 Chapter 2
Machine Layouts

2.1
The Staged Approach and Footprint Description

The staged approach to the VLHC described in this feasibility study requires placing two collider rings in a common tunnel.  This requirement imposes constraints on the lattices of the rings as well as on the civil construction parameters.  In this report we describe the design, construction, installation and maintenance of these two proton-proton colliders.  The first of these, called Stage 1, with a nominal 40 TeV cm energy uses relatively low-field superferric magnets and use NbTi conductor. The Stage 1 ring has as its injector the currently operating ~ 1 TeV Tevatron.  The Stage 1 VLHC will operate at an initial luminosity of 1 × 1034 cm–2sec–1.
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After Stage 1 has been in operation for several years carrying out a frontier physics program the Stage 2 ring will be added and a bypass for the Stage 1 ring constructed.  Stage 2 will have a nominal cm energy of 175 TeV and use the Stage 1 ring operating at 10 TeV as its injector.  The Stage 2 magnets will have an operating field of ~10 T and use Nb3Sn superconductor.  The Stage 2 VLHC will have a peak luminosity of 2 × 1034 cm–2sec–1.

One anticipates that the multi-billion dollar investment in the conventional facility described will serve the world high-energy physics program over many decades.  Therefore the tunnel should be designed to allow adding as yet unspecified other future collider rings to the complex.

2.2
Geometry

[image: image6.wmf]VLHC DESIGN STUDY SITE LAYOUT

RF

Clyde

Utility

Straight

Section

Stage 2 Bypass

Counter-Clockwise Beam

Extraction Line

Transfer Line for 

Clockwise Injection

(3 km Ramp)

Beam Stop

Clockwise Beam 

Extraction Line

Utility 

Straight

Section

  RF

Beam Crossover,

Power & Cryo Feed

Bonnie

Tevatron

(Bipolar)

Transfer Line for 

Counter-Clockwise Injection

(3 km Ramp)

Magnet

Factory

-200

-150

-100

-50

0

50

100

-4000

-3500

-3000

-2500

-2000

-1500

-1000

-500

0

500

1000

1500

2000

2500

3000

3500

4000

X (meters)


The circumference of the collider is 232 km.  The protons take ~78 msec to circle the ring and their revolution frequency is 1290 Hz.  A ring of this size with arbitrary orientation is shown in Figure 2.1.  The overall footprint is a racetrack.  An approximate description is two half circles of radius = 35 km joined by two long straight sections, each 6 km long.  A more precise description of the proposed footprint is the major arcs bend the beams 174o and the remaining 6o of bending occurs in the 6 km, which is a cluster of 5 straight sections separated by four bends.  These clustered straight sections are for injection, abort, rf cavities, interaction regions for two experiments, and for the transfers between Stage 1 and Stage 2.

Several possible orientations allowing injection from the Tevatron are discussed in Chapter 4 and several possible geographical sitings based on geological considerations are shown in Chapter 7.  Fermilab is an excellent site for constructing this frontier physics facility due to the existence of an injector chain having the required beam characteristics and the excellent geology of the region.  An important design goal is to put as much as possible on the site especially the beam dumps for ES&H and public relations reasons.

Grouped below or nearly below the existing Fermilab site are the underground injection and extraction (abort) beam lines, the abort beam dump, and the rf acceleration stations.  In the long “on-site” straight section is room for two detectors, separated sufficiently to avoid muon background from one detector to the other.  In this study, it is assumed that the long straight opposite the Fermilab site is “passive” although a “far” campus could be developed there.

The depth below surface depends on the specific orientation of the collider tunnel.  The relative merits of three configurations are discussed in Chapter 5:  These are
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South Ring with 0.08% incline and depth at Fermilab of 235 feet

· North Ring, no incline and depth at Fermilab of 330 feet

· North Ring with 0.20% incline and depth at Fermilab of 501 feet

The size of most of the tunnel is 12-foot clear diameter with a 10-foot wide invert (floor) as shown in Figure 2.2.  The Stage 1 collider ring is placed directly over the high-field ring.

This diameter should be regarded as a minimum.  A larger tunnel might be preferred for reasons of economy, i.e. it might be cheaper to build.  A larger tunnel eases the alignment tolerance and provides more room for multiple activities during installation.  The Civil Construction required to accommodate the technical components that make up the Stage 1 collider, in addition to the main tunnel will have many wider portions for special purposes, injection and extraction beam line tunnels, access shafts, and a large number of caverns of varying sizes.  These caverns will accommodate the beam stop, rf klystrons, kicker magnet power supplies, groundwater collection caverns and pumping stations, ac power distribution alcoves, cryo valve alcoves, quench resistor caverns, cryo systems caverns, and a large number of electronics drawers.  These latter are 5-foot deep by 1-foot in diameter bored into the aisle side of the tunnel wall to house a variety of power supplies, instrumentation and controls.

When Stage 2 is implemented additional civil construction will be required for the bypass around the near side cluster only.

Spaced around the circumference are twelve surface facilities that during civil construction are used for spoils removal and then serve to house cryogenics plants and other required machine functions. 

Paragraph: Describe footprint of a “typical” surface facility.  A few sentences about utilities, how many MW installed, water pumping … etc.  Figure.

Both low field and high field ring lattices are constructed from optical modules placed end to end like Lego blocks.  Each optical module — an arc, dispersion suppressor, or interaction region straight — has an overall length which is an integer multiple of Lhc, the arc half-cell length.  Low and high field modules with the same function are quite different in implementation.  The low field modules use combined function magnets, while high field modules always use separated function magnets.  For example, the low-field arc half-cell contains two combined function bending magnets, while the high field arc half cell contains seven “pure” dipoles.  Nonetheless, optical modules in both low-field and high-field rings always have the same overall length and the same net bending angle.  Another example is the dispersion suppressor modules.  In both low and high field rings a Dispersion Suppressor module is 3 × Lhc long, constructed from 4 dispersions suppressor half cells of length 3/4 × Lhc each with 2/3 of the bending of a regular arc half cell.

Table 2.1 lists the fundamental parameters of the VLHC footprint that are common to both low and high field rings.  Table 2.2 lists the sequence of optical modules for half the ring — one arc and the utility region on the Fermilab site —in mnemonic form.  IR stands for Interaction Region modules; DM for Dispersion Suppressor modules, and IA for the Injection/Abort straight section.  The footprint geometry for the far off-site utility region, half way around the VLHC, is identical.  The two utility regions are separated by identical arcs.  Table 2.3 lists the sequence of optical modules in the on-site utility region in greater detail, including the key for the mnemonics.

Table 2.1.  Fundamental lattice parameters common to both low and high field rings
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Table 2.2.  Sequence of optical modules around half of the VLHC
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Table 2.3.  Sequence of optical modules in the on-site utility region of the VLHC

Figure 2.3 shows a scale layout of the optical modules in the on-site utility region, including two interaction points (IPs).  Injection from the Tevatron is naturally away from the two IPs, since the VLHC is about 100 meters below the ground at Fermilab.  One of the two abort lines per ring is shown, missing the neighboring IP by about 40 meters.  A common abort dump area is possible for the four beams, approximately 100 meters from the horizontal crossing point “X” of the low-field ring.  
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Figure 2.3.  Layout of the on-site utility region of the VLHC, showing the clearance of the abort lines and muon plumes from the experiments.

Comment:  I suggest that here the muon plume is dropped from the figure but a similar figure with the muon plume is shown in section 2.5 Experimental Areas.

This arrangement suggests the possibility of a common abort dump area as shown in Figure 2.4.  Also shown are the beam crossovers.  An even number of crossovers are required to keep the circumference of the two counter rotating beams equal.  Since the near and far utility straight sections have the same lattice structure there are six crossovers around the circumference.
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Figure 2.4.  Single On-site Beam Stop Beam Stop (not to scale)

Comment:  I’d like a version of Figure 2.3 without the Stage 2 bypass.

One advantage of modular construction is that low and high field lattices are guaranteed to have almost identical footprints, and therefore to fit in the same tunnel, so long as corresponding low and high field modules are placed on top of each other.  The maximum transverse offset of the high field ring relative to the low field ring is only about 6 mm, easily allowing one ring to be placed on top of the other at all locations in the VLHC tunnel.

Another advantage of modular construction is the ability to independently modify one particular module — for example, to increase a module length in units of Lhc — without adjusting any other modules.  This is only possible if the arc half cell length is an integer times the bunch spacing, because only then is the total circumference guaranteed to correspond to an integer number of evenly spaced bunches.

Paragraph:  magnet counts, lengths, dipole, and for Stage 2, quad strengths, packing (or filling?) factors (or fractions?).

Paragraph:  what’s in the gaps; descriptive.  Figure showing a straight section with joints, pumps, correction elements.

The (minimum) bunch spacing is taken to be one 53.1 MHz rf wavelength in the Tevatron.  This guarantees a relatively simple filling scheme from the Tevatron, with a bunch time spacing of 18.8 ns, a value not unreasonably challenging to the experiments.  Thus the half cell length is 135.486 m.  The value chosen is to make the half cell length to be as long as possible, without leaving both rings too vulnerable to systematic field harmonic errors, and without increasing too much the equilibrium emittance in the high field ring due to synchrotron radiation.  It is quite probable that the current value of Lhc is not optimal, since we do not yet fully understand what are realistic values systematic magnet harmonics. 

Paragraph: general discussion of rf parameters and rf systems.  Choice of frf = 477.938 MHz, superconducting cavities.  Flat beams in Stage 2.

Synchrotron radiation is a major issue in Stage 2.  It limits E and L and damps the beam.  There is a tradeoff between E and L imposed by a total power limit.  The optimum choice will not be determined until the physics case is developed.

Add to above paragraph:  numbers of L at 150, 175, 200 TeV, maximum magnetic field in Stage 2; also synchrotron power.

Question:  should this chapter also describe vacuum systems and beam screen?

2.3
Injection Lines 
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Figure 2.5.  Injection Lines.  (redo figure)

Various suggestions for transporting the 900 GeV protons from the Tevatron to the Stage 1 ring are described in Chapter 4.  In one of these schemes, shown in Figure 2.5, with the Tevatron operating as a bipolar proton accelerator, two 3.2 km long beam lines transfer the 900 GeV extracted beams from the Tevatron to the VLHC ring.  The lines drop 120 m in vertical height at a 4% grade, permitting their use for equipment transport during magnet installation and tunnel construction.  Since the beam lines are long and the magnets sparse, permanent magnets are used wherever possible to eliminate cable, cooling water, power supply, and safety system costs associated with conventional magnets.  Focusing and optical matching is performed with adjustable strength (± 20%) permanent magnet quadrupoles similar to those developed for NLC work at Fermilab. The beam vacuum is a conventional stainless steel/ion pump system.
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Figure 2.6. 
Transfer Line Tunnel

Most of the transfer line is a sparse quadrupole channel as shown in Figure 2.6.  The beam line is placed near the ceiling to keep the tunnel clear for installation and access.  Figure 2.7 shows a possible transfer line module.  Stepping-motor controlled stands are used to eliminate orbit correctors, power supplies, and corrector magnet cables.  Multiplexed electronics in modules similar to the arcs provide instrumentation and ion pump power and control functions without a significant cable plant.  Dog-leg bellows provide flexibility for a (1 cm range of motion.  Figure 2.8 shows permanent magnet dipole (0.8 Tesla) and Quadrupole (60 T/m) beam line elements.
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Figure 2.7.
Girder with Permanent Magnet Quad, X-Y stage, Ion Pump, and BPMs
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Figure 2.8.
Permanent Magnet elements used for transfer line

The exact design of the transfer line optics depends on VLHC ring orientation and site considerations.  The example beamline shown in Figure 2.9 and described below has most of the essential characteristics of a workable solution.
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Figure 2.9
Example of possible optics for Tevatron-to-VLHC transfer line
The Lambertson magnets totaling 45 m length and operating at 1.1 Tesla bend the extracted beam downward at 17 mrad.  The remaining 23 mrad of down bend is completed in the next 200 m using 0.8 T permanent magnet dipoles with trim dipoles. The length of the down bend is not set by magnet bend strength but by the requirement of generating sufficient phase advance to cancel the vertical dispersion caused by the Lambertson.  Site-specific transverse bending may also be required.

The 2.8 km main body of each line is a FODO channel consisting of permanent magnet quads. The small horizontal bends which may be needed can be provided by permanent magnet dipoles. The bends are configured to maintain zero horizontal dispersion in the straight sections between bends.  In the example lattice shown above, a single non-dispersive horizontal bend of 80 mrad is placed at the center of the transport line.

At the VLHC end of the line an up bend is required.  This section is mirror image of the down bend.  Permanent magnets provide 23 mrad of vertical bend and the injection Lambertson completes the bend and kills the vertical dispersion at the injection point.  Matching (adjustable) quadrupoles in the last few cells adjust the transfer line lattice functions to match the ~250 m cells of the main collider.

Steering trims are desirable not only to establish an initial orbit centered on each quadrupole, but also for aperture scans to verify a clear aperture in the vicinity of the design orbit. This is accomplished with mechanical quad movers (a step motor/lead screw stage in both the X or Y direction) for each permanent magnet quad.   In a FODO channel with 60-degree phase advance, there is a 2:1 ratio between the downstream orbit deflection and the quad motion necessary to produce that deflection.  Thus quad movers with a (1 cm range of motion will be able to produce a (2 cm “two-bump” (or a (4 cm “four-bump”), sufficient to probe the full aperture of the beam line.

It is desirable to have some degree of momentum adjustability in the transport line. Depending on operational experience and cryogenic upgrades, it may be best to inject at the highest possible energy (up to 1 TeV).  Conversely, performance may prove optimal to cycle the Tevatron as rapidly as possible at a lower energy of 800 GeV to minimize dwell time at injection. This is an issue for permanent magnets.

The quadrupole FODO channel will operate over a range of energy.  The phase advance per cell is  ~65/60/55 degrees at 800/900/1000 GeV.   As discussed previously, adjustable permanent magnet matching quadrupoles will be placed at each end of the line. The Lambertson will be powered in series with the Tevatron bus so their bend scales automatically with energy.  The required energy adjustability to the dipole bends can be accomplished with either a limited number of electromagnets, or mechanically adjustable permanent magnet dipoles similar to those described in ref. [1].

The extracted beam size in the transfer line is a couple of mm, so that the aperture requirements will be set by estimates of misalignments and vacuum considerations.   In the long straight FODO channels we propose a 4-inch beam pipe between quadrupoles to maximize vacuum conductance and minimize pipe alignment requirements.  The integrated gradient of the quads in the FODO channel is 40 T-m/m. This can be attained with rare-earth permanent magnets. The weight (and approximate cost) of permanent magnet quadrupoles scale as the cube of the aperture.  At present we consider a 33 mm elliptical beam pipe (corresponding to 25.4 mm pole tip diameter).  

2.4 Extraction (abort system)

2.5
Stage 1 to Stage 2 transfer and bypass

Add:  description of the Stage 1 to Stage 2 transfer.
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In the transition from Stage 1 to Stage 2 operation, the experiments will remain centered on the same interaction points.  At the same time it is envisaged that they will be upgraded to take up more space along the beam line, increasing the distance from the IP to the first magnet, L*, from 20 m to 30 m.  It is therefore necessary to add a bypass to keep the low field ring beams well clear of the experiments.  This must be done without changing the total low-field ring circumference.  Figure 2.10 is a cartoon of a “proof-of-principle’ by pass which will work, but which has not been design in detail.  The total length of the bypass is approximately 8 km.

Figure 2.10.  Cartoon of a bypass to transport low-field ring beams past the experiments in Stage 2 operation

2.6    Experimental Area(s)

Discussion of Experimental caverns.  Brief summary of what is in chapters 7 and 8.  Figure?
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Figure 2.11 Shows that the muon plume emanating from one IP misses the other experiment by approximately 70 meters
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Figure 2.12.  Shows Bonnie and Clyde.  Another version of Bill’s drawing.

Paragraph:  Stage 1 operating scenario, time line for injection, acceleration

Paragraph:  Stage 2 operating scenario, time line for injection, acceleration; mention a few of the basic parameters, proton burnoff time, IBS time, damping time.
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Figure 2.1.  Ring Geometry with arbitrary orientation
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		1935.0401723331		2024.8108295793		1.8202548748				0.840235143		-587.7852522925		-1.8202548748				-1934.8229359138		-1935.0401723331		-0.840235143

		2025.0284076392		2114.7957106929								-707.1067811865						-2024.8108295793		-2025.0284076392

		2115.0136708702		2204.7772445662								-809.0169943749						-2114.7957106929		-2115.0136708702

		2204.995627336		2294.7550965228								-891.0065241884						-2204.7772445662		-2204.995627336

		2294.9739423591		2384.7289319005								-951.0565162952						-2294.7550965228		-2294.9739423591

		2384.9482812753		2474.6984160518								-987.6883405951						-2384.7289319005		-2384.9482812753

		2474.9183094351		2564.6632143453								-1000						-2474.6984160518		-2474.9183094351

		2564.8836922054		2654.6229921672								-987.6883405951						-2564.6632143453		-2564.8836922054

		2654.84409497		2789.6055726063								-951.0565162952						-2654.6229921672		-2654.84409497

		2789.7807968116		2924.5881530454								-891.0065241884						-2789.6055726063		-2789.7807968116

		2924.7174986531		3059.5238871246								-809.0169943749						-2924.5881530454		-2924.7174986531

		3059.6542004947		3194.4596212037								-707.1067811865						-3059.5238871246		-3059.6542004947

		3194.5909023362		3329.3953552828								-587.7852522925						-3194.4596212037		-3194.5909023362

		3329.5276041778		3464.331089362								-453.9904997395						-3329.3953552828		-3329.5276041778

		3464.4643060193		3599.1532008874								-309.0169943749						-3464.331089362		-3464.4643060193

		3599.4010078608		3733.9753124128								-156.4344650402						-3599.1532008874		-3599.4010078608

		3734.3377097024		3823.9297351679								0						-3733.9753124128		-3734.3377097024

		3824.2927978638		3913.8784682809								156.4344650402						-3823.9297351679		-3824.2927978638

		3914.2422368444		4003.8211771978								309.0169943749						-3913.8784682809		-3914.2422368444

		4004.1856920873		4093.7575273868								453.9904997395						-4003.8211771978		-4004.1856920873

		4094.1228290581		4228.646742027								587.7852522925						-4093.7575273868		-4094.1228290581

		4229.0133148877		4363.5138701593								707.1067811865						-4228.646742027		-4229.0133148877

		4363.8818355488		4498.3569052937								809.0169943749						-4363.5138701593		-4363.8818355488

		4498.7263845308		4633.1738412985														-4498.3569052937		-4498.7263845308

		4633.5449556795																-4633.1738412985		-4633.5449556795
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Sheet1

				L		B				MAIN ARC #1		L(m)		B(T)		S(m)		Theta(R)		bend (R)		dX(m)		dY(m)		X(m)		Y(m)		X(Mirror)		Y(Mirror)				MAIN ARC #2		L(m)		B(T)		S(m)		Theta(R)		bend (R)		dX(m)		dY(m)		X(m)		Y(m)		X(Mirror)		Y(Mirror)				ABORT LINE		L(m)		B(T)		S(m)		Theta(R)		bend (R)		dX(m)		dY(m)		X(m)		Y(m)		X(Mirror)		Y(Mirror)				BYPASS		L(m)		B(T)		S(m)		Theta(R)		bend (R)		dX(m)		dY(m)		X(m)		Y(m)		X(Mirror)		Y(Mirror)				TRANSFERLINE		L(m)		B(T)		S(m)		Theta(R)		bend (R)		dX(m)		dY(m)		X(m)		Y(m)		X(Mirror)		Y(Mirror)				TEVATRON		L(m)		B(T)		S(m)		Theta(R)		bend (R)		dX(m)		dY(m)		X(m)		Y(m)				MAGNET FACTORY		X		Y

		Halfcell		135		2				Crossover		67.5		19.979672334		0		0.0385322252		-0.0192661126		67.4958242677		-0.6502111879		0.3732246965		0		-0.3732246965		0				Crossover		67.5		-19.979672334		-0.3686304964		-0.0385322252		0.0192661126		67.4958242677		0.6502111879		0		0		0		0				Lambertson		50		-1.5		0		3.1109687449		0.0010714286		49.9999904337		0.0267857117		3329.3953552828		-51.9010352651		-3329.3953552828		-51.9010352651				Bend Away		135		-5.9513967894		0.3686303161		3.1263973163		0.0114776938		134.9970359268		0.7747358268		2654.84409497		-41.0955602651		-2654.84409497		-41.0955602651				Bend Away		135		-4		0.3686303161		3.1109687449		0.0077142857		134.9986610244		0.5207117034		3329.5276041778		-61.7634678309		-3329.5276041778		-61.7634678309				Ring		157.0796326795		70		0		0		-0.1570796327		156.4344650402		-12.3116594049		0		-95.6147960947						0		-95.6147960947

		DSCell		90		1.5						67.5		19.979672334		67.5		0.0192661126		-0.0192661126		67.4958242677		-0.6502111879		67.8439964302		1.9503922236		-67.8439964302		1.9503922236						67.5		-19.979672334		67.1313695036		-0.0192661126		0.0192661126		67.4958242677		0.6502111879		67.4707717337		-1.9503922236		-67.4707717337		-1.9503922236				Drift		135		5.9513967894		50		3.1120401734		-0.0114776938		134.9970359268		-0.7747358268		3279.4179884521		-50.3968525946		-3279.4179884521		-50.3968525946				Bend1		174.6984062092		-2		135.3686303161		3.1378750101		0.004991383		174.6976808068		0.4359924253		2519.8508721156		-39.8189600953		-2519.8508721156		-39.8189600953				Bend1		190		-4		135.3686303161		3.1186830306		0.0108571429		189.9962672329		1.0314184396		3194.5762969487		-58.1503948706		-3194.5762969487		-58.1503948706						157.0796326795		70		157.0796326795		-0.1570796327		-0.1570796327		156.4344650402		-12.3116594049		156.4344650402		-107.9264554995						800		-95.6147960947

		Beam Sep		135		19.979672334				DSMOD1		90		1.5		135		0		-0.0019285714		89.9999442092		-0.0867856874		135.3398206979		2.6006034115		-135.3398206979		2.6006034115				DSMOD1		90		1.5		134.6313695036		0		-0.0019285714		89.9999442092		-0.0867856874		134.9665960013		-2.6006034115		-134.9665960013		-2.6006034115				Sweeper		10		0		185		3.1005624796		0		10		0		3144.5027900366		-45.6335385029		-3144.5027900366		-45.6335385029						135		-2		310.0670365253		3.1428663931		0.0038571429		134.9996652554		0.2603568201		2345.1527776839		-39.6054873067		-2345.1527776839		-39.6054873067						190		-4		325.3686303161		3.1295401734		0.0108571429		189.9962672329		1.0314184396		3004.6062600434		-54.829180541		-3004.6062600434		-54.829180541						157.0796326795		70		314.159265359		-0.3141592654		-0.1570796327		156.4344650402		-12.3116594049		309.0169943749		-144.5582797995

		Bypass		135		5.9513967894						90		1.5		225		-0.0019285714		-0.0019285714		89.9999442092		-0.0867856874		225.3397649071		2.5138177241		-225.3397649071		2.5138177241						90		1.5		224.6313695036		-0.0019285714		-0.0019285714		89.9999442092		-0.0867856874		224.9665402105		-2.6873890989		-224.9665402105		-2.6873890989				Drift		1046.713758839		0		195		3.1005624796		0		1046.713758839		0		3134.5112062317		-45.2233518757		-3134.5112062317		-45.2233518757						135		-2		445.0670365253		3.146723536		0.0038571429		134.9996652554		0.2603568201		2210.1535535678		-40.0377982803		-2210.1535535678		-40.0377982803						190		-4		515.3686303161		3.1403973163		0.0108571429		189.9962672329		1.0314184396		2814.6113614394		-53.5706532663		-2814.6113614394		-53.5706532663						157.0796326795		70		471.2388980385		-0.471238898		-0.1570796327		156.4344650402		-12.3116594049		453.9904997395		-204.6082719063						50		-95.6147960947

												90		1.5		315		-0.0038571429		-0.0019285714		89.9999442092		-0.0867856874		315.3393743717		2.2534609847		-315.3393743717		2.2534609847						90		1.5		314.6313695036		-0.0038571429		-0.0019285714		89.9999442092		-0.0867856874		314.9661496751		-2.9477458382		-314.9661496751		-2.9477458382						1046.713758839		0		1241.713758839		3.1005624796		0		1046.713758839		0		2088.6783821111		-2.288553231		-2088.6783821111		-2.288553231				Drift		164.4181756534		0		580.0670365253		3.1505806788		0		164.4181756534		0		2075.1570011604		-40.9908160398		-2075.1570011604		-40.9908160398						190		-4		705.3686303161		3.1512544591		0.0108571429		189.9962672329		1.0314184396		2624.6139970501		-54.3749613971		-2624.6139970501		-54.3749613971						157.0796326795		70		628.318530718		-0.6283185307		-0.1570796327		156.4344650402		-12.3116594049		587.7852522925		-286.5978017197						-50		-95.6147960947

												90		1.5		405		-0.0057857143		-0.0019285714		89.9999442092		-0.0867856874		405.3383143484		1.8195341617		-405.3383143484		1.8195341617						90		1.5		404.6313695036		-0.0057857143		-0.0019285714		89.9999442092		-0.0867856874		404.9650896518		-3.3816726612		-404.9650896518		-3.3816726612						1046.713758839		0		2288.4275176779		3.1005624796		0		1046.713758839		0		1042.8455579905		40.6462454136		-1042.8455579905		40.6462454136						164.4181756534		0		744.4852121787		3.1505806788		0		164.4181756534		0		1910.7454666904		-42.4685908574		-1910.7454666904		-42.4685908574				Drift		153.4172909265		0		895.3686303161		3.162111602		0		153.4172909265		0		2434.6365630796		-57.2420101244		-2434.6365630796		-57.2420101244						157.0796326795		70		785.3981633974		-0.7853981634		-0.1570796327		156.4344650402		-12.3116594049		707.1067811865		-388.5080149081

												90		1.5		495		-0.0077142857		-0.0019285714		89.9999442092		-0.0867856874		495.3362500963		1.2120388691		-495.3362500963		1.2120388691						90		1.5		494.6313695036		-0.0077142857		-0.0019285714		89.9999442092		-0.0867856874		494.9630253997		-3.9891679539		-494.9630253997		-3.9891679539						1046.713758839		0		3335.1412765168		3.1005624796		0		1046.713758839		0		-2.9872661302		83.5810440582		2.9872661302		83.5810440582						164.4181756534		0		908.9033878322		3.1505806788		0		164.4181756534		0		1746.3339322203		-43.9463656749		-1746.3339322203		-43.9463656749						153.4172909265		0		1048.7859212426		3.162111602		0		153.4172909265		0		2281.2515674496		-60.3897507104		-2281.2515674496		-60.3897507104						157.0796326795		70		942.4777960769		-0.9424777961		-0.1570796327		156.4344650402		-12.3116594049		809.0169943749		-507.8295438022

												90		1.5		585		-0.0096428571		-0.0019285714		89.9999442092		-0.0867856874		585.3328468783		0.4309773663		-585.3328468783		0.4309773663						90		1.5		584.6313695036		-0.0096428571		-0.0019285714		89.9999442092		-0.0867856874		584.9596221817		-4.7702294567		-584.9596221817		-4.7702294567																																164.4181756534		0		1073.3215634856		3.1505806788		0		164.4181756534		0		1581.9223977503		-45.4241404925		-1581.9223977503		-45.4241404925						153.4172909265		0		1202.203212169		3.162111602		0		153.4172909265		0		2127.8665718196		-63.5374912964		-2127.8665718196		-63.5374912964						157.0796326795		70		1099.5574287564		-1.0995574288		-0.1570796327		156.4344650402		-12.3116594049		891.0065241884		-641.6242963551

												90		1.5		675		-0.0115714286		-0.0019285714		89.9999442092		-0.0867856874		675.3277699622		-0.5236474417		-675.3277699622		-0.5236474417						90		1.5		674.6313695036		-0.0115714286		-0.0019285714		89.9999442092		-0.0867856874		674.9545452657		-5.7248542646		-674.9545452657		-5.7248542646																																164.4181756534		0		1237.739739139		3.1505806788		0		164.4181756534		0		1417.5108632803		-46.90191531		-1417.5108632803		-46.90191531						153.4172909265		0		1355.6205030955		3.162111602		0		153.4172909265		0		1974.4815761896		-66.6852318824		-1974.4815761896		-66.6852318824						157.0796326795		70		1256.6370614359		-1.2566370614		-0.1570796327		156.4344650402		-12.3116594049		951.0565162952		-786.5978017197

												90		1.5		765		-0.0135		-0.0019285714		89.9999442092		-0.0867856874		765.3206846223		-1.6518320041		-765.3206846223		-1.6518320041						90		1.5		764.6313695036		-0.0135		-0.0019285714		89.9999442092		-0.0867856874		764.9474599257		-6.853038827		-764.9474599257		-6.853038827																																164.4181756534		0		1402.1579147925		3.1505806788		0		164.4181756534		0		1253.0993288102		-48.3796901275		-1253.0993288102		-48.3796901275						153.4172909265		0		1509.037794022		3.162111602		0		153.4172909265		0		1821.0965805596		-69.8329724684		-1821.0965805596		-69.8329724684						157.0796326795		70		1413.7166941154		-1.4137166941		-0.1570796327		156.4344650402		-12.3116594049		987.6883405951		-939.1803310544

										IRSTRAIGHT		135		-0.046456765		855		-0.0154285714		0.0000895952		134.9999998194		0.0060476752		855.3112561399		-2.9535721248		-855.3112561399		-2.9535721248				IRSTRAIGHT		135		0		854.6313695036		-0.0154285714		0		135		0		854.9380314434		-8.1547789478		-854.9380314434		-8.1547789478																																164.4181756534		0		1566.5760904459		3.1505806788		0		164.4181756534		0		1088.6877943402		-49.8574649451		-1088.6877943402		-49.8574649451						153.4172909265		0		1662.4550849484		3.162111602		0		153.4172909265		0		1667.7115849296		-72.9807130544		-1667.7115849296		-72.9807130544						157.0796326795		70		1570.7963267949		-1.5707963268		-0.1570796327		156.4344650402		-12.3116594049		1000		-1095.6147960947

												135		-0.0410440366		990		-0.0153389762		0.0000791564		134.999999859		0.0053430541		990.2952818262		-5.0302996762		-990.2952818262		-5.0302996762						135		0		989.6313695036		-0.0154285714		0		135		0		989.921964007		-10.2375534574		-989.921964007		-10.2375534574																																164.4181756534		0		1730.9942660994		3.1505806788		0		164.4181756534		0		924.2762598701		-51.3352397626		-924.2762598701		-51.3352397626						153.4172909265		0		1815.8723758749		3.162111602		0		153.4172909265		0		1514.3265892996		-76.1284536403		-1514.3265892996		-76.1284536403						157.0796326795		70		1727.8759594744		-1.7278759595		-0.1570796327		156.4344650402		-12.3116594049		987.6883405951		-1252.0492611349

												135		-0.0356542591		1125		-0.0152598199		0.0000687618		134.9999998936		0.0046414206		1125.2794822675		-7.0956378388		-1125.2794822675		-7.0956378388						135		0		1124.6313695036		-0.0154285714		0		135		0		1124.9058965706		-12.3203279671		-1124.9058965706		-12.3203279671																																164.4181756534		0		1895.4124417528		3.1505806788		0		164.4181756534		0		759.8647254001		-52.8130145802		-759.8647254001		-52.8130145802						153.4172909265		0		1969.2896668013		3.162111602		0		153.4172909265		0		1360.9415936696		-79.2761942263		-1360.9415936696		-79.2761942263						157.0796326795		70		1884.9555921539		-1.8849555922		-0.1570796327		156.4344650402		-12.3116594049		951.0565162952		-1404.6317904696

												135		19.979672334		1260		-0.0151910581		-0.0385322252		134.9665960013		-2.6006034115		1260.2638350986		-9.1509926898		-1260.2638350986		-9.1509926898						135		-19.979672334		1259.6313695036		-0.0154285714		0.0385322252		134.9665960013		2.6006034115		1259.8898291343		-14.4031024768		-1259.8898291343		-14.4031024768																																164.4181756534		0		2059.8306174063		3.1505806788		0		164.4181756534		0		595.45319093		-54.2907893977		-595.45319093		-54.2907893977						153.4172909265		0		2122.7069577278		3.162111602		0		153.4172909265		0		1207.5565980395		-82.4239348123		-1207.5565980395		-82.4239348123						157.0796326795		70		2042.0352248334		-2.0420352248		-0.1570796327		156.4344650402		-12.3116594049		891.0065241884		-1549.6052958342

												135		-19.979672334		1395		-0.0537232833		0.0385322252		134.9665960013		2.6006034115		1395.1753539991		-13.8015025839		-1395.1753539991		-13.8015025839						135		19.979672334		1394.6313695036		0.0231036538		-0.0385322252		134.9665960013		-2.6006034115		1394.8804836786		-13.8850677382		-1394.8804836786		-13.8850677382																														Bend2		107.3064605319		2		2224.2487930597		3.1505806788		-0.0030658989		107.3062924232		-0.1644952493		431.04165646		-55.7685642153		-431.04165646		-55.7685642153						153.4172909265		0		2276.1242486543		3.162111602		0		153.4172909265		0		1054.1716024095		-85.5716753983		-1054.1716024095		-85.5716753983						157.0796326795		70		2199.1148575128		-2.1991148575		-0.1570796327		156.4344650402		-12.3116594049		809.0169943749		-1683.4000483871

												135		-0.0046048117		1530		-0.0151910581		0.0000088807		134.9999999982		0.0005994473		1530.0868728995		-18.452012478		-1530.0868728995		-18.452012478						135		0		1529.6313695036		-0.0154285714		0		135		0		1529.8711382229		-13.3670329995		-1529.8711382229		-13.3670329995																																107.3064605319		2		2331.5552535916		3.14751478		-0.0030658989		107.3062924232		-0.1644952493		323.7382198879		-56.5685342905		-323.7382198879		-56.5685342905				Bend2		299.9991943097		2		2429.5415395807		3.162111602		-0.0085714056		299.9955208834		-1.2856995082		900.7866067795		-88.7194159843		-900.7866067795		-88.7194159843						157.0796326795		70		2356.1944901923		-2.3561944902		-0.1570796327		156.4344650402		-12.3116594049		707.1067811865		-1802.7215772812

												135		0.0007392973		1665		-0.0151821774		-0.0000014258		135		-0.0000962382		1665.0713054465		-20.5021270675		-1665.0713054465		-20.5021270675						135		0		1664.6313695036		-0.0154285714		0		135		0		1664.8550707865		-15.4498075092		-1664.8550707865		-15.4498075092																																107.3064605319		2		2438.8617141234		3.1444488811		-0.0030658989		107.3062924232		-0.1644952493		216.4328350038		-57.0395196363		-216.4328350038		-57.0395196363						299.9991943097		2		2729.5407338905		3.1535401964		-0.0085714056		299.9955208834		-1.2856995082		600.8278574733		-93.5891478036		-600.8278574733		-93.5891478036						157.0796326795		70		2513.2741228718		-2.5132741229		-0.1570796327		156.4344650402		-12.3116594049		587.7852522925		-1904.6317904696

												135		0.0060843629		1800		-0.0151836032		-0.0000117341		134.9999999969		-0.0007920542		1800.0557456349		-22.551738505		-1800.0557456349		-22.551738505						135		0		1799.6313695036		-0.0154285714		0		135		0		1799.8390033501		-17.5325820189		-1799.8390033501		-17.5325820189																																107.3064605319		2		2546.1681746553		3.1413829822		-0.0030658989		107.3062924232		-0.1644952493		109.1265104494		-57.1815158253		-109.1265104494		-57.1815158253						299.9991943097		2		3029.5399282002		3.1449687909		-0.0085714056		299.9955208834		-1.2856995082		300.838386998		-95.8876641299		-300.838386998		-95.8876641299						157.0796326795		70		2670.3537555513		-2.6703537556		-0.1570796327		156.4344650402		-12.3116594049		453.9904997395		-1986.621320283

										DSMOD2		90		1.5		1935		-0.0151953373		-0.0019285714		89.9999442092		-0.0867856874		1935.0401723331		-24.6022381374		-1935.0401723331		-24.6022381374				DSMOD2		90		1.5		1934.6313695036		-0.0154285714		-0.0019285714		89.9999442092		-0.0867856874		1934.8229359138		-19.6153565286		-1934.8229359138		-19.6153565286																																				2653.4746351872		3.1383170834								1.8202548748		-56.9945215229		-1.8202548748		-56.9945215229										3329.53912251		3.1363973853								0.840235143		-95.6147960947		-0.840235143		-95.6147960947						157.0796326795		70		2827.4333882308		-2.8274333882		-0.1570796327		156.4344650402		-12.3116594049		309.0169943749		-2046.6713123898

												90		1.5		2025		-0.0171239087		-0.0019285714		89.9999442092		-0.0867856874		2025.0284076392		-26.0565406873		-2025.0284076392		-26.0565406873						90		1.5		2024.6313695036		-0.0173571429		-0.0019285714		89.9999442092		-0.0867856874		2024.8108295793		-21.0906473659		-2024.8108295793		-21.0906473659																																																																																				157.0796326795		70		2984.5130209103		-2.9845130209		-0.1570796327		156.4344650402		-12.3116594049		156.4344650402		-2083.3031366898

												90		1.5		2115		-0.0190524802		-0.0019285714		89.9999442092		-0.0867856874		2115.0136708702		-27.6843891646		-2115.0136708702		-27.6843891646						90		1.5		2114.6313695036		-0.0192857143		-0.0019285714		89.9999442092		-0.0867856874		2114.7957106929		-22.7394834328		-2114.7957106929		-22.7394834328																																																																																				157.0796326795		70		3141.5926535898		-3.1415926536		-0.1570796327		156.4344650402		-12.3116594049		0		-2095.6147960947

												90		1.5		2205		-0.0209810516		-0.0019285714		89.9999442092		-0.0867856874		2204.995627336		-29.4857775147		-2204.995627336		-29.4857775147						90		1.5		2204.6313695036		-0.0212142857		-0.0019285714		89.9999442092		-0.0867856874		2204.7772445662		-24.5618585964		-2204.7772445662		-24.5618585964																																				S(Start)		Target		Xerr																								Theta Targ		Xerr																		157.0796326795		70		3298.6722862693		-3.2986722863		-0.1570796327		156.4344650402		-12.3116594049		-156.4344650402		-2083.3031366898

												90		1.5		2295		-0.022909623		-0.0019285714		89.9999442092		-0.0867856874		2294.9739423591		-31.4606990375		-2294.9739423591		-31.4606990375						90		1.5		2294.6313695036		-0.0231428571		-0.0019285714		89.9999442092		-0.0867856874		2294.7550965228		-26.5577660788		-2294.7550965228		-26.5577660788																																				2654.6313695036		3.1415926536		1.8202548748																								3.1415926536		0.840235143																		157.0796326795		70		3455.7519189488		-3.4557519189		-0.1570796327		156.4344650402		-12.3116594049		-309.0169943749		-2046.6713123898

												90		1.5		2385		-0.0248381944		-0.0019285714		89.9999442092		-0.0867856874		2384.9482812753		-33.6091463875		-2384.9482812753		-33.6091463875						90		1.5		2384.6313695036		-0.0250714286		-0.0019285714		89.9999442092		-0.0867856874		2384.7289319005		-28.7271984562		-2384.7289319005		-28.7271984562																																																																																				157.0796326795		70		3612.8315516283		-3.6128315516		-0.1570796327		156.4344650402		-12.3116594049		-453.9904997395		-1986.621320283

												90		1.5		2475		-0.0267667659		-0.0019285714		89.9999442092		-0.0867856874		2474.9183094351		-35.9311115739		-2474.9183094351		-35.9311115739						90		1.5		2474.6313695036		-0.027		-0.0019285714		89.9999442092		-0.0867856874		2474.6984160518		-31.0701476599		-2474.6984160518		-31.0701476599																																				err^2		err^2		err^3		err tot																						err^2		err^3		err tot																157.0796326795		70		3769.9111843077		-3.7699111843		-0.1570796327		156.4344650402		-12.3116594049		-587.7852522925		-1904.6317904696

												90		1.5		2565		-0.0286953373		-0.0019285714		89.9999442092		-0.0867856874		2564.8836922054		-38.4265859603		-2564.8836922054		-38.4265859603						90		1.5		2564.6313695036		-0.0289285714		-0.0019285714		89.9999442092		-0.0867856874		2564.6632143453		-33.5866049754		-2564.6632143453		-33.5866049754																																				1.3380342788		0.1072936038		3.3133278093		4.758655692																						0.2699081215		0.7059950956		0.975903217																157.0796326795		70		3926.9908169872		-3.926990817		-0.1570796327		156.4344650402		-12.3116594049		-707.1067811865		-1802.7215772812

										UTILITY		135		0		2655		-0.0306239087		0		135		0		2654.84409497		-41.0955602651		-2654.84409497		-41.0955602651				UTILITY		135		-19.979672334		2654.6313695036		-0.0308571429		0.0385322252		134.9665960013		2.6006034115		2654.6229921672		-36.2765610431		-2654.6229921672		-36.2765610431																																																																																				157.0796326795		70		4084.0704496667		-4.0840704497		-0.1570796327		156.4344650402		-12.3116594049		-809.0169943749		-1683.4000483871

												135		0		2790		-0.0306239087		0		135		0		2789.7807968116		-45.2291417782		-2789.7807968116		-45.2291417782						135		19.979672334		2789.6313695036		0.0076750824		-0.0385322252		134.9665960013		-2.6006034115		2789.6055726063		-37.8412182883		-2789.6055726063		-37.8412182883																																																																																				157.0796326795		70		4241.1500823462		-4.2411500823		-0.1570796327		156.4344650402		-12.3116594049		-891.0065241884		-1549.6052958342

												135		0		2925		-0.0306239087		0		135		0		2924.7174986531		-49.3627232914		-2924.7174986531		-49.3627232914						135		0		2924.6313695036		-0.0308571429		0		135		0		2924.5881530454		-39.4058755336		-2924.5881530454		-39.4058755336																																						PARAMETERS																										PARAMETERS																				157.0796326795		70		4398.2297150257		-4.398229715		-0.1570796327		156.4344650402		-12.3116594049		-951.0565162952		-1404.6317904696

												135		0		3060		-0.0306239087		0		135		0		3059.6542004947		-53.4963048046		-3059.6542004947		-53.4963048046						135		0		3059.6313695036		-0.0308571429		0		135		0		3059.5238871246		-43.5709287774		-3059.5238871246		-43.5709287774																																				Bend1		174.6984062092																								Bend1		190																				157.0796326795		70		4555.3093477052		-4.5553093477		-0.1570796327		156.4344650402		-12.3116594049		-987.6883405951		-1252.0492611349

												135		0		3195		-0.0306239087		0		135		0		3194.5909023362		-57.6298863178		-3194.5909023362		-57.6298863178						135		0		3194.6313695036		-0.0308571429		0		135		0		3194.4596212037		-47.7359820212		-3194.4596212037		-47.7359820212																																				Drift		164.4181756534																								Drift		153.4172909265																				157.0796326795		70		4712.3889803847		-4.7123889804		-0.1570796327		156.4344650402		-12.3116594049		-1000		-1095.6147960947
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												135		0		3465		-0.0306239087		0		135		0		3464.4643060193		-65.8970493441		-3464.4643060193		-65.8970493441						135		19.979672334		3464.6313695036		-0.0308571429		-0.0385322252		134.9665960013		-2.6006034115		3464.331089362		-56.0660885089		-3464.331089362		-56.0660885089																																																																																				157.0796326795		70		5026.5482457437		-5.0265482457		-0.1570796327		156.4344650402		-12.3116594049		-951.0565162952		-786.5978017197

												135		0		3600		-0.0306239087		0		135		0		3599.4010078608		-70.0306308573		-3599.4010078608		-70.0306308573						135		-19.979672334		3599.6313695036		-0.0693893681		0.0385322252		134.9665960013		2.6006034115		3599.1532008874		-62.8294765746		-3599.1532008874		-62.8294765746																																																																																				157.0796326795		70		5183.6278784232		-5.1836278784		-0.1570796327		156.4344650402		-12.3116594049		-891.0065241884		-641.6242963551

										DSUPP		90		1.5		3735		-0.0306239087		-0.0019285714		89.9999442092		-0.0867856874		3734.3377097024		-74.1642123704		-3734.3377097024		-74.1642123704				DSUPP		90		1.5		3734.6313695036		-0.0308571429		-0.0019285714		89.9999442092		-0.0867856874		3733.9753124128		-69.5928646402		-3733.9753124128		-69.5928646402																																																																																				157.0796326795		70		5340.7075111026		-5.3407075111		-0.1570796327		156.4344650402		-12.3116594049		-809.0169943749		-507.8295438022
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																																																																																																																																														157.0796326795		70		6754.4242052181		-6.7544242052		-0.1570796327		156.4344650402		-12.3116594049		453.9904997395		-204.6082719063
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