Nova-doc-3016-v1


Recycler and Main Injector Injection Line for the Nova Project
Dave Johnson 

January 25, 2008

Introduction
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.
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Figure 1: Picture of the end of the 8 GeV line where it meets the Main Injector

Nova-doc-1501-v1 documents the evolution of the current design and discusses the optics, matching criteria, emittance dilution, transferline apertures, magnet requirements, power supply requirements, Lambertson and kicker constraints, instrumentation and controls requirements, and projected modifications to the Recycler ring and the 8 GeV line. This document will discuss the design in less optics detail and will update any changes to the design from doc 1501 and the implication on installation. 
Background Documentation

During the design process various Nova-doc notes were generated as design notes and specifications  for specific topics related to the injection beamline. These are listed in table 1.
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The top document Nova-doc-2653-vxx ,where xx is the version number, called Lattice and Survey file Repository for the Nova Project, will contain the lattest lattice information generally including the input lattice, output lattice functions and survey coordinates, and "ces0" files which are used by Mechanical Support Drafting to generate 3D models. 

Concpetual Design

It is suggested that the reader have a a copy of Nova-doc 1501-v1 to complement the description of the design here, as much of the document will not be repeated here. This note may refer to figures in note 1501 by denoting them in square brackets c.f. [Figure 2.1]. 
It should be noted here that the basic optical design of the transport lines has not changed since the transport line described in Nova-doc- 1501 v1 (March 2007). The changes since that note have been in the design of the vertical split between the P8_MI and the P8_RR transport lines between Q848 and Q849.

A cartoon  of the injection line is given in Figure 2 below [and Figure 2.1 of doc 1501]. This shows a vertical switch magnet installed just after Q848 which bends the beam up by about 33 mr.. A permanent magnet vertical dipole is located just upstream of the next quadrupole to reduce the vertical pitch of the beamline to 14 mr, the vertical injection angle that is removed by the new MLAW style Lambertson located upstream of Q102A in the Recycler. This means that most of the beam line is installed on a 14 mr vertical pitch. This combination of the vertical switch magnet, vertical dipole, and vertical Lambertson produce an achromatic vertical dog-leg which shifts the elevation of the beamline approximate 56 inches to the elevation of the Recycler. 


[image: image2]
Figure 2. Cartoon of the Recycler injection line for Nova.

The focusing of the new transport line into the Recycler continues the FODO structure of the current MI8 line from the Booster into the Main Injector. Under the present running conditions the power supply settings of the SQA quads for matching into the MI produce gradients in the range of ~60 to ~80 kG/m (24-32 kG)  To keep roughly the same lattice, we need to match the integral GdL with the permanent magnet quads. The nominal strength of a half meter permanent magnet quad used in the Recycler straight sections (RQMF) is ~26 kG/m (13 kG) which means we need 2 to 3 permanent magnet quads at each location in the new line.  In addition, electromagnetic trim quads (MQT's) are installed at each location which will give a +/-15% tuning range from design value. It should be noted that this is a larger range that the current existing matching quads have been tuned since the installation in 1999.
Of course, the transport line will have on-plane BPM and correctors at each quad location and a set of  seven multiwire chambers (four in the line and three in the ring) to facilitate matching and orbit control. 
The Vertical Switch

A critical area in the design, where several iterations of magnet choices have been investigated , is the section of transport line just after the switch magnet where the transport line to the Recycler diverges from the line that will continue to Mini-Boone and the Main Injector. The initial efforts were to utilize a mirror magnet design similar to the MGS (used in the abort line), keeping the footprint of the existing P8 to MI beamline fixed as shown in Figure 3a. This required the mirror magnet to have the same strength as the PDD (i.e. B = 2.312 kG and BdL = 5.69 kG-m) and this was difficult to achieve. After several iterations of a permanent magnet "mirror magnet" design, a new magnet (designated as a PDS) has been designed using SmCo5. The higher magnatization allowed the design of a dipole with a 2 inch gap, a central field of ~2.3 kG, and  a vertical cross-section of only 5.72 inches (+/-2.86 inches). The current model uses a 2.794 meter length as a conservative measure to allow for a smaller magnatzation of the SmCo5 and a lower central field (for a constant BdL). The current plan calls for a short sample prototype to be constructed and if the magnatization is sufficient, the length of the PDS magents will be reduced toward the PDD length. 
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Figure 3a: Previous design using mirror magnets (red) in both the P8_RR and P8_MI lines. Here the bend center of the dipoles in the P8_MI line are not changed from the existing 8 Gev line.
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Figure 3b: Current design using the new PDS dipole magnet installed in the P8_RR line. No new magnets are required in the P8_MI line. The existing PDD's (yellow) are shifted downstream relative to the top picture. (Note the blue switch magnet is incorrectly shown rotated 90o wrt figure 3a)
This new design requires a shift in the horizontal dipoles in both the P8_MI and P8_RR transport lines.  This is seen in the elevation views of  Figure 3b (compared with figure 3a) as a shift of the PDD's in the P8_MI downstream by approximately 4 meters and a small upstream shift of the bend center in the P8_RR line. This bend center shift in the P8_MI line moves the quadrupole at 849 approximately 4.5 inches toward the inside wall.  This has been confirmed by tunnel inspection and measurements to not be an issue. Since the P8_MI line still has to connect to the MI and Mini-Boone, the downstream dipoles at 849 and 850 are shifted longitudinally to maintain the trajectory into the Mini-Boon transport line (and MI) at quad 851.  
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Figure 4a: Q849-Q850 elevation view of old design with mirror magnets.
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Figure 4b: Q849-Q850 elevation view on new design with PDS magnets.
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Figure 5a: Q850-Q851 elevation view of old design with mirror magnets
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Figure 5b: Q840-Q851 elevation view on new design with PDS magnets
The implication here is that now the P8 line from Q848 to Q851 will require magnet moves and re-installation. Figures 4 and 5 show the elevations of the two designs between Q849 and 850 and between Q850 and 851. The mini-boone line starts at Q851 and is not shown in these figures.

A comparison of the new plan view  footprint of the P8_MI to the existing foot print is shown in Figures 6a,b, and c.   As shown in the figures, all the dipoles and quads in the P8_MI line are shifted and will need re-installation and new vacuum tube lengths will be needed. In these figures, protons travel from right to left. 
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Figure 6a: Section between Q848 and Q849. Note Q849 is moved downstream and closer to the wall (but it's not a problem with installation).





Figure 6b: Section between Q849 and Q850. The dipoles downstream of 849 have shifted upstream to compensate the shift in the 848 dipoles. Note Q850 motion is only transverse. The white circle signifies the approx. location of LCW expansion loop(fig 7)




Figure 6c: Section between Q850 and Q851. Note the mini-Boone switch magnet is shown just downstream of Q851. The trajectory at Q851 has remained fixed and the quad does not move. The motion of the multiwire just upstream is an artitfact of the fitting algorithm and in reality does not move. Again the motion of the 850 dipoles compensates the upstream motion to keep the trajectory fixed at 851. Figure 7 shows the location of the beam pipe at the expansion loop and the magnets at Q850. The beam moves toward the wall ~4" at these locations which is clearly acceptable.

Figure 7: Tunnel inspection/measurement of existing location of the beam pipe and magnets at  850 relative to the LCW expansion loop and the wall. See figure 6b.
Optics
As noted above, both upper (P8_RR) and lower (P8_MI) beam lines remain FODO lattices. Additionally, both the horizontal and vertical dispersions are matched between the transfer line and RR and MI assuming that the upstream 8 Gev line horizontal dispersion is matched to the Booster and that the upstream vertical dog-leg is achromatic. Beam measurements of the existing dispersion match show a dispersion wave in both the horizontal and vertical planes, see:  http://www ap.fnal.gov/~yang/MI8L/mi8l_lattice_060912.pdf   No attempt has been made to correct any upstream dispersion mismatch with the downstream matching section. This means that any mismatch in the upstream section will be transported through the downstream matching section and into the ring.

In general, to match a transport line into a ring, we want to match all four twiss parameters and the dispersion and it's slope in both planes. This give rise to 8 parameters which means we would like to have 8 knobs to use for matching. This is accomplished by installing trim quads at the three quad locations upstream of the vertical switch and the five locations in the Recycler transport line downstream of the vertical switch. Since we want to be able to adjust matching into Mini-Boone and the MI independently of the Recycler injection tune, the first three trim quads will need to ramp at 15Hz.  Nova-doc 1501  discusses the fitting parameters for matching into the Recycler, Mini-Boone, and the Main Injector and the resultant required gradients or currents. Only the results of the fitting are shown here, in Table 1. The optics function plots can be found in Nova-doc 1501.
Table 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


Table 1 lists 3 columns with last column labeled "Current Setting" showing the currents and calculated gradients used in the present P8_MI operation. It should be noted that the six quads are on a single supply, I:Q847 with shunts to each of the magnets. These are meant to be operated DC and are turned on in a fashion to reset the remnant field. The quads and values typed in green are SQA type magnets, the blue are trim quads, and the magenta are permanent magnet quads. The numbers in parentheses are the number of magnets of that type installed at each location. 
The matching (betatron, dispersion, and steering) sensitivities are discussed assuming a maximum of 1 -mm-mr emittance growth from all sources for a 95% normalized emittance of 25 -mm-mr and a momentum spread of 0.12% beam from Booster. Assuming an equal error due to each source, Table 2 list the limits for a 0.6 -mm-mr emittance growth due to each source alone.

Table 2. Mismatch limits to produce 0.6  growth

	source
	limit

	
	25%

	
	 x3

	Dx (D'=0)
	 1.1m

	Dy (D'=0)
	 0.8m

	x,y (x',y'=0)
	0.4 mm


Clearly, the most sensitive parameters will be steeting errors however, with the utilization of current steering programs this should not be an issue.

Injection
Injection into the Recycler 10 straight section utilizes a vertical Lambertson (at 102) and horizontal kicker (at 104) which is reversed from the Main Injector. 

The  current Main Injector injection Lambertson (MLA style)  will be modified to open up the field region to two inches and renamed MLAW.  It will be installed rotated 90 degrees from the MI installation at 101 such that the field region will be to the outside of the ring. The Lambertson is installed upstream of the kicker approximately 90 degrees in betatron phase so that the kicker will remove the horizontal offset at the Lambertson. Since the phase advance is not quite 90 degrees, the Lambertson is rolled about its axis to adjust the effective angle at the kicker to match kicker requirements. This roll angle is approximately 5 degrees. The injection trajectory into the Lambertson is 30 mm offset to the outside of the ring and parallel to the MI10 straight section. The specific geometry of the Lambertson wrt the Q102A is given in lattice and survey files. (c.f Nova-doc 2653)  The horizontal injection trajectory through the Lambertson is determined by the strength of the kickers. The design of the injection orbit is discussed in Nova-doc-1495.
The same document, Nova-doc-1495, discussed the required injection kicker strength and won't be discussed in detail here. The nominal injection - circulating beam separation at the entrance of the Lambertson was chosen to be 54 mm at Q102 with the injected beam at 32 mm to the outside and the circulating beam 22 to the inside.  This separation requires a kick of 1.208 mr (or a total integrated field of 358 G-m) to remove. The kicker will have five magnets, each generating 71.6 G-m, or about 95% the maximum allowed field constrained by the voltage on the cables. A sixth magnet will be installed which is used to compensate the effect of the kicker tail on the next injection batch. The rise and fall times were specified at 57 ns and flattop time at 1.534 us. These specification have been summerized in Nova-doc-1596.  The kicker is called RKA_50 (for 50 ohm magnet).
Magnets
The transport line to the Recycler is primarily made permanent magnet dipoles and quads to produce the steering and focusing. A vertical electromagnet vertical switch magnet (ADCW) at Q848 and a vertical electromagnet injection Lambertson (MLAW) at Q102 in the Recycler are the only two powered major elements. Both of these elements are modifications to existing designs and magnets at FNAL. The modifications of both are to increase the gap to 2 inches. Neither are running at high currents. The modifications to both of these magnet types have both been included in the costing for the project.The only other powered elements in the Recycler transfer line are the dipole and quad trim magnets. The trim dipoles could be either of two types; a referbished old Main Ring dipole (HDC or VDC) or a referbished CERN dipole (MCH or MCV). The magnets will come from the removal from other decommissioned lines. The quad trims (MQT) are also recycled from decommissioned lines. The current P8 to MI line contains six SQA powered quads and these will remain in this transport line. Currently, the P8_MI line used the CERN type dipole correctors. These will remain, except for the locations 846 and 848.                 

Nova-doc 1531 summarizes the numbers of elements required, not only for injection but extraction and the RR30 upgrade, and number of elements available after decommissioning. 
Table 3 contains all of the magnets that will be used in the P8_RR line from cell boundry of 846 to the Recycler injection kickers, listed by magnet type at each location. Recall that the first part of the transport line, from 846 through the vertical switch magnet (ADCW) downstream of Q848 are in common with the line to the Main Injector (and mini-Boone). The MI line will keep all the currently installed magnets (although the magnets between Q848 and Q851 will be moved around as described above.  This is esentially the [Table 6.1] in the 1501 with updates due to the new PDS and removal of the devices in the MI line from the table. 
Power Supplies

The injection line will require two major power supplies in addition to the supplies for the trim magnets. The vertical switch magnet will operate at 15 hz and the power supply designed after the mini-Boone switch power supply. The expected peak current for the switch magnet is about 690 amps based on a 33 mr bend angle and increased gap. 

The current MI injection Lambertson runs at  963 amps to produce about 35 mr of bend. The new bend angle for the Recycler injection Lambertson is 13.4 mr. This coupled with  the larger gap (50mm/44mm) means that the new current is expected to be about 420 amps. The magnet is expected to run DC. It is expected that both these magnets and power supplies will be water cooled. 
In general the transport line trims after the Recycler switch magnet (both dipole and quad trims) will run DC  with a peak current of approximately 10 A. The quad trims at 846, 847, and 848 will ramp at the 15 Hz rate with a peak current of approximately 12 A. It is expected that these will be powered with 453 ramp generators and recycled trim power supply crates.

Table 3: Magnet and Power Supply Requirements for the P8 to Recycler transport line(only). 

	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
	90U
	9.785
	15.07
	 
	687.00
	referbish

	    
	2 
	PDS
	2.794*
	
	19.2
	
	2.038**
	5.695
	
	    NA
	new design

	 
	1
	PDD
	2.4638
	
	19.2
	90D
	2.312
	5.695
	
	NA
	recycled

	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
	PDDW
	2.4638
	
	17.5
	
	2.106
	5.189
	
	NA
	new

	853
	1
	MLAW
	2.286
	0.011 kG/amp
	13.5
	~95D
	3.998
	9.139
	
	420.00
	new

	       104
	5
	Kickers
	
	
	1.21
	
	
	75G-max
	
	
	 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
	MCV
	
	113.7 ur/amp
	 
	
	
	
	
	10 max
	recycle

	848
	1
	HDC
	
	117 ur/amp
	 
	
	
	
	
	10 max
	recycle

	849
	1
	VDC
	
	 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


*     The MQT is listed twice, in the quads and quad trims... this is the same magnet

**   denote potential iteration on magent strength/length based on prototype results
Instrumentation
The instrumentation requirements for this transfer line have not changed since the initial design discussed in Nova-doc 1501. It will provide for orbit control and optics matching.  The instrumentation will include BPM's, multiwire scanners, loss monitors, and beam current monitors.  There are no changes in instrumentation requirements other than the addition of two beam current toroids, one after the vertical switch magnet, at Q849 in the P8_RR line and one in the recycler between Q104A and Q104B in the vicinity of the MW at 104. The instrumentation requirements are summarized in Table 4. This table is consistent with table 2 of Nova-doc 1531 v3 with the exception that number of multiwires has been reduced the from 8 to 7 by not installing one at 105.  
Table 4: Instrumentation Requirements

	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 (850,851,852,853,102,103,104,105)
	7
	0
	0
	7

	Toroid
	Current toroid (1 in P8_RR & 1 in RR)
	2
	0
	0
	2


Vacuum System

It is assumed that the vacuum level of the transport line will be similar 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…

There are two critical areas where the vacuum design plays an important roll in the design and these should receive attention first. 
1. P8 line at Q846 where we add a MQT trim quad and replace the CERN corrector with a smaller Recycler type (HDC) dipole corrector. Currently it looks like there is not enough room to maintain an ion pump at this location unless there is enough space between the new dipole and quad trim, this needs to be verified. It is expected that the interface at the gradient magnets and BPM will require revision. The lack of an ion pump is expected to create a small pressure bump, but shouldn't be a problem as the current pressure at 846 and either side is in the mid to low 10-9 torr. Figure 6 shows the 3D model at this location with the new elements. The vacuum design can rearrange the elements if needed.

Figure 6: The 3D model of 846 in the P8 line showing the new elements.
2.  Installation of the ADCW downstream of Q848. The current spacing  in the model between Q848 steel and the ADCW steel in 10.0 inches. Preliminary investigation of magnet and vacuum connection prints indicate that this distance should be possible, including a welded bellows. An exsting ADC magnet shows 6 inch flange 5 inches from steel (including bellows) and the coil protrusions on SQA are only 4 inches. Figure 7 indicates this region in the model. The vertical separation of the beam at the end of the ADCW is approximately 1 inch (assuming a 32.5 mr angle) which means that a standard MR 2x4 inch beam pipe with 6 inch flange and bellows on each end should work fine. 

Figure 7: Connection bwtewwn Q848 SQA and the ADCW switch magnet.  Note the three devices in front of the quad. The beam pipe thru the quad is probably some appropriate elliptical shape. 

3. One would like to keep the Recycler vacuum as good as possible so a differential pumping region, as in R22 and R32 line, around 853 (maybe just downstream)  should be investigated.
4. Since we would like to install 3 (or 4) MW in the Recycler, the pumping around these devices should be investigated and increased pumping should be planned if needed.

Controls

The controls requirements for this transfer line have not changed significantly since the initial design discussed in Nova-doc 1501. We will only summarize the controls needed for the transport line
· Interface for switching magnet supply.

· Interface for DC Lambertson supply

· One 453 ramp card for three 15 Hz trim quads

· Two 453 ramp card for five DC quad trims

· Two 453 ramp cards for five dipole correctors in P8_RR (849-853)

· Interface for 8 multiwire controllers

· Ion pump controllers for approximately 5 ion pumps and differential pumping

· Loss monitor chassis for approximately 8 to 10 new loss monitors

· Abort concentrator module

· BPM electronics and interface for five new BPM channels
· Interface for two toroids

Applications programs needed to be written and/or modified are:

· BPM display

· Loss monitor display

· Muntiwire control/display

· Auto tune steering program

· Closure program

Summary
The optical design of the transport line has not changed since described in Nova-doc 1501. The changes since this time are:

1 Changed the horizontal dipoles in the P8_RR line after the switch magnet from mirror magnets to PDS dipoles.
2 Shifted dipoles in P8_MI line between 848 and 849 downstream to acomodate new dipoles in P8_RR line... this caused all of the elements between Q848 and Q851 to be repositioned. 
3 The number of injection kickers is reduced by one since the flattop flatness requirement was relaxed.  We now have 5 kickers and one compensation kicker.
4 Two beam current toroids were added to the list of instrumrentation (that were missing from the doc 1501.

5. Two of the dipole correctors in P8_RR are changed from old MR style to CERN style. 
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