II
	3.7

	Cornell
	0.31

	TRISTAN
	~1

	KEKB
	0.56

	TTF/FLASH
	0.27

	XFEL
	11.6 (Expected, in 10 years operation)

	ILC
	186 (Expected, in 10 years operation)


· Experience from most SRF systems support an earlier lesson learned from TRISTAN that we need to test all critical components in realistic operating conditions, prior to design freeze.  The important “realistic conditions” to consider are power, mechanical, thermal cycles, and radiation.

· Experience from TTF/FLASH points to the importance of carefully documented procedures for production, assembly, and testing of the hardware.  This allows a systematic learning process with documented conclusions that can be shared with other labs and companies as a bigger team is formed for mass production.

· Similarly, daily operation experiences with/without beams should be gained in a well-organized, semi-production-like environment so as to systematize the learning process of the responsible parties in ways that can be shared and followed by a bigger team during production.

· Experience at SNS indicates the importance of the reliability of seemingly innocuous components such as those used in all varieties of hardware interlocks.

· Most major SRF systems have not seen any major instances of long-term hardware degradation.  An exception is CEBAF, which showed evidence of random onset of field emission sources, which corresponds to approximately 1% per year loss of gradient.  This is suspected to be caused by a particle which moves from a low-field location to a place with high fields within the cavity.  The ILC group should continue to watch the development of this situation to see what lessons can be learned.

While much can and should be learned from experiences at previous accelerators, the ILC cryomodule design has enough new features and many minor changes in design. Therefore, it is crucial that they are tested before the mass production of cryomodules.  Use of the lessons learned from previous accelerators can help us avoid repeating a mistake and guide us in developing the tests that should be done to detect the types of mistakes made in the past.  With that in mind, we now proceed to the list of things it would be useful to test in a system test.

4 Reasons for system tests

4.1 List of possible reasons for doing a system test

To evaluate what size system test is needed; the task force generated a list of possible reasons for doing a system test.  The attempt here was to be complete.  We have listed virtually all system tests we could think of.  It is not mandatory (or even reasonable) to do them all.  Some tests clearly demand too large a string to be practical.  Others may need a more careful cost versus benefit of risk reduction analysis. 

The full list of tests is shown in Table 3.  The table shows the minimum number of RF units required, whether beam is required, and comments on the possible feasibility of each test at TTF.  References to our wiki sites contain more details on several items. 

The tests fall into three broad categories. 

1. The first category is tests that are too big to be practical.  Examples of this include:

· Checking that DFS steering really controls the emittance growth requires well over 10 RF units.

· A full check of cryogen flows and controls requires a 2.5 km string.  (Partial tests can be simulated with much less.)

· Checking that cavity misalignments don’t cause emittance growth would require 200 RF units.

2. The second category is tests that involve statistical effects where more is better and enough is too many to be practical.  We cannot for-sure find all potential problems in this category, but we can reduce the phase space.  The larger the system test, the more likely we find a problem and the smaller the impact of an unfound problem will be.  Examples of this include:

· Checking reliability is as good as required could require the full ILC as some catastrophic but unlikely failure modes need to happen less than a few times in the total lifetime of the full ILC.
  

· Measurements of dark current with a system test is problematic as these depend on the random occurrence and location of field emitters.  Note that a system test can be used to calibrate the effect of dark current on the radiation and heat load, but the statistical evaluation of the quantity of dark current is best done in the vertical test setups.

· Long term testing of cryomodules to evaluate degradation or other weaknesses before large scale series production begins.  An example of this is the HOM failures in SNS caused by end wall heating due to field emission.

3. The third category is items that can be fully tested.  Examples of this include:

· Check what gradient spread can be handled by the LLRF system.

· Check for heating due to high frequency HOMs.

· Check amplitude and phase stability of the RF with respect to the beam.

· Check static and dynamic heat loads

Note that all of the tests in this third category can be done with a single RF unit.  It is primarily from this list of tests that we conclude the minimum size system test needed to confirm the performance of a new design is a single RF unit with ILC like beam.  As many tests are statistical in nature, a longer string test with several RF units or multiple tests with one RF unit would be better. 

Many of the tests can be done without beam.  However, some of them do require beam.  Justification of the need for beam is provided in the next section.

The statistical nature of some of the tests and the interaction of testing with industrialization (described in Section ‎5.2) lead to the need for a larger second phase system test.

Table 3
List of possible reasons for doing a system test.  The “must be in string” column indicates if the cryomodules must all be in a row connected t each other for the test.  An “n” in that column indicates the test could be performed in multiple locations with separate cryomodules.  The “phase” column gives a rough indication of the order the tests should be done in.  A “0” indicates the test has already been mostly or completely done at existing facilities.  “1.x” indicates a relatively small test done as soon as we can manage it.  (Dates are given in Table 6.)  Phase 2 indicates a larger test done with industrially produced cryomodules during the ILC construction period.  Phase numbers ≥3 indicate tests that are not practical to do and will have to wait for the full XFEL or ILC.  A “y” in the “need beam” column indicates that beam is needed to perform that test.  The “comments” column typically includes information about whether that test could be performed at the TTF/FLASH facility along with other relevant remarks.  The last three columns provide a crude estimate of the risk associated with not doing the test.  “Probability” is an estimate of the chance that the problem that the test is intended to find will occur and effect the ILC if the test is not performed.  “Consequence” gives the size of the problem.  For example, having to open up every cryomodule to modify a part would be a large consequence while having to run slightly lower gradient to avoid dark current would be low.  “Risk” is the combination of the previous two columns.  Note that these risks are relative, so a “large” probability does not necessarily mean close to 100%.
	#
	Description of test
	# RF units needed
	Must be in string?
	phase
	Need beam?
	Comments
	Proba-bility
	Conse-quence
	Risk

	1
	Test reliability of components.  Of particular concern are components with long MTTR such as tuners, piezos, and couplers.
	>1
	n
	0 and 0.5 and 1.3
	n
	With reasonable size test can catch major screw-ups, but can't assure we meet all MTBF goals.
  Some items can be tested separately with accelerated tests.  For example we may want to build specialized test setups for piezos and couplers and tuners to run them more often and stress them.  TTF tests many items, but ILC has multiple design changes that require new tests.
	large
	large
	large

	2
	Test beam based feedbacks.  This may include steering, energy, and intra-train feedbacks.
	1
	y
	0
	y
	Will be done at TTF and is gradient independent so further testing not essential.  Tests with full ILC bunch train are needed.  TTF will need MPS improvements to allow this for extended periods.
	med
	med
	med

	3
	Try a dirty vent on some cryomodules and see if things still work.  This should be done both with and without a fast acting valve to see effects both of valve and of the dirty vent.
	1
	y
	0.5
	n
	XFEL plans to test this.  We should agree on a common design for the test so this XFEL test will also serve for the ILC.  Tests need to go from small leaks to catastrophic ones, testing first for contamination (which would reduce gradient) and later for explosive failure of materials.  This test is destructive.
	small
	large
	med

	4
	Develop RF fault recognition and recovery software.  Insure that adequate instrumentation is available to sense likely faults.  (Coupler breakdowns, cavity quench, broken tuner motor, broken coupler motor, defective sensor…)
	1
	y
	0 and 0.5 and 1.1
	y
	Much of this has been or is being done at TTF.
	large
	large
	large

	5
	Evaluate cavity quench rates and coupler breakdowns along with the recovery times.
	>1
	n
	1.2
	y
	This has been done at TTF, but not at ILC gradients hence it needs further testing.  This can mostly be tested without beam, but interaction of LLRF and fields deposited by beam at various phase settings will require beam to study.
	med
	large
	large

	6
	Measure dark current (effects cryo load) including how much is accelerated and radiation (question for both electronics and people in tunnel with RF on).
	1
	y
	1.2
	n
	Dark current increases a factor of 10 per 4 MeV.  So if dark current is a problem, it can be solved by reducing the gradient.  Most dark current issues will be explored with vertical, horizontal, and individual cryomodule tests.  This gets the statistics needed on various locations of the emitters.  The capture current is measured with a Faraday cup in those tests.  Importance of the system test is to check the effect of captured dark current on cryo-load and radiation.  Quads need to be tunable to high energy for this test so they will over-focus the dark current beam.  TTF quads do not go to high enough field for this test.  Effects may be simulated, but this experimental cross check would be nice.
	med
	med
	med

	7
	Check what gradient spread can be handled by LLRF system.  This test should be done with and without beam loading.  Also test different phase with respect to beam for bunch compressors and deceleration.
	1
	y
	1.2
	y
	This can be tested at TTF, but not with the full gradient or final hardware.  If there are problems found here, they will either be fixed by a change in LLRF algorithms, or reduce the machine energy.  It could affect the way we choose to sort the cavities by gradient into RF units.
	large
	small
	med

	8
	Long term testing of cryomodules to evaluate degradation or other weaknesses before large scale series production begins
	>1
	n
	1.2
	n
	SNS had HOM failures caused by end wall heating due to field emissions.  TTF has seen no degradation.  CEBAF saw degradation due to new field emitters.  TTF is testing this, but ILC cryomodules will have significant differences in addition to the higher gradient.
	large
	large
	large

	9
	Check for heating from HOMs including in the absorber between the cavities.  Also check static and dynamic heat loads.  
	1
	y
	0.5 and 1.2
	y
	Some HOM modes propagate down beam pipe, if not absorbed they correspond to 2 W/m of heating which is huge.  Must check that inter CM absorbers work.  TTF will test this in 2007.  As ILC cavities have different spacing between cavities, HOM propagation will be different and the test must be repeated.  This test is the defining reason for providing beam in the string test.
	med
	med
	med

	10
	check beam phase and energy stability
	1.5
	y
	1.2
	y
	This is mostly a test of the LLRF system.  It requires energy and phase measurements of the ingoing and outgoing beam.  The tightest phase specification is for the compressor.  To test this properly will require 2 RF units.  A reasonable test can be done with only 2 cryomodules and 2 klystrons and 2 LLRF systems.  See the presentation at http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Ardb_s2_home&cache=cache&media=rdb:rdb_external:nagaitsev_jan_12_2007.ppt
	large
	large
	large

	11
	Measure x-ray emissions and evaluate adequacy of shielding for personnel protection before mass production of equipment
	1
	n
	1.2
	n
	Can be done with smaller tests than a string test.  Should still be verified in a string test as long as one is being done for other reasons.
	small
	small
	small

	12
	Demonstrate to us and the world that we can make an RF unit to spec.
	1
	
	1.2
	y
	TTF has demonstrated this, but ILC has enough design changes that it needs to be demonstrated again.  For many people, this is the reason for a system test.
	med
	large
	large

	13
	Does thermal cycling degrade a cryomodule (include alignment)
	1
	y
	1.3
	n
	Dedicated test on two cryomodules (to test interconnects).  Will be tested by XFEL if we don't change flanges and feedthroughs.  Can test feedthroughs separately.  Need to decide whether to use stretched wire or beam and HOM BPMs to measure alignment changes.
	med
	med
	med

	14
	Check for cavity and quad vibration due to use of piezo tuners
	0.33
	n
	1.3
	n
	This does not need a full system test.  Check piezo with Horizontal test.  It is unlikely to cause quad to move
	small
	small
	small

	15
	Check for quad vibration with accelerometer or laser interferometer
	0.33
	y
	1.3
	n
	This does not need a full system test.  Better to check quad vibrations directly with accelerometer.  This will change with different cryomodule designs.  May be system issues that require full mockup (vacuum pumps, water pumps).  Could measure how much it amplifies ground motion.
	small
	large
	med

	16
	Provide an RF unit for LLRF tests for several years
	1
	y
	1.3
	y
	Much can be tested at TTF, but need to stress the system which may not be allowed there.  This work starts with phase 1.1 and finishes with phase 1.3.
	large
	large
	large

	17
	Mock up actual tunnel layout to explore installation, maintenance, and repair issues prior to large scale construction of ILC, 
	2
	y
	1.4
	n
	TBD if this is done in a concrete tunnel or a plywood mockup.  Can use components with problems left over from previous tests.  Needs to be hooked up as though it will run, but does not need to operate.  This could influence civil designs.  It also makes a nice display to show dignitaries.
	large
	med
	med

	18
	Show that we can internationally build this test system
	1
	y
	2
	n
	Developing the required level of international cooperation to build and operate this test facility will be good practice for the full ILC.
	med
	large
	large

	19
	Evaluate performance of enough cryomodules reengineered for manufacturability and cost reduction to approve changes for mass production
	??
	n
	2
	n
	Not doing this risks that a change thought to be minor results in major rework of machine elements.  Must thoroughly test the final CM design.
	med
	large
	large

	20
	Is cryomodule instrumentation (temperature and pressure measurements) adequate but not excessive (i.e. costly).
	1
	y
	2
	n
	Likely that this can be sorted out without a string test
	small
	small
	small

	21
	Provide a reason to build cryomodules that need to be built anyway to get industrialization going
	>2
	n
	2
	n
	we may want large test facility to keep industrialization going while complicated project approval process plays out
	med
	med
	med

	22
	test transport of cryomodules and mixing those of different regions
	>2
	
	2
	
	Transport can be tested earlier without doing a full system test.  XFEL will be testing transportability.  
	large
	large
	large

	23
	Check cryo control (maintain liquid levels, feedback time response etc.) and vibrations due to cryogen flows
	2 to 4
	y
	4
	n
	XFEL will tell us this in 2012.  TTF tests may already be adequate.  Details of the size calculation for this are at http://www.linearcollider.org/wiki/lib/exe/fetch.php?cache=cache&media=rdb%3Ardb_external%3Astring_test_need_for_cryogenics_test.doc
	small
	small
	small

	24
	Understand RF control issues in a system with many cavities and cryomodules distributed over a large physical space
	>>1
	y
	4
	y
	Use long cables for phase reference between 2 RF units, but this could be done w/o RF units.  See if there are any other reasons.
	large
	med
	med

	25
	Provide a test bed for evolving industrially produced cryomodules.  Scale is set by preproduction that is ~10% of full scale ILC production per year and desire to test preproduction cryomodules before full production.  
	7-10?
	n
	5
	n
	Needs more thought.  Probably not an S2 system test but rather a cryomodule test stand.  Could be done by substitution of cryomodules in previous system test setups.
	large
	med
	med

	26
	Check for emittance growth due to cavity misalignments
	200
	y
	5
	y
	Beam wasn't accelerated in order to maximize sensitivity.  Details of the size calculation for test and how the test would be done are at http://www.linearcollider.org/wiki/lib/exe/fetch.php?cache=cache&media=rdb%3Ardb_external%3Arequiredtestlinaclength-v6.ppt
	small
	small
	small

	27
	Check for emittance growth before and after DFS steering
	>10
	y
	5
	y
	10 RF units are marginal with RF gun and special purpose optics.  Just 1-1 steering reduces emittance growth to less than we can measure.  Details of the size calculation for this test are at http://www.linearcollider.org/wiki/lib/exe/fetch.php?cache=cache&media=rdb%3Ardb_external%3As2_21_july_2006_sergeinagaitsev.ppt
	n/a
	n/a
	n/a

	28
	Check dispersion effects of following earth's curvature
	>10
	y
	5
	y
	String needed is at least as long as one needed to check DFS steering.
	small
	small
	small


4.2 Need for beam

The main reason for a beam in the phase 1 RF unit system test is to be sure that most of the HOM power deposited by the ILC beam is removed successfully. 

The total expected HOM power deposited by the beam is about 2 watts/meter.
  Of this, 0.2 watts/m is below the cut-off frequency of the beam pipe (3.3 GHz) and extracted through the two loop-HOM couplers on either end of the cavity.  The remaining 1.8 W/m is above beam pipe cut-off and so hopefully propagates smoothly down the beam pipe (through all the SC cavities) to a single broad band beam pipe absorber at the end of the CM.
To appreciate the magnitude of this HOM power, if the entire 1.8 W/m were to be deposited into the 2 K liquid helium, the 2 K refrigeration plant for ILC would have to increase by nearly 30 kW, and the corresponding AC power for ILC would increase by roughly another 30 MW.  The present size of the 2 K plant is about 50 kW.   

Studies by Dohlus and Sekutowicz
 from DESY predict that a significant fraction of this power will be removed by the HOM absorber.  But there is a pitfall.  Some of the HOM power could get trapped between cavities as a non-propagating beam pipe mode.  DESY soon plans to test in FLASH the efficiency of a proposed broadband absorber with CM6.  However the spacing between cavities is likely to change for the ILC CM.  Therefore the successful propagation has to be checked again with beam for the final cavity string.  

Finite element simulations to find trapped modes for the new cavity layout are likely to be unreliable as there is a large ratio between the size of the cryomodule and the wavelength of important modes.  The full string of 8 cavities (12 m long) must be included in the simulation model, and at the same time the transverse dimensions of the simulation must be small enough to cover modes with frequencies up to 100 GHz.  Of the 1.8 W/m HOM power, about 1.5 W/m of power lies between 5 and 100 GHz, so the simulation must look out to extremely high frequencies. 

Nevertheless, it should be noted that the ACD group at SLAC has started modeling HOM absorption above cavity cutoff – they will first consider an absorber, non-SC beam pipe and one SC cavity and impose periodic boundary conditions on the excited fields to model an infinite string.  If this looks reasonable (i.e. the losses in the absorber dominate), they will add more cavities.

While the above is the most important reason beam is need in the string test there are several additional reasons for beam.  

1) By running the beam off-axis, the test beam can be used to ring out dipole modes insufficiently damped that will spoil the emittance.  Beam tests at TTF showed that the HOM loop couplers were not doing a good job on one pass band.  This problem has been addressed by re-orienting one of the HOM couplers.  The efficacy of this solution will be further analyzed with a forthcoming beam test.

2) The offset beam can also be used to excite a dipole HOM to verify the final alignment of the cavity string after 2 K cool-down.  This method has been demonstrated with beam tests at TTF.  Since the ILC CM design will change it will be necessary to confirm that the alignment protocol continues to be satisfactory.  The best way to carry this out on the final CM is with beam.

3) Measurement of accelerated beam energy will provide the ultimate confirmation of accelerating field and phase measurements of the string of cavities.
4) To measure the LLRF feedback response to fast beam changes.  The beam provides the best way to perturb the cavity fields on a fast time scale. 

5) Methods are under development using the LLRF system, and other available adjustable parameters (Qext and three-stub tuner) to establish the highest possible average gradient in a CM, even when there is a large spread of cavity gradients.  The performance of this method depends on the influence of beam loading which can best be tested with beam to optimize the gradient performance.  

6) Beam can be used to test high power input couplers with traveling wave field pattern instead of standing wave.  The peak fields are the same in both cases but the beam-off pattern has nulls which may mask problematic areas of the complex coupler.  Hence beam is need to properly test the traveling wave design.
The actual beam parameters needed for these tests have not been studied in detail.  To the extent possible, they should be identical to the parameters for the ILC beam to ensure tests as realistic as possible.  However some parameters like transverse emittance are difficult to achieve and to our knowledge none of the tests depend on a small emittance.  Hence such parameters can be relaxed.  Table 4 shows a set of adequate beam parameters.  
Table 4.  Possible beam parameters for the phase 1 system test

	Parameter
	Units
	Test Beam Injector
	ILC (nominal)
	Comments

	Repetition rate
	Hz
	1 - 5
	5
	

	Charge per bunch
	nC
	3.2
	3.2
	

	Number of bunches per pulse
	
	variable up to 2625
	2625
	

	Bunch interval
	nsec
	369.2
	369.2
	

	Bunch interval
	rf buckets
	480
	480
	

	Bunch energy at CM entrance
	MeV
	~ 30
	n/a
	

	Bunch length
	µm (rms)
	300
	300
	

	Transverse emittance
	µm (rms)
	
	
	not important

	Bunch relative energy spread at CM entrance
	%
	
	
	not important

	Bunch-to-bunch time interval jitter
	psec (rms)
	0.5
	no spec
	needed for rf phase and amplitude stability studies

	Bunch-to-bunch charge variation
	%
	5
	no spec
	needed for rf phase and amplitude stability studies


4.3 Need for continued testing and relationship of industrialization to phase 2 system test goals

4.3.1 Motivation for phase 2

Beyond the first phase of an RF Unit system test meeting ILC specifications, there are two main reasons to continue operation of S2 facilities for component tests and system tests.  ILC will be developing component and cryomodule designs seeking performance improvements and cost reductions before initiating series production.  Continued testing will be needed for performance validation of these changes.  Second, as cryomodule fabrication and assembly become industrialized it will be necessary to test the industrially produced cryomodules at the same facilities.

4.3.2 Cryomodule evolution

The ILC cryomodule is likely to evolve through several versions before any series production starts.  An improved cryomodule design (Type IV) is now under development by an international collaboration.  It will most likely be the design adopted for the Phase 1.3 RF unit system tests.  This design will not include many possible ideas for cost reduction through simplification or via design for manufacturability.  Improvements will continue to the cryostat, mounts, seals, feedthroughs, and assembly procedures all of which are currently rather labor intensive.  In some places materials cost may also become a target for cost reduction.  Some ACD R&D, such as an alternate cavity shape or alternate cavity material may succeed and promoted to the baseline design.  (See Table 5 for a more comprehensive list of potential changes and the testing they necessitate.)  Overall, a range of tests will be needed to validate changes aimed at performance improvements and cost reduction as well as variants that may occur due to regional differences in the design.  Many tests can be carried out on dedicated component test stations (for cavities, couplers and tuners for example).  Cryomodule variants can be validated at cryomodule test stands, similar to the one finished at TTF, or prepared for the first phase of S2 activities.  Tests should be as complete and extensive as affordable with designs frozen as soon as adequate performance is achieved and adequate cost reduction demonstrated.  These validations must take place before series production to avoid large financial and technical risks to the project.

Table 5
A list of tests that are needed after various types of design changes are made.
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4.3.3 Phase 2 activities to support industrialization

The industrialization plan for ILC has not yet been developed.  However, the S2 Task Force discussed a couple of models for how the industrialization might be accomplished in order to gauge the level of continued testing activities that may be necessary.  For example, to promote vendor qualification and training, early industrial purchase of components (such as cavities and power couplers), and early involvement in assembly of cryomodules using the existing infrastructure in the labs could be encouraged.  After watching the assembly of the first cryomodules, industry could increase activities associated with manufacture and assembly.  Due to high investment costs it is unlikely that industry would develop the infrastructure and skills necessary to test industrially produced cryomodules.  Therefore facilities established for S2 phase 1 tests would remain crucial to carry out these activities to support industrialization.  DESY is following a similar path for the XFEL.  

4.3.4 Estimates based on LHC for size of phase 2 system test

In order to examine the relationship between future industrialization needs and the need for further system tests we examined how previous high tech projects have been industrialized.  It is instructive to compare the scale of the ILC with the preparations, pre-construction and final construction stages for the LHC at CERN.
  The LHC requires 1200 cryomodules (15 m long) as compared to the ILC’s 2000 modules (12 m long).  After design and modeling work at CERN, initial R&D with industry spanned the period 1991 – 1994.  3 prototype coils were built in industry and modules assembled and tested at CERN.  Prior to launching a large “pre-construction series,” vendors assembled 9 modules (3 per vendor) at CERN using facilities installed at CERN.  Vendors then manufactured a total of about 20 modules (7 per vendor).  About 6 of these were fully tested (2 per vendor) before starting the pre-construction series.  In all, a total of 32 modules were prepared by the CERN/industrial collaboration before launching the pre-series.  After these preparatory activities, the “pre-construction” series consisting of 90 modules by 3 vendors was successfully finished over a 2 year period (2001- 2002).  Upon completing the pre-series, 3 vendors carried out the final construction series of the remaining 1100 modules over four years (2003- 2006).  

String tests were a highly valuable part of the LHC magnet development.  The first string test consisted of two dipoles (each 10 meter long) and 1 quadrupole and reached design field in Dec 1994, about the same time as LHC gained approval.  A four year testing period followed using that first string.  Subsequently a second string of 3 dipoles (15 meters long) and one quadrupole was tested between 1998 and 2001.  This second string was later lengthened to six dipoles and further tested through the completion of final construction in 2006.

The LHC strings proved to be invaluable test-beds for systems such as cooling, vacuum and magnet protection.  These also served as a training ground for the string team and operators.  The first runs were aimed at validating the design choices for individual systems.  The emphasis then shifted towards optimization of the design, while later experiments were designed to highlight any weak points through artificially induced fatigue on components and the interconnections between them.

Although we found no compelling reason for ILC to follow the LHC model and note that there are significant differences between an RF cryomodule and an LHC magnet, if the LHC example were to guide ILC construction, ILC planning must include some tens of modules in the first stage prepared at existing and upcoming facilities with industrial learning by participation.  Multiple vendors need to be trained to qualify.  In the next stage of preparation, vendors must prepare another few tens of modules using the same facilities before launching a pre-construction series of about ten percent of ILC.  

Each pre-series unit will require extensive testing to validate its performance and reliability prior to launching mass production of series units.  Continued activities at dedicated component test stands, cryomodule test stands and RF Unit system test facilities will be needed.  As construction of the project starts, the test facilities will still continue operation to qualify manufactured RF unit components of the final consolidated ILC linac system design.  These components may be built at industries in different regions.

As with the LHC, the first string test will focus on validating the design choices for individual systems at ILC specification and be a system test of their interactions.  One of the possible continuing scenarios for Phase 2 is to build a second test string with contributions of a total of several RF units of newly optimized design and possibly industrially produced.  There are many factors that will influence the choice of the size of the string and whether the goals can be accomplished instead through several smaller tests or one long string.  These factors will be coupled to the future industrialization strategy adopted for ILC main linac components.  Therefore we cannot at this stage determine the ideal scale of the next phase of system tests.

4.3.5 Estimate of phase 2 size based on early detection of problems

There is another approach to determining an appropriate size for the phase 2 string test.  This comes from trying to assure that enough components are tested to know that the failure rate for the ILC will be acceptable.  Here is very crude model.

Assume that the probability of a failure occurring in a cryomodule is distributed as 1/time, so the probabilities of a failure occurring between 1 day and 20 days, between 20 days and a year, and between a year and 20 years are roughly equal.  This corresponds to the leading edge of the bathtub curve (infant mortality) and ignores the trailing edge caused by items wearing out and the flat bottom of the curve due to steady-state failures.

Before construction begins, assume we want to show that less than 10% of the cryomodules that survive the first day will fail in 20 years.  Thus we would tolerate roughly 3% failures in each of the three times periods noted above. 

To show that the failure rate will not exceed 3% in each of these periods, we would need to test roughly 30 cryomodules for 20 days or 15 cryomodules for a year.  The latter is more reasonable, that is, under these assumptions the phase 2 test would be the operation 5 RF units for a year.

While this model is very crude and has questionable assumptions, it probably does set the right scale for the size of a phase 2 system test.

5 List of milestones and timeline for system tests 

The previous sections have given multiple reasons for doing a system test.  While the TTF is an excellent system test, ILC is making enough changes to the cryomodules that a new system test is warranted.  There are also tests which have not been done yet that can either be done at TTF or in a new system test.  

We now come to the key question.  How big should this system test be and when should it be done?  The trite answer is as large as possible and as soon as possible.  To put some realism into the picture, we looked at the plans the S0/S1 task force is making on the production of cavities and also at the various regions’ plans for building test systems.

The S0/S1 task force plans to make many cavities to learn to consistently attain a gradient of 35 MeV/m.  Their plans if successfully executed will result in 28 full gradient cavities completed in 2007 and another 128 in 2008.  A year after they are produced, cavities could be in cryomodules and a year after that the cryomodules could be part of RF units.  This would give 1 RF unit in 2009 and 3 in 2010 that can be produced using cavities that are available without specific S2 related expenses because they were needed to accomplish the goals of the S0/S1 task force.

Both the US and Japan have plans to build a one RF unit system test to be completed in 2009.  In neither case would this first system test contain cryomodules of the final ILC design and they likely would not meet the ILC gradient specifications because both US and Japan teams need to acquire critical experience.  Europe is trying to increase its ILC related efforts with a forthcoming proposal to the European Commission (FP7).  The proposal will be based on expanding the usage of existing infrastructures.  It should be emphasized that these activities are only at the planning stage.  There is no guarantee the governments will fund the plans as requested.  If funds are limited, the gradient work of the S0/S1 task force is likely to be favored over the building of cryomodules and system tests as it is considered by the R&D board to be the highest priority R&D task.

Taking all this into account, we decided that the minimum system test size required was one RF unit (3 cryomodules) and that beam with an ILC bunch structure was necessary to address important issues such HOM power and damping.  Clearly the chance of finding and fixing problems improves with larger system tests.  Moreover, to allow testing of industrially produced cryomodules and other RF Unit components, we decided that the system test should be done in phases that continue on through the beginning of ILC construction.

Table 6 gives a description of the phases we envision along with a rough technically limited schedule.  The names of the phases in this table (0, 0.5, 1, 1.1, 1.2 etc.) correspond to the phases given in column 5 of Table 3.  With this cross reference, one can tell which tests would be done in each phase of the system test.  Note that many items that are tested in early phases will get tested more thoroughly (with larger statistics) in the later phases and will be done with RF units closer to the final ILC design.

The coupling of this test schedule with the ILC approval and construction schedule is of interest.  The most important coupling is that Phase 1.3 (at least 1 RF unit of near final ILC design) should be successfully tested before more than 1% of the final industrially produced ILC cryomodules are manufactured.  This keeps the risk of having to rebuild a large number of cryomodules low while accepting a moderate risk of a schedule delay and having to rebuild 1% of the cryomodules.  This risk is moderate because the successful phase 0 and 0.5 tests were done with cryomodules only slightly different than the final design.

Table 6
Rough technically limited schedule for completing the string tests.
	Phase
	Completion date
	Description

	0
	2005
	TTF/FLASH, not final cavity design, type 3 cryomodule, not full gradient, has beam but work is needed to have regular ILC bunch structure, roughly 2 RF units.

	0.5
	2008
	Extra tests at TTF/FLASH with same type cryomodules as phase 0

	1
	2008
	1 cryomodule, not final cavity design, type 3 cryomodule (and/or) STF type cryomodule, not full gradient, no beam

	1.1
	2009
	1 RF unit, not all final cavity design, not all type 4 cryomodules, not full gradient, beam not needed for tests, but should be built so it and the LLRF are debugged for the next step

	1.2
	2010
	1 RF unit (replacing cryomodules of phase 1.1), final cavity design, full gradient, type 4 cryomodules, with beam

	1.3
	2011
	1 RF unit (replacing cryomodules of phase 1.2), final cavity design, full gradient, type DFM cryomodules, with beam

	1.4
	2011
	Tunnel mockup above or below ground.  1 RF unit perhaps built with parts taken from earlier tests.  Includes RTML and e+ transport, no beam

	2
	2013
	Several RF units at one site (of the final ILC?) as a system test of final designs from multiple manufacturers.  Need for beam depends on design changes made after phase 1.4.  

	3
	2013
	XFEL

	4
	2018
	First 2.5 km of ILC


6 Estimated cost for RF units and their operation for tests

The S2 task force attempted to make a crude cost estimate of hardware components.  This was to help us understand the cost impact of system tests of various sizes as without cost constraints much larger system tests would be practical and desirable.  The cost associated with infrastructure such as cryogenic plants and test benches for “burning in” the RF power sources and cavities prior to installation need to be considered in addition to the costs given here.
A detailed cost estimate from a lab to do this test will certainly be different than this crude estimate.  The actual previously existing infrastructure available for free may be quite different than assumed here and the cost of parts likely varies from one region to another.  The lab will also have significant labor costs which may or may not be included in a cost estimate.

Table 7 gives rough cost estimates of elements (M&S only, no labor included) of an ILC RF unit in the current R&D stage as of early 2007: 

Table 7
Cost estimate of elements of an ILC test linac, as of early 2007.  No labor is included; only M&S is considered.
	Item
	Cost

	Cryomodule, completed with eight units of 9-cell cavities
	~ 2 M$

	RF source, completed with a modulator, a klystron, a waveguide system and LLRF system
	~ 3 M$

	Sum for one ILC-like RF unit, consisting of 3 cryomodules and one RF source
	~ 9 M$


Table 8 gives rough cost estimates for basic infrastructure to support construction and assembly of an RF unit.  The total cost is ~12M$.

Table 8
Cost estimate for basic infrastructure related to the ILC linac development as of early 2007.
	Item
	Cost

	E-Beam welder
	2,000 k$

	EP system
	1,500 k$

	Vertical test (VT) system
	750 k$

	Horizontal test (HT) system
	1,500 k$

	CM assembly system
	2,000 k$

	CM test stand
	4,300 k$

	Sum
	~12 M$


To operate an RF unit, a tunnel or shielding blocks and personnel and machine protection systems are needed.  For operation with beam, a beam source, buncher, instrumentation, spectrometers, dumps, and an associated control system are also needed.  Experience and studies at DESY and FNAL indicate that these facilities cost about $15M without beam and an additional $35M with beam for a total of $50M.  These costs have a large uncertainty due to the lab-dependent nature of the existing infrastructure.  For instance, a substantial savings might be possible by taking advantage of an existing injector or tunnel. 

Following the phased construction model laid out in Table 6, the estimated budget required per region doing a system test is shown in Table 9.
Table 9
Estimated M&S cost for carrying out the R&D program as laid out in Table 6-2 of Chapter 6.  No labor is accounted for.  The columns “nCM” and “nRF” indicate the numbers of cryomodules or RF units to build for that phase

	Phase
	nCM
	nRF
	CM cost (M$)
	RF cost (M$)
	Basic Infrastruc. cost  (M$)
	Cost Sum (M$)

	1
	1
	1
	2
	3
	12
	17

	  1.1
	2
	0
	4
	0
	0
	4

	  1.2
	3
	0
	6
	0
	0
	6

	  1.3
	3
	1
	6
	3
	0
	9

	 Subtotal
	9
	2
	18
	6
	12
	36

	Non-beam related facilities
	15

	Beam related facilities
	35

	 Total
	9
	2
	18
	6
	12
	86


As discussed in Section ‎6, phases 1, 1.1 and 1.2 in this model are aimed at establishing the “Type-4” cryomodule design, and for that goal, up to 6 cryomodules will be built and tested at one RF power source station.  Phase 1.3 would test the next generation of cryomodules dubbed Design-for-Manufacturability (DFM).  It also assumes a more advanced version of the RF system will be ready and must be built for this test. 
There may be some reduction in the actual budget requirement, from what is estimated as R&D and DFM efforts may result in cost reductions.  These possible cost reductions are not accounted for in Table 9 or in the summary below.

The total number of units to build for all phases together is 9 cryomodules and 2 RF sources.  Thus, the total cost for this test is $36M per region doing this type of system test.  As discussed earlier, the tunnel facility and beam-related budget of approximately 50M$, and any labor expenses must be added separately.

If each of the three regions chooses to take parallel, duplicate paths for the whole or part of this system test, the required budget worldwide needs to be suitably multiplied.  
Appendix A Charge
The conceptual plan for the R&D for the ILC includes the building and testing of a string of cryomodules after the proof of principle milestone of reliable production of cavities and single cryomodules has been achieved.  As the basic building block of the linac, the minimal string is one RF Unit containing three cryomodules with full RF power controlled substantially as in the final linac.  The desired string for the ILC R&D plan may consist of many RF units.  The definition of the details of this milestone, which we call S2, needs to be defined by GDE, along with a timeline for its realization.  Some of the crucial specifications of the string have been defined in the R2 ranking of the R&D issues in the TRC report (2003).  More specifications may be necessary.  The full scope and goals should be well-established and accepted soon, since they will constitute an important milestone on the road to final construction approval.  The R&D Board is asked to set up a Task Force to propose a Plan with a set of goals and specifications and a time scale for accomplishing them, which will be submitted to the GDE for action.  Examples of the parameters to be determined are the number of modules needed in the string, the performance specifications, the nature and duration of the tests, the rules for the deviations from the final production specifications and final environmental conditions.  The Task Force should take care that the whole project is as well-defined as possible, interacting with the Area communities involved.  Without anticipating the result of the Task Force analysis of the number of modules required, it is likely to be large enough so that industrialization is required to render their production practical.  The Plan should contain the practical information to show how the transitions from proof-of-principle to the S2 Milestone and start of main linac production should be accomplished.  
There is no GDE specification dealing with a Test Linac, and the Task Force proposal should address the question of whether there should be a Test Linac, and with what parameters.  Such a linac would imply the injection of a beam into the string defined in S2.  The Task Force should establish the relationships between the functions of the string, the operation of the string in realistic conditions, and the use of a Test Linac as a facility for beam measurements.
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� � HYPERLINK "http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Avancouver06&cache=cache&media=rdb:rdb_external:togehomework1.ppt" ��http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Avancouver06&cache=cache&media=rdb:rdb_external:togehomework1.ppt�


� � HYPERLINK "http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Ardb_s2_home&cache=cache&media=rdb:rdb_external:nagaitsev_jan_12_2007.ppt" ��http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Ardb_s2_home&cache=cache&media=rdb:rdb_external:nagaitsev_jan_12_2007.ppt�


� � HYPERLINK "http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Ardb_s2_home&cache=cache&media=rdb:rdb_external:string_test_need_for_cryogenics_test.doc" ��http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Ardb_s2_home&cache=cache&media=rdb:rdb_external:string_test_need_for_cryogenics_test.doc�


� � HYPERLINK "http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Avancouver06&cache=cache&media=rdb:rdb_external:togehomework1.ppt" ��http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Avancouver06&cache=cache&media=rdb:rdb_external:togehomework1.ppt�


� Slide from talk by Sekutowicz. � HYPERLINK "http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Ardb_s2_home&cache=cache&media=rdb:rdb_external:ilc_losses_for_hasan.ppt" ��http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Ardb_s2_home&cache=cache&media=rdb:rdb_external:ilc_losses_for_hasan.ppt�


� M. Doholus et. al. “Theoretical and practical investigations concerning the design of a HOM broadband absorber for TESLA” TESLA Report 2000-10, � HYPERLINK "http://flash.desy.de/sites/site_vuvfel/content/e403/e1644/e1446/e1448/infoboxContent1458/tesla2000-10.pdf" ��http://flash.desy.de/sites/site_vuvfel/content/e403/e1644/e1446/e1448/infoboxContent1458/tesla2000-10.pdf�


� � HYPERLINK "http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Ardb_s2_home&cache=cache&media=rdb:rdb_external:tu_indust_1_lhc.pdf" ��http://www.linearcollider.org/wiki/lib/exe/fetch.php?id=rdb%3Ardb_external%3Ardb_s2_home&cache=cache&media=rdb:rdb_external:tu_indust_1_lhc.pdf�
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