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Introduction
The Main Injector straight section at MI10 is comprised of four standard straight section FODO half cells. The half cell length is 17.288639 meters (i.e. quad center to quad center) which leaves 15.155 meters of “drift” space between quad steel. The free space to install injection devices is somewhat shorter due to devices like BPM’s other and trims. The current straight section configuration would require the installation of the stripping foil just upstream of the quad in the middle of the straight section which is problematic as a limiting aperture, coupling the tune adjustment to injection trajectory, the lattice functions at the foil are fixed and determined by the standard MI lattice, and radiation dosage to the quad.  In addition, the limiting dipole field of the injection device does not allow the H- injection line to clear the adjacent lattice quad. 
A solution has been devised which removes the quad from the center of the injection straight, increases the insertion length by over a factor of two, and provides flexible beta functions at the foil. A symmetric straight section was created by splitting the central quad and moving the halves (and increasing the quad length) outward toward the adjacent quads creating a symmetric doublet.  Additional required modifications and quad excitations are presented.
Current Main Injector Lattice
A simplified toy MI lattice, which gives the correct geometry and linear lattice as compared with the official lattice, was created. This toy lattice contains only dipoles and quads and defines them by type and not location. The lattice file is contained in the Appendix. This lattice file starts at the cell boundary of Q626 (not the physical center of the quad). The lattice functions and geometry are compared with the MI20 model (each device listed by name) and results are identical, therefore, this toy lattice presents a good representation of the MI lattice without sextupoles or errors.
The design tune of the MI  is 26.425 and 25.415 in the horizontal and vertical planes, respectively.  The typical phase advance in each arc cell is 90 and 88 degrees in the horizontal and vertical planes, respectively, The phase advance varies thru the dispersion suppressor sections from 90 to 103 degrees, which can be seen as the variation in the lattice functions.. As discussed in Beams-doc 2261 the dispersion suppressor cells are  ¾ the length (L) of the arc cells with  2/3 the bending () of the arc dipoles. The product of L is ½ for four half cells of the dispersion suppressor.  The ring lattice functions are shown in Figure 1. 
The machine parameters for the current MI configuration are shown in Table 1. 
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Figure 1 Current MI lattice functions starting at Q628. MI-10 is the first straight section.

Table 1: Current Main Injector Parameters
	Parameter
	value

	Length
	3319.390645 m

	Arc(path) length
	3319.418687 m

	Alfa
	.002143

	Gamma transition
	21.5984

	Horizontal tune
	26.425

	Vertical tune
	25.415

	Horizontal Chromaticity (natural)
	-33.670

	Vertical Chromaticity (natural)
	-32.867

	Horizontal beta max
	59.508 m

	Vertical beta max
	63.005 m 

	Horizonatl/Veritcal beta minimum
	~10 m

	Horizontal dispersion (max)
	1.98 m

	Horizontal disp <avg>
	1.18  m

	K1 (qf)
	+0.04068064

	K1 (qd)
	-.03980730


The ring dispersion is shown in Figure 2. The dispersion function is shown as negative here for the proton direction since the protons circulate in a counter-clockwise direction. Using a right handed coordinate system, positive x is to the inside of the ring.  Note the lack of complete cancellation of the dispersion in the straight sections and a small dispersion wave around the ring. 
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Figure 2: Current MI dispersion in the proton direction starting at Q100.
Current MI-10 Straight Section

The lattice functions and dispersion for the current MI-10 straight section, including the dispersion suppressors on each side, are shown in Figure 3 and 4, respectively. The straight section starts at Q100 and ends a Q104. All modifications to the lattice structure must take place between these two quads. The plot starts at the cell boundary of Q638, the start of the upstream dispersion suppressor. The quads at each end of the dispersion suppressor are 100” (IQC type) while the three quads in the middle of the dispersion suppressor are 116” (IQD type) and the straight section quads are 84” (IQB type).  All the focusing quads are on QF bus and defocusing quads are on QD bus. The IQC and IQD quads have trim coils which are supposed to give better than +/-1% correction at high field. The excitation of these coils will be measured at MTF.
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Figure 3: Lattice functions for the current MI-10 straight section.
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Figure 4: Dispersion function through the current MI-10 straight section
New MI-10 Symmetric Straight Section 

The modifications to the MI-10 straight section are shown in Figure 5. Here the free distance between the inner doublet is 38 meters. The horizontal and vertical lattice functions at the center of the straight, as shown is 50 m and 30 m, respectively. The doublet quads have been changed to the 2.57 m, IQC style quad and are powered symmetrically. The insertion lattice functions are adjustable. Alpha at the center of the straight section is zero, giving rise to an upright phase space ellipse in both planes. The insertion dipoles, painting kickers, and stripping foil are shown in figure 5 in between the doublet (red circle). The design of the injection system is discussed in a separate document.
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The inner four quads in the dispersion suppresser were removed from the MI quad bus and are symmetrically powered by four new supplies. The IQC at the boundary of the dispersion suppression and arc cell on either side of the straight remain on the quad buss. These four quad pairs along with the straight section doublet are used to generate the insertion and match the insertion into the lattice. The six quad circuits are shown in figure 5. In addition, the separation between the quads in the doublet and the doublet length were adjusted. The doublet quads are installed rotated 90 degrees with the standard star shaped beam pipe with gives vertical aperture of +/- 70 mm and horizontal aperture of +/- 50mm. The aperture outside the straight section remains that of the standard MI beam pipe.
Figure 5:  Re-configuration of MI10 straight section to a symmetric insert. As shown the lattice functions are symmetrical with alpha equal to zero at the injection point with the horizontal beta of 50 and the vertical beta of 30. This only represents one of potentially many solutions.

It is recognized that the lattice functions at the foil as shown in figure 5 may not be the optimal desired lattice functions for H- injection. Figure 6 shows a range of solutions for lattice functions (x/y) at the symmetry point. These include 30m/30m, 80m/30m, 80m/20m, 30m/60m, 40m/50m. 
The solutions which keep the quad currents reasonable and the beta functions reasonable are those with x = y or x > y.  An acceptable range of solutions for x = y are those with  between 30 and 55 meters. For solutions with x = y < 30 meters, the quad current in Q1 (the outer most doublet quad) becomes greater than 3600 amps and for x = y > 55 meters the lattice is not stable. For solutions where y > x the -function in Q1 becomes greater than 100 meters and for solutions where y > ~60 meters and/or x < ~30meters, the dispersion wave match is not good. The range of solutions which provide acceptable lattice functions, dispersion match, and quad currents for the x > y case are where 30<y<50 and by <x < 80 meters.
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Figure 6a: Solution with both H and V at 30 m
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Figure 6b: Solution with H at 80 m and V at 30m.
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Figure 6c: Solution with H at 80 m and V at 20 m.
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Figure 6d: Solution with H at 30 m and V at 60 m.
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Figure 6e: Solution with H at 40 m and V at 50 m.

With the creation of the insert the phase advance across the straight section is reduced by 54 to 130 degrees depending on the solution. This reduction needs to be made up in the rest of the ring. The typical method of tune adjustment is through adjustment of the QF and QD circuit. Since the original lattice was not quite matched, the trim coils in the dispersion suppressors OUTSIDE the MI-10 area are adjusted in four families, all the IQC’s and all the IQD’s on the QF bus and QD bus. Table 2 shows the quad excitations in the insert in terms of K1 in units of [1/m2] and the required compensation in the trim coils in the IQC and IQD around the ring [units of % of Main coil] and the QF and QD ring circuits, also in units of  [1/m2],  to re-tune the lattice back to the nominal values of 26.425 and 25.415 (H and V, respectively).
Table 2:  Quad excitations for a range of insert solutions

	Solution
	30/30
	50/30
	70/30
	80/30
	80/20
	30/60
	40/50

	Quad
	type
	
	
	
	
	
	
	 

	Q639
	IQD
	-0.041456
	-0.041487
	-0.041300
	-0.041172
	-0.041254
	-0.040168
	-0.040735

	Q640
	IQD
	0.040826
	0.040791
	0.040660
	0.040579
	0.040622
	0.040174
	0.040438

	Q641
	IQD
	-0.032095
	-0.031390
	-0.030353
	-0.029271
	-0.029621
	-0.027009
	-0.028804

	Q100
	IQC
	0.036880
	0.032836
	0.028690
	0.026660
	0.027426
	0.035255
	0.033736

	Q2
	IQC
	0.036865
	0.034436
	0.035024
	0.035508
	0.036737
	0.037805
	0.035029

	Q1 
	IQC
	-0.050928
	-0.048310
	-0.047612
	-0.047386
	-0.050286
	-0.050187
	-0.047931

	Trim Coils
	 
	
	
	
	
	
	

	IQDD
	
	1.013770
	1.013712
	1.013483
	1.013357
	1.014493
	1.007904
	1.010323

	IQCD
	
	1.016431
	1.018418
	1.019512
	1.019809
	1.017905
	1.017761
	1.018719

	IQDF
	
	1.021839
	1.017319
	1.014943
	1.014420
	1.013356
	1.022333
	1.019819

	IQCF
	
	1.006851
	1.004341
	1.003013
	1.002691
	1.002348
	1.006745
	1.005459

	Main Quad bus
	
	
	
	
	
	
	 

	QF
	
	0.040658
	0.040805
	0.040886
	0.040911
	0.040908
	0.040676
	0.040755

	QD
	 
	-0.039867
	-0.039874
	-0.039890
	-0.039904
	-0.039834
	-0.040072
	-0.040006


The expected transverse emittance of the H- beam is 1.5 -mm-mr. If the transport line is tuned to x = y = 20m with x=y=0, a potential solution that produces an acceptable aspect ratio is x = 70 meters and y = 30 meters for a painted circulating emittance of 30 -mm-mr. This solution is highlighted in Table 2.  Figures 7 and 8 show the lattice function and dispersion suppression for this case. The insert was created with the injection chicane set to zero. 
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Figure 7: Lattice function in the MI-10 straight section for the case where x = 70 and  y = 30.
Figure 8: Dispersion suppression in the MI-10 straight section corresponding to the solution in figure 7. Here the injection chicane is NOT turned on.

Table 3 shows the gradients or integrated gradients and  currents for the selected solution of 70m / 30m at both 8 GeV and 120 GeV. Since this insert must track the ramp from 8 GeV to 120 GeV, the expected currents of both the insert quads and the trim coils must be within range of power supplies. Note: These results do not reflect saturation of  the steel at higher excitations.
Table 3: Gradients and Currents for the 70/30 meter solution
	
	8 GeV
	120 GeV
	8 GeV
	120 GeV

	Quad
	type
	Integrated Gradient
	Current

	Q639
	IQD
	-36.080
	-490.881
	-213.851
	-2909.472

	Q640
	IQD
	35.521
	483.265
	210.533
	2864.331

	Q641
	IQD
	-26.517
	-360.767
	-157.167
	-2138.282

	Q100
	IQC
	21.607
	293.963
	149.020
	2027.442

	Q2
	IQC
	26.377
	358.861
	181.919
	2475.040

	Q1 
	IQC
	-35.857
	-487.842
	-247.304
	-3364.612

	Trim Coils
	Integrated Gradient
	 

	IQDD
	
	-0.469
	-6.387
	-0.696
	-9.463

	IQCD
	
	-0.586
	-7.968
	-1.010
	-13.738

	IQDF
	
	0.533
	7.254
	0.790
	10.749

	IQCF
	
	0.093
	1.261
	0.160
	2.174

	Main Quad bus
	Gradient
	 

	QF
	
	12.123
	164.911
	150.174
	2042.885

	QD
	 
	-11.828
	-160.896
	-146.518
	-1993.148


Comparing the results for the 70m/30m solution with the current lattice (figure 1) and dispersion (figure 2), it is obvious that the re-matching the tune from the addition of the insert allowed for a more uniform lattice outside the insert and a reduced dispersion wave. Figures 9 and 10 show the ring lattice functions and dispersion, respectively for the 70/30 meter solution..

Figure 9: Ring lattice functions for the solution with beta x =70 and beta y = 30 meters.

Figure 10: Ring dispersion for the solution with beta x =70 and beta y = 30 meters.
Conclusion 

It has been shown that the Main Injector lattice can be re-configured to allow the MI-10 FODO straight section to be modified to a 38 meter symmetric straight section for H- injection. Potential solutions have been illustrated. The solution requires six new quad power supplies for the insert. These supplies would be located at the existing (or new) MI-10 service building. Four additional supplies will be needed to connect the trim coils in the IQC and IQD quads into focusing and de-focusing circuits. All supplies would be interfaced through the main ramp building program. Once the trim coils have been set for a particular solution, only the ring QF and QD circuits are needed to adjust the tune.

The details of the power supply and the power supply loop design have not been addressed. 
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