
12. GDE White Papers

Five white papers were written by GDE members on critical BCD issues .
12.1 Energy Upgrade Scenario 

1. Task Group Charge 
This task group is charged by the GDE Executive Committee to review the recommendations from the Snowmass working groups on the energy upgrade path. Specifically, the Task Group is instructed to -  

Comment on the pros and cons of the baseline choice made, and on the options not selected. Identify and describe any other possible options that should be considered. Provide a recommendation to the GDE on whether the baseline option selected at Snowmass should be chosen for the ILC BCD, and, if so, why.  If the option selected at Snowmass should not be chosen, provide a recommendation for the ILC BCD, together with a justification.  

2. Options 
At the Snowmass workshop the WG5 reviewed [1,2] the following three options, and recommended to adopt the Option 1 for BCD: 

• Option 1: In Phase-1 (500GeV), 22km of cryomodules operating at 31.5MV/m will be installed in the first part of the 41+km tunnels. The upgrade to Phase-2 (1TeV) will require 19km of additional cryomodules, operating at 36MV/m, additional RF and refrigeration. This is the BCD recommendation from Snowmass 2005. 

• Option 2: In Phase-1, 24.4km of cryomodules will be installed in the first part of the 41+km tunnels. The RF power sources and the cryogenic systems to install in Phase-1 will have the same total power capacity as Phase-1 of Option 1. Thus, the Phase-1 Option 2 linacs can accelerate full current beams for ECM=500GeV but at a reduced initial accelerating gradient of 28MV/m. Because of the increased length of installed linac cavities compared to Option 1, the Phase-1 of Option 2 can reach ECM=560GeV with the gradient of 31.5MV/m at the cost of a reduced current and reduced luminosity. The upgrade to Phase-2 will require 16.6km of additional cryomodules, operating at 36MV/m, additional RF and refrigeration.  

• Option 3: In Phase-1, 22km of cryomodules operating at 31.5MV will be installed in the 22km (short) tunnels. The upgrade to Phase-2 will require construction of the additional 19km-long tunnels, additional cryomodules operating at 36MV/m, additional RF and refrigeration. 

In all these three cases, the TESLA shape cavities for 31.5MV/m operation or Low-Loss/Reentrant shape cavities for 36MV/m operation are assumed with the Q value of 1010. The “packing factor” of the active volume along the linacs is 72.5%. The WG5 in the 2nd week of Snowmass also discussed a more optimistic (somewhat more aggressive) gradient scenario in which approximately 10% of less-performing cavities/cryomodules during the initial construction will be replaced with better performing units by/during the Phase-2 upgrade. This may allow us to reduce the total tunnel length to 38.5km from 41+km. 

While the written WG5 report does not explicitly review, another Option was also mentioned during the Snowmass workshop [3]: 

• Option 4: In Phase-1 (500GeV), ~25km of cryomodules operating at 31.5MV/m will be installed, but in a “sparcified” fashion distributed in, for instance, four groups over the 41+km tunnels. The spaces, each extending up to 2km, between the neighboring cryo-groups will be utilized as diagnostic sections during Phase-1. The upgrade to Phase-2 (1TeV) will require additional cryomodules, operating at 36MV/m, to replace these diagnostic beam lines, additional RF and refrigeration.  

While other upgrade options are also conceivable, all of them are considered a hybrid of these four options with some parameter tweaking. 

3. Pros and Cons 
We fix the energy goal to be 500GeV for Phase-1 and 1TeV for Phase-2, as per the ICFA Linear Collider Parameter Subcommittee report [4]. The emittance control issues and the design requirements derived from them will apply equally to all the four options above, and their considerations are unlikely to favor/disfavor one Option over others. Thus, the Task Group gave pros-vs-cons considerations in the light of the following four technical merits: 

• Ease of construction and operability during Phases 1 and 2, 

• Energy reach of the Phase-I machine using lower luminosity, 

• Cost 

• Prospects for high accelerating gradients. 

Construction and Operability during Phases 1 and 2 
The relevant issues are summarized in Table 1. In the entries, the favorable features are printed in blue, and problematic ones in red. Some comments follow- 

• WG5 described Option 2 as being conservative in the sense that it allocates 20% energy overhead compared to 10% of Option 1. We note that the importance of this “conservatism” depends on the prospects for the gradient improvement of 28MV/m  31.5MV/m (or higher). The assessment is expected to vary as the time develops. 

• In all options, the linac configuration will end up consisting of a hybrid of cryomodules operated at 31.5MV/m and 36MV/m. However, since the Phase-1 installation of RF source units will be designed to be capable of driving 35MV/m (http://www.linearcollider.org/wiki/doku.php?id=bcd:main_linac:configuration) systems anyways, this is a non-issue. The varying gradients are unlikely to affect the linac operability in fundamental ways, either. Note that the present Linac BCD does not specify RF sources capable of powering cavities beyond 36 MV/m at nominal beam currents. 

• If the new cavities added for Phase-2 are to be operated at accelerating gradients substantially higher than 36MV/m, a new, distinct set of RF systems need to be introduced with matching designs. All four Options can accommodate these. However, Options 1, 2 and 3 offer a cleaner installation pattern for maintenance services and commissioning since the Phase-2 hardware will be more distinctly populated (One might counter-argue that 2+km-long clusters of Phase-2 hardware are sufficiently distinct populations). 

• Reports from WG1 point out the need for beam diagnostic sections before the bunch compressor (BC), after the BC, and at the 250GeV point along the main linacs. In addition, a 50GeV beam extraction point may be introduced for the positron system. All four options can accommodate these. A generous set of “diagnostic sections” provided by Option 4 naturally satisfy these.  

• A significant discriminator from the construction and operability standpoint is the civil engineering and associated installation work that is required in the Phase-2 upgrade for Option 3, where extension tunnels have to be newly excavated.  

	 
	Option 1
	Option 2
	Option 3 
	Option 4 

	Can the RF sources and cryogenics for Phase-2 be installed during Phase-1 operation? 
	Yes 
	Yes 
	No 
	Yes 

	During Phase-1, is significant flexibility still reserved for the details of the Phase-2 RF and cryosystems? 
	Yes 
	Yes 
	Yes 
	Yes, but mildly limited, because of the fixed geometry. 

	Setup of machine in initial phase (machine protection, quench handling etc)  
	- 
	Easier than Options 1, 3, 4  
	- 
	- 

	CMS Energy with 20% margin on accelerating gradient (i.e. 28 MV/m) 
	450 GeV
	500 GeV
	450 GeV 
	450 GeV 

	Do impacts of Phase-2 tunnel excavation during Phase-1 operation need to be evaluated? 
	No 
	No 
	Yes 
	No 

	Is recommissioning needed for e- sources (and likely DRs) in Phase-2? 
	No 
	No 
	Yes 
	No 

	Can the benefits of diagnostic section be accommodated? 
	Yes 
	Yes 
	Yes 
	Yes, also built-in rooms during Phase-1. 

	Any issues with 31-36MV/m hybrid operation? 
	OK 
	OK 
	OK 
	OK 

	Any issues with ~40MV/m hybrid operation? 
	OK 
	OK 
	OK 
	OK 


Table 1: Pro/Con Table from the Operability Standpoint 

Energy reach of the Phase-I machine using lower luminosity 
For all the scenarios it seems reasonable to assume that the experience after initial running will allow operation with reduced margin and increased operating gradients in the cavities towards 35MV/m (cavity performance test acceptance criteria). A higher energy can be reached for all options. The lower gradient due to the larger operations margin of Option 2 allows a final energy limit of about 560 GeV at 31.5 MV/m average gradient. This potential can be achieved without additional installations. Its cost implications are discussed in the next section. 

Cost 
The WG5 at Snowmass examined the construction cost (not including operation) of the main linac systems for the Phase-1 and the Phase-2 upgrade. The required expenses are computed for construction and installation of: the cavities, cryostats, refrigerators, modulators, RF sources, distribution systems, instrumentation, control and tunnel civil engineering. Then, only the cost ratios normalized to that of the Phase-1 construction in case of Option 3 were quoted. The cost model used there was derived from the TESLA TDR studies with some revisions, such that the conventional facilities are assumed to be based on two parallel tunnels. No cost variations are considered for the cavities, RF systems and cryogenic systems during Phases 1 and 2. It should be also noted that this exercise does not consider the cost for the injectors, damping rings, beam delivery and experiment halls. The first half of Table 2 reproduces this WG5 Snowmass summary. 

To see the stability of cost ratios, we varied the costs for “cavities and cryostats” (i.e. not including RF sources) and for “tunnel civil construction”, each independently, by up to 40%. The resultant total linac cost is increased by up to ~24%. However, the cost ratios, normalized to that of the Phase-1 of Option 3 in each case, remained very stable. They are summarized in the second half of Table 2. 

	 
	Option 1
	Option 2
	Option 3 
	Option 4

	Cost Ratio (reported at Snowmass 2005)  

- Phase-1 Construction 

- Phase-2 Upgrade 

- Phase-1 & 2 Total Construction 
	1.15 

0.77 

1.93 
	1.21 

0.73 

1.94 
	1.00 

0.93 

1.93 
	- 

- 

- 

	Cost Ratio (when linac costs for linac cavity systems, including the cryostats, and tunnels are independently varied by up to 40%) 

- Phase-1 Construction 

- Phase-2 Upgrade 

- Phase-1 & 2 Total Construction 
	1.13~1.20

0.72~0.79

~1.92 
	1.19~1.25

0.68~0.73

~1.93 
	1.0 

~0.92 

~1.92 
	- 

- 

- 


Table 2: Summary of the linac construction cost ratios. 

Some comments follow: 

• The total cost for the linac components required in Phase-1 & 2 is likely to be very similar. 

o However, it should be noted that the Phase-1  Phase-2 upgrade in Option 3 involves relocation of the electron source. The damping rings may also have to be relocated.  

o The Phase-1  Phase-2 upgrade in Option 2 will involve rearrangement of the waveguides, klystrons, and possible modulators.   

o None of these costs are accounted for in Table 2. 

• If the project is cut at the end of Phase-1, Option 3 is the least expensive by approximately 15%. If the Phases-1 and 2 are put together, Option 3 is the most expensive by due to the additional injector relocation which is not accounted for in this exercise. 

• The above calculation neglects the operational cost. The setup of the machine for Phase-1 with a larger operations margin as in Option 2 will ease commissioning thus saving the commissioning / machine improvement time and the cost associated with such efforts. 

• Phase-1 of Option 2 assumes installation of 12% more cavities compared to Option 1, yet it assumes the same amount of RF sources as Phase-1 of Option 1. This allows the operation at ECM=500GeV with full current at 28MV/m, or ECM=560GeV with reduced current at 31.5MV/m, depending on the cavity operation margin to allocate. However, in order to reach 1TeV in Phase-2, the cavity sections installed in Phase-1 need to operate with full current at 31.5MV/m. This will require rearrangement of the waveguide connections between the RF power sources and the cavities, unless the klystrons (and possibly matching DC power supplies) are upgraded (see above). 

• In Phase-1 Option 1, we may choose to install 560GeV-worth of linac systems also, in an attempt of attaining additional ~10% operational margin. Naturally, this comes at an expense of increased construction cost for Phase-1. 

• Overall, whichever specific strategies to choose, in terms of installed population of hardware components, operational margins in Phase-1 can be attained for corresponding construction cost increases. 

Prospects for High Accelerating Gradients 
We have note that the assumed accelerating gradient of 31.5MV/m for Phase-1 and 36MV/m for Phase-2 are a major challenge in today’s (2005) technical standard. This is true for any of the options discussed here. The cavity performance for all the options is specified as: 

• Phase-I: Average accelerating gradient in low-power acceptance test 37MV/m. The width of the gradient distribution is specified to be 5%. All cavities which perform less than 35MV/m with Q0=8×109 are rejected and need re-treatment.  

• Phase-II: Average accelerating gradient in low-power acceptance test 42MV/m. The width of the gradient distribution is specified to be 5%. All cavities which perform less than 40MV/m with Q0=8×109 are rejected and need re-treatment. 

Vigorous, coherent and organized international collaboration programs are mandatory to establish especially the quality control measures which reduce the performance scatter currently observed. A detailed list of R&D topics has been established in the WG5 Snowmass reports, which needs to be addressed [5,6]. 

4. Recommendations 
We recommend Option 1, as put forward in the WG5 Snowmass report, as the BCD on the basis of the following: 

• Option 1 offers good operability during Phase-1, adequate provision for beam diagnostic capabilities and ability to accommodate upgraded SRF hardware components relatively seamlessly. 

• Option 1, being conceptually the simplest among the schemes considered here, helps GDE develop the solid understanding of the practical fundamentals of the engineering designs and the cost analyses the most rapidly.  

• Much of the understanding on the engineering and the cost, to be gained from the exercise with Option 1, can be readily applied to examine the technical and cost implications of other Options soon thereafter, if deemed adequate. 

We also note the following: 

• Option 3 offers the lowest cost for Phase-1 yet it requires the highest cost for the whole Phases 1&2, because of the staged civil construction and relocation of the injector systems associated with it. The Phase-2 upgrade for Option 3 is likely to take the longest time period, because of, again, the staged civil construction and the fact that the installation of RF source components cannot start till the extension tunnels are complete. The relative merit of Option 3 will have to be looked at in the context of the project acceptance from the political or long-term financial standpoint. Such analysis can be done after the complete Option 1 study is done. 

• Option 4 offers the operability and upgradeability similar to those of Option 1, plus substantially more diagnostic sections during Phase-1. At this point, however, the task group does not see convincing technical justification for this option..  

• At the risk of being repetitive, the assumed accelerating gradient of 31.5MV/m for Phase-1 and 36MV/m for Phase-2 are a major challenge A detailed list of R&D topics to be addressed are given in [5,6]. 
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12.2  The IP Configuration to be Chosen for the ILC Baseline Configuration Document 
Wilhelm Bialowons (DESY), Thomas Markiewicz (SLAC), Hitoshi Yamamoto (Tohoku U.) 

16 November 2005 

Working Group 4 Recommendations: 
• BCD: Two BDS (2 mrad & 20mrad), Two IR halls, separated in z, Two detectors 

• ACD1: Two BDS (2 mrad & 20mrad), One  IR hall, z=0, Two detectors 

• ACD2: One BDS (X-angle unspecified), One  IR hall, z=0, Two detectors, push-pull capability 
Other Configurations 
• Minimal: One BDS, One IR Hall, One detector designed so as to permit construction of a second BDS, IR Hall and detector at a later date. 

Recommendation of this Committee 
• We recommend that the GDE adopt the WG4 Snowmass BCD configuration of two beamlines, IPs & detectors in two IR Halls at different longitudinal positions.  The baseline crossing angles should be 2 mrad and 20 mrad. 

Justification of Recommendation 
• There is not yet an international consensus on the optimal parameters of an IP configuration based on a single IR hall. Partisans for the different IP options have passionate opinions which can only be swayed by the results from detailed studies. A down-select now would require the authority of an internationally agreed upon ITRP process and cannot be made by a GDE task force. 

• In order to make a fair and unbiased comparison, we must at this point maintain a configuration where both crossing angle options continue to be developed and studied. Work is needed to study machine and physics performance issues equally for both designs, demonstrate hardware feasibility through R&D, and develop accurate and mutually agreed upon cost estimates. Choosing the WG4 BCD allows the concerns of all parts of the physics community to be satisfied while these tasks are completed.   

• The main argument for overturning the Snowmass BCD decision is lower cost. At this time, the cost estimates from different regions vary widely and are not agreed upon. The time to make the down-select to one IR is when the potential savings and their impact are better understood.  

Compatibility with Gamma-Gamma Option 
The BCD covers small (0-2mrad) and large (14-20mrad) cases; the 20mrad and possibly 14mrad numbers are sufficiently large to be said to be consistent at this stage of R&D with the needs of a γγ upgrade of the IP. A crossing angle below 14 mrad is incompatible with γγ.  

Costs 
If cost sensitivity requires an initial BCD of one IR, that IR hall should be sized to house one detector. We believe it is imperative not to make the crossing angle choice at this time for the reasons given above, but rather to carry forward the studies, R&D and cost estimate in preparation for a later decision. Details on the staging strategy to either a 2nd IR hall or a Push-Pull configuration in an expanded IR hall do not need to be made at this time. However, longitudinal space should be left for a low emittance big bend to a possible future second IR hall and the civil engineering plan should incorporate schemes to facilitate this, for example tunnel stubs or alcoves.  

Cost information is available from the TESLA TDR (TESLA), the US Linear Collider Technical Options Study (USLCTOS) and the GLC Project Report (GLC200302), whose total project cost estimates vary significantly. We do not attempt to resolve discrepancies, nor do we include the cost of detectors. These cost estimates were in 2000 €, 2003 $, and 2003 ¥, respectively, and need to be updated and reconciled by the GDE cost engineers in 2006. While the total estimates of the absolute cost of the 2nd IP differ by only ~10%, the individual components can differ by factors of two or three. 

The TESLA estimate was 250M Euros for a 2nd IR including beam lines, tunnels, IR halls and dumps. Assuming these savings were used to purchase additional main linac cryomodules and rf, this would be sufficient to increase the energy of the machine by 19% (with an existing tunnel) and a few % less if additional tunnel needed to be constructed. This assumes that the unit costs are those of the last units produced for the initial 500 GeV machine (80% of their average cost). This also corresponds to the TDR estimate of two years of operational costs. 

The corresponding estimate from the USLCTOS was 229M$ for a 2nd IR. This included a parallel support tunnel as well as the items listed above. Calculated as above, using USLCTOS cost estimates for cryomodules and rf, this would be sufficient to increase the energy by 14% (with an existing tunnel) and a few % less with tunnel. 

The corresponding estimate from the GDC200302 was 303 Okuyen1 for a 2nd IR. This is quite consistent with the TESLA and USLCTOS estimates.  Calculated as above, and using its own cost estimates for cryomodules and rf, this corresponds to a 17% increase in energy with an existing tunnel and a few % less with tunnel. 

1 1 Okuyen = 108 ¥ ; exchange rates on 2005.11.16 are 1 € = 139.5 ¥ = 1.169 $ or 1 $ = 119.3 ¥ 

Pros And Cons of BCD vs ACD1 or ACD2 
• In our present understanding, the costs of BCD and ACD1 are similar. Cost estimates were made based on linear feet of tunnel required and volume of the IR halls to be excavated. The difference between BCD and ACD1 is only in the Z offset of the detectors. This affects the staging strategy in the event that the initial project has a single IR, and can be decided when the decision to build a second IR is made. 

• For ACD2, the cost increment, relative to a one IR sized to hold one detector, of a hall large enough to house two detectors is estimated at 30M Euros (TESLA), 58M$ (USLCTOS), or 78 Okuyen (GLC200302).  This is relevant for ACD2 with a Push-pull configuration where the larger hall is built as part of the initial project. The primary cost impact is the 2nd detector whose costs have not been included. 

Discussion of Down-Select Options 
• The current BCD prepared by WG4 lists the pros and cons of the different crossing angles, as they are currently understood, and a list of the R&D required to pursue each configuration.  The relevant Webpages are: 

o Ranking of BDS configurations 

o R&D Specific to Baseline and Alternatives 

• If a down-select to one IR is made, the choice of linac angle (not in the charge to this committee) might need to be reconsidered by the GDE. 
05 Number of ILC tunnels 
12.3 Number of Tunnels

Dedicated task group: J.P.Delahaye, H.Hayano, N.Phinney. 
1. Introduction 
A number of options concerning the number of tunnels and their respective configuration were identified at Snowmass in the context of Global Group 1 on Parameters. They are summarized on the figure 1 below. 

Two options, each one with two alternatives, are envisageable: 

1.
One single tunnel that contains the accelerator as well as all the electronics and power sources with two alternatives: 

a.
Modulators in widely spaced support buildings on surface as specified in the TESLA project (case 2 of fig 1). 

b.
Modulators inside the same tunnel (case 3 of fig 1) 

2.
Two tunnels with the linac in one tunnel and the electronics and power sources in a second support tunnel with two alternatives. 

a.
Modulators and Klystrons in a gallery on or close to the surface (case 1 of fig1). 

b.
Modulators in the second nearby tunnel and Klystrons in one or the other tunnel (case 4 of fig 1). 

2.
Present recommendations 
The Global Group 1 in charge of “Parameters” at Snowmass and answering the decision 6 about the number of tunnels finally recommended the two tunnels configuration with the option 2a in case of a shallow site and option 2b in case of a deep site. 

The present draft chapter of the BCD about the tunnel layout is in line with the Snowmass recommendation. It reads: 

The baseline choice is for the rf sources to be located outside of the beam tunnel so they would not be subject to radiation and could be accessed for repairs while the machine is running. To minimize rf power losses and cable runs, the sources are to be distributed along a second tunnel (or surface gallery) that runs parallel and nearby to the beamline tunnel. The rf power is transported into the beamline tunnel through three WR650 waveguide runs from each rf unit (one waveguide per cryomodule).

3.
Pros and cons of the Snowmass recommendation 
The pros and cons of the recommendation in favor of a double tunnel with respect to a single tunnel are summarized in the appendix. The single tunnel corresponds to the option 1a selected by the TESLA study with a diameter of 5.2 m and with access shafts and surface halls at regular intervals (every 5km) for cryogenics and modulators housing. 

The double tunnel corresponds to the option 2a or 2b (site dependent) made by one support tunnel of 4m diameter and a beam tunnel of 3.2 m diameter with the minimum of access shafts required for cryogenics (every 5km) and cross-over connection from the two nearby tunnels at regular (~600m to 1 km) intervals. The major criteria are related to maintenance/reliability, safety and cost issues: Cost favors a single tunnel. The cost estimation of the civil engineering varies substantially from one site & region to another. The exact diameter of the support tunnel will have to be adjusted to the size of the selected modulator with a slight influence on the extra cost of the two tunnel configuration. All other considerations favor two tunnels. In particular, the greater reliability demanded of many components and/or the extra tunnel length to provide additional rf overhead and the possible extra access shafts to comply with safety issues offset much of the cost advantage. The total extra cost is finally of the order of a few % of the TPC.

4. Site specificity 
The issues can be site-specific because of different safety and access/egress regulations. DESY has stated that access would not be
permitted to the support tunnel while high power components were operating but there do not seem to be similar concerns in Japan,
the US, or CERN.
A shallow tunnel would reduce the tunnel construction costs and hence the cost difference between one and two tunnels. However,
none of the regional sample sites proposed in the BCD really qualify as a shallow tunnel and none of them could tolerate the surface
presence of a SLAC-like klystron gallery. The only exception is the Hanford reference site where a surface gallery would be possible.
The DESY site is less deep than FNAL, CERN or the Japan sites but cannot really be thought of as shallow.


5. Other possible options to be considered 
All possible options are summarized on figure 1. The only option not being considered here is the case 1b with one single tunnel housing all components including the modulators. This option is worth consideration only if a compact high-reliability redundant modulator like the Marx design were adopted. With the TESLA style modulator, this option is excluded because of reliability and accessibility issues. Since the TESLA style modulator is the baseline design and the Marx modulator is only an alternate, we agree with this analysis. This option could be reconsidered only if the baseline modulator choice changes. 

6.
Our recommendation and justifications 
We concur with the recommendation of Global Group 1 at Snowmass and recommend the two tunnel option namely: 
· •
the option 2a in case of a shallow site 
· •
the option 2b in case of a deep site 
with the justifications below: 

· •
The additional cost is marginal when considering the necessary overhead and equipment improvements to comply with reliability and safety issues, 

· •
A better availability with higher risk of success on the necessary MTBF improvements of the critical components 

· •
Simpler installation and likely shorter schedule 

· •
Easier maintenance and consolidation of equipments 

· •
Smaller exposure of equipments to radiation and corresponding damage 

· •
Easy access to key electronics for fine tuning during commissioning 

· •
Easier energy upgrade 

Pros and cons of a double tunnel with respect to a single tunnel 
(assuming modulators in surface halls with single tunnel as in the TESLA Design Report) 
	Criterium 
	Pros 
	Cons 
	Favored tunnels 

	Availability & Risks 
	Due to the possible access of personnel in the support tunnel even during high power and beam operation, the down-time is estimated to be half as much with 2 tunnels, (30%) with today’s quality of components. The down-time could be reduced to 17% by improving the MTBF of the critical components as compared to 30% in a single tunnel with the same improvements or 22% with robotic repair (which would be extremely expensive). 
	
	2 

	Commissioning 
	Easy access during operation to subtle electronics problems that require hands on with scope and beam to understand. 
	
	2 

	Radiation 
	Reduced exposure of electronics to radiation from accelerator. No radiation hard design required. 
	
	2 

	Equipment consolidation 
	Possible improvements to electronics modules such as BPMs and LLRF can be done gradually a few modules at a time during the runs 
	
	2 

	Upgrade 
	Installation in support tunnel can go on while commissioning/running occurs in accelerator tunnel. 
	
	2 

	Safety 
	Possible escape from one tunnel to another in case of emergency due to fire or other hazard using connecting tunnels equipped with isolation firewall as cross-over egress at regular intervals (every 600 m to 1 km). The same path can then also be used for
	Personnel underground in case of deep tunnel. Possible danger during operation to personnel working in equipment gallery Following DESY rules, a support tunnel could possibly not be accessible during machine
	2 


	
	
	
	

	
	emergency personnel and equipment to gain access 
	operation due to risk of high powered 
	

	
	to the hazard. In this way the distance between 
	equipment in the tunnel. This concern does not 
	

	
	vertical shafts to the surface could be maximized for 
	seem to exist in other regions. 
	

	
	operational and equipment purposes and not based 
	
	

	
	solely on life safety and exiting requirements. 
	
	

	Installation of equipment 
	Simpler installation procedures because the equipments in the two tunnels can be installed in parallel 
	Larger effort required for civil construction 
	2 

	Maintenance 
	Exchange or repair in parallel to machine operation. Reduces need for maintenance periods 
	Work on modulators in surface halls easier than in an underground tunnel (deep site) 
	2 

	Schedule 
	Possibly shorter total installation schedule because of less in-tunnel conflicts and greater flexibility in 
	Possibly longer if schedule dominated by civil engineering and installation of conventional 
	2 

	
	interleaving installation and early commissioning 
	facilities 
	

	
	Minimum extra cost for greater reliability of the 
	The TESLA TDR estimated a cost difference of 
	

	
	components and RF overhead (US estimate 64M$ for an additional 3% RF overhead when including 
	350 MEuros (410 M$) between a 5.2m diameter single tunnel and two tunnels. This included the 
	

	
	the linac, tunnel and RF extension). A similar amount is certainly necessary for greater reliability 
	cost of high power cables and transformers but no additional modulator/klystron stations or 
	

	Cost 
	of the critical components in a Single Tunnel configuration. Minimum number of vertical shafts (in case of deep tunnel) as required by cryogenics (about every 5 
	reliability improvements. The US Options study estimated a 5% increase of the Total Project Cost for two tunnels offset by 3% for reliability improvements. Recent studies from the US, 
	1 

	
	km). No additional shafts (US estimate 8.4M$ per 120 m shaft) necessary for safety or reliability 
	Japan and CERN, estimate the cost difference between a 5.2m single tunnel and two tunnels (a 
	

	
	issues. No extra cost for long high power cables and 
	4m support tunnel and a 3.2m beam tunnel) at respectively about 270, 240 and 350 M$. These 
	

	
	transformers between modulator and klystron (US estimate about $150M$). 
	estimates vary substantially between regions in total civil engineering cost. 
	


12.4 Positron Source White Paper
Tom Himel, Karou Yokoya, Nick Walker 

November 14, 2005 

Executive Summary Summary 
The keep-alive source should have at least 10% of the nominal positron intensity. The undulator should go at about the 150 GeV point in the linac

Executive Summary 
We were charged to make two recommendations: the requirements for the keep-alive source and the proper location of the undulator. 

The primary requirement for the keep-alive source which came out of the availability studies is that it be strong enough that diagnostics (primarily BPMs) work as well with the keep-alive source as they do with full intensity beams. There must be no gain, offset, or resolution changes that prevent machine development and beam based alignment results from being as useful as those done with the undulator source. We asked a few diagnostics people what intensity this would take and they thought they could do it with 1% of design intensity but admitted they were uncertain as systematic errors are the problem and there is no design yet. We recommend a minimum intensity requirement of 10% of nominal intensity to reduce the chance of such systematic errors making the keep-alive source nearly useless, and because there are inexpensive ideas on how to make a ≥10% source. This source would have all bunches filled to 10% of nominal intensity. Note that for many purposes higher single-bunch intensity is better even at the expense of populating a smaller fraction of the bunch train. 

After considering a large number of pros and cons between placing the undulator at the end (END) or at the 150 GeV (MID) point of the linac, we concluded that all were minor compared to their differing yields as a function of energy. They are both currently designed to have a yield of 1.5 at a beam-energy of 150 GeV. Note that the desired actual yield is 1.0 and the design value of 1.5 was chosen to ensure that 1.0 can be easily reached without a lot of tuning and to provide some insurance in case the real accelerator doesn’t perform to the design. The MID design has a yield that is a constant 1.5 over the full energy range. The END yield varies with beam energy. It has dropped by a factor of 4 by 100 GeV, by a factor of 300 at the Z (meaning the 10% strength keep-alive source would be used at the Z for detector calibration) and has increased a factor of 2.5 by 250 GeV. 

The decision basically came down to the advantage of END being that it ameliorates the risk of a low e+ yield at energies above 150 GeV. Its disadvantage is a guaranteed lower yield (and hence luminosity) at beam energies below 150 GeV. With this as the major factor and without additional clarification on the physics requirements (luminosity) at lower centre-of-mass energies, we recommend the MID location for the undulator.

Required Intensity of the keep-alive source 
Considerations (what we gain as intensity goes up) 
Consider 3 possible levels for the keep-alive positron intensity 

· •
LOW: defined to be enough for diagnostics to work, but not enough to do serious MD and beam based alignment work 

· •
MEDIUM: defined to be enough for diagnostics to work well enough to do serious MD and beam based alignment work, but not enough to work on collective effects or thermal problems in the DRs. 

· •
HIGH: defined to be enough to work on collective effects and thermal problems in the DRs 

Availability simulations showed that the gain from LOW was minimal while MEDIUM allowed the ILC with an undulator source to be up almost as much as one with a conventional source. While HIGH didn’t increase the availability much more, that certainly depends on assumptions as to how much trouble will be caused by collective effects and heating in the DR. If they are more troublesome than assumed for the simulation, then HIGH intensity could be more important. 

Note that ability to go to a higher intensity is always better, so a decision on the requirement must also include information on how hard it is to achieve the requirement. 

Description of possible sources 
We considered two possible forms of the keep-alive source that have been worked out by the sources group. 

1.
The first is a 10% intensity source which uses a ~500 MeV linac to direct a beam at the same target used for the undulator source. Details can be found at 

http://www.eurotev.org/e158/e1365/e1378/e1520/EUROTEV-Report-2005-019-1.pdf

2.
The second time-shares the 5 GeV positron booster linac to produce roughly full intensity bunches at half the nominal bunch rate. It requires a 250 MeV linac, a high power positron target and capture section, and some transport lines. A drawing can be found at 

https://ilcsupport.desy.de/cdsagenda/askArchive.php?base=agenda&categ=a0533&id=a053
3s1t9/moreinfo.


The second source is clearly more difficult and expensive than the first although significantly more powerful. 

Recommendation 
The availability studies and source costs make it clear that MEDIUM is the preferred option. Next it is necessary to determine what intensity that implies. The primary requirement for the MEDIUM keep-alive source which came out of the availability studies is that it be strong enough that diagnostics (primarily BPMs) work as well with the keep-alive source as they do with full intensity beams. There must be no gain or offset or resolution changes that prevent machine development and beam based alignment results from being as useful as those done with full beam intensity. We asked a few diagnostics people what intensity this would take and they thought they could do it with 1% of design intensity but admitted they were uncertain as systematic errors are the problem and there is no design yet. We recommend a minimum intensity requirement of 10% of nominal intensity to reduce the chance of such systematic errors making the keep-alive source nearly useless and because there are inexpensive ideas on how to make a 10% source. This source would have all bunches filled to 10% of nominal intensity. Note that higher single-bunch intensity is better even at the expense of populating a smaller fraction of the bunch train. 

Location of the Undulator

Description of the two locations considered 
Two locations have been considered for the location of the undulator. 

1. 1.
At the end of the linac. This would be just downstream of the MPS collimators, energy measurement chicane and fast extraction system. Downstream of it are BDS corrections, diagnostics and the big bends to split the beams to go to two IRs. This will be referred to as END in the remainder of this document. 

2. 2.
At roughly the 150 GeV point of the linac. This energy is chosen so that one can run from the Z energy up to 250 GeV without changing the electron beam energy that goes through the undulator. The electron beam is decelerated in the rest of the linac after the undulator when the beam energy for collision is below 150 GeV. This will be referred to as MID in the remainder of this document. 

Temporary design choices for the undulator sources 
For both END and MID there are further design choices that need to be made. For clarity of arguments in the paper, we have made these decisions in a way that we think makes each option as good as possible. Once the location is decided, these smaller decisions should certainly be considered more carefully and final decisions made. In some of the pros and cons below we will mention the effect it would have if one of these decisions was taken differently. 

Provisions for low energy running 
END has a luminosity a factor of four less than MID at 100 GeV as will be discussed below. This could be mitigated to only a factor of two with the addition of a bypass line from the 100 GeV point to the end of the linac, or by increasing the length of the undulator, should the physics case require it. For the purposes of this comparison, we assume this is not done to keep the cost down. 

Other design choices 
Other design choices such as the allowed emittance growth in the bends, shape of the beam line to separate the gammas from the electrons, and separation distance of the positron target from the electron beam line mainly effect cost. As the cost difference turned out to be smaller than the errors in the cost it isn’t necessary to enumerate the design choices here

Pros and cons 
Positron yield for beam energies between 100 and 150 GeV and at the Z: favors MID. In this energy range 

the beam energy in the END undulator varies between 150 and 100 GeV. [image: image1.jpg]UAls



 This decreases the e+ production rate and makes the luminosity roughly drop (in addition to the scaling from adiabatic damping) so that at 100 GeV it is one fourth that of the MID solution. See Figure 1 for the simulation results of Wei Gai which are consistent with those of Klaus Floettmann. Note that the physics requirements are not met in the 100 to 150 GeV beam energy range for END. This is mitigated somewhat by energy run plans (http://www.slac.stanford.edu/econf/C010630/papers/E3006.PDF) that have only 10% of the integrated luminosity in the effected energy range. Having the runs at those energies occur at half the luminosity hence makes the average design luminosity of END 10% less than that of MID. Note that the design yield of 1.5 at 150 GeV is considered to be a necessary margin to make sure a yield of 1.0 is actually achievable without constant tuning. It is wrong to use the factor of 1.5 to say the yields at lower energies are adequate. 

The END yield at 50 GeV (for Z calibration) is very small. The keep-alive source would be used instead of the undulator for this running. As the keep-alive source is specified to be 10% of the nominal intensity, the Z calibrations for END will take 10 times longer than those for MID. There are widely varying numbers in circulation for the amount of Z luminosity needed for the calibration so we are not able to determine the overall impact of this factor of 10 luminosity difference. 
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Figure 1: Positron yield as a function of energy as calculated by Wei Gai at ANL. 

Positron yield at high energies: favors END. At high energies, the e+ yield for the END option will be >> 1 making e+ intensity tuning trivial. This is really a risk mitigation effect. If the design yield of 1.5 is achieved, it is large enough and the extra yield doesn’t help. However, if we miscalculate the yield or the DR acceptance is significantly smaller than planned, then the extra yield at high energies will be very welcome. A numerical example is that if the DR acceptance is 0.04 instead of the design of 0.09, then the calculated yield at 150 GeV drops from 1.5 to 1.13. For MID it would be 1.13 at all beam energies. For END it would increase to 2.8 at 250 GeV. 

The above 2 pros and cons regarding yield are considered by far to be the most important. Cost would be important except that the total cost of the e+ system is fairly small and the cost differences we have evaluated have fairly large uncertainties that depend on engineering which has not been done. 

Cost: favors neither. We did a crude cost estimate of the two options. They came out equal within errors. Different assumptions could change the relative cost by around 20% which is not a large enough difference to have a significant impact on the decision. For example adding a bypass line to improve the END low energy luminosity had this effect. Things we took into account in the cost estimate were that END made use of the existing BDS protection collimators and fast extraction dump and required slightly longer arcs to limit emittance growth. There are no designs of either option with enough detail to evaluate differences in terms of number of access shafts or costs to avoid interference of the gamma line with the electron line. 

The remaining pros and cons are all much lesser weight and are listed primarily to let people know they were considered and to help guide future reviews and reexaminations of the decision. They are listed in essentially random order. 

Energy jitter for beam energies less than 150 GeV: favors END. At low energies when the undulator is at the 150 GeV point, the beam must be decelerated after the undulator. Both the acceleration and deceleration add to the energy jitter resulting in a higher energy jitter for this case than when the undulator is placed at the end. The worst case is when each section of the linac has an energy jitter (probably due to phase jitter) that is ) independent of the other sections and the desired beam energy is very low (say 50 GeV to run on the Z0. For this case, the MID undulator must accelerate the beam to 150 GeV and decelerate it by 100 GeV for a total of 250 GeV of acceleration. [image: image3.jpg]


 The end undulator only needs 50 GeV of acceleration for the luminosity beam. Its energy jitter will thus be = 2.2 less than for MID undulator. The WWS requirements state that the energy jitter should be less than 0.1%. A rough calculation based on numbers from the TDR (and the ILC design is different than that) indicate the MID energy jitter would be about 1.4 times this WWS requirement. This would have to be accepted, or mitigated by reducing the random energy jitter of each RF station. 

Note that no extra emittance degradation is expected for low energy running with MID. If anything, there will be less emittance growth than for END as the beam reaches a high energy sooner and hence wakefields have a smaller effect. 

Need for e+ tuning when energy is changed: favors MID. With the undulator at 150 GeV, the beam energy only varies downstream of the undulator as energy at the IP is varied. For the end undulator, the beam energy will change in the undulator and some tuning of the e+ production is likely. Note that increasing the energy should be easy as the yield increases, but decreasing the energy to near 150 GeV is more likely to require more tuning. 

Flexibility of linac operation: favors END. The MID solution requires the first section of the linac to always run at full gradient while END allows the flexibility to run that way or to run everything at lower gradient when the maximum beam energy is not required. Running below 150 GeV in MID requires part of the linac to run back-phased (to decelerate the beam). While possible in principle, actual experience in a SC linac is lacking. (It is commonly done at SLAC.) 

BDS upgrade flexibility: favors MID. This flexibility could be important to allow for some improvements, such as additional collimation stages, or lengthening the diagnostics section, or addition of a second interaction region. If the BDS is attached to the end of a straight linac, (the case for MID), one can simply remove cryomodules and extend the BDS into the linac tunnel. If the undulator is placed at the end of the linac, the bends and the undulator would have to be moved upstream in this upgrade scenario. 

Difficulty of Main Linac Energy Upgrade. 
· •
If full length tunnels are built and the upgrade is done by adding RF to the downstream end: favors MID. For this energy upgrade, MID needs no modifications. END may need to have its undulators replaced with ones better matched to the higher beam energy and perhaps have its bends made more gently to reduce emittance growth. (An option to put the undulator at the end of the phase 1 linac at the 250 GeV point, allowing the phase 2 linac to be constructed downstream was not considered in this paper.) 

· •
If short tunnel is built and upgrade is done by digging more tunnel in the upstream end: favors neither. The changes needed for END are the same as above. For MID, one has the choice of leaving it in its original location and making changes similar to END, or moving it upstream to the new 150 GeV point. 

Recommendation 
After considering a large number of pros and cons between placing the undulator at the end (END) or at the 150 GeV (MID) point of the linac, we concluded that all were minor compared to their differing yields as a function of energy. They are both currently designed to have a yield of 1.5 at a beam-energy of 150 GeV. Note that the desired actual yield is 1.0 and the design value of 1.5 was chosen to ensure that 1.0 can be easily reached without a lot of tuning and to provide some insurance in case the real accelerator doesn’t perform to the design. The MID design has a yield that is a constant 1.5 over the full energy range. The END yield varies with beam energy. It has dropped by a factor of 4 by 100 GeV, by a factor of 300 at the Z (meaning the 10% strength keep-alive source would be used at the Z) and has increased a factor of 2.5 by 250 GeV. 

The decision basically came down to the advantage of END being that it ameliorates the risk of a low e+ yield at energies above 150 GeV. Its disadvantage is a guaranteed lower yield (and hence luminosity) at beam energies below 150 GeV. With this as the major factor, and without additional clarification on the physics requirements (luminosity) at lower centre-of-mass energies, we recommend the MID location for the undulator. 

12. 5 Comments on the Laser-Straight vs.Curved Tunnel 

W. Funk, D. Schulte, T. Shidara 

November 15, 2005 

1 Introduction 

Three main options exist for the tunnel layout. The ﬁrst is a laser straight tunnel, the second a tunnel that follows the curvature of the earth, and the third a tunnel that consists of short straight sections that are joint by small bends. In case of a laser straight tunnel, the linac ends that are far from the detector would have an inclination of 3-4mradian with respect to the equipotential of gravity, while the central area would have no inclination. 

The beam delivery system experts require that their system be straight; in addition the last part of the linac shouldalso be straight, about 0.5km.Hence, also the curvedtunnel will needa bend at the end of the linac. The inclination at the end of the linac would in this case be of the order of 0.5mradian. 

The choice oftunnel design has to consider the impact on three main areas, the beam dynamics, the cryogenic system as well as the conventional facilites, tunnel construction and installation. 

In general, we ﬁnd that the beam dynamics favours a laser straight tunnel while the cryogenic system favours a tunnelthat follows the curvature ofthe earth.The preference in terms ofconventional facilities and installation costs is strongly site dependent. 

In the following, mainlythe curvedand laser-straight tunnelwill be discussed.The piece-wise straight tunnel has essentially the same properties in terms of tunneling and cryogenics than the curved tunnel, given that the bends are close enough.The main drawback is the needofadditionaltunnel length; about 800m for the full machine has been suggested, using two bends pers side. However, the number of bends will mainly be dominted by the cryogenic system, if the piece-wise straight tunnel is chosen. 

2 Tunnel and Conventional Facilities 

In a level area, a tunnel built using a cut and cover technology may be cheapest. Such a tunnel requires to follow the earthcurvature.In most areas, it will however be requiredto rather bore a tunnel since the land above the tunnel may not be available over the full length or it may be too costly. 

If cut and cover cannot not be used, a curved tunnel may still be cheaper. In a level area, potential cost saving may exist due to shorter access shafts and the possibility to built the experimental hall using a cut and cover approach. However, the potential savings are very site dependent and cannot be assessed without detailed knowledge of the geological constraints and other factors. We realise that under certain conditions a laser straight tunnelwithan inclination withrespect to the earthsurface may be the cheapest solution. This is for example the case for a site close to CERN. 

It is clear that not only the tunnel cost plays a role but that also the installation cost for the main linac need to be considered. 

3 Beam Dynamics 

The vast majority of the beam dynamics studies have been made for a laser straight tunnel. Only a very limited eﬀort has been made to study the impact of a curved tunnel. 

In general, it is clear that beam dynamics favours a laser straight tunnel. In a curved tunnel, the dispersion needs to have ﬁnite values along the main linac, i.e. the transverse beam trajectorywill depend on the beam energy. In a laser straight machine, the dispersion can be zero. However, the preliminary beam dynamics studies have sofar not shown any severe implication of the non-zero dispersion for the ILC. It is strongly recommended to perform detailed studies of the eﬀect of the non-zero dispersion on beam-based alignment, tuning and feedback. 

The following points have been considered: 

• Emission of synchrotron radiation in the quadrupoles. If one assumes that the beam is bent in the quadrupoles using the corrector coils, the emitted radiation power per linac length is P=50mW for E=500GeV. This power scales linearly with the ratio of quadrupole spacing to quadrupole length, a value of 34m/0.66m has been assumed; for larger quadrupole spacings the power will increase accordingly. This power is not negligeable but should be acceptable compared to the overall heat load budget. The critical enery stays below 5MeV, so excessive component activation is avoided. 

• The emittance growth due to the non-zero vertical dispersion. By simulating an ideal machine, three diferent studies performed at DESY [2], CERN [3] and KEK [4] showed that the additional emittance growth is very small compared to the inital value. 

• The emittance growth due to current ripples ofthe correction coil power supplies. It is assumedthat the corrector coils ofthe normal linac quadrupoles are usedto steer the beam to follow the earthcurvature. Avariation of the corrector coilcurrent will thus apply transverse kicks to the beam.Simulations at CERN indicate thata power supplycurrentvariation of 0.010.02nm,which is quite small. The eﬀect on the beam trajectory is much more signiﬁcant. Simulations at KEK  indicate thata power supplystabilityof 0.003size. However, one should be able to correct this eﬀect by an intra-pulse feedback, provided the involved timescales are well above tens of microseconds. 

• Scaling errors of the beam position monitors and errors in the assumed beam energy. Dispersion free steering is a likely option for the beam-based alignment of the ILC main linac. In this method, beams of diﬀerent energies are used in the correction procedure. In case of a straight tunnel, one aims to make these beams follow the same trajectory, a nullingmeasurement.In case of a curved tunnel, due to the non-zero dispersion, the trajectories of these beams must be diﬀerent. One must thus be able to accurately determine the required diﬀerence of the trajectories and to measure them precisely. This requires that the scale factors of the BPMs be accurately known, as wellas the lattice andthe beam energy.In case ofthe straight tunnel, the error in BPM response as well as wrong assumptions for the beam energy will have a much smaller eject and can be largely mitigated by iterating the correction procedure. 

It is conceivable, that a piece-wise straight tunnel has an adavantage over the curved tunnel, since it may be possible to more accurately determine the beam energy in the crucial bending sections. For the straight parts the same advantage as for the laser straight tunnel applies. 
· Simulations at CERN indicate that a knowledge of the scale factor with the precision of 1% is suffcient for a curved tunnel; studies at DESY indicate that a knowledge of the energy difference between the beams with 2% precision should be suffcient. Understanding of the impact of systematic errors is necessary.First indications are positive for simulations at CERN. If one aims to use a test beam with 20% energy difference but uses 15% or 25% instead, the resulting emittance growth still remains below 1nm. 

•
Implications for a dog-bone damping ring. In case a dog-bone damping ring is chosen, it will share the tunnel with the main linac or be in a tunnel parallel to the main linac. Studies at DESY have indicated that it is possible for the damping ring to follow the earth curvature, but veriﬁcation is needed. 
In summary, the beam dynamics consideration favour a laser straight tunnel. But in the studies carried out sofar, the impact of a tunnel that follows the earth curvature has been quite small. One can therefor expect that more detailed studies will yield a similar result. In this case the preference for the laser straight tunnel will be rather weak. Having said this, it is very important to actual verify this by carrying out the detailed studies. 

The piece-wise straight tunnel will diﬀer from the curved tunnel by avoiding potential complications in the accelerating parts ofthe main linac proper by putingthem into dedicated sections.While this has andvantages compared to a curved tunnel, the relative beneﬁts are not established. Studies indicate that the bends are acceptable [1]. 

It should be noted that at least one bend will be needed at the end of the curved linac, in order to allow for a laser staight beam delivery system. This bend can however be relatively weak.
It should also be noted that a multi-TeV upgrade, which is likely normal conducting, would strongly prefer a laser straight tunnel[5]. While the studies are not complete they indicate that a noticeable luminosity loss is to be expected. Potentially the loss could be quite large.

4 Cryogenic Systems 

The inclination of 3-4mradian at the ends of the laser straight tunnel has consequences for bothcryomodules and the cryogenic distribution system. Liquid helium is delivered to the superconducting cavities as a two-phase ﬂuid in an 8 cm pipe inside the cryomodules, with liquid ﬂowing in one direction, and gas being pumped in the other. For tilts of up to about 0.3mradian one can expect that no modiﬁcations to the cryosystem are need, since the diﬀerence in height for a string length of 150m rmains below half the pipe diameter;this however needs to be veriﬁed. 

The consequences of a tilted linac are: 

· •
Cryogenic system designers have no choice about liquid ﬂow direction. The ’conventional’(gravi-tational equipotential) collider helium distribution system envisages the refrigerator in the center of a segment of linac, ﬂowing helium in both directions. This will no longer be possible. 

· •
The vertical distance between the linac andthe refrigerators, assumedto be on the surface, will be 50-60 m more at the IP than it is at the injectors. This diﬀerence in hydrostatic head will inﬂuence the design of the refrigerators, and may necessitate locating some or all of the refrigerator at the linac elevation. 

· •
Modiﬁcations will be required for the two-phase helium distribution pipe in the cryomodule, to ensure that the liquid surface is never less than some minimum distance above the bottom of the pipe (to ensure adequate heat transfer from the cavities)andnever less than some minimum distance below the topofthe pipe (to ensure adequate cross-sectionalarea to pumpthe evaporated gas with acceptable pressure drop). The simplest modiﬁcation proposed is the addition of periodic dams or weirs in the pipe to ensure both a minimum and a maximum liquid level. The minimum separation of weirs in the most inclined portion of the linac is comparable to the length of a module. Deciding to put one (or perhaps two) weirs into each module would not be technically diﬃcult or expensive, and would maintain interchangeability of modules. 

Potential negative consequences of the weir system include: 

· •
A large increase in the time delay between the introduction ofadditional liquid from the refrigerator and the response of a liquid level sensor at the other end of the distribution system. 

· •
’Dryout’ of the linac between two weirs becomes a real possibility. 

Both of these might be counteracted by the insertion of an additional level sensor into each module. It is clear that signiﬁcant R&D is needed to validate this design concept. Topics that need to be addressed include: 

· •
What is the minimum liquid level required and what margin should be applied to that? 

· •
What is the minimum cross-section neededto ensure acceptable pressure dropin the gaseous ﬂow? How much margin is needed? How does that impact the topology of the connection between the two-phase pipe and the 30 cm diameter Gas Return Pipe? 

· •
At what operating parameters willentrainmentof liquid drops in the gaseous ﬂow begin to appear? What impact does this have on pressure drop and on gaseous and liquid dynamics? 

· •
How are the responses to the preceding questions aﬀected bynon-uniformities of heat transfer from cavities? In other words, what if one cavity in a module has signiﬁcantly greater losses than the others? 

· •
Can we design a controlsystem thatcan create an acceptable ﬂuid distribution in a signiﬁcant length of linac, and then maintain that distribution in the face of the variations in heat load described above, as well as transients arising from cavities tripping off? 

Answers to these questions, and many more sure to be generated as these ideas are considered further, will require a substantial R&D program. Other potential solutions to the problem are being considered. 

The requirement of the laser straight beam delivery sytem requires in any case that the cryogenics must be able to tolerate an inclination of 0.5mradian. The related R&D must be carried out if one cannot remove this constraint. 

In the piece-wise straight tunnel, the distance between the bends needs to be less than about 5-6km, in order not to make the reuiqrements for the cryogenics more demanding in the main linac than at its end. The number of bends per side thus needs to be three to ﬁve depending on the site length. 

In conclusion, there is currently no evidence that the problems related to an inclination of the cryomodules cannot be overcome. In a tunnel following the earth curvature, the cryogenic system will be simpler and likely less costly than in a laser straight one, but the actual difference is not yet known. 

R&D on the potentialto use cryomodules with an inclination will prove valuable.It is not yetcertain that no problem is found for the beam dynamics. If geological considerations favour an inclined site, this R&D may also help to reduce cost. For a piece-wise straight linac, one needs to verify the maximum inclination that can be tolerated as this determines the maximum distance between the bends; from the beam delivery sytem an angle of 0.5mradian is required.

5 Conclusion 

Based on a review of the available material, we conclude that there is no evidence that any of the three options is not viable. The choice can therefor mainly be based on cost considerations. The actual optimum choice is site dependent but in most cases it is expected that the tunnel that follows the earth curvature is cheapest, while the piece-wise straight tunnel is only somewhat longer. 

For a tunnelthat follows the earthcurvature, a detailedstudyofthe impacton beam dynamics has to be carried out. We recommend that all beam dynamics studies include the curvature, in order to ensure that any potential diﬃculty be found at the earliest time. These studies should be pursued with high priority. The modules close to the end of the linac will need to have an inclination of 0.5mradian, this very likely necessitates some modiﬁcations of the cryomodule layout or a shortening of the cryostrings. Detailed studies of how the inclination can be tolerated is needed. 

The piece-wise straight tunnel requires that the maximum inclination angle be identiﬁed, since it will determine the bend distance. For distances between the bends of 5-6km, it will not tighten the requirements compared to what anyway needs to be fullﬁlled to satisfy the beam delivery system requirements. The potential cost of the bends can however be substantial. Based on the 200m long bend design in [1] and ﬁve bends per side one needs to increase the tunnel length by 2km; also the magnets start to cost. Also for this case the beam dynamics needs to be studied in detail. 

In case of a site where a laser straight tunnel would be preferable, R&D needs to be carried out in order to ensure that the cryogenics system can achieve the required speciﬁcations. Diﬀerent approaches exist and will need to be investigated in detail. Also for a laser straight main linac, the beam dynamics needs more detailed studies. 

It should be reviewed whether the beam delivery system and the last part of the main linac need to be laser straight. If also the last part of the linac could be built curved, this would signiﬁcantly ease the task of the kryogenics and saving the bend would somewhat reduce the cost. 
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