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Comment on Decision 8:  Positron Source Type

Authors: Tom  Himel (editor), Nan Phinney, Tor Raubenheimer, and Andrei Seryi with input from many others.
Why such a long comment on the positron source?

The source group did a lot of good work designing and comparing the actual positron targets, collection systems, and yields.  However, there are more global effects such as transport lines and timing constraints that received much less attention to the extent that in some cases they are not even mentioned or it is not clear whether something is part of a base design or an upgrade.  These global effects are important and could swing some decisions.  We understand that many of them were discussed in the working group, but some design parameters and many pros and cons certainly are not well documented in their answer to question 8.  This document attempts to include most of the information from the source WGs write-up while adding the missing information.  This resulted in a very long, but hopefully complete document.
Summary of Conclusions

We propose no change to the conclusion regarding the type of positron source.  However, we conclude that the undulator should be located at the 150 GeV point rather than at the location recommended by the source group at Snowmass, namely the end of the linac.

What are the options?

Consider three main options:

1. A conventional unpolarized positron source using a several GeV drive linac against a rotating target to produce unpolarized positrons.

2. A helical undulator based source where the high energy electrons that will ultimately collide at the IP are first passed through a helical undulator to produce polarized gamma rays.  These gamma rays impact a rotating target to produce polarized positrons.

3. A Compton polarized source that uses electrons in a storage ring to scatter photons from a powerful laser to make polarized gamma rays.  These gamma rays impact a rotating target to produce polarized positrons.

There are also two sub-options in the case of the undulator source:

a. The undulator is at the high-energy end of the linac.

b. The undulator is at the 150 GeV point of the linac.

For the undulator source there are also several options for the beam line topologies.

We will attack the topology questions first, then the source type and then the undulator location.

Beam line topologies for the undulator source

Our main goal in this section is to pick reasonable, but not necessarily optimal (there wasn’t time for that) beam line topologies for the undulator system.  We will give the possibilities with some pros and cons and then pick one.  The emphasis will be on consistency between the different source designs.  It is necessary to make design choices here as some of the pros and cons in later sections depend on the choices that will be made in this section.  In some cases, the later sections will mention the effect if one of the decisions in this section had been made differently.  The intent is not so much to say that the decisions in this section are well worked out and right, rather it is to have a consistent and well  specified design to allow coherent discussion of the later more important and major decisions.  We’ve learned the hard way that debate goes astray when everyone has different ideas in mind as to the designs that are being debated.

Lengths of arcs and dog-legs
When a low emittance beam is bent, it must be done gradually to avoid too much emittance growth.  This section describes how we calculate the lengths of these bends in later sections.  As no detailed designs have been done for most parts, we scale the lengths from a location where a detailed optics design has been done.

The USTOS has a horizontal chicane for the 150 GeV undulator.  Each dog-leg of the chicane (one before and one after the undulator) produces a 2.5 meter offset of a 150 GeV beam in 250 meters with a horizontal emittance growth of 1% of the nominal horizontal invariant emittance of 8E-6 m-rad.

Appendix 1 of this note shows that the length of a dog-leg insertion (L) scales as

L ~ E2/3(γε) -1/9 d5/9

where γε is the invariant emittance growth and E is the beam energy and d is the offset.  Putting in numbers from the above 150 GeV dog-leg example:

L = 0.865 E2/3(γε) -1/9 d5/9

Where E is in GeV, (γε) is in m-rad of emittance growth and d is in meters.

Topology to separate Gamma beam from the high energy electron beam

There are 3 possible topologies to use to separate the gamma beam generated by the undulator from the high energy electron beam: a bend, a dog-leg, and a chicane.  These are illustrated in the following figure.
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Figure 1.  Illustration of the 3 topologies to separate the gamma beam from the high energy electron beam.

Length and cost: best = bend, worst = chicane: For a given energy and separation the lengths of the bend, dog-leg, and chicane have the ratio 1/sqrt(2):1:2.  With the decisions made below, the lengths would be 88, 125, and 250 m respectively for the 150 GeV undulator and 198, 280, 560 for the undulator at the end at 500 GeV.
Flexibility for future multi-TeV upgrade: best = chicane, worst = bend: For an upgrade to something like CLIC, the energy at the undulator might be so high that the emittance growth would be untenable for any of the topologies.  A chicane can simply be removed and a different type of e+ source used.  This makes it the most flexible.  A bend in mid linac or just before the BDS is locked in by the tunnel geometry and cannot be later removed.  The dogleg may only take the beam line from one side of the tunnel to the other.  Hence it can be removed by moving many components a meter to the side.

Choice: dogleg as it is the cheapest solution that keeps open the option for a CLIC-like or very low emittance upgrade.

Separation distance between Gamma beam and the high energy electron beam

The TESLA TDR uses 0.7 m for this and the US Technology Options Study (USTOS) uses 2.5 m.  Neither makes a serious attempt to explain the reasoning behind the distance chosen.  The distance chosen should be independent of the location of the undulator.  We’ll consider two choices here, 1 m and 3 m.  

One meter is chosen as the minimum reasonable separation of the two beam lines (e+ target and acceleration to 250 MeV from the high energy e- transport line) where they are housed in the same tunnel.  The exact number will depend on engineering which has not been done.  At present the adiabatic matching device (AMD) design is taken as a coil with a radius of 60 cm, but it is likely to change.  The extra 40 cm are for the high energy beam pipe, some magnetic shielding and miscellaneous other items.  Note that for this 1 meter case, the high energy line will be in the highly radioactive area with the target and hence will not be accessible for repair.  For this reason we assume that the optics of the high energy line are designed so that the 40 meter section adjacent to the two targets and two 250 MeV linacs (20 meters each) is a drift and has no active components that might need repairing.  Having no active components makes the risk of a long downtime for a repair acceptably small.  If further reduction of that risk is desired, the beam line could be designed so that remote handling equipment could be used to make repairs.
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Figure 2.  Options for distance between the two beam lines.

Three meters is chosen to allow a two meter thick shielding wall to be installed between the two beam-lines.  Two meters is a wild guess for the needed thickness of this wall.  It has been calculated for the ZDR that a 5 m thick wall is needed between a conventional e+ target that has beam hitting it and people.  Radiation is less for the undulator target and people only need to be protected from the residual radiation that exists when the beam is turned off.  The shielding must be thick enough to block the neutrons coming from near the target and to keep the high energy tunnel from being activated during the run.  Until proper calculations can be done, two meters is a reasonable guess.
Length and cost: favors 1 m: For the 150 GeV undulator, the 1 m offset chicane is 125 m long and you must have a drift in the high energy line of 40 m for a total of 165 m.  For a 3 m offset, the chicane is 231 m long and there is no drift needed for a total length of 231 m.  231 is greater than 165 and hence more expensive.  

For the 500 GeV end of linac undulator, the 1 m offset chicane is 280 m long and you must have a drift in the high energy line of 40 m for a total of 320 m.  For a 3 m offset, the chicane is 516 m long and there is no drift needed for a total length of 516 m.  516 is much greater than 280 and hence much more expensive.  
Risk: favors 3 m: There is a very slight risk that the high energy beam pipe in the source region could develop a vacuum leak.  A > 1 month cool down would be needed before repairs could be made.

Choice: 1 m as it is cheaper and the risk of the vacuum leak is small.
Allowed horizontal emittance growth of the high energy electron beam

The USTOS study allowed a 5% emittance growth in the bends used to separate the target system from the high energy beam line at the 150 GeV point.  The TDR allowed 14% at 400 GeV beam energy.  The total allowed horizontal emittance growth from DR to IP is 25%.  
Large emittance growths are bad as they decrease the luminosity and may prevent future luminosity upgrades based on decreasing the horizontal emittance.  Gamma-gamma desires a smaller than standard horizontal emittance which would be degraded fractionally more by the dogleg bends.  Please note that it is the bends, not the undulator itself which causes the emittance growth.  So turning off the undulator (which is not needed for gamma-gamma does not help reduce the emittance growth.

Small emittance growths require longer bends and are hence more expensive.  The chicane length grows as the -1/9th power of the allowed emittance growth so the added length and expense increase very slowly as allowed emittance growth is reduced.

Choice: 5%.  This is a rather arbitrary choice as it is a compromise between cost and emittance growth.  The cost increases quite slowly with the allowed emittance growth, so we have chosen a fairly small emittance growth.  Note that we will design the dog-leg for this emittance growth at the upgraded beam energy.  The same growth number will be used independent of the undulator location.
Location and number of MPS and tune-up dumps with diagnostics

The options are zero, one, or two dumps.  This is very difficult to decide at this point as there is no working MPS design.  An early design determined that 150 m of kicker was need to extract a 500 GeV beam to a dump.  These kickers will probably dominate the cost of the dump line.  Note that the length of kickers needed will be proportional to energy so that only 150/500*150 = 45 m are needed for a dump at 150 GeV.

The argument that two dumps are needed: one upstream of the undulator and one downstream of the dog-leg after the undulator is that the first is needed to protect the undulator which has a much smaller aperture than the linac and also the dog-leg which has only a 3% energy band-width and the second is needed to protect the downstream linac or BDS from bend magnet problems in the dog-leg and to allow e+ production without sending e- to the IP.

Clever MPS design (e.g. checking currents in the bend magnets) and use of sacrificial collimators might eliminate one or both of these dumps saving some money and perhaps increasing the risk.  This really needs more work.  

Note these are not full power dumps as they only have to accept the few bunches that are in the linac at the time of an MPS trip.

Choice: two dumps.  Just to be definite and conservative, we’ll choose two dumps.  When the undulator is at the end of the linac, one of these dumps is the MPS and tune-up dump that would be there even with a conventional e+ source. 

Energy upgrade path

This is really only a question for the undulator at the end of the linac.  Should the dog-leg be designed to give the desired emittance growth at 250 GeV or at 500 GeV?  If the former, it is assumed that space would be left to allow the upgrade to the latter.  
Ease of comparing to other options: favors 500: Neither the conventional source nor the undulator at 150 GeV source need an upgrade when the linac energy is increased from 250 to 500 GeV.  It is easier to compare the options if they all have the same capabilities.

Initial cost: favors 250: There are fewer bend magnets so it is clearly cheaper than 500 even if one leaves empty space in the tunnel to allow for the future upgrade of the dog-leg.  Still more might be saved if one is willing to eliminate low energy running after the energy upgrade.  In that case, one could remove some of the undulators when the upgrade is done.

Total cost: favors 500 by a hair: It won’t be necessary to build the bend magnets in two batches and move half of them when the upgrade is done making it cheaper to start with the final 500 GeV configuration.

Note that all of the above implicitly assumes that the energy upgrade is done by starting with the second half of the tunnel empty and then adding cryomodules to it.  If it is done starting with a short tunnel and then adding tunnel upstream of the injector, then

Choice: 500.  This is pushed by the ease of comparing argument.  After the comparison is done and undulator position decided, one could reevaluate this.
Provisions for low energy running

This is really only a question for the undulator at the end of the linac.  To avoid a greater than factor of two drop in e+ yield at energies below 150 GeV it is necessary to divide the electron linac in two while adding a bypass line and a new electron gun.  Roughly half the linac would be used to make electrons that produce e+ in the undulator and are then thrown away.  The other half would accelerate the damped beam and produce luminosity.  The bypass and gun can be built either initially or later (when it is desired to do low energy running at high luminosity).  The bypass line carries up to 100 GeV beam.  It would be placed about 1 m to the side of the main linac.  This requires a 96 m dog-leg where there could not be any cryomodules.  Note that placing it on the ceiling 1.5 meter above the linac would require a dog-leg of 233 m as the vertical emittance is so much smaller than the horizontal.

Ease of comparing to other options: favors initially: Neither the conventional source nor the undulator at 150 GeV source need an upgrade to allow low energy running at high luminosity (including running for calibration at the Z or for Giga-Z).  It is easier to compare the options if they all have the same capabilities.  Also the physics requirements include low energy running (down to 100 GeV beam energy and for calibration at the Z).  This is given as an initial requirement, not an upgrade option (like polarization).  

Initial cost: favors later: This is obvious.

Total cost: favors initially by a split hair: Doing all the construction at once will be cheaper.  One also won’t need a long downtime to install the many kilometers of bypass lines when the desire for low energy high luminosity running occurs.

Choice: Initially.  This is pushed by the ease of comparing argument.  After the comparison is done and undulator position decided, one could reevaluate this.
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Figure 3.  The complete undulator e+ source with the options chosen above.
Pros and cons of Positron Source Type in rough order of importance

Overall design readiness and risk: best = conventional and undulator, worst = Compton.  The conventional and undulator based sources both have conceptual designs that satisfy the ILC requirements and have no show-stoppers.  Note that these are not detailed optimized designs and as a result some of the risks or problems listed below may be ameliorated with minor (or not so minor) modifications.  The Compton design is still very young and still has several high risk items.  
Polarization: best = undulator and Compton, worst = conventional.  The conventional source is unpolarized.  The physics requirements include the possibility to upgrade to polarized positrons.  For a conventional source, this upgrade would be done by later addition of an undulator or Compton source.  
Timing and beam-line length constraints: best = conventional and Compton, worst = undulator.  For the undulator source , the fact that the same e- bunch that makes luminosity must make e+ that replace the exact same bunch in the e+ DR that was just used to make luminosity constrains timing and beam-line lengths.  In the case where there are two IPs, this forces them to be at the same longitudinal position or have a difference in longitudinal position that is a multiple of half the bunch spacing.  This constraint also forces a unique position for the DRs or the addition of a 180 degree turnaround and extra transport line length to make the distances come out right.  Note that the total length of the transport lines must be a certain number modulo the circumference of the DR.  Note that in theory, one just designs the lengths correctly and this is not a major problem; in practice, one must have a method to vary the path length by about a cm to correct for alignment errors.  Also, the timing constraint is complicated for people to think about and later may prevent some clever idea from being used to improve the ILC.  If the IPs are not at the same longitudinal location, then there are severe constraints on changes to the bunch spacing.  Note that RF gymnastics in the DR could possibly be used to ameliorate this constraint.
Cost: best = conventional and undulator, worst = Compton.  According to the US technology options study (USTOS), the initial costs of conventional (with room left for later upgrade to an undulator) and undulator sources are similar.  If room for the upgrade is not left, then the conventional source is cheaper by 2% of the total project cost.  Compton has an extra storage ring or two and is hence the most expensive.  According to the USTOS the total cost of the full injector system (e+ and e-) is 7% of the total ILC cost.  The undulator based source requires a keep-alive source whose cost was not included in the USTOS.  The undulator based source at 150 GeV requires two more beam dump and diagnostic stations than do the conventional or Compton sources.  The undulator at the end of the linac requires only one more dump of this type, but also requires the bypass lines and electron gun to do low energy running.  These items were not reflected in the USTOS cost estimate.
Energy bandwidth of e- luminosity beam: best = conventional and Compton, worst = undulator.  The chicane or bend associated with the undulator has an energy band-pass of a few percent.  This is significantly less than the 20% band pass of the dump at the end of the linac.  Downstream of that dump is a collimation section that is built to withstand several off energy bunches.  Having the undulator at the end of the linac will significantly complicate and couple the protection system of BDS and undulator.  See Figure 3 for the location of the dumps and dog-legs.  
Emittance growth of e- beam:  best = conventional and Compton, worst = undulator.  The bend needed after the undulator to separate the e- and gamma beams causes 14% emittance growth at 400 GeV beams in the TESLA TDR design.  In this note, we have chosen to decrease this to 5%.  The other sources cause no emittance growth.  While 14% or 5% is not a disaster, the design parameters allow a total horizontal emittance growth of only 25%.  Note that the fractional emittance growth will be larger for alternate parameter sets with smaller horizontal emittance.  This is particularly bad for the gamma-gamma parameter set where the growth amounts to 28% or 10%.  This emittance growth can be reduced by making the bend weaker and longer, but that also slightly increases the cost.
Target risk: best = Compton, worst = conventional.  The target for the conventional source must rotate several times faster than that of the undulator source and operate right at the fatigue limit (from shock and thermal expansion) while the undulator target operates at half the fatigue limit and Compton operates well below that limit.  In all cases the target design will be challenging as it is a large rotating water cooled object in a vacuum.  It should be noted however that the reason why the Compton is the best is because it relies on stacking positrons in the damping rings over a 100 ms time period.  If stacking were possible in the damping ring then the conventional target would be no worse than the Compton (the undulator-based source has no possibility for stacking positrons).

Damping ring acceptance risk: best = Undulator and Compton, worst = conventional.  If the transverse acceptance of the DR is less than the design for some reason, the yield of the conventional source drops more than that of the others.  This is because its positrons have a larger natural emittance and fill more of the aperture.  For example, if the acceptance of the DR is 0.04 instead of the design of 0.09, then the yields of the undulator and conventional sources drop to 1.13 and 0.91 respectively from their design values of 1.5.

Reliability and availability and need for a keep-alive source: best = conventional, worst = Compton.  Conventional and undulator have fairly similar types and numbers of components and hence the sources themselves would be down similar amounts.  However the availability simulations show that the need for high energy e- to make the undulator e+ significantly degrades its availability unless there is a keep-alive e+ source.  The availability without a keep-alive source is about 10% less than with one.  Hence the undulator option must have a keep-alive source.  To be effective the keep-alive source must have a high enough single bunch intensity so that BPMs work just as well as they do at full intensity, with no possible offset or gain changes.  It is better yet, but not mandatory, if it is strong enough to fill the DR to full intensity in a minute or so as this would allow high current DR studies with the keep-alive source.  The Compton option has many more components (particularly an extra storage ring or two and a powerful laser) that can be expected to significantly degrade its availability.  A more detailed design followed by availability simulations will be needed to determine if it needs a keep-alive source.    
Residual radiation levels: best = undulator and Compton, worst = conventional.  The positron target needs to be installed in a shielded area with remote handling capability.  Similar facilities are presently used at neutron spallation sources and they require complex engineering solutions to implement them. The undulator photon beam impinging on the target produces an order of magnitude fewer neutrons [Radiation aspects in positron sources, S Riemann, Daresbury Workshop, April 2005] and less activation than an electron drive beam of a conventional source and this will make the target vault and shielding simpler to engineer. 

Eddy current heating in target: best = Compton, worst = conventional.  After the positrons are produced in the target they are matched into the L-band capture RF by an adiabatic matching device (AMD), which increases capture positron yield by a factor of 2.  In the SLC this was a pulsed device, but for the ILC pulse length of 1 ms a pulsed AMD may not be possible.  At present the AMD design consists of a large solenoidal field magnet which can generate the needed field profile and also has full field at the target.  Unfortunately this field generates eddy currents in the rotating target (eddy current heating varies as the square of the target rotation frequency).  Calculations are needed to determine if this is a problem for all or none of the sources.  Present incredibly preliminary calculations vary from 5 kW to 100 MW.  Clearly more work is needed.  It should be noted however that the reason why the Compton is the best is because it relies on stacking positrons in the damping rings over a 100 ms time period.  If stacking were possible in the damping ring then the conventional target would be no worse than the Compton (the undulator-based source has no possibility for stacking positrons).

Radiation from target heats the downstream components: best = undulator and Compton, worst = conventional.  There is a 75 kW/m heat load from the ionizing radiation deposited in the capture section for the conventional source.  This is about 3 times the RF heating load.  For the other source types the ionizing radiation heat load is only 9 kW/m.
Ease of building spare target line: done differently, but no significant difference in cost or risk.  All the positron sources require a “hot spare” target system to improve overall ILC availability.  For the conventional source, these can be parallel tunnels adjacent to each other with the incoming e- beam and outgoing e+ beam steered with magnets to/from common beam lines.  For the undulator and Compton sources, the beam incoming to the target is gamma rays.  These cannot be steered at all.  Instead it has two target lines, one after the other.  The target of the first line is made to shift a few inches to move it out of the gamma beam line. 

Proximity of e+ target to main beam line components: best = conventional and Compton, worst = undulator.  The Compton and conventional sources are naturally many meters from the main linac and BDS.  The TDR shows the target being about 0.7 m from the BDS beam line.  In this document we have chosen 1 m.  This small distance may cause interferences and will prevent people from being near that part of the BDS due to high radiation levels.  This can be ameliorated with longer more expensive chicanes if desired or as planned here by having no active components in the high energy beam line for the 40 meters near the positron target.

DR injection/extraction kicker fall time requirement: best = conventional and Compton, worst = undulator.  Because of the above timing constraint, a clever method of taking out a few bunches before re-injecting them cannot be used for the undulator source.  For the other sources, one could do this to make it so there was normally an empty bucket after the one that is being injected/extracted.  This reduces the fall time requirement on the kicker and could either allow more bunches per pulse or a smaller DR circumference.
E+ intensity independent of e- intensity of previous pulse: best = conventional and Compton, worst = undulator.  By design, the undulator source makes e+ from the previous e- pulse.  If anything goes wrong with an e- pulse such as an MPS trip part way through the pulse, the following e+ pulse will be messed up also.  Similarly, if the accelerator has been off for even a short while say due to an MPS trip, there will be no luminosity on the first pulse as there will be no positrons.
Pros and cons of 150 GeV vs. end in rough order of importance

If undulator is the option taken, then there is still the choice of whether the undulator goes at the 150 GeV point in the linac or at the end of the linac where the energy may range from 45 GeV to 250 and eventually 500 GeV.
Cost: favors 150 GeV.  As shown in the table below, it is $23M more expensive to put the undulator at the end of the linac.  Note that in the TESLA TDR, the undulator was put just upstream of bends needed for the BDS anyway.  This avoided the cost of an extra dog-leg.  The BDS is now completely different and not compatible with this.  If a way can be found to modify the BDS to allow this it would be possible to save the cost of the dog-leg ($14M) for the undulator at end case.  

[image: image4.emf]150 GeV undulator undulator at end

Item cost/m ($M/m)length (m) cost ($M)length (m) cost ($M)

Tunnel for dump upstream of undulator 0.02 45 0.9 150 3.0

Tunnel for dump downstream of undulator 0.02 45 0.9 0 0.0

Tunnel for dump upstream of BDS 0.02 150 3.0 150 3.0

Tunnel for undulator 0.02 185 3.7 185 3.7

Tunnel for dog-leg downstream of undulator 0.02 125 2.5 280 5.6

Tunnel for e+ target + accel to 250 MeV 0.02 40 0.8 40 0.8

Tunnel for dog-leg to start 100 GeV bypass line 0.02 0 0.0 96 1.9

Total for tunnels 590 11.8 901 18.0

Kicker magnets and pulsers for dump upstream of undulator 0.03 45 1.4 150 4.5

Kicker magnets and pulsers for dump downstream of undulator 0.03 45 1.4 0 0.0

Kicker magnets and pulsers for dump upstream of BDS 0.03 150 4.5 150 4.5

Undulators - superconducting 0.15 185 27.8 185 27.8

Magnets for dog-leg downstream of undulator 0.03 125 3.8 280 8.4

e+ target + accel to 250 MeV 30.0 30.0

100 GeV bypass line from 100 to 500 GeV point 0.002 0 0.0 15,608 31.2

250 MeV e+ transport line from 150 to 500 GeV point 0.002 13,492 27.0 0 0.0

RF gun  and pre-accelerator for injection at 100 GeV 0.0 9.8

Total for equipment in tunnel 94.3 111.6

  Grand total 106.1 129.7

Difference 23.5

Notes:

Tunnel costs assume two tunnels at $10,000 per meter per tunnel

Other unit costs came from US technology options study WBS

Calculation of lengths of transport lines 

250 MeV line 100 GeV line

Operational gradient up to 250 GeV 31.5

Operational gradient from 250 to 500 GeV 36

Fill factor 0.75

Energy at start of transport line 150 100

Energy at end of transport line 500 500

Length of transport line (m) 13,492 15,608


Positron yield for beam energies between 100 and 150 GeV: favors 150 GeV.  In this energy range the beam energy in the end undulator varies between 150 and 100 GeV.  This decreases the e+ production rate and makes the luminosity roughly drop linearly (in addition to the 
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scaling from adiabatic damping) so that at 120 GeV it is one half that of the 150 GeV undulator solution and then the use of the bypass line keeps the yield flat below that energy.  This luminosity loss comes from EUROTEV report 2005-015-1 by Klaus Floettmann which says the yield has dropped a factor of 2 by somewhere between 100 and 120 GeV.  Preliminary simulations done by Wei Gai at Argonne indicate the e+ yield has dropped by a factor of four at 100 GeV.  The 120 GeV of Floettmann is nearly consistent with the ANL number, so we have used it.  More work is needed to reconcile these yield calculations.  Note that whichever results are used, the physics requirements are not met in the 100 to 150 GeV beam energy range when the undulator is at the end of the linac.  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.

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.  Of course, if the design yield of 1.5 is achieved then tuning should be pretty easy anyway as the desired actual yield is 1.0.

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 150 GeV undulator must accelerate the beam to 150 GeV and decelerate it by 100 GeV for a total of 250 GeV of acceleration.  The end undulator only needs 50 GeV of acceleration for the luminosity beam.  Its energy jitter will thus be 
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= 2.2 less than for 150 GeV undulator.  The WWS requirements state that the energy jitter should be less than 0.1%.  We haven’t been able to find what expected energy jitter is for the SC linear collider and hence don’t know if the factor of 2.2 makes a significant difference.
Need for e+ tuning when energy is changed: favors 150 GeV.  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 likely to require significant tuning.

Need for extra diagnostic station: favors 150 GeV.  With the undulator at 150 GeV, the diagnostic stations already planned for the linac will effectively measure the emittance upstream and downstream of the undulator.  With it at the end, a new set of diagnostics will have to be inserted after it.

BDS upgrade flexibility: favors 150 GeV.  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 the 150 GeV undulator), 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 dogleg and the undulator would have to be moved upstream in this upgrade scenario.  If the one meter dog-leg offset is used in the final design, then no movement of the tunnel would be necessary, making this a fairly minor process.

Interference of the bypass line with linac access: favors 150 GeV.  The bypass line that is required for low energy running with the end undulator runs from the 100 GeV point to the end of the linac.  It is placed about 1 m to the side of the linac.  This is likely to be in the way of maintenance people.  This could be ameliorated by putting it on the ceiling, but this requires a long dog leg to keep the emittance growth down.  It could also be ameliorated by not installing the bypass line, but that means the luminosity would be below specification at low energies.

Recommendation

150 GeV.  The most important factors are that it is cheaper and it meets the luminosity requirements in the full energy range without the drop below specifications that occurs for the end undulator between 100 and 150 GeV beam energy.  Most of the less important pros and cons also favor placing the undulator at the 150 GeV location.  Note that this recommendation is different than that which the source working group arrived at in Snowmass and has written up as their answer to question 8.

Extra R&D and work needed

Understand the costs better.

Decide on the AMD characteristics and evaluate the eddy current problem.

Reconcile the two calculations of how luminosity varies with beam energy through the end of linac undulator for energies between 100 and 150 GeV.

Understand better the distance needed between the positron target line and the high energy beam line.

Calculate muon generation in the e+ accelerator to 250 MeV and see if they cause IP background problems.
Appendix 1:  Scaling law for dog-leg length

This appendix was written by Peter Tenenbaum (with light editing by Tom Himel) and derives how the length of a dog-leg varies with offset, energy, and allowed emittance growth.
Consider an arc in which we have a particular FBDB cell which is bend-dominated (i.e. the quads are short compared to the bends) and which has a curvature h and cell length Lc.  If we put a number Nc of these cells together the resulting offset is given by:

    dx = h (Nc Lc)^2 / 2,

which we can solve for h,

    h = 2dx/(Nc Lc)^2.

The emittance growth for the cell scales as:

    dgepsx ~ E^6 h^5 * (F1 / betax + F2 * betax),

and we can substitute our expression for h and find the emittance growth for Nc cells:

    dgepsx ~ E^6 dx^5 / Nc^9 Lc^10.

In the model where we hold betax and Lc constant the system length scales as Nc, and solving for Nc with betax and Lc constant we find that:

    Nc ~ E^(2/3) dx^(5/9) dgepsx^(-1/9).
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		Inputs changed from the previous column are shown in bold via conditional formatting.

		case description

		E (GeV)		150		150		500		150		500		100		100		500		500

		proportionality constant		0.865		0.865		0.865		0.865		0.865		0.865		0.865		0.865		0.865

		nominal invariant emittance (m-rad)		8.00E-06		8.00E-06		8.00E-06		8.00E-06		8.00E-06		8.00E-06		2.00E-08		8.00E-06		8.00E-06

		% growth allowed		1		5		5		5		5		5		5		5		5

		offset of dog-leg (m)		2.5		1		1		3		3		1		1.5		1		1

		Length of dog-leg (m)		250		125		280		231		516		96		233		280		280



Tom Himel:
This is the case we normalize to, from the USTOS 150 GeV undulator with 1% emittance growth in a dogleg with a 2.5 m offset.  The proportionallity constant was set to make the length come out 250 m.



Costs

						150 GeV undulator				undulator at end

		Item		cost/m ($M/m)		length (m)		cost ($M)		length (m)		cost ($M)

		Tunnel for dump upstream of undulator		0.02		45		0.9		150		3.0

		Tunnel for dump downstream of undulator		0.02		45		0.9		0		0.0

		Tunnel for dump upstream of BDS		0.02		150		3.0		150		3.0

		Tunnel for undulator		0.02		185		3.7		185		3.7

		Tunnel for dog-leg downstream of undulator		0.02		125		2.5		280		5.6

		Tunnel for e+ target + accel to 250 MeV		0.02		40		0.8		40		0.8

		Tunnel for dog-leg to start 100 GeV bypass line		0.02		0		0.0		96		1.9

		Total for tunnels				590		11.8		901		18.0

		Kicker magnets and pulsers for dump upstream of undulator		0.03		45		1.4		150		4.5

		Kicker magnets and pulsers for dump downstream of undulator		0.03		45		1.4		0		0.0

		Kicker magnets and pulsers for dump upstream of BDS		0.03		150		4.5		150		4.5

		Undulators - superconducting		0.15		185		27.8		185		27.8

		Magnets for dog-leg downstream of undulator		0.03		125		3.8		280		8.4

		e+ target + accel to 250 MeV						30.0				30.0

		100 GeV bypass line from 100 to 500 GeV point		0.002		0		0.0		15,608		31.2

		250 MeV e+ transport line from 150 to 500 GeV point		0.002		13,492		27.0		0		0.0

		RF gun  and pre-accelerator for injection at 100 GeV						0.0				9.8

		Total for equipment in tunnel						94.3				111.6

		Grand total						106.1				129.7

		Difference								23.5

		Notes:

		Tunnel costs assume two tunnels at $10,000 per meter per tunnel

		Other unit costs came from US technology options study WBS

		Calculation of lengths of transport lines

						250 MeV line				100 GeV line

		Operational gradient up to 250 GeV		31.5

		Operational gradient from 250 to 500 GeV		36

		Fill factor		0.75

		Energy at start of transport line				150				100

		Energy at end of transport line				500				500

		Length of transport line (m)				13,492				15,608






