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The kicker requirements for the Recycler abort (AK) and gap clearing (GCK) kickers has been described in the document Nova-doc 1529 v2 dated October 11, 2007. Since this document was written the design of the abort kicker module has been finalized.  There are currently seven GCK modules installed in the Main Injector of which six will be installed in the Recycle, five for gap clearing and one for tail compensation. Since there will be a total of 5 GCK modules, 1 BK bumper (tail compensation) module, and 2 AK modules for a total insert length of almost 10 ½ meters, vacuum pumping will be needed within the kicker insertion. This document will look at potential installation arrangements to provide pumping and match extraction positions and angles at the Lambertson and recommend a configuration. The strength and position requirements will be documented in Kickers for NOvA Specifications document Nova doc-1596.
Physical Dimensions and Properties assumed in the lattice model:
Table 1: Gap clearing kicker parameters
	Gap Clearing Kicker RKA-50

	Parameter
	Value

	Ferrite length
	24”

	Case length
	42.1”  

	Upstream flange
	1.712”

	Downstream flange
	2.088”

	Insert length
	45.9”

	Print number
	ME-457159

	*Maximum  strength (long term operation)
	246 r -> 550A->55kV


*Chris Jensen e-mail  01/10/2011
Table 2: Abort kicker Parameters
	Abort Kicker RKB-25

	Parameter
	Value

	Ferrite length
	46.60”

	Case length
	53.54”

	Upstream flange
	7.12”

	Downstream flange
	7.12”

	Insert length
	67.78”

	Print number
	ME-481284

	**Nominal strength
	970 r at 50 kV



**Chris Jensen e-mail 5/21/2010
We would like to assure that the extracted beam from the abort kickers and the gap clearing kickers enter and exit  the Lambertson with (as closely as possible) the same position and angle so the trajectories of both beams will be the same through the abort line AND that they closely match existing trajectories. This is important because the Recycler abort line is made up entirely of permanent magnet dipoles, gradient magnets and quadrupoles. The line only has two dipole trims (1 H and 1 V) just downstream of the Lambertson, so it is important to have a consistent launch trajectory into the line.  To this end we have investigated several kicker module arrangements which allow for the installation of vacuum pumps within the module insert, produce desired position and angle at the Lambertsons, and keep the kicker strengths within the limits listed in tables 1 and 2.
Table 3 shows some of the configurations investigated along with the kicker angles and positions and angles at the entrance to the Lambertson. In the table, the G and Q are the gradient magnet and quad currently installed at the 400 location in the Recycler. The steel-steel (case-case) separation between the gradient magnet and quad is 78.2” which will constrain what can be installed in this slot. The flange of the first device installed downstream of the quad will be 5.5 inches from the quad case. The VT denotes a 12 inch vacuum-tee insert and the devices AK, BK, and GCK represent an abort kicker, bumper kicker (tail compensation), and gap clearing kicker, respectively.  In all cases the circulating beam  position at the Lambertson was set to 25 mm to the inside and the extracted beam position was set to 30 mm to the outside giving a 55 mm separation. The magnitude of this separation was determined to be the maximum separation for the assumed configuration in 2007 and is used as a starting point. 
Table 3: Kicker requirements for a 55mm separation at the entrance to the Lambertson
	case
	Layout
	mod
	Angle 
[r]
	Pos
[mm]
	Ang
[mr]

	1
	G – AK –   Q – 5GCK – VT – AK – BK 
	AK
	-653.6
	-30
	1.018

	
	
	GCK
	-256.5
	-30
	1.012

	2
	G               Q – VT – 5*GCK – 2*AK – BK 
	AK
	-872.5
	-30
	0.810

	
	
	GCK
	260.8
	-30
	1.002

	3
	G – BK –   Q – 3*GCK – AK – VT – 2*GCK – AK 
	AK
	796.0
	-30
	0.877

	
	
	GCK
	268.2
	-30
	0.986

	4
	G               Q – AK – 3*GCK – VT – 2*GCK – AK – BK   
	AK
	-713.1
	-30
	0.949

	
	
	GCK
	-284.7
	-30
	0.951

	5

	G – GCK - Q – AK – 2*GCK – VT – 2*GCK – AK – BK   
	AK
	-689.2
	-30
	0.970

	
	
	GCK
	-261.5
	-30
	1.008



The first thing to note is that all cases EXCEED the desired maximum long term operation strength (angle) for the gap clearing kickers. From the above table, it is apparent that there is a 100 to 200 microradian angle difference at the Lambertson between the abort and gap clearing kickers for cases 2 and 3 due to the non-symmetrical configuration between the abort and gap clearing kickers. This difference would produce a 5 to 10 mm orbit distortion through the third vertical gradient magnet, respectively, which is not acceptable. Cases 1 and 4 produce the same position and angle at the Lambertson for each kicker and case 5 only has a 38 r difference in angle.  Case 4 and 5 should be an easier installations, however, the required angle for the GCK in case 4 is about 12% larger than the nominal kick listed in table 1 and case 5 has a 38 r difference in the angle at the Lambertson produced by the two kickers .  The 38 r difference in angle at the Lambertson produces only a 2 mm orbit distortion through the line. This could be partially compensated by a small angle on HT001, if necessary.  Case 1 has the smallest gap clearing kicker angle; the installation of the abort kicker between the gradient magnet and quad will be tight, but should fit.
We would like to match the extraction position and angle to the current Recycler abort installation in order to minimize or eliminate any re-alignment of the Lambertson or the abort line. The existing Recycler abort extraction design model has the Lambertson closed orbit at about 21 mm to the inside and the extracted beam about 25 mm to the outside of the ring for a separation of 46 mm at the  upstream face of the Lambertson. From the model, the required kicker angle for this separation (from a single kicker module located downstream of the Q400B) is 1.03 mr. This angle produces a 46 mm displacement from the circulating beam with a 860 r angle at the entrance to the Lambertson.  The Lambertson is rolled 6.348o wall side down to produce a trajectory at the output of the Lambertson and into the abort line of -26.62 mm and -167 mr. We would like to match this trajectory to minimize any re-alignment in the existing abort line. The only exception to this might be a slight roll adjustment to the Lambertson to better match the output trajectory. Table 4 lists the kicker strengths for each case required for a 46 mm separation and lists the entrance and exit position and angle of the Lambertson
Table 4: Kicker requirements for a 46 mm separation at the entrance of the Lambertson
	case
	Layout
	mod
	Angle 
[r]
	Pos
[mm]
	Ang
[mr]

	1
	G – AK –   Q – 5GCK – VT – AK – BK 
	AK
	-653.6
	-25
	0.846

	
	
	
	
	-26.73
	-1.697

	
	
	GCK
	-214.6
	-25
	0.841

	
	
	
	
	-26.75
	-1.702

	2
	G               Q – VT – 5*GCK – 2*AK – BK 
	AK
	-729.5
	-25
	0.673

	
	
	
	
	-27.43
	-1.87

	
	
	GCK
	-218.1
	-25
	0.834

	
	
	
	
	-26.78
	-1.709

	3
	G – BK –   Q – 3*GCK – AK – VT – 2*GCK – AK 
	AK
	-665.8
	-25
	0.729

	
	
	
	
	-27.21
	-1.814

	
	
	GCK
	-224.3
	-25
	0.820

	
	
	
	
	-26.83
	-1.723

	4
	G               Q – AK – 3*GCK – VT – 2*GCK – AK – BK   
	AK
	-596.4
	-25
	0.789

	
	
	
	
	-26.96
	-1.754

	
	
	GCK
	-238.1
	-25
	0.790

	
	
	
	
	-26.96
	-1.753

	5

	G – GCK - Q – AK – 2*GCK – VT – 2*GCK – AK – BK   
	AK
	-576.4
	-25
	0.807

	
	
	
	
	-26.890
	-1.737

	
	
	GCK
	-218.7
	-25
	0.838

	
	
	
	
	-26.76
	-1.705



It is clear by looking at the GCK strengths in table 4 for a 46mm separation that any and all configurations investigated would work with respect to the gap clearing maximum kicker strength listed in table 1. Similarly, any and all AK strengths are well below the maximum strength in table 2. Just as in the 55 mm results, case 1 provides the smallest GCK amplitude, the closest GCK trajectory to the existing design,  and the smallest difference between the AK and GCK trajectories. Case 5 has the next closest GCK trajectory, and the next smallest kicker amplitude, and a reasonably small difference between the AK and GCK trajectories. Case 4 has closer trajectories between the AK and GCK, but the GCK amplitude is the largest and the extraction trajectory is farther from the existing design than wither 1 and 4, although this could be compensated for by adjusting the Lambertson roll.  So bottom line, we look between case 1 and 5 for the final installation, depending on vacuum requirements. Case 5 would probably be the easiest install.
A preliminary Recycler beam  measurement (12/29/2010) of the circulating beam position in the abort Lambertson shows the circulating beam at 19 mm to the inside at the Lambertson  (actually at HP402). An aperture scan of the upstream Lambertson aperture shows that the extracted beam centroid is in the middle of the field region aperture with a kicker voltage setting of 3.5 kV. This kicker voltage setting corresponds to a power supply current of 875A and a kick angle of 1.03 mr, consistent with the model.  Although the emittance of the Recycler beam was not measured in this study, it is assumed to be roughly 15 -mm-mr and is not expected to be significantly larger in the Nova Era, therefore a nominal separation of 46 mm at the Lambertson should be a reasonable assumption.
The initial calculated kick strength based upon inductance and measured current is 67 r/kV (set point) not including the electric field and 71.5 r/kV when the effect of the electric field is included. The kicker supply limiter has been set to 4.25 kV maximum. Recent beam measurements of the GCK installed in the Main Injector have been performed to set timing and kicker strength.  These measurements show the effective kick to be about 6% lower than the calculated values, thus producing 62.98 r/kV and 67.2 r/kV, respectively.  Based upon the beam measurements and known magnet parameters and waveform we have a revised scaling of 246 r = 550A on the magnet or 55 kV on the cables.  This is the maximum long term operating conditions that should be used without degradation of the cables. The setting voltage of 1 kV produces 143 A so, we have 63.96 r/kV setting.
We investigated the kicker requirements for three separations for cases 1 and 5. These are documented in Tables 5 and 6, respectively. It can be seen that both configurations produce acceptable angles for both the 46mm and 50 mm separations. The largest separation of 55mm is a bit on the high side and could be problematic for long term operation. The GCK setting voltage in the last column is determined from 1 kV setting = 63.96 r.  



Table 5: Results of case 1 for several circulating-extracted beam values
	Separation (circ pos)
	module
	Module Angle[r]
	module [kG-m]
	Total
Angle [mr]
	Total  [kG-m]
	Pos    [mm]
	Ang      [mr]
	GCK power supply set value

	55 mm (+25 mm)
	AK
	-653.6
	0.194
	1.37
	0.406
	-30
	1.018
	--

	
	GCK
	-256.5
	0.076
	1.282
	0.380
	-30
	1.012
	4.01 kV

	50 mm (+25 mm)
	AK
	-594.2
	0.176
	1.188
	0.352
	-25
	0.807
	--

	
	GCK
	-233.2
	0.069
	1.166
	0.346
	-25
	0.801
	3.64 Kv

	46 mm (+21 mm)
	AK
	-546.7
	0.162
	1.093
	0.324
	-25
	0.846
	--

	
	GCK
	-215.6
	0.064
	1.078
	0.320
	-25
	0.841
	3.37 Kv



Table 6: Results of case 5 for several circulating-extracted beam values
	Separation (circ pos)
	module
	Module Angle[r]
	module [kG-m]
	Total
Angle [mr]
	Total  [kG-m]
	Pos    [mm]
	Ang      [mr]
	GCK power supply set value

	55 mm (+25 mm)
	AK
	-689.2
	0.204
	1.378
	0.409
	-30
	1.018
	--

	
	GCK
	-261.5
	0.078
	1.308
	0.388
	-30
	1.012
	4.09 kV

	50 mm (+25 mm)
	AK
	-626.5
	0.186
	1.253
	0.372
	-25
	0.764
	--

	
	GCK
	-237.8
	0.071
	1.189
	0.353
	-25
	0.798
	3.72 Kv

	46 mm (+21 mm)
	AK
	-576.4
	0.171
	1.153
	0.342
	-25
	0.807
	--

	
	AK
	-585.8
	0.174
	1.172
	0.347
	-25.75
	0.838
	--

	
	GCK
	-218.7
	0.065
	1.094
	0.324
	-25
	0.838
	3.42 Kv



Conclusion: 
Based upon vacuum and installation requirements, case 5 is the recommended configuration. Although the kicker strength requirements are about 1.4% larger than case 1 (the lowest requirements for the GCK) the installation should prove to be much easier and allow a vacuum insert between the gradient magnet and quad. Both AK and GCK angle requirements are listed in table 6. The 46 mm separation is considered the nominal. The expected power supply set point is based upon the most recent scaling of 63.96 r/kV.The maximum displacement for long time operation would be 51.7 mm based upon the 246 r maximum angle.  Increasing the separation at the Lambertson by 0.75mm for the abort kicker matches the extraction angle and introduces less than a 2mm orbit difference through the abort line. Figures 1 through 4 show the results of simulation for the nominal installation.
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[image: ][image: ]Figure 1: Closed orbit Lambertson bump of 21 mm at the entrance to the Lambertson.








Figure 2:  Extraction orbits due to the abort kicker (left) and the gap clearing kicker (right).
[image: ]	
	

Figure 3: Orbit through the abort line due to a 0.75 mm position offset from an increased abort kicker angle.
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Figure 4: Orbit through the abort line due to a 60 r angle error at the entrance to the Lambertson (left) and error correction with 0.4 Amp current ( 80 r) on HT001 to reduce displacement through the last vertical dipoles.


Local file directory on cartoon: ~ dej/recycler/abort/Al/PP2_mods_03_07/version_2
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