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The Nova project will require the utilization of existing kicker modules and the construction of new kicker modules. The performance specifications for these kickers is given in Nova-doc 1596. The new kicker modules will require the manufacture of new ceramic beam tubes of various lengths. This note summerizes the existing kickers currently installed in the Main Injector and Recycler and examines the aperture requirements of all the kicker installations in the Nova era in light of current and expected beam conditions. Table 1 summarizes all the kickers currently installed or to be installed, listing the ring-location, number of modules in the current design, the disposition, and listing the drawing number for mechanical and ceramic tube.  Column 5 of this table show the disposition of the modules for the Nova project.  If the module is currently installed, it will either stay, be removed or recycled to a new location. 

Table 1: Summary of existing and future kicker installations in theMain Injector and Recycler for the Nova project.

	Transfer/use
	Location
	 
	# mod.
	disposition
	kicker drawing
	ceramic tube #

	MI proton injection
	MI-103
	existing
	3
	stay
	???
	MC-337995

	MI/RR inj/ext
	MI-304
	existing
	1
	recycle->230
	ME-374021
	MC-359309

	MI p abort
	MI-400
	existing
	2
	stay
	???
	???

	MI p ext/pb inj
	MI-520
	existing
	2
	stay
	ME-359987
	MC-359307

	NuMI p ext
	MI-602
	existing
	3
	stay
	ME-363922
	MC-363831

	MI pb ext
	MI-622
	existing
	2
	remove
	???
	???

	RR pb inj
	RR-130
	existing
	1
	recycle->230
	ME-374021
	MC-359309

	RR pb ext/abort
	RR-400
	existing
	1
	stay
	ME-374021
	MC-359309

	Nova RR p inj
	RR-104
	new
	7*
	all new
	???
	MC-363831

	Nova RR p ext
	RR-230
	new
	3*
	2 recyc/1new
	???
	MC-363831

	Nova RR gap clear
	RR-400
	new
	7*
	all new
	???
	MC-363831

	Nova MI p inj
	MI-308
	new
	3*
	all new
	???
	MC-363831


* Preliminary number of modules to meet strength requirements and includes bumper modules.

From table 1 it can be seen that kickers will be removed from the ring in three locations with one being removed (MI-622) and two relocating to RR-230.  Five kickers remain in place. All other kickers remain in place or are new to the ring’s.
Beam tube aperture

The aperture of the kicker beam tube should not be a limiting aperture in the accelerator. 
Both the MI and Recycler beam pipes are roughly elliptical. The MI interior beam pipe dimensions along the minor and major axis are 47.75 mm x 120 mm , vertically and horizontally. The Recycler beam pipe interior dimensions are 44 mm x 96 mm, vertically and horizontally. The cononical maximum beta function in both the MI and Recycler is 55 meters at the quadrupole locations. However, if we assume a 10% beta wave, the maximum rises to 60.5 meters and 66 meters for a 20% beta wave.  Given this the minimum vertical and horizontal dimension of the kicker tube is given by
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where  aMAX is the half aperture of the MI/RR beam pipe.  Since the kickers are located away from the maximum beta, the ratio is typically less than 1. Considerting all the kicker installations in the MI and Recycler, the minimum physical dimension of the kicker tube would be 45.7 mm horizontally at the MI-308 location and 33.8 mm vertically at both RR-104 and RR-230 locations.  However, beam measurements suggest that the beam pipe dimensions be larger than the minimum to account for beam halo and steering. So,  we will require the kicker beam tube aperture to be larger than minimum physical dimension.
MI vertical aperture measurements

Vertical aperture measurements in the Main Injector at 301 and 317 suggest that the beam envelope to almost 100% is 45.7 mm at the 301 location and 41.7 mm at the 317 location.  This is the so-called “loss free” region where motion of the beam does not generate a response to the associated loss monitor. Using the design beta functions at these locations, and assuming an emittance of 15  , these beam envelopes correspond to approximately 11 ½  sigma.  During roughly the same period, the new 8 Gev line collimators were moved into the beam, with about a 4% reduction in injected intensity as seen by the ratio (I:TOR852/I:TOR806)  and reduced the vertical envelope at V301 to roughly 10 ½  sigma for the “zero loss” region. If we allow the loss monitor to read non-zero, then at a reading of 10 mR/s, we see beam out to 9 ½ , however the losses are rising very steeply.  Averaging the the beam envelope of the no loss and the value on the steep loss slope, we obtain a value of ~ 10 sigma for the  envelope after collimating about 4% of the beam from Booster.
Expected Booster beam parameters

The expected 95% normalized emittance from the Booster for the expected batch intensities of 4.3E12 protons/batch is 15 -mm-mr. The horizontal and transverse 95% sigmas in both x and y are calculated from:
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There is no momentum contribution to the transverse beam size at the kicker locations as all kicker installations are in a “zero” dispersion straights.  Based upon the previously discussed aperture scans we take the full beam envelope to be 10 sigma (n x/y).  This envelope expects collimation of approximately 4% by the 8 GeV line collimators. 

Required Aperture

To this 10  beam envelope, an allowance for orbit control is added. Here we adopt the criteria utilized for the NuMI project. Horizontal orbit control of +/15mm and vertical orbit control of +/-6mm. It should be noted that these allowances are not a calculated limit but rather guidance.  We will utilize these limits to evaluate utilization of existing kicker ceramic tube designs.  It will be seen that when  keeping the 10 s envelope, some of the kicker locations will have smallerloss-free  vertical orbit control allowance to match existing ceramic tube designs.  
Table 2 lists the exitsing kickers that will stay for the Nova project  and new kicker installations in the MI and Recycler.  The lattice functions are taken from latest lattice files and represent the largest value over the span of the kickers. Since the kickers at the Recycler location 230 are made up of new and recycled kickers located on either side of the gradient magnet pair 230, the group span a larger range in beta and they are listed separately. The color coding of the table is as follows: black – existing and staying in place or at the same quad location, magenta – modules removed from their Run II location and recycled to a new location, blue- new kicker modules. The second set of columns under Emittance are the beam sigma’s for the 95% emittance of 15 , and the third set of columns are the 10 beam envelopes. The minimum aperture section contains the 10 envelope plus the orbit control allowance for both x and y and in the last two columns contain this aperture in inches.
Table 2: Lattice functions, beam sigmas and minimum aperture of Main Injector and Recycler kickers that will be installed for the Nova project
	 
	 
	 
	 
	Emittance
	 
	 
	Minimum Aperture

	Location 
	 
	Maximum  
	15
	# sigma =
	10
	15
	6
	X
	Y

	(module number)
	 
	x
	y
	x
	y
	nx
	ny
	6x +/-  
	6y
	inches
	inches

	MI-602 (A-C)
	existing
	53
	24
	3.74
	2.52
	37.41
	25.17
	67.41
	37.17
	2.65
	1.46

	MI-520 (A,B)
	existing (1)
	54
	21
	3.78
	2.35
	37.76
	23.55
	67.76
	35.55
	2.67
	1.40

	MI-308 (A-C)
	new
	55
	19
	3.81
	2.24
	38.10
	22.40
	68.10
	34.40
	2.68
	1.35

	RR-230 - A
	new
	31
	30
	2.86
	2.81
	28.61
	28.14
	58.61
	40.14
	2.31
	1.58

	RR-230 - B
	recycle (1)
	30
	10
	2.81
	1.62
	28.14
	16.25
	58.14
	28.25
	2.29
	1.11

	RR-230 - C
	recycle (1)
	21
	17
	2.35
	2.12
	23.55
	21.18
	53.55
	33.18
	2.11
	1.31

	MI-103* (A-C)
	existing (2)
	18
	52
	2.18
	3.71
	21.80
	37.05
	51.80
	49.05
	2.04
	1.93

	RR-104 (A-G)
	new
	52
	30
	3.71
	2.81
	37.05
	28.14
	67.05
	40.14
	2.64
	1.58

	RR-400 (gap) (A-G)
	new
	50
	23
	3.63
	2.46
	36.33
	24.64
	66.33
	36.64
	2.61
	1.44

	RR-400us (abort)
	existing (1)
	52
	13
	3.71
	1.85
	37.05
	18.53
	67.05
	30.53
	2.64
	1.20

	MI-400 (abort) (A-B)
	existing (1)
	48
	24
	3.56
	2.52
	35.60
	25.17
	65.60
	37.17
	2.58
	1.46


 (1)Kicker tube drawing MC-359309 and MC-359307

(2)Kicker tube aperture is 47.625 mm vertically by 90.5mm horizontally (MC-337995)
The first row in the table displays the results for the NuMI kicker as calculated with the Nova emittance and intensity. The orbit control allowance that was used for the NuMI kicker beam tube geometry is shown in Figure 1. This was taken from the drawing 8875.113-MC-363831. The red dot-dashed box represents the inner “bounding box” with thte dimensions of 1.45 by 2.60 inches used for determining the acceptance of the tube aperture. The geometry allows for full horizontal motion of +/-15 mm for a constant vertical aperture. The vertical orbit control allowed for +/-6mm. These are shown in the figure by the red dashed box inside the kicker tube. Although the NuMI kicker, MI-602, specifications use a 40  beam and a 6 sigma distrubution, the required apertures are almost the same. Here, a more accurate description of the beam profile is accomplished with a smaller emittance and longer tails, hence the 10  envelope and the 15  95% emittance. 
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Figure 1: The creamic tube geometry from the NuMI kicker. This is adopted for all Nova kickers.

We evaluate using this aperture for the construction of the new kickers indicated in table 2 (listed in blue). 

· MI-308: The minimum aperture requirements are met by the NuMI design.

· RR-230: There are three modules here. Two will be recycled and one will be newly constructed.  Looking at the lattice functions the largest vertical requirement is on module A, upstream of G230A magnet. This requires a minimum aperture of 1.58 inches and is a bit large for the NuMI tube, however, if the vertical allowance is reduced to +/-4mm, the NuMI tube will be sufficient. The two recycled modules will be discussed later.

· RR-104: Here there are currently seven modules spanning about 25 ft upstream of  Q104, thus producing a larger vertical beta at the entrance of the group. Again, the vertical aperture is marginal for +/-6 mm but sufficient for +/-4 mm. 

· RR-400 (gap clearing):  This group has the same geometry as the 104 group, however the vertical beta at the downstream end of the group is only 23 m, thus the aperture requirements meet that of the NuMI ceramic.The difference in beta between these locations represents an uncertainty in lattice functions. 
If we revise the vertical allowance to be +/-4 mm, then all new kicker installations should cleanly transmit the 10 of 15 beam. 

The recycled kickers and several of the kickers that will remain in place for the Nova project utilize the beam tube depicted in Figure 2. This is an old Main Ring/Tevatron (circa 1980) design. The vertical aperture of this beam tube is 1.3 inches with the full horizontal aperture of 3.2 inches. Here there is only 0.875 inches horizontal aperture with full vertical motion. This is one of the motivations for the newly designed aperture of the NuMI kicker ceramic. The drawings of the kicker tube are denoted in the table 2 notes.  
[image: image4.emf]
Figure 2: Ceramic beam tube cross section used on the MI-520, MI-400 (abort), and all the existing Recycler kickers ( RR-130, MI-304, and RR-400).

We evaluate the existing/recycled  kicker module aperture with the present assumptions on beam envelope and orbit control allowance.

· MI-602: This is the NuMI installation and is defined to meet the minimum aperture requirements.

· MI-52:  Although the vertical aperture does not meet the 1,3 inch minimum envelope, it is well within the nominal size of 1.51 inches.  Using a vertical allowance of +/-4mm the aperture is well within the 1.3 inches. This module is presently installed and 

· MI-103: This is the vertical injection kicker and will remain in the MI for Booster to MI injections for slow spill cycles (or study cycles). The beam tube is completely different (MC-337995) with the aperture of 47.6 mm vertically by 90.5mm horizontally. From table 2 the vertical aperture does not quite meet the +/-6mm, but certainly meets +/-5mm clearance.
· RR-400 (abort): This module will be relocated at the vertical beta minimum between the quad and gradient magent and it certainly meets the minimum aperture criteria.

· MI-400 (abort): This is an existing installation and meets the +/-4mm  vertical allowance criteria.
· RR-230: Two of the recycled MI/RR kickers (loacted at MI-304 and RR-130) will be moved to RR-230 slots B and C where the required vertical aperture is at or less than the 1.3 inch dimension of the existing tube.  

Summary
1. The beam envelope will be described as 10 times the sigma of a 95% 15 emittance distribution.

2. The orbit control allowance for the Nova project will be +/-15 mm horizontally and +/-4mm vertically.

3. The vertical aperture is most critical.

4. A 10 +/-4 mm aperture for the existing kickers is consistent with all installed ceramic beam tube and newly constructed ceramic tube.
5. Care must be exercised when moving the recycled kickers to make sure they are in the locations with the smallest vertical beta (i.e. RR-230 B & C)

6. Since

· the requirements for the new kickers in the Nova project are very close to that of the existing NuMI kicker, and 

· the mandrel for the construction of the ceramic tubes exists, 

the ceramic tube cross section for ALL new kickers in the Nova project will be the same as the NuMI proton extraction kicker magnet shown in drawing 8875.113-MC-363831.

� EMBED Equation.3  ���
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