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Recycler Injection Line Options for the Nova Project
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The Recycler is being modified from a anti-proton storage ring to a proton pre-injector for the  Main Injector as part of the Nova Project. This requires direct injection from Booster into the Recycler ring. An “upper 8 Gev line” was envisioned at the time of the Recycler design and at least one utility, an LCW header, was positioned at the junction of the 8 Gev line tunnel and the MI to allow such a line to exist. Subsequent to the construction of the MI, an 8 GeV neutrino experiment, mini-Boone, was installed north of the MI10 injection area. This experiment utilizes 15 hz Booster beam pulses not injected into the MI. A switch magnet and transport line to their target was installed at the end of the 8 Gev line, just downstream of the 8 Gev line quad, Q851, which selects beam for the experiment when energized. Figure 1 shows a picture of this region of the interface of the 8 Gev line, the MI tunnel and the mini-Boone switch magnet. It can be seen that this region of the tunnel is a “wide-span” tunnel and become extremely crowded the farther downstream one goes.
[image: image1]
Figure 1: Picture of the end of the 8 GeV line where it meets the Main Injector
1.0 Beamline options:
There have been several transport line solutions proposed and flushed out to at least some extent. The initial solution proposed by John Johnstone utilized a two step vertical displacement scheme, similar to that used in the current Recycler-Main Injector transport lines. This has a switch magnet located just downstream of the quad Q848. This bends the beam up at approximately 50 mr. A second vertical bend located ½ cell downstream at Q849 leveled the beam at approximately mid way between the 8 GeV line and the Recycler. The third vertical dipole located downstream of Q848 running at about 50 mr pitched the beam upwards toward the Recycler. The last vertical dipole is rolled about 45 degrees to flatten the vertical pitch to 23 mr as required by the permanent magnet lambertson (MLA) and generate the 35 mr horizontal bend to match into the horizontal injection trajectory. The lattice function and dispersion for this solution are shown in Figure 1.1. The AD Mechanical Support Department drafting section has created a 3D model of this beamline utilizing scripts generated from the MAD model. This model is shown in Figure 1.2. A more detailed description of this solution can be found in ProtonPlan2 – documents #28-v1 and #102-v5. 
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Figure 1.1: Lattice functions of the beamline solution utilizing a 2 step vertical dog-leg..
Although this provides a good optical solution for transport to the Recycler, the location of the last two vertical bending magnets presents a problem for installation in a wide span tunnel over the mini-Boone transport line. In addition, the proximity of last rolled dipole to the Recycler beam tube required shifting the Recycler quad Q101A downstream and causes concern for field leakage from the dipole.
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Figure 1.2  3D model of the initial MI8 to Recycler transport line utilizing ADCW magnets for the vertical bends.
The first pair of vertical dipoles can be seen in the top line of figure 1.2. The first dipole, just downstream of Q848 is a “switch magnet” to be run at 15 Hz. (This is required for all solutions). The dipoles, shown as the blue magnets, are planned to be ADCW magnets (refered to as modified B1’s and  wereused in the old Booster dump line) with their aperture incerased from 1.5 to 2.12 inches. All other magnet were planned as permanent magnet dipoled (PDD) and recycled permanent magnet quads. 
In an attempt to eliminate the large ADCW magnets from over the mini-Boon line, an alternate solution was investigated which moves the vertical dog leg upstream such that the entire translation is done by Q850. This solution would have replicated the horizontal lambertson, vertical kicker injection scheme used in the Main Injector. This solution positioned the vertical switch magnet back in the lattice at Q843 with the remaining three vertical dipoles located at Q845, Q847, and Q849. These vertical bend centers were located in a permanent magnet section of the lattice spaced at 90 degrees. With very little tuning the vertical dispersion cancellation was accomplished. The lattice function and dispersion function are shown in Figure 1.3. 
[image: image4.wmf]0

2

)

(

3

b

bg

e

eq

x

D

=

D


Figure 1.3 Alternate solution utilizing horizontal Lambertson and vertical injection kickers.
This alternate solution is a longer beam line which would require more permanent magnets than the previous solution. One goal of replicating the MI style injection was to utilize existing Lambertson design and kicker design. However, the existing vertical kicker design does not reliably meet the kicker rise and fall time. Since this option would require the prototyping of a second kicker magnet design and require a new ceramic beam pipes, it became less attractive.
2.0 Proposed Solution:
The injection gap cleaning kickers, origionally proposed for the Main Injector, will be installed in the Recycler at RR40. The purpose of these are to kick uncaptured beam that drifts into the injection gap during the slip stacking process into the Recycler abort line. These kickers are of a new design horizontal kickers. They require the same fast rise time as the injection kickers. In order to minimize prototyping and construction both the injection kickers and the gap clearing kickers will be the same design and utilize the same ceramic tube. The proposed solution, similar to the initial solution, utilizes a vertical injection Lambertson and horizontal kickers.
As discussed in Beams-doc 2231 there are two generic layouts for creating a vertical “dog-leg” displacement. One requires only two bending centers (one-up and one-down) separated by in phase by 360 degrees (if beta’s are equal at the dipoles). The other requires four bend centers, where the beam is bent up, leveled off, bent up again, and 
leveled off at the desired elevation. If the pair of up bends are separated by 180 degrees and the pair of down bends are separated by 180 degrees,  and the beta’s are equal then we get perfect cancellation of the vertical dispersion. This second technique requires 270 degrees of phase if each bend is 90 degrees apart. This second technique is currently used in the RR22 and RR32 beamlines and in the first solution discussed. 


[image: image2]
Figure 2.1 Cartoon of proposed solution with modified vertical 
The current solution is a hybred between these two methods. It uses three vertical bending centers. A cartoon of the transfer line is shown in Figure 2.1. The first vertical bend (V1 switch) bends up at about 33 mr angle to clear downstream magnets. Once enough elevation has been reached to clear the lower 8 GeV line beam pipe and next magnet, a vertical dipole (V2, rotated PDD permanent magnet) reduces the pitch from 33 mr to about 14 mr. These two bends act as a single extended bend center. This pitch is maintained until the third vertical bending center, the MLA injection Lambertson located just upstream of Q102A, where it is placed on the correct vertical closed orbit of the Recycler and cancels the vertical dispersion created by the switch magnet. 

This solution contains only two powered dipoles, the vertical switch magnet, V1, is currently specified as a modified ADC magnet to open the aperture from 1.5 to 2.12 inches and will be called an ADCW. There is thought of adding additional copper to reduce the magnet power. The nominal current will be approximately 611 amps giving a average of about 8.5 kW.  The nominal current for the vertical injection Lambertson (MLA) is approximately 360 amps. If the modification to the MLA, discussed in Nova-doc-1495, is implemented, the required current is increased by 14%, still under the 500A, hence a Spang supply is still useable. All dipoles and quads between the switch magnet and injection Lambertson are permanent magnets. Dipole trims and two quad trims (with enough strength to adjust gradients by +/- 20%) are installed at each quad location. 
Utilization of the rolled PDD permanent magnet for V2, to reduce the beamline pitch constrains the amplitude of the vertical switch magnet to be around 33 mr. The elevation of  the “upper” 8 GeV line at the downstream horizontal dipoles requires the use of mirror magnets for these upstream. Permanent gradient magnet mirror magnets have been constructed and used in the current RR22 and RR32 beam lines. These mirror magnets will be pure dipoles (matching the aperture and field of the PDD) and will be of a new design. Currently, the separation between the beam centerlines of the upper and lower 8 GeV line at the first mirror magnet in the upper line is 4.324 inches. If we utilize a recycler beam pipe after the switch magent, this constrains the mirror magnet to have a beam centerline to steel dimension on the mirror side of less than 3.45 inches. 
The last two horizontal dipoles located between QR852 and QR853 have a bend angle of 35 mr to match onto the horizontal trajectory of the Recycler. These magnets will be of PDD design, but with only ~90% of the dipole field.  All other horizontal dipoles will be of the PDD design and newly constructed. 
There are five quad locations between the switch magnet and injection Lambertson. The nominal Recycler straight section 20 inch quad RQMF/D was tuned to provide a gradient of 25 to 26 kG/m. Typical gradients in the MI8 matching section to either MI or Recycler are between 50 and 80 kG/m. For matching into the Recycler, each quad location has either two or three permanent magnet quads to keep the gradient within the tunable range of the permanent magnets.  These quads will be recycled from the decommissioning of the RR30 straight section.

Trim quads (electromagnets) of the style MQT will be installed at each quad location for adjusting the matching into the Recycler or MI.

3.0 Matching into the Recycler
The transport line solution must be able to match the eight optical functions in the Recycler. In addition when the switch magnet is off, the beamline must be matched into the Main Injector and into the mini-Boone line. To get a unique solution eight parameters must be supplied. To this end, the gradients at the locations 846 thru 853 are adjusted to match into the Recycler. The first electromagnet matching quad in the 8 Gev line is located at 847. This implies the addition of a electromagnet quad at the 846 location where there is currently a pair of gradient magnets. The required integrated gradient is less than 3 kG which can easily be provided by the MQT trim quad.  In addition, a trim quad will be added to the current 8 GeV line at the locations of Q847 and Q848 adjacent to the existing electromagnet quad. These can be utilized at 15 Hz  for matching into the MI and or mini-Boone. Table 3.1 lists Recycler, Main Injector, and mini-Boone lattice functions at the match points that will be used to determine beamline quadrupole gradients.
In addition, the measured lattice functions in the Recycler, Main Injector, and Q851 for mini-Boone are listed. Note that the measured vertical dispersion (Dy) at 851 in the last column is non-zero. This comes from the upstream end of the 8 GeV line. The vertical achromat in the new “upper” 8 GeV line will not cancel this dispersion wave; it must be corrected at the upstream end. Also, it should be noted that the solution for matching into the Recycler shows a zero horizontal dispersion. The repository value is 0.149 m and measurements confirm this approxoimate value of a few tenth’s meter. The changes for matching into non-zero dispersion are minor…. 
Table 3.1: Fitting Parameters for matching into Recycler, Main Injector, and mini-Boone
	Parameter
	Recycler
	Main Injector
	Mini-Boone

	Location
	Q102A (ds)
	Q101 (center)
	Q851 (center)

	
	Repository
	Meas.*
	Repository
	Meas.*
	Design
	Meas.*

	Beta x
	50
	
	10.5
	 
	5.47
	5.74

	Alpha x
	.029
	
	0.0
	
	0.342
	0.345

	Beta y
	13.8
	
	57.7
	
	57.3
	61.31

	Alpha y
	.098
	
	0.0
	
	-0.53
	-0.666

	D x
	0.149
	
	-.025
	
	0.291
	0.283

	D’ x
	-0.001
	
	0.003
	
	-0.006
	0.0038

	D y
	0.0
	
	0.0
	
	0.0
	-0.467

	D’ y
	0.0
	
	0.0
	
	0.0
	-0.0007


There are three main sources of emittance growth due to a mis-match between a transport line and ring in the absence of any vacuum windows. These are due to amplitude function mis-match, dispersion mis-match, and steering errors. These are paremeterized below:
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Amplitude Function mismatch:
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Dispersion mismatch:    
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Steering mismatch:            
If we take a simplistic approach and specify that the emittance growth due to all three mechanisms should be less that 1 -mm-mr for an incomming 95% normalized emittance of 25 -mm-mr then we can estimate tolerances on matching to the Recycler. Assuming equal contributions, this translates to an emittance growth of less than 0.6  for any one contribution.  

The emittance growth due to an amplitude function mismatch is proportional to the incomming emittance. In the absence of a error in the slope of the amplitude function, an error of 25% in beta will lead to a 2.5% increase in emittance (0.0625 )and in the absence of an amplitude function mismatch, a factor or 3 error in the slope (alpha) will only lead to a 2% increase in emittance. 
A dispersion mismatch is is proportional to the momentum spread. For an energy spread p/p of 0.12%, the p/p for a gaussian distribution is about 0.5E-3. Given this, for 8 GeV injection, the quantity  Deq2/0 must be less than 0.087 which gives rise to a 0.6  growth, independent of incomming emittance. Here the vertical beta and alpha are about 14m and 0.1. If we assume the slope of the dispersion is matched, it would require a 1.1 meter dispersion mismatch to produce a 0.6  increase in emittance.  In the horizontal plane, the beta and alpha at the center of the kickers are about 50m and -2.6. Again, assuming the slope of the dispersion is matched, it would require 0.75 meter dispersion mismatch to produce the same 0.6  growth.
To estimate the sensitivity of injection closure in each plane, we calculate the magnitude of position error, assuming no injection angle error, that would produce about a 0.6  growth. For the horizontal plane, this corresponds to a tolerance of 0.38 mm position error and for the vertical plane a 0.4 mm position error. It is assumed that the existing Recycler injection closure program will be adapted for this injection. Current closure into the Recycler from MI is typically better than 0.2mm after 1 or 2 iterations.
Table 3.2:  Quad gradients and currents for matching from the MI8 line into the Recycler.
	MI8-RR

	Quad
	kG/m
	Amps

	QT846I(1)
	-8.93
	-10.08

	GQ847
	-66.36
	-144.58

	QT847I(1)
	0.00
	0.00

	GQ848
	63.20
	137.69

	QT848I(1)
	0.00
	0.00

	GRQ849(3)
	-21.59
	NA

	QT849I(2)
	0.00
	0.00

	GRQ850(3)
	20.03
	NA

	QT850I(2)
	0.00
	0.00

	GRQ851(3)
	-23.68
	NA

	QT851I(2)
	0.00
	0.00

	GRQ852(2)
	24.67
	NA

	QT852I(2)
	0.00
	0.00

	GRQ853(3)
	-18.75
	NA

	QT853I(2)
	0.00
	0.00


Table 3.2 lists the required gradients/currents for matching into the Recycler.  The blue entries in the table are for the trim quads, the magneta entries are permanent magnet quads, and the green entries are the existing powered SQA quads. The number of magnets are listed in paraenthesis. 
Note that the solution for matching into the Recycler has all the trim quads are zero current, except for Q846I . Also note that the trim quads QT846, QT847, and QT848 are needed to change in order to match into the MI and mini-Boone. It should be pointed out here that these three trim quads must be able to reach their required currents in 15 Hz. This has implication on power supply selection. We would like to use a 20A MI style corrector chassis which is set for a slew rate on the order of 300 to 400 A/sec. for these three correctors. The gradient of the permanent magnet quads located at Q849 thru Q853 in the upper line are determined with the trim quads set to zero. These trim quads will run DC and only be used for matching if required. Values for the target lattice functions and initial lattice function at 840 cell boundry were changed by +/-20% and the maximum trim current required at the permanent quad locations was 5.5 amps at QT851 for both initial and target lattice functions 20% low. All other scenerios required trim currents of 2.5 amps or less. The maximum current required on the first three trims was just under 11 amps for the nominal match. 
Figure 3.1 shows the lattice functions for matching into the Recycler. The plot starts at Q840 and ends at Q104A just after the injection kickers. The vertical switch magnet is denoted just after Q848and the vertical Lambertson just upstream of Q102A.
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Figure 3.1 Lattice functions of the “upper” 8 GeV line into the Recycler.
The dispersion functions are shown in Figure 3.2. This solution shows the horizontal dispersion going to zero at the end of the last two horizontal dipoles in the beamline. Although the Recycler horizontal dispersion is not identically zero in the straight sections, at Q102 it is about 0.15 m,  emmittance growth due to this level of mismatch is on the order of 0.04 ! In the vertical plane, the dispersion is generated by the vertical switch magnet and is canceled by the vertical Lambertson, VLAM, just in front of Q102A in the Recycler.  If there is a non-zero vertical dispaersion coming from the upstream end of the 8 GeV line, it will not be canceled by the vertical achromat.
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Figure 3.2: Horizontal (solid) and vertical (dashed) dispersion functions of the “upper” 8 GeV line to the Recycler. Plot starts at 840 cell boundary.
From the equation of Deq2,  quantity  Deq2/ can be written as 
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In the absence of any bending, this describes a circle of radius , r =                  in the space where 
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                                                            and

A plot of this normalized dispersion is shown in Figure 3.3. Here the beamline starts off with a zero vertical dispersion and after passing thru the three dipoles the resultant normalized dispersion is again zero. Since dispersion is created only by bending magnets, the parameter  is incremented to either left (up bend) or right (down bend). In the absence of any vertical bending any non-zero dispersion would enscribe a circle of radius , r .  For an emittance growth of only .275 , the resultant normalized dispersion vector would require a radius of .2 as illustrated in the figure. Here we can see this solution is exact. 
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Figure 3.3 Normalized vertical dispersion function showing closure.
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If the vertical dispersion matching is removed from the fitting routine, the resultant residual dispersion is shown by the value of D and D’ ending on the red circle instead of 0. The radius of the circle is 0.025. This level of mismatch would lead to an emittance growth of 0.0025  !! Figure 2.5 depicts this level of mismatch. All other parameters were matched perfectly.
Figure 3.4  Vertical dispersion mismatch from removal of the vertical dispersion constraint. 
4.0 Transfer line Aperture
The transfer line physical aperture must be large enough to cleanly transport  the nominal beam from Booster with additional room for closed orbit manipulation. For the calculation of a beam envelope, we assume a transverse emittance of 25 -mm-mr (conservative) and a momentum spread, p/p of 0.24% (very conservative, factor 2).  
We calculate a 95% normalized beam sigma by
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where  p/p = (1/sqrt(6))p/p and  is 9.47.  Using this, +/-2.45   contains 95% of the beam.

We then take 10 times this sigma to account for beam halo and steering. Figure 4.1 shows a plot of this 10 sigma beam envelope.  The physical apertures are verified to be at least 10 sigma. Table 4.1 shows the physical apertures of devices which might be located in the MI8 to RR transfer line.
Table 4.1 Physical apertures of devices in the MI8 to RR transfer line
	Magnet type
	Shape
	Hor
	Ver
	Hor
	Ver

	 
	 
	[in]
	[in]
	[mm]
	[mm]

	ADCW
	Special
	2.0
	5.0
	51
	127

	PDD
	Elliptical
	3.8
	1.8
	95
	44

	PDD_rolled
	Elliptical
	1.8
	3.8
	44
	95

	Quad
	Round
	3.0
	3.0
	76
	76

	MI beam pipe
	Elliptical
	4.6
	2.0
	117
	51

	Recycelr beam pipe
	Elliptical
	3.8
	1.8
	95
	44

	MLA (field region) existing
	rectangular
	1.7
	4.7
	44
	120

	MLA (field region) modified
	rectangular
	2.0
	4.7
	51
	120

	between dipoles
	Round
	4.0
	4.0
	102
	102


For the majority of the transport line, the horizontal aperture does not seem to be a problem. There are two potential aperture problems in the horizontal, the ADCW used as a vertical switch magnet and the MLA Lambertson used for injection. These problems have been addressed by opening the gap of the ADCW from 1.5 to 2.12 inches and for the MLA Lambertson opening it’s gap from 1.7 inches (44 mm) to 2 inches (50 mm).
The vertical aperture limitations come from the PDD magents where they utilize the Recycler beam tube in their interior. Most all regions have generous vertical aperture. There are two locations, the PDD’s just upstream of Q851 and the PDD’s between 852 and 853 where the 10 sigma envelope approaches the physical aperture but doesn’t encroach. The beam pipe through the quads could be three inch round, which is denoted in the plot as the dashed blue line, or a properly rotated Recycler elliptical beam tube. Currently, four inch round beam pipe is used between magnets in the 8 GeV line. The detail design of the vacuum system design needs to be evaluated with respect to the physical aperture as discussed here. 
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Figure 4.1 Plot of 10 sigma beam envelope for the MI8 to RR transfer line. Aslo shown are the horizontal (blue) and vertical apertures (red) through out the line.
5.0 Matching into the Main Injector
When the beam is not being injected into the Recycler, it may be directed either toward the MI or mini-Boone. It is assumed here that the match into the MI will also match into mini-Boone. The selection of the destination is supposed to happen at up to 15 Hz rate. So any of the devices upstream of the vertical switch magent must either remain constant between solutions or change between solutions at a 15 hz rate.  There are three quad locations which will be used for matching that are upstream of the vertical switch magnet (Q846,847,848) and three quad locqations downstream of the vertical switch magnet and upstream of the mini-Boone switch magnet (Q849,850,851). Only one quad location is downstream of both (Q852) in the MI line. The current quads Q847 trough Q852 are SQA type quads with an inductance of 43 mH and connected to a single power supply with shunts for tuning.These quads currently run DC and will continue to do so.  Main Injector style (MQT) trim quads will be installed at the three locations upstream of the vertical switch magnet and will be used for matching to Recycler or MI . It should be noted that matching to the MI also matches into the mini-Boone line by constraining the horizontal beta function to be less than 7m. 
Table 5.1 Quad gradients and currents for matching into the Recycler andMI/mini-Boone compared with the present currents (ACNET) used for matching into the MI.

	MI8-RR
	MI8-MI
	Current Setting

	Quad
	kG/m
	Amps
	Quad
	kG/m
	Amps
	Quad
	kG/m
	Amps

	QT846I(1)
	-8.93
	-10.08
	QT846I(1)
	-0.48
	-0.54
	NA
	NA
	NA

	GQ847
	-66.36
	-144.58
	GQ847
	-66.36
	-144.58
	Q847
	-76.69
	-167.08

	QT847I(1)
	0.00
	0.00
	QT847I(1)
	5.62
	6.35
	NA
	NA
	NA

	GQ848
	63.20
	137.69
	GQ848
	63.20
	137.69
	Q848
	66.80
	145.54

	QT848I(1)
	0.00
	0.00
	QT848I(1)
	-5.50
	-6.21
	NA
	NA
	NA

	GRQ849(3)
	-21.59
	NA
	GQ849
	-51.21
	-111.57
	Q849
	-79.82
	-173.90

	QT849I(2)
	0.00
	0.00
	NA
	NA
	NA
	NA
	NA
	NA

	GRQ850(3)
	20.03
	NA
	GQ850
	69.22
	150.80
	Q850
	75.91
	165.38

	QT850I(2)
	0.00
	0.00
	NA
	NA
	NA
	NA
	NA
	NA

	GRQ851(3)
	-23.68
	NA
	GQ851
	-53.54
	-116.64
	Q851
	-68.21
	-148.60

	QT851I(2)
	0.00
	0.00
	NA
	NA
	NA
	NA
	NA
	NA

	GRQ852(2)
	24.67
	NA
	GQ852
	67.87
	147.87
	Q852
	73.22
	159.52

	QT852I(2)
	0.00
	0.00
	NA
	NA
	NA
	NA
	NA
	NA

	GRQ853(3)
	-18.75
	NA
	NA
	NA
	NA
	NA
	NA
	NA

	QT853I(2)
	0.00
	0.00
	NA
	NA
	NA
	NA
	NA
	NA


The first two columns are the proposed solutions  for the MI8-RR (Q846-Q853) and the MI8-MI (Q846-Q852) including the trim quads. 
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Figure 5.1: Lattice functions matching into the Main Injector
The last column contains the current settings from the ACNET parameter page for the presently installed quads Q847-Q852.  The proposed solution would increase the MI8 to MI by one quad and give the MI8 to RR eight quads for matching. This solution produces  the lattice function consistent with matching into the mini-Boone transport line at the center of Q851.
6.0 Magnets
The magnets to be utilized by the injection line will be a combination of referbished existing magnets, new construction of existing designs, and new design. The transport line is made up of primarily permanent magnets with two major powered dipoles. 
Recycled trim magnets (dipole and quadrupole) will be installed for fine beam control of position and focusing. Table 6.1 lists all the magnets required for this solution by location. Table 6.2 summarized the number of each type of magnet. 
7.0 Power Supplies

Since the majority of the beam line is composed of permanent magnets only two major power supplies are required. One for the 15 Hz switching magnet and one for the DC injection Lambertson. The nominal currents are listed in table 6.1

In addition to these the line contains eight dipole trims. Three of these are already installed so only five new corrector channels are needed. In addition,  there are thriteen quad trims. Three of these trims will need to ramp at the 15 Hz rate while ten will be run DC.  The ramp rate for the first three quads should be 400 A/sec.(i.e. 12A/30 ms). We expect all dipole correctors will run DC as currently done in the 8 GeV line.
It is expected that the power supplies for the ADCW switching magnet and the Lambertson as well as all of the trim supplies will be located in MI-14.

8.0 RR Injection Kicker:

The Lambertson and kicker grometry and strengths have been determined. Nova-doc 1495 discusses the choices. Figure 8.1 and 8.2 (taken from figures 4 and 8 in 1495) show the circulating and injection orbit through the RR-10 region and a cross section of magnet apertures and beam cross section at the up/downstream end of the Lambertson and the aperture thru the Q102 quads.
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Figure 8.1: Orbit through the Lambertsons and kickers for the closed orbit (left) and the injection orbit (right). Note: This shows only six of the seven injection kickers.
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Figure 8.2: Cross section of the Lambertson and downstream quad apertures along with 6 and 10 sigma ellipses of the injected (right) and circulating (left) beam.

Features of this solution include:

· Keep maximum kicker strength to 75 G-m

· Install 5 kicker and 2 bumper modules

· Kicker modules are installed 4 inches upstream of Q104A

· Nominal kicker angle ia 1.208 mr or 71.6 G-m per kicker module

· Install Lambertson with 3 mm offset to the outside and parallel to the straight section and 5 inches upstream of Q102A.
· Roll Lambertson ~5 degrees clockwise (toward the wall)

· Modify MLA to increase field region aperture from 44 to 50 mm. This increases design current from 350 to 410 A.

· Install MI style beam pipe downstream of the Lambertson and  through Q102 quads.

8.1 Lambertson Geometry
The MLA Lambertson field region is 90 inches (2.286 meters) and the flange to flange length is 107.6 inches (2.7328 meters). The downstream Lambertson flange is located 5 inches upstream of Q102A. The survey coordinates of the Recycler quad Q102A on the straight section centerline are:

      EAST                  30375.153522 meters

      NORTH              29655.382875 meters

      ELEVATION         219.575528 meters

      BRNG                    207.70637 degrees (ccw from east)

As determined above the nominal offset at the entrance to the Lambertson will be 30 mm to the radial outside. The coordinates at the entrance of the Lambertson are:

      EAST                  30377.473702 meters

      NORTH              29656.635211 meters

      ELEVATION         219.602 meters

      BRNG                    207.70637 degrees (ccw from east)

9.0 Instrumentation

Instrumentation for the upper 8 Gev line will provide for orbit control and optical matching. On plane BPM’s will be installed at each foccusing location. There will be numerous Recycler “style” BPM’s recovered from the decommissioning of the RR22 and RR32 beamlines. These can certainly be utilized if elliptical beam pipe is used through the quad locations. There will be eight (4H and 4V) “8GeV style” split plate BPM for use with 4” round beam tube. These are used through out the 8 GeV line and are the preferred BPM style. Detailed vacuum system drawings will be needed to verify BPM style. The new beamline requires 3 vertical and 2 horizontal BPM’s at the locations Q849 thru Q853. 

There will be a total of 14 multiwire cans/scanners that will become available after the Tevatron shuts down, four from each of the RR22 and RR32 lines and six from the A1 transfer line. At a minimum, a set of four multiwires, recovered from the RR32 line will be installed at locations 850 thru 853 for optical matching. Additionally, we would like to install 4 MW profile monitors in the Recycler itself at locations Q102 thru Q105. This leaves 6 MW available for the extraction line. These would be utilized for single turn injection matching the 8 GeV line to the Recycler. This would provide eight profiles with which to match. Due to the separation of the injected and circulating beam, the placement of the multiwire requires additional consideration. The addition of multiwires could have vacuum implications and will require further study . 
Currently there are a set of loss monitors located close to each quad in the MI8 to MI line, with heavier conerage at the mini-Boone switch magnet and MI injection Lambertson. We would like to follow suite and add a set of dedicated loss monitors around the vertical switch magnet and Lambertson. This would require the addition of 3 or 4 more loss monitors over the present coverage.
Table 9.1 Summary of Instrumentation

	Type
	Comment
	Total
	Modify
	Construct
	Recycle

	8GBPM_H
	8 GeV style BPM 4" aperture Hor
	2
	0
	0
	2

	8GBPM_V
	8 GeV style BPM 4" aperture Ver
	3
	0
	0
	3

	RRBPM_H
	Recycler Style BPM HOR
	0
	0
	0
	0

	RRBPM_V
	Recycler style BPM Ver
	0
	0
	0
	0

	MW
	Multiwire 
	8
	0
	0
	8

	Toroid
	Current toroid
	1
	0
	0
	1


10.0 Vaccum system

It is assumed that the vacuum level in the transport line will be simular to that of other transport lines at FNAL, namely in the 10-8 range. Since we will be injecting into the Recycler, which typically has a vacuum level in the 10-10 range, a differential pumping section might be necessary. In addition if we add multiwires to the Recycler itself, the level of vacuum pumping in the straight section should be reviewed. It is assumed standard vacuum components will be utilized, such as elliptical pipe thru dipoles and 4 inch round between dipoles/quads, etc… 
11.0 Controls
The required controls modifications include both new and recyclerd hardware and modification of existing or new software. A preliminary list of  required control hardware includes:

· Interface between the resonant switching supply and the ACNET control system including on/off/reset/setting control, alarms, and magnet and power supply monitoring. 

· Interface between the DC Lambertson powere supply and ACNET control system including on/off/reset/setting control, alarms, and magnet and power supply monitoring.

· Ramp generator card (i.e. 453) for specifying waveforms for the 3 quads which operate at 15 Hz.

· Ramp generator card (i.e. 453) for control of  DC quad trims. 
· Two ramp generator cards (i.e.453) for control on new dipole correctors

· Interface for multiwire controllers

· Ion pump controllers

· Loss monitor chassis

· Abort concentrator

· BPM electronics and interface

In addition software will need to be modified. A preliminary list of software modifications include:

· BPM display

· Loss monitor display

· Multiwire program

· Closure program

These lists are at a preliminary level and are ment to cover the general system requirements and as a basis to begin to extimate rack space. These lists DO NOT cover any of the basic controls or network infrastructure.
Table 6.1: Magnet and power supply requirements by location
	Location
	 
	Type
	length
	transfer fctn
	Theta
	tilt
	B
	BL
	B1
	Current
	Comments

	Quads
	 
	 
	 
	 
	           [mr]
	[deg]
	[kG]
	[kG-m]
	[kG/m]
	[Amps]
	 

	846
	1
	MQT
	0.3048
	0.886kG/m/amp
	 
	
	 
	
	8.93
	-10.08
	See Quad trims

	847
	1
	SQA
	0.421
	0.459kG/m/amp
	
	
	
	
	-66.36
	-144.58
	in place

	848
	1
	SQA
	0.421
	0.459kG/m/amp
	
	
	
	
	63.20
	137.69
	in place

	849
	3
	RQMD
	0.5
	
	
	
	
	
	-21.59
	NA
	referbish

	850
	3
	RQMF
	0.5
	
	
	
	
	
	20.03
	NA
	referbish

	851
	3
	RQMD
	0.5
	
	
	
	
	
	-23.68
	NA
	referbish

	852
	2
	RQMF
	0.5
	
	
	
	
	
	24.67
	NA
	referbish

	853
	3
	RQMD
	0.5
	0.886kG/m/amp
	
	
	
	
	-18.75
	NA
	referbish

	Dipoles
	
	
	
	
	
	
	
	
	
	
	 

	848
	1
	ADCW
	1.54
	0.016 kG/amp
	33
	90
	9.785
	15.07
	 
	611.00
	referbish

	 
	2 (RR)
	PDD_M
	2.4638
	
	19.2
	
	2.312
	5.695
	
	NA
	new design

	 
	1(MI)
	PDD_M
	2.4638
	
	19.2
	
	2.312
	5.695
	
	NA
	new design

	 
	1
	PDD_V
	2.4638
	
	19.2
	90
	2.312
	5.695
	
	NA
	from 848-1

	 
	1(MI)
	PDD  
	2.4638
	
	19.2
	
	2.312
	5.695
	
	NA
	in place

	849
	2
	PDD
	2.4638
	
	19.2
	
	2.312
	5.695
	
	NA
	new

	850
	2
	PDD
	2.4638
	
	19.2
	
	2.312
	5.695
	
	NA
	new

	851
	None
	
	
	
	
	
	
	
	
	
	 

	852
	2
	PDD_R
	2.4638
	
	17.5
	
	2.106
	5.189
	
	NA
	new

	853
	1
	MLA
	2.286
	0.011 kG/amp
	13.5
	~95
	3.998
	9.139
	
	349.00
	new

	       104
	5
	Kickers
	
	
	1.27
	
	
	75G-m
	
	
	 new

	Quad Trims
	
	
	
	
	
	
	
	
	
	 

	846
	1
	MQT
	0.3048
	0.886kG/m/amp
	 
	
	
	
	
	12 max
	recycle(ramp)

	847
	1
	MQT
	0.3048
	0.888kG/m/amp
	
	
	
	
	
	12 max
	recycle(ramp)

	848
	1
	MQT
	0.3048
	0.888kG/m/amp
	
	
	
	
	
	12 max
	recycle(ramp)

	849
	2
	MQT
	0.3048
	0.886kG/m/amp
	 
	
	
	
	
	10 max
	recycle(DC)

	850
	2
	MQT
	0.3048
	0.886kG/m/amp
	 
	
	
	
	
	10 max
	recycle(DC)

	851
	2
	MQT
	0.3048
	0.886kG/m/amp
	 
	
	
	
	
	10 max
	recycle(DC)

	852
	2
	MQT
	0.3048
	0.886kG/m/amp
	 
	
	
	
	
	10 max
	recycle(DC)

	853
	2
	MQT
	0.3048
	0.886kG/m/amp
	 
	
	
	
	
	10 max
	recycle(DC)

	Dipole Trims
	
	
	
	
	
	
	
	
	
	 

	846
	1
	HDC
	
	117 ur/amp
	 
	
	
	
	
	10 max
	recycle

	847
	1
	VDC
	
	73.55 ur/amp
	 
	
	
	
	
	10 max
	recycle

	848
	1
	HDC
	
	117 ur/amp
	 
	
	
	
	
	10 max
	recycle

	849
	1
	MCV
	
	 113.7 ur/amp
	 
	
	
	
	
	10 max
	recycle

	850
	1
	MCH
	
	 143.7 ur/amp
	 
	
	
	
	
	10 max
	recycle

	851
	1
	MCV
	
	 113.7 ur/amp
	 
	
	
	
	
	10 max
	recycle

	852
	1
	MCH
	
	 143.7 ur/amp
	 
	
	
	
	
	10 max
	recycle

	853
	1
	VDC
	 
	73.55 ur/amp
	 
	 
	 
	 
	 
	10 max
	recycle


Table 6.2 Summary of required magnets by magnet type

	Type
	Comment
	Total
	Modify
	Construct
	Recycle

	RQMx
	Recycler style 20 in. permanent magnet quad
	14
	14
	0
	0

	PDD_M
	PDD mirror magnet, new design
	3
	0
	3
	0

	PDD 
	PDD 8 Gev style double dipole, existing style
	4
	0
	4
	0

	PDD_R
	PDD dipole design, reduced field
	2
	0
	2
	0

	SGD_M
	Recycler dispersion suppressor mirror magnet
	0
	0
	0
	0

	ADCW
	Modified B1 style to open aperture
	1
	1
	0
	0

	MLA
	MI style injection Lambertson, new,modified 
	1
	0
	1
	0

	ILA
	MI style  Lambertson, existing, move
	
	0
	0
	0
	0

	MQT
	Old MR style quad trim 
	13
	0
	0
	13

	HDC
	Old MR style horizontal corrector used in Recycler
	2
	0
	0
	2

	VDC
	Old MR style verticall corrector used in Recycler
	2
	0
	0
	2

	MCH
	LEP Horizontal corrector
	2
	0
	0
	2

	MCV
	LEP vertical corrector
	2
	0
	0
	2


Magenta entries signify powered elements    Blue entries signify trim elements
12.0 Modifications to the 8 GeV line
Location 846  (41.75 flange to flange)
1) replace LEP corrector with HDC (from R22)
2) add MQT quad trim

3) reduce ion pump flange (eliminate ion pump?)
Location 847

1) shift quad downstream by 7.25 inches
2) replace LEP corrector with VDC (from R22)

3) add MQT quad trim

Location 848

1) shift BPM upstream of quad
2) add MQT quad trim

3) if necessary replace LEP trim with HDC

4)  install ADCW immediately downstream of quad (10 inch steel-steel)

13.0 Modifications to Recycler
In addition to removing all stochastic cooling devices the following modifications are required:

Location 101

1) move downstream BPM closer to Q101B

2)  move dipole corrector between Q101A and Q101B

3) Beam pipe modifications (need design) between Q101B and Lambertson
Location 102

1) move upstream BPM to downstream of Q102A
2) move corrector between Q102A and Q102B

3) install Lambertson flange 4.5” upstream of Q102A

4) install MI beam pipe downstream of Lambertson

Location 103


1) verify beam pipe type
Location 104


1) install injection kickers upstream of Q104A 

2) move BPM and trim to loaction upstream of kickers


3) sector gate modifications
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