3. Main Linac Starting Gradient, Upgrade Gradient and Upgrade Path

There are three options

1) Highest acceptable risk (based on a 10% gradient margin)

2) Lower risk (based on a 20% margin)

3) Half-tunnel option

Discussion of options

1) In the WG5 summary conclusions, the BCD shape choice is the TESLA shape based on substantial existing performance experience and the best understanding of the costs.   The recommended operating choices for gradients and Qs for the 500 GeV and one TeV phases are 31.5 MV/m and 36 MV/m based on [1 &2], all at a Q of 1010. To reach 500 GeV, 22 km of cryomodules will be installed in the first part of the 41+  km tunnel.   The one TeV upgrade will require 19 km of additional cryomodules, additional RF and refrigeration. 
2) The main difference from option 1 is to provide an additional (10%) operating gradient margin (i.e. 28 MV/m instead of 31.5 MV/m).  Phase I will have 24.4 km of cryomodules installed.  Over the lifetime of Phase I, the gradients are expected to increase to 31.5 MV/m and the Phase I energy to climb to 560 GeV. The one TeV upgrade will require 16.6 km of additional cryomodules, additional RF and refrigeration.  
3) Build only 22 km of tunnel and populate it with 31.5 MV/m gradient cryomodules to reach 500 GeV.  For the one TeV upgrade, build the second part of the tunnel (new civil construction) and add 19 km of 36 MV/m cryomodules as well as RF and refrigeration.

Pros and cons

The lowest initial cost is for Option 3 (half-tunnel) since it avoids a significant fraction of the tunnel costs. The highest initial cost is Option 2 (20% margin) since it requires the largest cryomodule installation.  Using a guiding cost estimating program [3]  the capital cost for “Cryomodules + RF + Refrigeration + Two-Tunnel” costs, Option 1 is 16% more expensive than Option 3, while Option 2 is 22% more expensive than Option 3. On the other hand the upgrade costs are lowest for Option 2 since a larger fraction of the cryomodules have been installed in Phase I.  It is interesting to see that the total (one TeV) capital cost for all three options comes out close to each other within 5%

Recommended Choice
Although Option 3 is the lowest cost, the upgrade viability is questionable, given the possible physics impact of digging a new tunnel in the vicinity of an operating machine.  It would also be necessary to move certain installed systems, such as undulators.  Option 1 (10% margin) has  less initial cost than Option 2 (20% margin), and therefore Option 1 is the recommended choice.   But the initial costs of Option 1 and Option 2 are about 5% of each other.  Option 2 is less risky and most flexible for initial energy reach. Other groups should evaluate the effect of 10% margin and 20% margin on reliability and re-evaluate the costs in more detail, of course. 

In the second week, WG5 discussed a more optimistic scenario for the one TeV upgrade, which could reduce the site length by about 2.5 km.  Weeding out and processing are possibilities to raise the gradient of the installed linac of Phase I, but this scenario is still open to further evaluation and discussion.  The gradients of some modules could rise due to processing during Phase I operation.  Assume also that 10% of the cryomodules are found to have the lowest gradients during the life of Phase I.  These modules can be identified during Phase I operation.  These modules can be replaced with upgrade modules (average 36 MV/m) during the upgrade phase.  In the most optimistic scenario, Phase I can then run at 35 MV/m during the upgrade phase.  A better statistical analysis is needed to determine the best possible case.   The estimated cost impact of the most optimistic upgrade scenario for Options 1 & 2 is to lower the upgrade cost by about 5%. 

An attractive feature of this scenario is to keep the cavity and cryomodule production factory running at a low rate to produce the 10% replacement modules over lifetime of 500 GeV Phase. This is about 100 - 120 modules (1200 - 1500 cavities).  Avoiding a factory production halt would ease start up for upgrade production. 

[1] 31.5 MV/m for the initial operating gradient is based on the following arguments.  The upper limiting gradient for the TESLA shape is 41 MV/m set by the fundamental critical magnetic field, while the practical upper limit is 10% lower, at 37 MV/m. The lower end of the scatter in performance is expected to be 35 MV/m (5% lower), so that all cavities would be expected to qualify at or above 35 MV/m in the vertical test.  Clearly some of these cavities would have to be re-processed so that they pass 35 MV/m before installation into the module. Hence 35 MV/m is the installed gradient.  The operating gradient for the 500 GeV phase is set at 90% of the installed gradient to allow for needed flexibility of operation and commissioning. The gradient choice gives operation margin.  Some cavities will operate below 31.5 and some will operate above 31.5.  The RF installation will be planned to allow cavities to operate up to 35 MV/m.  The operating gradients within a cryomodule can be different by adjusting Qext via the 3-stub tuners to the extent allowed by the RF control system. In addition, two to five percent more cryomodules will be required depending on availability considerations determined by reliability and fault analysis.

 [2] Similar arguments exist for the upgrade gradient choice.  Progress on new cavity shapes (Low-Loss and Re-entrant) suggests that the upper limit of the gradient based on the fundamental critical magnetic field will rise to 47 MV/m.  The practical limit is 10% lower at 42 MV/m.  Hence all cavities should quality at 40 MV/m, the lower end of the 5% scatter.  The installed gradient for the upgrade is 40 MV/m.  Again allowing for an operating margin of 10%, the average operating gradient choice is 37 MV/m. 

Significant R&D remains necessary to achieve the specified module gradient and spread for the BCD choices. System tests and long-term tests of modules with 35 MV/m installed gradient are needed as spelled out by R1 and R2 of TRC. R&D is also needed in cavity processing & materials for the BCD choices (though other R&D efforts may prove beneficial e.g. single crystal). 

This R&D effort needs to be organized internationally, Discussions are underway.  It will also be necessary to address how to industrialize the processing for reliable and reproducible performance. 

[3]  Revisiting the Cold ILC Parameters, PAC 05, paper, H. Padamsee. 
