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Introduction

The current Proton Plan calls for the Recycler to accept protons from Booster while the Main Injector (MI) is ramping it’s previous load to 120 GeV. If there is no slip stacking, six batches could be “box car” injected in to the Recycler, then transferred into the MI in one 15 Hz tic thus saving 5/15 Hz tics at injection dwell time. This shaves only 1/3 sec off the cycle time which would allow a reduction of the 1.87 sec ramp to 1.57 sec ramp an increase of roughly 20% in power. If twelve batches are injected and slip-stacked, the increase in intensity will be something less than a factor of two in addition to the savings in time. This scenario of using the Recycler only for protons to feed the MI will require various modifications discussed in other locations. [1][2] One of the modifications that need to be addressed it that of the transfer lines between the Recycler and MI.
Background
The current transfer lines were designed to allow the transfer of either protons or pbars between the MI and Recycler in both directions.[3]  The MI/Recycler transfer lines were designed considering the transverse emittance of the pbars that each line would transport and with the following two additional constraints:

· a single kicker in the MI would serve as the injection and extraction kicker, and

· a single kicker in the Recycler would serve as the proton abort kicker and pbar extraction kicker.

The fact that single kickers in each machine would be used implied the requirement of establishing “counter-waves” or closed orbit distortions between the kicker and Lambertson to reduce the amplitude of the kicked injection or extraction trajectory. [3]

The kicker located in the MI at 304 is used for both pbar extraction from the MI (22 line) and pbar injection into the MI (32 line). The ideal phase advance between the kicker and the MI Lambertson would be 90 degrees, however machine geometry dictated that the phase advance would be required to be n/2, where n=odd. This phase advance between the kicker and MI Lambertsons cannot be simultaneously met due to the orientation of the straight sections adjacent to MI30.  
Since the “32” transfer line transports cold pbars back to the MI, the optimal location of the “32” Lambertson was compromised and located closer to a defocusing quad location, Q321 which allowed the “22’ transfer line Lambertson to be located at optimal phase advance. 
The transfer line which transports pbars from the MI to the Recycler is designated as the “22” transfer line, starts at Q222 in the MI and ends at 214. The transfer line which transports cold pbars from the Recycler back to the MI is designated as the “32” transfer line, starts at 328 in the Recycler and ends at Q321 in the MI. 

The Recycler kicker at 400 serves double duty as it serves as a kicker for the Recycler proton abort line. The abort Lambertson at 402 and the Recycler shares the MI abort absorber. 
Modification of the Recycler to accept protons from Booster at MI10 obsoletes the “32” transfer line. This means that at a minimum the Lambertsons in the MI at 321 and Recycler at 328 could be removed. If deemed necessary, all the equipment in the transport line can be removed and re-used.  
Aperture
The Recycler beam pipe ID aperture is 3.75” wide (+/- 47.625 mm) and 1.75” high (+/-22.22 mm).  
This aperture is uniform around the ring except at the following locations:
· the straight sections where 3” round is used through the quads, 

· at the electron cooling insert (to be removed),

· at the stochastic cooling pickups and kickers (to be removed), and
· at the Lambertsons, where the septum is only about 5 mm to the outside. This means the full circulating aperture is only 52 mm

Figure 1 shows a cartoon of the Recycler beam tube aperture superimposed on a cross section of a Lambertson. 
The aperture of the transfer line elements is the same as that of the Recycler except for the VDPA vertical bending magnets where we have 4 inch round beam pipe.

Generic features for MI/Recycler transfer lines

There are several generic features to consider in the MI/Recycler transfer lines concerning a) the geometry of the vertical bends and b) the plane of extraction and transfer line layout. 

Since there is a vertical separation of 56” between the machines, particular attention must be placed on making the transfer line vertically achromatic as not to introduce a vertical dispersion mismatch. There are two generic layouts to be considered as shown in Figure 2.
[image: image1]
Figure 1: Cross section of Recycler beam pipe and permanent magnet Lambertson.
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The bottom figure is the most straight forward method which consists of only two vertical bends, it is simply a single “dog-leg” design. Since the dispersion may only be created or canceled by dipole fields and the phase of the dispersion propagates as the betatron phase, the vertical dipoles are separated by 2. In a 90 degree FODO lattice like the MI and Recycler, this requires the vertical dipoles be placed in each ring with an offset of 8 half-cells if the transfer line keeps the lattice of the rings (i.e. 90 degree phase advance). If the kickers are included, then the kickers are separated by 12 half-cells. Current MI geometry prohibits this configuration from being self-contained within a straight section. There is always an option to decrease the separation of the vertical bends, but this increases the strength of the bends, increase the phase advance through the transfer line, and requires two matching sections to match back into the MI and Recycler lattices, possible but not easily transparent.

The top figure, 2B, illustrates the method used for the current transfer lines. Here, there are two dog-leg sections. Since this utilizes two up bends and two down bends we can use the phase relation that the two up bends must be n and independently, the two down bends must be n apart. This configuration naturally lends itself to keeping the transfer line FODO structure the same as used in the MI/Recycler and eases matching constraints.
With the regard to the plane of injection extraction, there are two options that could be utilized to transfer beam from the Recycler to the MI:

· Vertical kick and vertical bend (with the use of a septum magnet), or
· Horizontal kick and vertical bend utilizing traditional kicker and Lambertson.

Both options reduce the aperture at the location of the septum magnet or Lambertson.
The first option is the method utilized in Booster extraction. Experiences with the Booster pulsed septum (high order leakage fields in the circulating beam region and the pulsed nature) gives pause in utilizing this method of extraction, unless no other good solution exists.  Since the vertical aperture is smaller than the horizontal, this scenario would only work where the Recycler kicker and septum were located in a straight section with 3” round beam tube.  

The second option, which is utilized in the current MI/RR transfer lines and in the MI extraction lines, contains a horizontal kicker and vertical bending Lambertson. Since the Lambertson is typically located at a horizontal focusing location, the reduction of aperture due to the Lambertson septum produces less of an aperture reduction, than the first option. The exception to locating the Lambertson next to a focusing quad is the location of the 321 Lambertson due to unfortunate ring geometry. Here the vertical beam size is larger than optimum, but the horizontal beam size is a bit smaller that it would be next to an F quad. This does limit the vertical aperture of the transfer line for large emittance protons.
Comment on the Booster to RR transfer line.

The current conceptual design [John Johnstone] utilized the scheme of vertical Lambertson and horizontal kicker, which is utilized in the current MI/RR transfer lines. . A potential issue with this scenario is that the RR injection kicker needs a fast rise and fall time (~40 ns), if “box car” injection scheme, as is currently implemented in the MI,  is to ever be utilized. Currently, the only fast (10’s of ns) rise/fall time kickers, that I am aware of are vertical in orientation. 

The current MI10 injection from Booster utilizes a horizontal Lambertson at Q101 to place the input trajectory on the MI closed orbit (and an ~ inch above) and vertical kicker at Q103  to remove the displacement at the Lambertson).  The trajectory of the 8 Gev line at the input of the MI-10 Lambertosn is  ~1.3 inch high and 35 mr wrt the MI10 straight section.  The elevation of the injected beam was this reason that the Q101 was rolled 90 degrees, to give additional vertical aperture at the Lambertson location. 

The same scheme as utilized in the MI could be adapted in the 8 GeV line to Recycler interface. This alternative scheme could utilize a vertical dipole located at 847 in the 8 GeV line with vertical (MI10 style) Lambertson  at Q101 and vertical kicker at Q103. Figure 3 illustrates the concept. 

Figure 3: Cartoon of an alternative 8 Gev line to RR transfer line. White triangles are Recycler dipoles, blue triangles are replacement dipoles and red triangles are dipoles for Recycler beamline. 
Here the upper transport line (shown in red) would follow the existing transport line and rise to an elevation of ~1.3 inches lower than the Recycler.  The transfer line would start one halfcell upstream of the current design, just down stream of Q847. The 847 half cell contains 4 PDD permanent magnet dipoles (2.46m long and 2.3 kG each producing a 19.2 mr bend). If these 4 PPD magnets were replaced with three reduced gap 4-4-30 dipoles (run DC) this could provide the same bend in about 1/3 the length. The current 4-4-30 dipoles produce about 4 kG-m, reducing the gap to 2 inches would give us a 8 kG-m magnet. Three of these would produce 24 kG-m which is more than the 22.8 kG-m produced by the 4 PDD dipoles. If these could be strategically placed as to not move the bend center and this would potentially open up room for a 6-3-60 dipole as a vertical separation magnet.  Obviously, this isn’t a complete design, but a concept that would allow the use of a vertical kicker which wouldn’t be a horizontal aperture restriction. The transport line could be mainly built from recycled permanent magnets and components from the decommissioned transport line. 
A MI-10 style Lambertson would be installed upside down just upstream of the Q101 quads in the Recycler and would place the beam on the proper horizontal orbit and about 1.3 inch low. A slight roll in the Lambertson might be required (as is done in the MI) to cross the vertical closed orbit downstream at the kickers. The copy of the K103 kicker would then remove the offset present at the Lambertson and place the beam on the proper vertical trajectory. Beams doc 171 describes the design of the MI-10 injection. The intent would be to mirror this concept in the Recycler.
Since the Recycler beam pipe in this straight section is 3” round the aperture shouldn’t be much of an issue. However, the quad aperture at Q101 might need to be increased such that a different quad type could be considered, such as one of the 4 inch high beta quads (retuned), or potentially a different beam tube configuration.  Figure 4 shows a cartoon of the MI10 Lambertson aperture super imposed over three and four inch beam pipe.

Figure 4: Cartoon of the cross section of the interface between the downstream end of a MI10 style injection Lambertson and a three and four inch beam pipe. The ellipses represent the half width 40  beam at a beta (H and V) of 55 and 16 meters. This is the view looking upstream.
Options for RR to MI proton transfer lines
Assuming protons will be injected into the Recycler from the MI-8 line, a quick review of potential options for the transfer line to bring protons back into the MI is in order. It is always best for the Lambertsons used in the transfer line to be located in a dispersion free region (in both machines).  
In rating these options one must consider the following questions:

· Is the solution “natural” or forced?

· Is there civil construction involved? Typically the answer to this is NO for all solutions considered. 

· What is the extent of tunnel retro-fit (do we have to re-route MI LCW and bus? If so, how much? 
· Does the solution require new magnetic devices or the same kind or new styles?

· How much magnet re-work is necessary?

· Will it interfere with any newly planned installations in the MI (i.e. collimation systems)

MI-10

Currently, the MI houses the proton injection from Booster and the Recycler houses the stochastic cooling kickers. The stochastic cooling equipment will be removes and this will become the new proton injection insert into the Recycler utilizing the new “upper 8 Gev line” segment. A conceptual design [4] for this transfer line which meets optical constraints with existing magnet styles has been worked out.  The addition of the injection insert into the Recycler precludes this from use to transfer beam back to the MI. 
MI-22
The straight section goes from Q220 to Q223 and is known as an “F-D 3 half-cell” straight section. 
· The current 22 transfer line has the MI Lambertson housed in this  zero dispersion straight just upstream (proton dir.) of Q222.

· The Recycler Lambertson is housed in the Recycler arc cell just downstream of gradient magnet 214B (horizontal dispersion of  ~2 meters). 
· The extraction kicker is located at just downstream of G130B some 14 half cells from the Lambertson. This separation requires the use of a counterwave between 130 and 212 to reduce the amplitude of the extracted beam between the kicker and Lambertson. 
· It has been noted that the VDPA’s (vertical bend in the transfer line) provide some limiting aperture. This hard to understand as the aperture thru these magnets is 4” round. The interesting place is at the interface with the gradient magnets at each end. They may be some alignment optimization that could be considered here.
· Since the stochastic cooling equipment in the 211 and 212 half-cells in the Recycler are to be removed, the kicker could be relocated to the 212 half-cell, just 90 degrees upstream of the Lambertson. In addition, this kicker needs to be modified to become a full turn kicker (or an entirely new kicker is required)

· This arrangement does not buy us very much as the MI kicker is still located at 304.  This means that the MI would still require a counterwave between 302 and 222. This could potentially lead to a conflict with planned collimation schemes to go into MI30 with an absorber at 302 (although 302 is a node so it may not be a show stopper). 
· To increase the aperture of the circulating beam in the recycler, one could think of replacing the gradient magnets around the 214 Lambertson with larger aperture dipoles and PM quads.

· This solution would require little, if any tunnel modifications ( a big plus)

MI-30

This straight section is a “D-D 8 half-cell” straight section which starts at 301 and ends at 309, both horizontally defocusing locations.  The MI lattice is a periodic FODO in this region. The Recycler lattice contains the symmetric electron cooling insert between 305 and 307 with remainder of the Recycler straight is roughly a FODO section, but not periodic. The Recycler straight between Q301 and 309 could be replaced with the FODO lattice, as in the initial Recycler design (replacement of e-cool insert has no impact on beam line). 
There have been previous discussions of transfer lines in this straight section. One option utilized a vertical kicker and pulsed septum in each machine [Carol Johnstone]. This option is not being pursued at this time.
Another option would be to utilize a more standard (at least for the MI) method of  horizontal kicker and vertical Lambertson combination.   There are a couple op potential solutions here.

The first potential solution  for a transfer line in the MI30 straight section exists utilizing the method shown in Figure 2B. Here the Recycler Lambertson (down bend) would be located at 302 with the extraction kicker located at 232 in the Recycler. There would be an up bend at 304 and the second down bend at 306 (180 degrees phase). The MI Lambertson would be located at 308, 180 degree d.s. of 304 would put the beam on the MI vertical closed orbit. The MI kicker would be located at 309. This location is not optimal for a parallel beam at the Lambertson, it would require a some horizontal bends or rolled Lambertosn such that the injected beam would be at the appropriate angle at the Lambertson to produce the correct angle at 309 kicker. This is the procedure used in the Tevatron at F0 for the pbar injection kicker at E49. I would probably use a MI Lambertson at 308. This has some attractive features:

· solution does not explicitly use any dipoles (other than to create an angle at the 308 Lambertson( i.e. ONLY QUADS with 3” aperture)

· does not REQUIRE e-cool insert removal (although it should be removed for other reasons)
· does not interfere with collimation at 302 in MI

· should not require any major tunnel modifications involved here (such as re-routing MI LCW and bus).
This solution also has a potential un-attractive feature.  This solution would place the MI Lambertson at 308 at a location with ~2m horizontal dispersion if the MI30 dynamic dispersion insert is utilized for MI collimation.
Another potential solution would utilize the 30 straight in the Recycler for extraction and the ‘32’ straight in the MI, specifically Q320 for the injection Lambertson with the injection kicker at Q322. This transfer line would be the same style shown in Figure 2B. The Recycler Lambertosn would be located at Q306 in the Recycler with the kicker located at 304. Here one might decide that it could be beneficial to keep the electron cooling insert to make a small beam size at the Recycler Lambertson. For this line the first up bend would be located around 308 and the down bend would be located around 318 .  

· This would require a fairly long string of dipoles (mostly dispersion suppressor dipoles (without sextupole). 
· This solution would require the Recycler to be removed from 308 to 320 and modifications to MI LCW and bus work, which does not seem to attractive. 

· This solution would not impact any design of the MI collimation in the 30 straight section.
· This would eliminate all counterwaves

· This would guarantee placement of both Lambertsons in dispersion free straight sections.

MI-40, MI-52, MI60, and MI62
The M I40 straight section in both MI and Recycler is used to transport protons to the abort. There is no available real estate for RR/MI transfer line. 

The MI52 straight section in the MI is filled with MI extraction devices. The Recycler straight section has available space for the extraction devices, but the injection devices in the MI would have to go in the MI602 – 604 region which is filled with instrumentation and NuMI extraction kicker. 
Although the pbar extraction devices in the MI62 straight section can be re moved, freeing up the real estate, for proton injection from the Recycler, the Recycler extraction system would need to be placed at the downstream end of the 60 straight section. Since the extraction Lambertsons are located here in the MI, the NuMI beam line fills the space between MI and Recycler and hence there is no room for another transport line. 

Summary and Comments
A brief background on the design and layout of the MI/Recycler transfer lines was presented along with a brief discussion of vertical trajectory translation. An alternate injection scheme for bringing protons into the Recycler from the MI8 line was presented. This scheme utilized a vertical kicker in the Recycler to maintain fast rise times without reducing the horizontal aperture. 
Several options for the transfer line from the Recycler to MI were discussed. The locations that were completely ruled out are:

· MI10 due to the injection from Booster

· MI40 due to the abort line

· MI52 due to the NuMI kickers located in MI Q602

· MI60, the RF straight… just too crowded..

· MI62 due the interference with the NuMI line in the 608-614 region.

There are three potential options:
· Keep “22” beamline and retro fit Lambertson and the gradient magnets at 214 with wide aperture magnets. This requires very little tunnel retrofit except in the 214 area, however it requires new magnets.

· Utilize the “extended” MI30 straight section which has very attractive features, but could potentially be a problem with the MI30 dynamic dispersion insert.

· Create a MI30 to MI32 transfer line (similar design to existing transfer lines). This would require LCW and MI bus retrofit.

Of course, new 11 us kickers are required for these transfers.   Although, not completely spelled out here, the transfer lines would use as many recycled components as possible.

Other considerations, would be to investigate the use of alternative Lambertsons to the Recycler Lambertsons. For example the removed MI Lambertson from MI62 (along with the wide aperture quad could be utilized for injection. And a MI10 style Lambertson could be used for Recycler extraction (a powered or Permanent magnet design. See Beams-doc 2233). 
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Figure 2A: Only two bend centers needed but they must be 360 deg. apart.
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Figure 2B:  Procedure used for MI<-> Recycler transfers. Requires 180 deg between two same sign bends
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