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Conceptual Design Report of

8 GeV H- Transport and Injection for the fermilab Proton Driver
1.0 Overview
1.1 Introduction to 8 GeV Transport
The Proton Driver [1,2,3] linac produces H- ions with a kinetic energy an order of magnitude higher than the 800 MeV H- beams routinely handled at LANL, and a factor of six higher than the SNS 1.3 GeV upgrade.  To verify that no problems are foreseen with H- transport and injection at these energies, a workshop [4] with experts in the field was held in December 2004.  H- transport issues addressed included H- stripping from magnetic fields, beam line vacuum, blackbody radiation, and other possible sources of beam loss. The workshop also discussed H- injection issues, injection foil issues, and transport line collimation issues. One new effect, the stripping of H- ions by room-temperature blackbody radiation, was identified.  The conclusion [5] of the workshop was that the design parameters of the Proton Driver linac transport line were valid and the performance could be reliably extrapolated from current experience.

1.1.1 Design philosophy

The SCRF linac is being proposed as a replacement for the current 400 MeV linac and 8 GeV rapid cycling Booster. The design premis of the SCRF linac design  is a constant 1.56E14 injected into the MI each MI cycle. The initial configuration, which has one klystron per 36 SCRF cavities is capable of producing 0.5 MW of stand alone beam power of which 132 kW will be directed toward the MI in a 3 millisecond macropulse. In the ultimate proposed configuration, the number of  klystrons would be trippled to allow a stand alone beam power of 2MW.  Based upon the design premis, the power directed toward MI remains constant at 132 kW (for the 120 GeV 2MW Neutrino program) as the injection time is reduced from 3 to 1 ms. (ref. 3) 
Although beyond the scope of this document is a scenerio which would keep the 3 ms injection time and the injected beam power increases by a factor of three to 396 kW. The number of protons would increase from 1.54E14 to 4.62E14 and the power at 120 GeV could increase up to 6MW. Further enhancements to the neutrino program, if desired would be the capability of generating a 2MW beam power at 8 GeV for  the direct transport to a neutrino production target by utilizing the MI as a single turn transport line (don’t circulate). This would require the transport of 2MW of beam power through the transfer line. 
One of the major concerns in building any facility with this much beam power is uncontrolled losses. The philosophy adopted here is to understand mitigate as much as possible the sources of uncontrolled losses. In addition, the unavoidable losses that remain should be mitigated by localizing them in well shielded areas which a) minimizes radioactivation of machine components, b) minimizes the production of airborne radioisotopes, and 3) the protection of surface and ground water. This adopted philosophy is also known in radiological safety circles as “As Low As Reasonably Allowed” which minimizes dosages to humans and equipment. 
The design philosophy utilized in the present transfer line design is that  the transfer line is designed to transport a minimum of 132 kW of beam power to the MI in either the initial or ultimate configuration. This power capability (132 kW) is the basis for the baseline transport line and injection design. The question is asked whether the transport line can handle the factor of three increase in power and ultimately could the transport line handle 2MW of beam at 8 GeV. What modifications would be or are necessary to upgrade the power to 396 kW and then 2MW? Depending on the magnitude and scope of the required modifications, they could be folded into the base line design with minimal impact on cost and schedule.
Therefore, the design philosophy utilized in the transport and injection system design can be summed up in the following points:

· Minimize loss (maximum transmission)

· This can be accomplished through maximizing acceptance of the transport line, understanding and mitigating single particle loss mechanisms such as magnetic stripping {section 2.3.2}, black body radiation {section 2.3.3}, and gas stripping {section 2.3.4} and  by choices in beamline design, providing a flexible transport line collimation system {section 2.4} , and providing the necessary diagnostic equipment {section 2.8} to monitor and remove the beam permit if losses exceed pre-determined levels.
· Minimize impact on existing facilities
· This can be accomplished by keeping the inteference to surface buildings and underground enclosures to a minimum.

· Minimize civil construction to the MI

· This can be accomplished thru the utilization of an internal injection absorber to eliminate the necessity of additional costly civil construction {section 2.1.6}. Placing  the footprint of the end of the transfer line within the existing 8 GeV line endlosure will also avoid costly construction of wide span tunnel and the disruption of the current MI tunnel.

· Provide diagnostics for beam characterization and tuning
· Inherent in any transport line or ring design is the specification of the necessary diagnostics to be utilized in emittance and energy spread characterization, central energy determination, closed orbit monitoring, and matching into the transfer line and into the Main Injector and monitoring the injection region (foil, injection absorber, etc.)
· Optically roboust

· Providing diagnostics and knobs for tuning and matching

· Achromatic bends

·  Simplicity and Symmetry
· Of these last two points utilizing symmetry in insertions and the achromatic bend design and simplify the understanding and operation of the transport line.

1.1.2 Layout, function, and performance

The site selection for the Linac and the selection of the Main Injector injection point offers flexability for future development of facilities utilizing the Proton Driver. The site chosen lies in the southern half of the Tevatron ring. The real estate to the south of the linac could be utilized for future facilities. The orientation of the Linac lies on the same bearing as the MI 10 straight section which will be used for injection from the Linac. A reverse-bend achromat is required for the transfer line to miss existing buildings and the lake in the middle of Tevatron ring. The selection of this site requires a little more complex transport line design to miss existing infrastructure. 

The 988 m transfer line from the Proton Driver linac to the Main Injector (Figure 1.12.1) is functionally patterned after the SNS beam transport line. [6]  It can be characterized as a reverse-bend achromatic dog-leg. The current design is based upon a 2004 design study [7].
The function of the line is to provide a low loss transport of the 8 GeV H- beam from the end of the superconducting linac to the Main Injector injection point, provide emittance and momentum collimation, energy spread reduction, provide diagnostics for beam characterization, and provide for flexible matching into the Main Injector.  
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Figure 1.1.2.1 Site geometry for the SCRF Linac and transfer line to the Main Injector.

The length of the line is set by a combination of: a) the need to keep the dipole field as low as possible to minimize magnetic stripping, b) civil construction issues, c) the drift necessary for placement of a debuncher cavity, and d) by the desire to locate the main linac in a flexible and environmentally benign area inside the main ring that could allow development of other missions such as a muon facility . 

The transport line is made up of five sections. The first section is a matching straight section from the linac to a straight ahead linac beam absorber that currently contains betatron collimation. This is followed by the first 2 achromatic bending section which contains the first momentum collimator. This is followed by a   straight section.  A second 2 reverse bend achromat follows. The last section is an achromatic injection matching section which provides flexible lattice functions at the injection point independently tuneable in each plane and provides a location for a bunch rotator cavity.
1.2 Linac Description
Fermilab has proposed the construction of an 8 GeV superconducting linac  as a replacement for the existing aging 400 MeV linac and 8 GeV rapid cycling combined function Booster. The principal mission of the linac is to provide protons to the Main Injector (MI) for delivery of 2 MW beam power to Neutrino experiments. Each injection into the MI will consist of 1.5E14 protons (25 uC). The filling time is 3 msec {or 1 msec in the ultimate scenerio} as compared to Booster filling upto 4.9E13 in 733 ms (which is 11 X 4.5E12 protons/66msec.  
A complete description of the SCRF linac and the required technical components and the basis for the design of technical systems is described in the SCRF Proton Driver Technical Design document (ref. 3). A detailed description on the physics design of the 8 GeV H- linac including a discussion on beam dynamics sumulation is found in reference [8].
1.3 Main Injector Description
The Main Injector [9] is a separated function synchrotron with an injection energy of 8 GeV and a top energy of 150 GeV. The accelerator was comissioned in 1999 and has reached an intensity of over 3E13 per cycle. The circumference is 3319.39044 meters and the ring has a harmonic number of 588 which is seven times the existing Booster harmonic number of 84.  The ring was designed to be integrated into the existing Fermilab accelerator complex and provide proton and antiproton injection at 150 GeV into the Tevatron, provide protons for antiproton production, provide resonant extraction for test beams, and provide protons for two Neutrino experiments (MiniBoone at 8 GeV  and NuMI at 120 GeV). The RF frequency at injection 52.8114 Mhz.
The lattice is two-fold symmetric and is a basic FODO lattice with a half-cell length of 17.288 meters. The MI has eight zero-dispersion straight sections. All transfers into and out of the MI as well as the proton abort and the RF cavities are situated in the straight sections. Dispersion suppression consists of four half-cells located on either side of each straight section and utilizes a reduced half-cell length and reduced dipole length (and bend angle).  The accelerator was designed with split tunes (h/v) are 26.425/25.415 to minimize the impact of the coupling resonance on halo formation.
1.4 Interface with the 8 GeV linac
The interface between the Linac and the transfer line has been defined to be at the end of the last cryo module (60 mm downstream of the last cavity).  The first transport line quad, Q31, is centered at 1.564 m downstream of the interface point. The transverse twiss parameters of a 45 mA beam of H- at this interface point, taken from the output of TRACK [10], are given in Table 1.4.1. 

[image: image1]
Figure 1.4.1 The interface between the Linac and the transfer line. 
Table 1.4.1 Lattice parameters at the exit of the last cryo module which are used as starting parameters for the transport line.
	Parameter
	X
	Y

	Beta [m]
	60.6983
	32.1667

	Alpha [r]
	-1.8171
	0.6955


The transverse and longitudinal phase space for 45 mA linac current with no errors has been produced using 195K particles. Although tracking studies have been done for various configurations of the beta=1 linac, with and without energy and phase errors, and with and without collimation [11], only the standard, no error phase space is presented here. The transverse and longitudinal phase space tracking results at the match point between the linac and transfer line are shown in Figures 1.4.1 and 1.4.2. Table 1.4.2 lists the rms values of the full 195K distribution.  
Table 1.4.2 RMS values at end of last cryo-module  from the output of TRACK for an  initial distribution of 195K particle.
	x  [mm]
	1.589

	x’ [mrad]
	0.5143

	y [mm]
	1.237

	y’ [mrad]
	0.4431

	dE [MeV]
	2.16

	dt  [ps]
	4.63

	(x-norm) [-mm-mr]
	.394

	(y-norm) [-mm-mr]
	.450


The 95% and  100% normalized horizontal emittance from the output of TRACK are 2.54 -mm-mr and 20.56 -mm-mr. As noted in the table above the vertical emittance is slightly larger that the horizontal which means that the beta functions at the foil will need to be adjusted to keep the beam size round, if required. These values were determined in TRACK by determining the rms phase space ellipse orientation of the distribution and expanding the ellipse area to include a predetermined percentage of particles, say 95%, inside the ellipse with similar orientation [12]. 
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Figure 1.4.1 Transverse phase space at the end of the last cryo-module at 8 GeV. The horizontal phase space is on left and the vertical is on the right. 

It is readily seen, looking at the difference between 95% and 100%, that significant halo formation occurs at peak currents. Therefore, we will utilize the betatron collimation to clean up the halo and transport somewhere between 95% and 99% of the beam to the MI.  This implies that the full betatron cleaning system should be designed for a routine loss of upwards of 5% spread evenly among the full system (see Section 2.4.1).
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Figure 1.4.2 Transverse Beam (XY) and Longitudinal phase space at the end of the last cryo-module at 8 GeV. The radius of the beam pipe at this location (not shown) is 3.8 cm.
1.5 Interface with the Main Injector

The new transport line joins with the existing 8 GeV line tunnel just upstream of where the existing 8 GeV line merges into the MI. Figure 1.5.1 shows the layout of the new transfer line with respect to the existing 8 GeV line and Main Injector.  Figure 1.5.2 shows an enlarged region showing the MI enclosure, the existing 8 GeV line (to be de-commissioned), the new 8 GeV Proton Driver line, the MI beam center line, the new injection chicane magnets, and the new injection absorber. The location of the foil is at the current center of the straight section. The Main Injector MI-10 straight section lattice will be modified from a standard FODO to a symmetric straight section, discussed in section 2.5.2. The upstream quad doublet is shown in figure 1.5.2 
The staight section remains a “zero dispersion” straight section and the lattice functions of the new MI injection straight section are flexible and independtly controlled as discussed in section 2.5.2. The current nominal beta functions are 70m horizontally and 30m vertically with both alpha’s approximately zero. The optical solution and matching flexability between the transport line and the new Main Injection straight section is discussed in section 2.1.3. 
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Figure 1.5.1 Drawing showing the existing 8 GeV line, the revised MI, and the new PD transport line on a plan view of the current civil dwawing. The new construction is shown in blue dot-dash line and the new transport line is shown in red. The vertical scale has been stretched
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Figure 1.5.2 Enclosure and magnet drawing showing an expanded view of the new Proton Drive injection region.
 1.6 Primary Parameters

1.6.1 Linac
	Parameter
	Initial {ultimate}

	Primary particle
	H-

	Linac beam kinetic energy
	8 GeV

	Linac Stand-Alone Beam Power
	0.5 {2.0} MW

	Linac Pulse repetition rate
	2.5 {10} Hz

	Linac macropulse width
	3.0 {1.0} msec

	Linac particles/macropulse
	1.54E14

	Linac charge/macropulse
	26 uC

	Linac energy/macropulse
	208kJ

	Linac current avg in macro pulse
	8.7 {26} mA

	Beam power at 1.5 sec MI cycle time 
	132 kW

	RFQ / chop frequency (0-110 MeV)
	325 Mhz

	RF frequency (>110MeV)
	1.3 Ghz

	Peak source current
	45 mA

	Beam chop factor 
	94% 720 ns abort gap

	Beam chop factor 
	66% 4 out of 6 

	
	

	
	

	Emittance @ entrance to RFQ (rms-norm)
	0.25 -mm-mr

	RMS Emittance growth factor to 8 GeV
	~1.5 for 45mA into RFQ

	RMS Emittance (x and y) [-mm-mr]
	X = 0.394 and Y = 0.450

	95% Emittance (x and y)  [-mm-mr]
	X = 2.53 and Y = 3.21

	RMS Longitudinal emittance [eV-sec]
	2.41E-03

	95% Longitudinal emittance [eV-sec]
	17.56E-3

	
	

	 Linac Energy/phase jitter [13]
	1 degree / 1% at +/-3 rms

	
	

	
	


1.6.2 Transport Line
	Parameter
	Value

	Length
	988.97 meters to foil

	Transport cell
	60 degree FODO structure

	Injection achromat
	90 degree FODO w/matching doublet

	Cell length
	21.83 m in transport / 14.8 m in matching

	Maximum beta in transport
	75 meters

	Minimum beta in transport
	25 meters

	Maximum Dispersion
	6.4 meters

	Beam sigma at max beta
	1.8 mm for (95-norm) of 2.5 -mm-mr

	Beam sigma at max disp
	0.75 mm for dE of 2.3 MeV

	Number of half-cells
	47 in complete line

	Arc dipole field
	480 Gauss

	Injection achromat field
	500 Gauss

	Injection chicane fields
	3.57 kG / -.466 kG / -5.56 kG / 11.42 kG

	Number of dipoles
	72 in transport + 6 in injection achromat

	Dipole Aperture
	50 mm V x 100 mm H w/o screen and ~45 mm V x 95 mm H w/elliptical screen

	Number of quads
	52 (49 in trans./inj. + 2 in abort line + 1 mom. coll.)

	Quad gradients
	10.7 kG/m in transport and 12 to <35 kG/m in injection achromat

	Quad aperture (pole-tip dia)
	75 mm diameter

	Horizontal admittance (norm)
	178 -mm-mr (quad beam tube)

	Vertical admittance (norm) 
	66 -mm-mr (dipole ver aperture with liner)

	Expected H- 95% emittance
	H 2.5 -mm-mr V 3.2 -mm-mr

	Acceptance for no magnetic stripping (transport / matching)
	Transport line quad with 47mm@500G -> 280 
Matching section with Gmax of 35 kG/m -> 48  

	Momentum Acceptance
	+/- 0.43% with  3” round quad chamber
+/- 0.73% with star quad chamber

	
	

	Betatron collimation - type
	Six pair foil / in-line absorbers (3 Hor and 3 Ver)

	 Beta at foil / at absorber
	 75 m / 30 m

	 Distance foil - absorber
	 ~ 20 meters

	 Absorber capacity
	1.3 kW initial - 20 kW ultimate

	 Foil / Absorber aperture
	movable jaw 

	Momentum collimation -type
	 Single foil transport to external absorber

	  Location of foil / beta at foil
	downstream Q57 first achromat / 73 meters

	  Dispersion at foil
	6.4 meters

	  
	

	Bunch Rotator
	Warm 17 cell superstructure 1.3 Ghz and ~32 MV

	
	Located at s=916 m at D~0.

	    
	


1.6.3 Main Injector
	Parameter
	Value

	Circumference
	3319.419 m

	Mean Radius
	528.390644 m

	Injection Momentum (energy)
	8.889 GeV/c  (8 GeV)

	Extraction for Neutrino Program
	120.9346 GeV/c (120 GeV)

	Peak Momentum (energy)
	150.935 GeV/c  (150 GeV)

	
	

	Max Beta
	57 m

	Max Dispersion
	1.9 m

	Phase advance/cell
	~90 deg

	Hor tune
	26.425

	Ver tune
	25.415

	Natural Chrom(H)
	-33.6

	Natural Chrom (V)
	-33.9

	
	

	Elliptical Beam Pipe (HxV)
	120mm x 50mm

	Hor admittance (norm)
	570 -mm-mr

	Vertical admittance (norm)
	100 -mm-mr

	Lambertson admittance (norm)
	60 -> 80 -mm-mr

	
	

	Harmonic number
	588

	Number of bunches
	Up to 550 

	Injection RF freq 
	52.811 Mhz

	Injection Rev frequency
	89.815 khz

	Injection Rev period
	11.134 usec

	Bucket length
	18.935 ns

	RMS bunch length (injection)
	2.7 to 2.9 ns

	Longitudinal admittance 
	0.5 eV-sec

	
	

	p/p (momentum aperture of ring)
	+/- 0.7 %

	
	

	Superperiodicity
	2

	Number of straight sections
	8 (2@8HC,2@4HC,4@3HC)

	Arc cell length
	34.5772 m

	Dispersion sup. Cell length
	29.9330 m

	Number of dipoles (dipole length)
	216 (6.1 m ) /128  (4.1 m)

	Dipole field (8 GeV/150 GeV)
	1.0 kG / 17.2 kG

	Number of quadrupoles (quad length)
	128 (2.13m) /32(2.54m)/ 48 (2.95m)

	Quad Gradient [G/()]
	Approx. +/- 0.04


2.0 Beam Dynamics Design
2.1 Optics and Layout
The majority of the transport line is made up of 60 degree FODO cell structure with a 21.83 m half-cell length. The minimum and maximum beta within the FODO cell is 25 meters and 75 meters. The maximum beta within the last matching section depends on the particular lattice functions desired at the foil and is typically less than 120 meters. The maximum dispersion in each of the arcs is 6.4 meters. There are 2 types of half cell layouts used in the transport section. Figure 2.1.1 shows the layout of the straight section half cells (including collimation foils/absorbers, where installed) and the two arc bending sections. The layout in the MI matching section generally follows this scheme, but with a shorter half-cell.  Figure 2.1.2 shows the lattice functions of the entire transport line for the nominal injection solution of including the end of the linac (A). The functionality of the different sections of the transport line are indicated in the figure. Explicitly, the matching section is denoted by (B), the betatron collimation section (C), the first achromatic arc section which contains the momentum collimation (D), the  straight section (E), the reverse bend achromat (F), and the MI injection matching achromat which includes the passive debuncher (G).  Figure  2.1.3 shows the dispersion of the entire transport line.  Note that each arc is achromatic by geometry, i.e. six 60o cells, or 360o across the arc. The achromaticity is maintained by keeping tha cell phase advance at 60o.
[image: image8.wmf])

(

2

bg

b

p

MAX

a

A

=


Figure 2.1.1:  Layout of transport line straight and arc section magnets. The top figure is the typical geometry of a straight section half-cell showing the approximate location of one (of six) betatron collimation absorbers. The bottom figure is the typical orientation of an archromatic arc half-cell. Aslo noted are the locations of the BPM, dipole trim corrector, and collimation foil (in white where installed).  A description of the location of the collimation foils is contained in section 2.4.
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Figure 2.1.2: Lattice functions of the full transfer line from the end of linac to the injection absorber following the injection foil.
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Figure 2.1.3: The dispersion function for the entire transport line showing the two achromatic arc sections and the achromatic injection section.

All quads are connected to either a QF or QD bus except the first four or last eleven which are used for matching to the linac and MI, respectively. The first three dipoles in the first achromat are powered independently from the main dipole bus to switch beam between the transfer line and linac dump.

2.1.1 Linac to Transport Line Matching

The first part of the transfer line contains a straight section for betatron collimation and is designed as a FODO lattice with a 60 degree/cell phase advance. The length of this section, from the center of the last linac quad to the center of the first regular cell quad is 73.78 meters. The minimum and maximum lattice functions are 25 and 75 m, respectively. Given an expected 95% transverse emittance of 2.5 -mm-mr, the maximum beam size ( +/- 3 sigma) is approximately  5.4 mm. The beam pipe dimension through this section is expected to be uniform through the quads and drift space at 3” diameter. The first four quads in the straight section will be powered independently to match into the straight section.  Figure 2.1.1.1 show the lattice functions through this matching section. Note that the first collimation foil/absorber pair is within the matching section, however the solution yields the gradient of Q31 to be approximately the same as the FODO quads so the operation of the collimation system should be consistent.
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Figure 2.1.1.1 Linac to transfer line matching section showing the first five quads in the transferline. Zero on the plot is the match point at the end of the last linac cryo module.

The lattice functions and output distribution at the end of the last cryo module are given as the input conditions for the transfer line matching (see Table 1.4.1). 
The nominal gradient of the Linac quadrupoles is 32.4 kG/m with an effective magnetic length of  0.5 meter. The dipole field at 12mm (~9 ) is only 388 Gauss, a value well below what’s required for minimum Lorentz stripping.  The nominal gradient of the transport line FODO lattice is 10.658 kG/m which gives a pole tip field of about 406 Gauss, again well below the value at which Lorentz stripping would be important (i.e lab frame lifetime @ 400 G for 8 GeV is 3E4 seconds). Table 2.1.1.1 shows the required matching quad gradients to match from the linac with the paremeters listed in Table 1.4.1 to the nominal transfer line 60 degree FODO lattice.
Table 2.1.1.1 Required gradients to match between the linac and transfer line.

	Quad
	Nominal Gradient
	Field at 1” [G]
	Radius @    500 G

	Q31
	 12.659 kG/m
	322
	40 mm

	Q32
	-11.115 kG/m
	282
	45 mm

	Q33
	 10.483 kG/m
	266
	48 mm

	Q34
	-10.138 kG/m
	258
	49 mm


As an example of the matching flexibility of the transfer line, the lattice functions at the match point were changed to correspond to the reduced focussing structure of the ILC type RF unit which utilized only one quad every three cryo modules (ref 13). This matching example is severe, but illustrates the flexibility.  Table 2.1.1.2 lists the two sets of lattice functions at the match point out of the linac used in this example. 
Table 2.1.1.2 Comparison of lattice functions [14] used for matching example

	Parameter
	Proton Driver
	ILC 

	Beta x
	60.7 m
	164.5 m

	Alpha x
	-1.8
	2.4

	Beta y
	32.2 m
	189.5 m

	Alpha y
	0.7
	-2.3


The results of the matching are shown in Figure 2.1.1.2. The top plot is the nominal solution. The lower plot shows the matching from the ILC linac into the transfer line. Again the first four quads in the transport line are varied to match to the transfer line functions at the cell boundry of the fifth quad. All quad gradients were reduced to less than 10 kG/m with none going below 5 kG/m. Note that the vertical beta function in the ILC case approaches 400m, which might indicate the use of a larger aperture quad, but otherwise produces an acceptable solution. This is not a currently suggested solution but is provided for illustration purposes. Additionally, the input parameters were increased individually and as a group by a factor of two and in all cases the matching was acceptable and gradients were less than 20 kG/m, well within their tuning range.  Figure 2.1.1.3 shows where the value of both beta functions was doubled.  Reduction of the input parameters were less flexible, with a maximum reduction of 25% in either beta function while maintaining an acceptable solution.
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Figure 2.1.1.2 Matching example with nominal latice functions from the linac and increased lattice functions from a linac with reduced focussing. 
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Figure 2.1.1.3  Matching example where both lattice functions are increased by a factor of 2. 
2.1.2 Transport line

The main transport line consists of four sections, 2 straight sections and two reverse bend arc sections. The first straight section, currently envisioned to contain the betatron collimation (discussed in section 2.4.1) is 109.2 meters in length and contains 5 half cells.  All quads in the transport section are connected to either a QF or QD bus.  The quads are of a new design and are expected to have a length of 1.3 meters and a pole tip aperature of 3 inches. The design gradient for the transport line quads is listed in Table 2.1.2.1 For the nominal rms transverse emittances listed in tabe 1.4.2, the horizontal and vertical rms beam size is listed in table 2.1.2.1.
Table 2.1.2.1 Transport line FODO quad gradients.
	Quad bus
	Gradient [kG/m]
	Field at 1”               [G]
	Radius @ 500 G
	rms beam size [mm]

	QF
	 10.6578
	270 
	47 mm
	1.77

	QD
	-10.6578
	270
	47 mm
	1.89


The first three dipoles in the first achromat are powered independently from the main dipole bus to switch beam between the transfer line and linac dump. These dipoles are a new design with the steel back leg missing on the high momentum side to allow the beam pipe to gracefully exit the dipole for the dump line. The remainder of the dipoles in the two arcs are powered by a single power supply. When the dump supply is de-energized the beam will enter the straight ahead linac dump line. The dispersion reaches a maximum of 6.4 meters at the central quad of each arc. The dipole field is 480 Gauss which produces a 9.8 mr bend at 8 GeV.  The dipole magnets are envisioned to be recycled B2 magnets which have a 4”x2” aperture and are 6 m in length. The two arc’s are separated by a 3 cell  straight section.  Momentum collimation for errant energy beam pulse’s will be performed only in the first arc section and is discussed in section 2.4.2.
2.1.3 Transport line to Main Injector Matching

This section of the transport line is a 90 degree FODO cell with a doublet at the end for matching into the MI symmetric straight section. The half cell length was reduced to 14.789 meters in order to accumulate phase advance between the reverse bends to make this section achromatic and minimize the impact on the MI65 service building. The injection straight section points directly at MI65 and we want to start the 20 degree arc as soon as possible to bend away from the service building.  The line contains two bending centers with reverse bends to create a horizontal “dog-leg” that is used to move the central part of the transport line into the 8 GeV line tunnel at the junction of the  8 GeV line tunnel and the MI tunnel. This was done to avoid the concrete “nose” at the junction and simplify the civil construction tie-in of the new transport line by not having to remove and re-build a section of the MI tunnel. Figure 1.5.1 shows the civil drawing of the connection of the PD transport enclosure with the 8 GeV line along with the Main Injector and transport line.

The base 90 degree FODO lattice was established by removing the last quad from the QF bus and adjusting its gradient along with the first three quads in the matching section. The resultant gradients are shown in Table 2.1.3.1.
Table 2.1.3.1 Matching gradients from arc cell to matching MI matching cell
	Quad
	Gradient [kG/m]
	Field @ 1” [G]

	Q7D
	13.15
	334

	Q81
	-19.89
	505

	Q82
	18.67
	474

	Q83
	-25.69
	652


Matching to the new Main Injector injection lattice is accomplished by adjusting the last 8 quads in the transfer line.  Here, the parameters x, x, y, y, Dx, D’x, are constrained as well as the maximum beta in this region. 
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Figure 2.1.3.1: Lattice functions in the MI matching section for the solution x = y = 20 meters, x = y = 0.0 at the injection foil.

The last two quads in the transfer line form a DF doublet to facilitate a waist in both planes at the injection foil location. Figure 2.1.3.1 shows the lattice functions for two  solutions where x = y = 20 meters (top) and x = y = 40 meters (bottom) with x = y = 0.0 in both solutions and Dx =D’x = 0.0 meters.  The dispersion function for both solutions is identical and shown in Figure 2.1.3.2.

The two bend centers (with three dipoles each) are indicated in figure 2.1.3.1 by the lime green, dark green and magenta colored boxes. The magenta magnet is the second element in the injection chicane used to join the incoming H- with the circulating protons. Although the injection chicane will be discussed in detail in section 2.5.3, this magnet is 6 meters and has a field of 466 Gauss and has an aperture of 12” with a 2 or 3 inch gap, and will be powered on an independent supply. The light green dipoles in this section are identical to those in the arc section and the dark green dipoles are 3m version of arc dipole. The quadrupoles are identical to those used in the arc, except individually powered The blue box at the end of the transfer line (figure 2.1.3.1) is the injection absorber. 
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Figure 2.1.3.2: Dispersion function of the MI matching achromat which starts at 855 m (first green magnet)

The H0 (ground and excited states) which do not get stripped to protons by the primary injection foil, are converted to protons with a thick foil just upstream of the last chicane dipole which will bend the converted protons into the single dump line dipole. The two vertical lines (in figure 2.1.3.1) mark the location of the injection foil and the face of the injection absorber.

The beam size and divergence can be adjusted over a wide range of values while keeping the dispersion and it’s derivative zero.  The tuning range for the beta functions is easily from 20 to 50 in each plane independently while keeping alpha zero in both planes. On the other hand, alpha has a tuning range on the order of +/- few hundred microradians in each plane which could be utilized to compensate for any angular spread introduced prior to the foil.  Table 2.1.3.1 shows quad gradients for several solutions (with the moninal solution shown in red). The top row indicates the lattice function at the foil in the X/Y planes. All gradients are in kG/m for the new 1.3 meter quad.

Table 2.1.3.1 Matching quad gradients for several beam sizes on the injection foil

	Quad
	20/20
	20/50
	50/20
	40/40

	Q83
	-23.02
	-29.95
	-27.71
	-20.22

	Q84
	23.75
	22.18
	22.69
	23.42

	Q85
	-20.96
	-23.52
	-22.21
	-20.76

	Q86
	33.11
	28.05
	25.13
	30.11

	Q87
	-19.68
	-15.92
	-15.42
	-20.35

	Q88
	19.91
	17.45
	15.71
	19.64

	Q89A
	-31.33
	-27.49
	-29.34
	-31.07

	Q89B
	27.10
	23.99
	24.97
	26.15
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Figure 2.1.3.3 Beam envelope (695) in the matching section for the 20m/20m solution assuming a transverse emittance of 2.5 (H) and 3.5 (V). The blue bars indicate the radius at which the field in the quad reaches 500 G starting with quad Q83. The red line is the radius at 500G for a maximum quad gradient of 35 kG/m.
The relative beam size for a particular optical solution (i.e. 20 m H & V) as represented by the 6 beam envelope using realistic expected emittances and momentum spread as shown in Figure 2.1.3.3. Also shown is the radius in the quadrupole where the field reaches 500 G. The apertures start at Q83 and are displayed through Q89A&B. The maximum gradients in these solutions is  less than 35 kG/m at quad Q86. With a 3 inch pole tip and 35 kG/m, the pole tip field is 1.34 kG. The radius at which the field reaches 500 G (the limit imposed to minimize unwanted field stripping) is 14.3 mm (red dashed line in figure 2.1.3.3). This corresponds to 10.8  at this location (where the vertical beta is around 40 meters) for a nominal 95% emittance of 2.5 -mm-mr. At Q89A, where the gradient is ~31 kG/m the radius at 500 G corresponds to 16 mm (or about 8  .The loss rate at 500 G is 3.8E-10/meter with the H- seeing only a few meters at this field level.
2.1.4 Linac Dump line

Currently, an external beam dump capable of the full linac intensity is envisioned although this topic could be revisited.  The final design of the absorber and enclosure has not been done, only scaled from MI operation. A straight ahead linac beam dump transport line is selected when the first three dipoles in the first achromat are turned off. It is expected that these dipoles will normally be off, thus sending beam to the linac dump, and only ramp to the nominal value on cycles beam is requested for Main Injector. Therefore, these three dipoles must be on a separate power supply and connected to the beam permit system. The ramp time specification for these dipoles has not been finalized and depends on the operational scenerio adopted. It might be expected that the ultimate operation could be at 10 Hz which would imply that the switch magnets would be connected into a resonant circuit. This decision will determine the specific dipole design, i.e number of turns, maximum current and copper size, etc.  and power supply design.  
This transport line consists of two independently powered quadrupoles after exiting and separating from the switch dipoles. The current in the first quad is the same as the transfer line quad bus. The second quad (quarter wave quad) in the dump line was shifted upstream by ½ cell length at the location where x=y an the current reduced to 55% to procuce a diverging round beam spot on the face of the dump. The dump is located 85 meters downstream of the last quad. The main transport line enclosure ends within about 20 meters of the last quad and followed by a buried beam pipe to the external absorber enclosure as shown in Figure 2.4.1.1. 
[image: image18.wmf]2

2

2

)

(

)

(

)

(

6

)

(

)

(

p

s

D

s

s

p

s

gb

eb

s

+

=


Figure 2.4.1.1 Layout of the switching dipoles, transport enclosure, burried beam pipe, and external absorber for the linac dump line.

The spot size (6) on the face of the dump for the expected 2.5 -mm-mr linac beam at 8.9 GeV/c is roughly 20 mm in both x and y dimensions. This scales with 1/sqrt() so the spot size for energies as low as 1 GeV/c should produce a spot size of 45 mm (still with in the acceptance of the dump transport line. Although the vacuum detail has not been designed it is assumed that the beam pipe aperture will be sized according to needs.  Figure 2.4.1.2 shows the lattice functions for the dump line.
The ultimate stand alone power of the linac is 2MW corresponding to 1.54E15 particles at 10 Hz. Initial specifications for the linac absorber is that it should handle maximum beam intensity for 1 hr under accident conditions which corresponds to 5.5E18 particles/hr. The normal beam load to the absorber has been estimated at 1% accident condition which implies an average beam power to the absorber of 20 kW for 3E20 particles/year. The transport line and beam absorber will be instrumented with beam position monitors, beam loss monitors, beam profile monitors, and the required thermocouples on the absorber for protection. 
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Figure 2.4.1.2: Lattice functions for the straight ahead linac dump. The arrow shows the location of the switching dipoles in the first achromat which are turned off . The two quads after these dipoles are actually in the dump line. 

2.1.5 Linac Absorber

The Proton Driver linac beam absorber is patterned after the Main Injector beam absorber.  The Main Injector beam dump core box was designed to continuously accept as much as 1E14 protons per pulse (@ 1.9 sec cycle time) at 150 GeV without being compromised. This corresponds to an average beam power of 1.26 MW.  The shielding and civil construction configuration are found to be adequate for a 2 MW 120 GeV proton dump, so that the civil construction costs and sarcophagus dimensions of a 2 MW, 8 GeV dump should be similar.  Figure 2.1.5.1 shows the MI dump core-box.
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Figure 2.1.5.1 Absorber core box for the Main Injector beam dump. This is a graphite core surrounded by a 6 inch water-cooled aluminum core box. 

To provide shielding for prompt radiation, surface water contamination and ground water contamination the core box is surrounded by 2.75 feet of steel and 3.5 feet of concrete. Figure 2.1.5.2 shows a plan view of the Main Injector beam dump enclosure.
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Figure 2.1.5.2 Plan view of the Main Injector beam abort dump enclosure.
2.1.6 Injection Dump line

The function of the injection dump line is to transport particles that are not fully stripped to protons (i.e. unstripped H0 and H- that miss the injection foil) to a well shielded injection absorber. This line may additionally be used to transport low intensity protons for injection tuning without the injection strippping foil or transport high intensity particles in the case of a foil failure. The injection absorber is to provide a well shielded location to send these particles and the preliminary design is discussed in section 2.17.
The nominal injection intensity of 1.54E14 particles in either a 1ms to 3ms beam pulse every 1.5 sec. This produces an average injected beam power of 132 kW. The routine beam loss (every cycle) due to stripping inefficiencies and H- halo missing the stripping foil has been estimated at 5%. This corresponds to an average beam power of 6.6kW through the dump line and onto the injection absorber. For 5500 hours of operation per year at peak power this rate would deposit approximately 1E20 protons into the absorber each year. 
An initial design concept placed the injection absorber in an external enclosure with a long beam pipe exiting thru a shallow angle in the MI tunnel enclosure wall as shown in Figure 2.1.6.1. The extrenal enclosure was included when the design was scaled to the MI dump [15] using estimated hydrologic transport rates to the aquifer. Subsequently, measurements have confirmed transport rates many orders of magnitude smaller, which minimizes concern for drinking water contamination. [16]  
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Figure 2.1.6.1 Early plan view showing the option for an external injection absorber.

The current design goal was 
· to simplify the injection dump transport line by reducing length and decoupling from the ring lattice, and 

· to create an absorber design that would fit within the tunnel and thus reduce complex civil construction, 
· meet all beam power specifications, 
· meet all surface water and ground water regulations,  and prompt and residual radiation requirements, 
· and be cost and schedule effective. 

The injection dump is located within the MI enclosure approximately 8 meters downstream of the secondary foil with only a single dipole in the dump line. The physical location of the injection absorber is nestled in the MI-10 alcove located in the Main Injector tunnel as shown in Figure 2.1.6.3. 
The waist beam trajectory from the foil to the injection absorber is shown in Figure 2.1.6.2. 

[image: image23.png]X

120

100,

a0

5.

0

20

00

ER—

NS08 5% vrsion 8226 ovupos onaazm

do & E3 . B P B o,
a0m)

Bupec = 0.
Tabe ane = TWES




Figure 2.1.6.2  The waist beam trajectory (left-to-right) starting at the stripping foil. The offset is from the injection straight centerline.  The foil centerline is at 150 mm offset.
The injected beam trajectory on the stripping foil is a 150 mm offset and -1 mr angle to assure clearance of the ring quadrupoles at the upstream end of the straight section. The first magent after the stripping foil is the DC chicane magnet HBC3 (discussed in section 2.5.3). This magnet bends the stripped protons back toward the circulating beam trajectory. Only H0 emerges from the magnet HBC3 to hit the secondary foil upstream of HBC4. The injected protons, the protons in the circulating beam and waste beam protons all receive a kick from HBC4 toward the outside of the ring. The injected and circulating protons close back on the circulating orbit and the waste beam is bent away from the closed orbit toward the injection absorber. The waste protons enter the single dump line dipole at approximately 183 mm to the outside of the ring and a 37.5 mr angle away from the circulating beam. The 2 meter dump line dipole adds approximately 81 mr of bend toward the outside, which gives a dipole field of approximately 12 kG. One potential magnet choice is a c-magnet design similar to the Fermi ICA magnet. So, the trajectory the face of the injection absorber is approximately 460 mm to the outside on the MI straight section centerline (blue dashed lines in figure) and has an outward angle of 118 mr. This means the injection absorber should be installed at this offset and angle.  With this geometry the MI circulating beam beam tube passes through the injection absorber at an 18 inch offset on the upstream face.
The cross sectional size of the injection absorber is +/- 40 inches wide and 120 inches long as seen by the orange block in figure 2.1.6.3. A channel is included on the inside edge for the circulating beam pipe. A foil just upstream of the closure dipole (last chicane magnet) strips the H0 into protons and the closure dipole bends the particles in the dump line away from the MI toward the only dipole in the dump line (blue magnet). Instrumentation located downstream of the dump line dipole and upstream of the injection absorber will include a beam current monitor, beam loss monitors, horizontal and vertical beam position monitor and a beam profile monitor. The injection absorber  will be instrumented with necessary loss monitors and temperature sensors and cooling water monitors.
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Figure 2.1.6.3 Plan view of the MI-10 injection area in the Proton Driver era showing the location of the injection absorber (orange device) in the MI-10 alcove. The only dump line specific magnet is shown as a blue dipole. Note: the MI circulating beam cuts through the abortber shielding.
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The optics of the dump line take on that of the transport line with a waist at (or near) the injection foil and is independent of the ring lattice.The last focusing for injection and the injection absorber is done by the beam line quads Q89A and Q89B. There are no quads in the dump line. Figure 2.1.6.3 shows the beam envelope (six sigma) for  a beam with a 95% normalized emittance of 4.5 -mm-mr (approx 2x nominal) at the foil and injection absorber. 
Figure 2.1.6.3 Beam envelope (six sigma) for a 4.5 -mm-mr emittance beam in the injection region. The dump line optics are determined by the injection optics.
This corresponds to 7.6 mm at the foil and about 8.3 mm at the face of the absorber. For a nominal 2.5 -mm-mr beam the spot sizes are 5.6 mm and 6.1 mm, respectively.

The painting scheme (Section 2.5.4) utilizes a vertical angle on the foil (keeping position on foil constant). For a nominal circulating beam divergance of  0.3 mr and an injected beam divergence of 0.08 mr,  the maximum rquired angle at the foil for painting (discussed in section 2.5.4) is approximately 0.26 mr. During the injection process this vertical angle on the foil is reduced to zero. This angle variation produces an offset of about 1.8 mm at the face of the injection absorber, only a fraction of the beam envelope. The expected beam pipe aperture through the dump line is 3 inch diameter or in the case of the dipole 2” by 4”.
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Figure 2.1.6.4 Vertical painting orbit at the end of the transfer line showing the maximum angle at the foil (with fixed vertical position of H- on the injection foil and the vertical trajectory between the foil and injection absorber.
2.1.7 Injection Absorber
Figure 2.1.7.1 shows a MARS model of an absorber [17,18]  with a 6 inch diameter graphite core (blue) inside a water-cooled aluminum jacket with 3 inch walls (red). The inner shilding is tapered tunsgten (yellow) with the maximum thickness of 6 inches at the maximum shower location. This inner shielding is followed by 20 inches of iron (green), 8 inches of concrete (gray), and a 6 inch outer layer of marble (not shown) for personal safety. 
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Figure 2.1.7.1 Injection absorber geometry  plan (left) and elevation (right) views in the MI tunnel. A 6 inch marble layer on the outside of the absorber is not shown in this figure. This geometry was used for MARS calculations 
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Figure 2.1.7.2  Residual radiation levels of the injection absorber after a 30 day  irradiation and 1 day cooldown for 1E20 protons/year. The large blue numbers are on the outside of the marble.

A nominal beam power of 5% of 132 kW (6.5 kW), corresponding to 1E20 protons/year was used to investigate radiologiocal shielding properties and thermal properties of the current absorber design. Figure 2.1.7.2 shows a typical output of the residual radiation level after a 30 day irradation and 1 day cooldown. The levels in red are contact levels at the face of the concrete and the blue levels are after the addition of 6 inches of marble. In addition, the external prompt radiation and star production in the soil are well within required limits (factor of 15 for prompt and factor 10 at sump drain location). In fact, the current conceptual design can routinely handle a factor 2 in routine loss and still maintain < 100 mrem/hr on contact and is rated to withstand accident conditions.

Preliminary thermal calculations indicate that under normal operating powers, the maximum temperature rise above ambient temperature is about 25o C in the tungsten just downstream of the core as shown in Figure 2.1.7.3.  Additionally, the simulations showed that the absorber would survive a cooling water failure as the “steady state” temperature rise without cooling water reached a peak of just under 300 o  C . At a steady state of 132 kW the peak temperature (with water cooling) in the tungsten was 622 o  C. A more detailed analysis will be required for the final design.
[image: image38.png]X

—

Betaton Cllimation section

NS08 5% vrsion 8226 300707 134815

0

B B

50

w0

0

00

20

20

150,

100,

30

00

do & E3 E2 % E2 . B P B

Bupec = 0.
Tabe ane = TWES

o,
a0m)




Figure 2.1.7.3 Steady state temperature of injection absorber under nominal 6.6 kW beam power. The hotest spot just downstream of the carbon core shows an incerase of 25oC above ambient temperature.

The beam absorber and transport line will be protected against accident conditions which might lead to either material failure or violation of beam loss budget parameters through the utilization of a Fermi 204 abort concentration module. This will monitor core temperatures, steel temperatures, water flows and pressures, beam intensity in the beamline and at the entrance to the abort, beam loss levels, etc.  and  will be able to remove beam permit within 1 turn of the MI (i.e. within 10 us during the 1 to 3 ms pulse).  

2.2 Main Injector and Transport line Aperture and Admittance
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In a transport line with a uniform aperture, the physical normalized admittance of the accelerator is given by 

where a is the half-aperture of the beam pipe and  is the maximum lattice function (or the lattice function at the location of the dimension a and () is the usual energy normalization (9.47 for 8 GeV).
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Figure 2.2.1 Picture of the MI BPM plates inside the standard MI beam pipe.

The vacuum chamber in the MI is an uniform elliptical chamber through out the entire accelerator with a few exceptions in the injection/extraction devices, RF cavities, and some instrumentation. Figure 2.2.1 shows a typical BPM designed into the MI beam pipe. The interior dimensions of this beam pipe are 120 mm horizontal by 50 mm vertically. This aperture translates into a physical admittance of about 570 -mm-mr horizontally and  100 -mm-mr vertically.

[image: image41.emf]
Figure 2.2.2 Aperture of the Large Aperture Quad super-imposed on the extraction Lambertson field free aperture. 
The admittance through the Lambertson/quad region as shown in figure 2.2.2 (with lattice functions of 60m horizontal and 11m vertical) is 80 -mm-mr horizontal [19]  and 134 -mm-mr vertical. 
If we assume the worst case scenerio such that the MI is fully coupled so that the normalized admittance in both planes is that of the smallest aperature in the accelerator. In this case, we would take the normalized MI admittance to be 80 -mm-mr at 8.9 GeV/c.
Figure 2.2.3 shows the cross section of several beam pipe geometries that could be utilized in the transfer line. The green or magenta beam pipe shape would be used in the quads while the red rectangle would be used in the dipoles. The blue curve represents a potential beam screen liner for black-body radiation. 
The physical dimensions of the dipole beam tube are 100mm horizontal by 50 mm vertical (with the cold beam tube insert the dimensions are 95mm by 45mm). Using the round beam tube in the quadrupole, the beam tube diameter would be 75 mm. Using the star shape chamber the horizontal would be 114 mm by 74 mm vertically.  
Looking at all these dimensions, the horizontal admittance of the transfer line is summed up in table  2.2.1
Table 2.2.1 Admittance of possible transfer line beam tube configurations in units of      -mm-mr (green and magenta curves in figure 2.2.3)
	
	Quad (round)
	Quad (star)
	Dipole (with beam tube liner)

	Horizontal 
	178
	410
	284

	Vertical
	178
	~180
	66


[image: image42.emf]
Figure 2.2.3: Comaprison of potential beam pipe geometries for use in the transport line. The green trace is a 3 inch round beam tube , the magenta trace is a 3 inch star beam tube (new), the red trace is dipole beam tube, the blue trace is a potential dipole cold beam tube liner, and the black dashes represent the MI beam tube

A summary of the transoport line and MI normalized admittance in units of -mm-mr is given in Table 2.2.2.
Table 2.2.2 Summary of Transport line and MI admittance in units of -mm-mr
	Plane
	Main Injector
	Transport Line

	
	Elliptical
	Lambertson
	Quad (round)
	Quad(star)
	Dipole

	HOR
	570
	80
	178
	410
	284

	VER
	100
	134
	178
	180
	66


The sigma of a beam distribution with a 95% transverse emittance of  and a sigma of the momentum distribution of p/p is given by 
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where (s) and D(s) are the beta function and the dispersion and p/p = (1/sqrt(6)) (dp/p)

The 99% beam width is given by 6.  Assuming a 95% normalized horizontal and vertical transverse emittance of  beam coming from the linac (sec 1.6.1) are approximately 2.5 and 3.5 -mm-mr, respectively, and an energy spread of +/- 10 MeV, Figure 2.2.4 shows the 99% beam width throughout the transport line. The plot on the right shows the beam envelope in the MI matching section. This solution has horizontal and vertical beta the same, at 20 meters. The beam envelope (6)  at the foil location is 5.6 and 6.6 mm (H and V). The beam size at the face of the injection absorber is on the order of 6.3 and 7.5 mm (H and V).
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Figure 2.2.4: Beam envelope (6) through out the transfer line and in the MI matching section for a beam with an 95% emittance of 5 -mm-mr (twice expected value) and dE of 10 MeV.  The scale is in mm . The blue lines represent the minimum radius at which the field reaches 500G in the quadrupoles (assuming gradient of 30 kG/m). The red line is the physical aperture of 3” quad round beam tube. The green line is the vertical aperature of the dipole magnets.
The maximum horizontal and vertical beam envelope in the dispersion free regions peaks in the quadrupole beam tube and has the values of 10.9 mm H and 12.9 mm V. At the maximum dispersion location, where D is 6.4 meters, the horizontal beam size grows to 22.4 mm.  Table 2.2.2 summarizes the beam size aperture ratio, A(x,y)/6(x,y). Clearly, the star shape chamber will provide for the largest aperture ratio in the horizontal. The smallest aperture ratio is in the vertical plane through the dipole beam tubes, but this is still a factor of 3.5. 
Throughout injection tuning for various beam sizes on the foil, smallest aperture/envelope ratio is about 4.5 which is in the vertical plane, which translates to a factor of 27 for  sigma (i.e. A(x,y)/(x,y) > 30 ).

Table 2.2.2 Ratio of Aperture to 6 beam envelope  in different beam pipes.

	
	Horizontal (D=0)
	Horizontal (D=6.4)
	Vertical

	Quad (round)
	6.8
	3.3
	5.8

	Quad (star)
	10.5
	5.1
	5.7

	Dipole(w/liner)
	8.7
	4.2
	3.5


It is clear that from an admittance/aperture specification the star chamber provides a significantly larger admittance, but the ultimate decision on quad beam pipe geometry (round or star) will be in conjunction with the vacuum engineers and magnet design. 

2.3 Beam Loss Mechanisms
Two general classes of beam loss are genrally considered in transport line/accelerator design. The first class is due to the beam hitting an accelerator (transport line) structure such as the beam pipe, collimator, or other device either on purpose or by accident. This tends to (but not always) concentrate residual activation in a localized area. To minimize the potential for accidental loss, the ratio of aperture/beam size (99% envelope) should be made as large as economically possible. Here, the minimum ratio is 3.5 (Vertical) for the transport line and is fixed by the re-use of B2 magnets. In addition, alignment tolerances need to be specified such that the dipole correctors can easily correct for any misalignments. Section 2.6 discusses alignment tolerance and correction using dipole correctors.
The second class of beam losses are single particle interactions with either a) magnetic stripping, b) black body radiation [20], or c) residual gas molecules.  If the transport line/accelerator has a uniform cross section the losses are generally uniformly distributed, otherwise losses tend to concentrate at the minimum admittance areas.  These three sources and their magnitudes are discussed in the next sections.

A standard figure of merit for residual activation of accelerator components due to beam loss has been generally accepted at 100 mrem/hr measured at a foot [21] . At this level, hands-on maintaince of accelerator components without unreasonable constraints, should be possible. This corresponds to an average beam loss through a transport line or in an accelerator enclosure of 1 Watt/m.. However, for long transfer lines (> 1 km) or large rings (>3km), this becomes a significant total beam loss (1-3 kW). For high intensity transport lines this becomes intollerable. The goal for the current transport line design is to have losses due to this second class of mechanisms on the order of  0.1 Watts/meter leading to an average radiation level of 10 mrem/hr at a foot. 
The contributions to the single particle loss from these three mechanisms will be discussed in the next sections, but we list here a summary table of the expected loss rate and lost beam power for the above three porcesses and three different configurations Table 2.3 Summarizes expected beam loss rates and power for three different configurations. These rates will be discussed in the next three sections.
Table 2.3 Summary of Beam Loss Rates 
	Loss
	Initial (132 kW)
	Ultimate (2MW)
	Ultimate w/BeamScreen (2MW)

	
	Loss Rate

[/m]
	Power [mW/m]
	Loss Rate

[/m]
	Power [mW/m]
	Loss Rate
[/m]
	Power [mW/m]

	Black Body
	5E-7
	65
	5E-7
	1000
	2E-10
	0.4

	Residual Gas(10-8)
	4E-8
	24
	4E-8
	 377
	0.8E-10
	3.0

	Magnetic(480G)
	1.4E-10
	0.018
	1.4E-10
	0.27
	1.4E-10
	0.27

	Total
	5.4E-7
	~90
	5.4E-7
	~1377
	4.2E-10
	3.73


It is clear from table 2.3 that in the absence of a cold beam screen the uncontrolled beam loss from black body radiation dominates the loss mechanisms. Under the initial beam power assumptions, the lost beam power just meets the loss goal, however, if the beam power in increased even by 20% or the vacuum level was not quite as good, the loss rate will be unacceptible unless a beam screen is utilized. Utilizing the beam screen at the initial level of power drops the loss to less than 1 mW/m .
2.3.1 Beam loss measurement

A standard Fermilab Argon filled ion chamber (loss monitor) [22] will be installed at each quadrupole and at other appropriate locations such as primary collimator jaws and up and downstream of devices as collimator absorbers. The MI injection area will be heavily instrumented as required (typically at each chicane dipole location and foil location).
The electronics should be able to produce fast loss signals (~ 20 us) and integrated loss over an MI injection cycle of 3 msec. {1 msec.}. The loss monitor signals should have the capability to remove the beam permit (i.e. inhibit beam acceleration in the Linac) within  about 20 to 40 usec of detecting a “larger than normal loss”  which corresponds to roughly 1 to 2E12 protons. This will be used for machine protection as well as minimizing the unnecessary activation of components.
2.3.2 Magnetic Stripping
Since the second electron of the H- ion is weakly bound (~0.75 eV), it can easily be stripped from the ion due to the motional electric field (as seen by the H- ion in it’s rest frame) induced by a lab frame magnetic field. This places limits on the magnitude of magnetic fields, as seen by the ion,  used in the guide fields and focusing gradients. 

Magnetic Stripping of H- is caused by the intense electric fields (Lorentz-transformed B-fields) seen by the relativistic H- ion passing through a transverse magnetic field of the dipoles and focusing magnets. This will be important in both the transport region where we don’t want to neutralize the H- (remove the outer electron) and the injection region where we will purposefully strip the outer electron over a short distance.  
Experimental investigations have been carried out at 50 MeV by Stinson [23] in 1969 and at 800 MeV by Jason [24] in 1981 and Keating [25] in 1995.  In 1979 Scherk [26] derived an expression for the rest-frame lifetime of a negative ion in a weak and static field and fit the data reported by Stinson. This expression is given by 
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where E is the electric field in the ion-rest frame given by E=cB and the constants a and b are determined by fitting neutralization data.  The experimental investigations spanned an electric field in the range of about 1.87 MV/cm (corresponding to a  B of 0.066T at 8 GeV) to 6.7 MV/cm (corresponding to a B of 0.236T at 8 GeV). The constants determined by Keating, a = 3.073E-6 V-s/m and b = 4.414E+9 V/m, are used here to determine the rest frame lifetime of 8 GeV H- ions in various magnetic field levels. 
Of interest, is the lab frame lifetime, which  is given by 
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The distance traveled by the ion in the lab frame before decay is just the product of its velocity and lab frame lifetime, clab , and referred to as the stripping length. The fractional loss rate per meter given by 1/clab .  Figure 2.3.2.1 shows the expected lab frame lifetime and stripping length for 8 GeV H- ions as a function of the transverse magnetic field, B.
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Figure 2.3.2.1 Calculated lab frame lifetime and stripping length for 8 GeV H- ions travling in a transverse magnetic field using Scherk’s expression and the constants reported by Keating. The arrow indicates the magnetic field at 8 GeV corresponding the the range of rest frame electric fields repoted by Keating.
This plot spans the rest-frame electric field seen by the ion from 0 to 11.4 MV/cm. The arrow on the plot indicates the magnetic field for 8 GeV H- ions which corresponds to the electric field from the previous experimental investigations. The lab frame lifetime of an 8 GeV H-ion in an electric field between 1.87 MV/cm and 6.7 MV/cm ranges from  2.6 ms to 31 ps, respectively. With the transit time from the linac to the MI about 3.3 s, we are interested in lab frame lifetimes much longer than 2.6 ms. This implies that we need to extend the expression for the lifetime to even weaker electric fields. The magnetic field range in Figure 2.3.2.2 includes the region only from 0.04 T (1.14 MV/cm), where the lab frame  lifetime is on the order of 19 ksec., to  0.1 T (2.84 MV/cm), where the lab frame lifetime is about 0.6 s. The solid line represents an upper limit to the magnetic field in the transport line where the rest-frame lifetime is 3.1 ms and the lab frame lifetime is about 30 ms at 8 GeV. The loss rate for this field is 1.1E-7 /meter which corresponds to ~ 6 watts lost along the length of the beamline. The dashed line corresponds to the current dipole magnet field, 480 G (1.36 MV/cm)  of the dipoles used in the transport line. The lab frame lifetime corresponds to 24 sec. and a loss rate of  ~1.4E-10/meter which corresponds to about 1.77E-5 W/m  or 0.1 mW due to each dipole and about 7.6 mW along the length of the beamline.
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Figure 2.3.2.2 Calculated lifetime for magnetic fields in the region of 400 G to 1 kG. The solid line is the field which produces a lifetime that is ~ 104 larger than the transet time. The dashed line (at 480 G) is the current operating point chosen for the transport line which corresponds to a lab frame lifetime of ~24 sec.
The second region where magnetic stripping will play an important roll will be the end field shape (gradient) of the third chicane dipole in the region of the injection stripping foil. Here the H- will be entering a region of rapidly increasing field. The location of the foil in this end field gradient will determine the fraction of H- that strips to H0 prior to the foil. It should also be noted that any incomming H- that would miss the foil will be stripped to H0 prior to entering the third chicane magnet, hence we only have H0 exiting the chicane and directed to the injection absorber (see section  2.1.7). Figure 2.3.2.3 shows the lifetime and stripping length in transverse fields from 0 to 0.6 T that will be seen in the injection chicane. 
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Figure 2.3.2.3 Calculated lifetime and stripping length for transverse magnetic fields between 0.06 and 0.6 T found in the region of the injection charge exchange foil. The field at the location of the foil and the downstream injection chicane magnet are shown.
2.3.3 Black-Body Stripping 
A new and interesting source of H- stripping was uncovered in preparations for the Proton Driver H- transport workshop.  This is the stripping of high energy H- ions from room temperature black-body photons, which works as follows: 

The room-temperature beam pipe of the beam transfer line is filled with a black body spectrum of thermal photons with typical energies of kT ~ 0.026 eV.  Since the binding energy of the second electron in the H- ion is 0.75 eV, negligible numbers of blackbody photons are available to strip an H- at rest (see 
Figure 2.3.3.1
).   However if the H- is boosted to 8 GeV, thermal photons traveling towards the H- can be Doppler shifted by a factor of 2γ ~ 20.  This promotes a significant number of blackbody photons above the ionization threshold for H-. 

The calculation of the absolute stripping rate has been independently performed by Howard Bryant of UNM [27] and Chris Hill of Fermilab [28] and most recently reviewed by Jean-Paul Carneiro [29] .  The key inputs are the H- photoionization cross section in the absence of electric fields [30] , and the boosted blackbody spectrum (which is well known theoretically in the “GZK Cutoff” for ultra high energy cosmic rays to interact with boosted black body radiation from the Big Bang).  
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Figure 2.3.3.1 – Mechanism for 8 GeV H- Stripping from Black Body radiation.  The 300K black body photon spectrum (left curve) does not significantly overlap the H- photodetachment cross section (right curve) and thermal stripping of H- at rest is negligible.  The Black Body spectrum seen by an 8 GeV H- ion (center curve; un-normalized) is Doppler shifted so that it significantly overlaps and the photodetachment cross section and the rate is non-negligible.
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Figure 2.334.2 – Dependence of H- Photodetachment rate on kinetic energy.

Black body radiation causes an integrated beam loss of 0.049% in the 988 m long H- transfer line.  For the baseline mission (120 GeV Main Injector operation), the average H- beam power is 132 kW and the loss rate is 65 Watts.  While the average beam loss will be only 65 mW/m, there will be local hot spots such as the first bend downstream of a long straight section [31] .  

The Ultimate upgrade scenario might put as much as 2 MW average beam power through the H- transfer line, for example if the Recycler were used as a stretcher ring at 10 Hz.  This would raise the H- loss from black body stripping to ~1 W/m.  Although this is right at the canonical 1 W/m limit for “hands on” maintenance, preliminary simulations indicate that activation of components at the magnet ends would make maintenance difficult.  Inserting a simple collimation block which concentrates >99% of the beam losses inside the body of the dipole magnets would greatly improve the situation for maintenance of the magnet ends.

For the Ultimate scenario (and even for the initial scenerio) one might also consider a refrigerated beam screen inside the transfer line beam pipe.  A beam screen running at 77 K (liquid nitrogen) would reduce the H- beam loss from black body radiation by a factor of ~4000 (see Figure 2.3.3.3) and reduce trhe beam vacuum losses as well. 
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Figure 2.3.3.3 – Dependence of H- Photodetachment rate on Temperature of the Beam Pipe.  A beam screen operating at 77°K drops the H- stripping rate by three orders of magnitude. A cooled beam screen is a backup option not required for the baseline design.

A conceptual design [32] for a beam screen has been investigated. The design consisted of an elliptical aluminum extrusion that would fit inside the B2 dipole beam tube. It has roughly the dimensions of 3.75” maximum width and 1.75” maximum height to allow for bumpers (supports) and multi-layer insulation. A one meter long ANSYSmodel was constructed from 6061 aluminum alloy extrusion with four cooling channels (only one was utilized with 80 K gas. An internal heat load of  1 W/m was uniformly distributed along the length and 3 W/m2 was assumed thru the multi-layer insulation.  Figure 2.3.3.4 shows the resultant temperature of the extrusion. There is very little temperature rise in the extrusion and based upon the assumed temperature loads, the extrusion temperature is nearly identical in temperature to whatever cooling medium is used, LN2 or GN2). The heat load from the bumpers has been neglected, but it is felt that there effect should be minor as they would be in vacuum. 
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Figure 2.3.4.4 Temperature distribution of a conceptual 1 meter ANSYS model of a beam screen to fit inside a B2 beam pipe.
2.3.4 Gas Stripping 
H- losses from residual gas in the beam pipe are dominated by H- stripping by gas in the beam pipe rather than nuclear collisions [33].  Cross sections for H- stripping decrease with increasing beam energy so that at 8 GeV the cross sections for O2 and N2 are on the order of 10-18 cm2.[34]  . The loss per unit length is proportional to the product of the ionization cross section of the molecules in the residual gas and the molecular density of each of the molecules present.  These cross sections have been combined with measurements of the residual gas in the A150 beam line [35] at Fermilab which is of similar length made with the same vacuum components proposed for the 8 GeV transport line. The current A150 line consists of thirty one 50 l/sec ion pumps, one at each dipole and a differential pumping section adjacent to the Tevatron with three 200 l/sec ion pumps.  The current operational vacuum level for a majority of the A150 beamline is 3E-8 torr and at least one order of magnitude better in the differential pumping region.   At the 3E-8 torr level, the calculated beam loss is ~5.7x10-7/m corresponding to ~74 mW/m of beam loss for the baseline design.   This is comparable to the losses from Blackbody radiation stripping.  To get loss rates of ~ 1x10-7/m a vacuum level of 5.3E-9 torr is required, which leads to about 14 mW/m loss at 1014 protons/sec.  
2.4 Collimation
The function of the transfer line collimation is to 

· safely remove large amplitude halo generated in the linac to reduce loss in the transport line and ring, 
· shape the transverse beam size of the beam on the injection foil to minimize H- foil misses and minimize foil dimensions, and

· protect the beamline and Main Injector from errant beam pulses of the wrong energy with a momentum collimator, located at the maximum dispersion of the first arc. 
The acceptance of the transfer line and the Main Injector and the magnitude of halo will determine the degree of collimation required. The transport line will provide both betatron and momentum collimation (details of each are discussed in the next two sections). The betatron collimation is located in the first straight section immediately after the linac matching quads. Because this system is located before the linac dump line split it must be capable of handling some fraction of the stand-alone linac beam power. Since the phase advance of the transport line is 60 degrees/cell, the betatron collimation system consists of 3 horizontal and 3 vertical foil/absorber systems . Table 2.4.1 gives expected or design power handling capabilities for each collimation absorber for a 1% loss on each betatron and momentum absorber and full beam energy deposited for a single pulse on the momentum absorber. Additionally, each of the collimation systems will be protected with temperature sensosr, loss monitors, and beam current monitors. 
 Table 2.4.1  Expected power handling requirements for transport line collimation absorbers  
	Collimator
	132kW (MI Inj)
	500kW Linac power
	2MW Linac power

	Betatron 
	1.3 kW
	5 kW
	20 kW

	Momentum (routine)
	1.3 kW
	5 kW
	20 kW

	Momentum (single pulse)
	200 kJoules
	200 kJoules
	200 kJoules


By utilizing a passive debuncher system (discussed in Section  2.6.3) it is initially thought that routine momentum collimation will not be required to match the energy acceptance of the MI, however, a conservative 1% loss is assumed for absorber design purposes. Since the maximum dispersion is roughly a factor of three larger in the transport line than the MI (6.4 m vs 2 m), the limiting momentum aperture will be at the two dispersion peaks (see figure 2.2.4) in the transfer line. The  severity  will depend on the choice of quad beam pipe apertures (discussed in section 2.4.2)  at the dispersion maximum in the transfer line. 

2.4.1 Transverse Collimation 
The basic design follows that of the SNS [36] which consist of a movable thick foil just upstream of a beam line quad and an absorber located a distance downstream of the quad. The particles coming in contact with the foil are stripped of both electrons thus becoming protons. The downstream quad will defocus the protons (while focusing the H- ions), thus increasing their betatron amplitude to be intercepted by a downstream absorber.  Care must be taken to select a foil thick enough to strip both electrons, and be robust against breakage, but not so thick as to create an undue spread in angles due to multiple coulomb scattering in the foil.
Assuming the foil is placed at radius of ~4(i.e. 7.6mm) from the corrected central trajectory, partcles interacting with this foil see a divergent gradient to produce a 361 r kick. The absorber is located about 18 meters downstream of the quad so the displacement of the particle is about 14 mm from the central trajectory.  Figure 2.4.1.1 shows the lattice functions in the transverse collimation region. The first quad in the plot is the start of the transport line. The first foil is located just upstream of the third quad with it’s absorber just upstream of the fourth quad. 
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Figure 2.4.1.1: Lattice functions in the region of the transverse betatron collimation section. Note the symmetry of the six foil/absorber combinations.
We diverge from the SNS absorber design [37] with a fixed absorber aperture so that both the foil and absorber will have movable jaws to adjust level of collimation and minimize losses downstream of the absorbers. Initial simulations on the level of collimation required to remove the halo generated in the linac were carried out using MAD. An initial distribution of 10K particles representing a 95% emittance of 2.5 -mm-mr was transported to the injection absorber. Collimation foils were moved into the beam and final distributions were saved for both conditions.  Figure 2.4.1.2 shows the phase space distribution at the injection foil for no collimation and for about a 6% level of collimation (i.e 600 patricles out of 10000 intercepted by the six foils).
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Figure 2.4.1.2 X-Y distribution at the injection foil for a beam with no collimation and a 6% collimation using all six foils (3 horizontal and 3 vertical).

The first two horizontal and vertical foils were placed at a displacement of 6mm and the last horizontal and vertical foil was placed at a displacement of 5.5mm. These distances correspond to about 3.5 . It was noted in passing that the loss distributions on each of the six foils was roughly equal. No attempt to optimize foil offsets has been done at this point. The absorber offsets have not been utilized at this time. These may be estimated by
[image: image55.jpg]Temperature
c

Max: -1.9122+002
Min: -1.914e+002
20062121 15:26

191225
191202
191260
191277
191255
191313
191330
191348
191365

191383

0.000 0.030 0.060 () b2 X
— e

0015 0.045




Where xfoil is the position of the particle, x’foil is the initial phase space angle at the foil, rmsfoil is the rms scattering angle due to the foil and quad is the kick due to the offset in the quad downstream of the foil, and Ldrift is the drift distance between the quad and the face of the absorber.  For the current simulation, the edge of the 3.5  at the entrance to the absorber is at a radius of  ~ 4 mm where the inside edge of the collimated distribution (smallest amplitude) is at a radius of  ~ 11 mm.  With a moveable jaw absorber, the impact parameter may be controlled to minimize outscattering or missing the absorber in the case of more aggressive collimation.
2.4.2 Longitudinal Collimation
A single momentum collimation station is provided at the symmetry point of the first achromat where the horizontal dispersion is maximum at about 6.4 meters. The initial design showed the momentum absorber centered on the beamline, but only 4-5 m downstream of the quad. The expected separation of a particle at an energy offset +/- 4MeV, and maximim betatron amplitude will have a offset at the foil of ~11 mm which with the 10kG/m gradient and 4 meters will have less than a 2 mm offset at the entrance to the absorber.  It is felt that this is not enough separation between the H+ and H- beam. The current plan is to again follow the guidance of the SNS momentum collimation system [36] and locate the foil downstream of the quadrupole and utilize the first dipole(s) after the quad to bend the stripped protons out to an external absorber as shown in Figure 2.4.2.1. 
The energy resolution of the transfer line at the momentum collimation foil is given by 
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where  = 0.26 -mm-mr, = 75m, and D=6.4. This turns out to be 11 Mev or 0.138%.
The momentum acceptance of the transport line is 
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where D is the peak dispersion (6.4m) , A is the half width of the beam pipe and W is the half width of the beam from transverse and dispersive  components added in quadrature. For a 3 inch circular beam pipe, a nominal 95% transverse emittance of 2.5 -mm-mr  and a dE of 10 MeV from the linac,  the momentum acceptance is approximately +/- 0.42% .Selection of the star shape chamber (see figure 2.2.3) would an add an additional 20mm of aperture or about +/- 0.31% in momentum offset to give a momentum aceptance of  +/- 0.73%.   Although the magnetic stripping will be non-negligable (2.6E-7/m) due to the field in the quadrupole, the star chamber aperature, the the particles at that radius will be transported to the the momentum dump less than 45 meters downstream (150 ns)
This configuration of the collimation foil and external absorber requires a second set of three dipoles to be constructed without a back leg to allow the beam to exit the transport line into the momentum absorber transfer line. These dipoles will be connected on the main arc dipole power supply and therefore must track the excitation of the reused B2 magnets. The absorber would be designed as a beam dump with a core and shielding. The dipoles, beam tube and beam absorber remain to be designed. Beam position, beam loss, and beam profile diagnostic equipment will be installed to monitor  beam sent to the momentum absorber.
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Figure 2.4.2.1 Layout of the momentum collimation system in the transport line.
2.5 Main Injector H- Conceptual Design
2.5.1 Introduction
The technique of H- charge exchange for multi-turn injection has be utilized at many labs  in the energy range of a few hundred MeV up to 1 GeV most recently at SNS. 

The Proton Driver will utilize this technique in conjunction with an appropriate phase space painting scheme to fill the circulating beam phase space. The expected normalized 95% transverse phase space for the H- bunches from the linac is 2.5 -mm-mr. Based upon operational experience with the Main Injector, the expected circulating phase space should be between 20 and 30 -mm-mr. to provide a ratio of emittances of cirinj of 13 to 20.  

In the initial configuration of the Proton Driver, the macropulse length of 3 ms will inject 1.54E14 particles each 1.5 seconds. 

Potential injection and painting schemes have been discussed [39] and a workshop on H- transport and injection was held at Fermilab in Dec 2004 which concluded that while the transport and injection of 8GeV H- would be challenging, no “show stoppers” were uncovered.

2.5.2 Main Injector modifications
The existing MI straight section that is being considered as the injection point, MI-10, is one of six dispersion free FODO lattice straight sections. The half-cell length of 17.288 meters leaves less than 15 meters between quads for the injection devices and stripping foil. The MI-10 straight section consists of four half-cells. Figure 2.5.2.1 shows the current lattice functions of the MI-10 straight section. The current injection scheme utilizes a horizontal Lambertson and vertical kicker located 90 degrees downstream [40]. These are marked shown in Figure 2.5.2 with an L and K, respectively.  

Due to the magnetic rigidity of 8 GeV H- and limiting the injection field to < 600 Gauss to prevent magnetic stripping in the injection dipole, the 15 meters does not allow the injection line to clear the adjacent lattice quad. In addition, the stripping foil would be installed immediately upstream of the quad in the middle of the straight section, as denoted by the asterisk,*, in the figure. This is problematic because: 1) the quad aperture becomes the limiting aperture and dictates the maximum painting bump possible, 2) the injection trajectories would be coupled to the tune adjustment, 3) the lattice functions at the foil are fixed and determined by the standard MI lattice.
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Figure 2.5.2.1 Lattice functions of the current MI-10 straight section

To address these issues, a symmetric straight section was created [41] by splitting the central quad and moving the halves outward toward the adjacent quads, creating a symmetric doublet. The lengths of the new quads are 2.54 meters (IQC style quads). This modification created a 38 meter straight section between the inner quad steel of the doublet. The new injection system will now fit entirely within this straight section.  Figure 2.5.2.2  shows typical lattice functions in the straight section and dispersion suppressors on each side. This solution provides for a waist at the foil location. The solution maintains a zero dispersion straight section as shown in Figure 2.5.2.3. The values of the beta function at the foil are independently tunable over the range of about 10 to 80 meters.  To accomplish this flexibility, the doublet quads as well as the four inner quads of the dispersion suppressor are removed from the main QF and QD bus and are powered symmetrically using six new power supplies. Once the optimum lattice functions are determined for H- injection, the solution will remain fixed. These six new supplies must track the main ramp. [42]
The creation of the insert changed the phase advance across the straight section by 80 to 145 degrees, depending on the particular solution. To compensate and retune the MI back to the 26.425, 25.415 tune the Main QF and QD quad bus must be re-adjusted. Since the dispersion suppressor inserts are not quite match to the arcs , the trim coils in the IQC and IQD magnets of all the dispersion suppressors, except the MI10 area are connected into four circuits. 
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Figure 2.5.2.2  Lattice functions of new injection insert
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Figure 2.5.2.3 Dispersion of the new injection insert.

2.5.3 Injection Chicane Design

The magnetic chicane is utilized to bump the closed orbit of the MI to the outside far enough (currently 100 mm from the straight section centerline) so that the injection line for the H- clears the upstream quads. The dipole currents are DC which means the bump amplitude will collapse at the accelerator is ramped. All magnets of the chicane are located within the newly created symmetric straight section. Figure 2.5.3.1 shows a cartoon of the geometrical layout. The calculated closed orbit is shown in Figure 2.5.3.2. Table 2.5.3.1 list the parameters of the chicane dipoles.The second dipole, HBC2 in the chicane is used for merging the H- on to the closed orbit of the MI without stripping the H-. The foil will be located just upstream of HBC3 which has a peak field of 5.5 kG. This field 5.5 kG is strong enough to strip all  states above n=2 which means that the ground state (n=1) and first excited state (n=2) will not strip in the field of HBC3.  The injection stripping foil is located in the fringe field of HBC3 at approximately  600 G.

[image: image62.png]50 =
B
7
o=
\
sl
Jelement xoff yoff roll  tlt
sl 1 tnn] ol Cdeg] frm
50 e 0000 0.000 0.000 0.000
Jeen aso0 nooo 0000 0000
| | | | | Je2 odeo oo cooo 0000
S0 0000 0.000 0000 0.00C
50 -5 0 25 50 TR 0000 0000 0000 B.00¢

wed Dec 20 11:31:15 2006 FILE: G300_xc_data




Figure 2.5.3.1: Cartoon of the Injection Chicane layout
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Figure 2.5.3.2 Orbit through the DC injection chicane. Beam travels from left to right. The magenta colored rectangles represent the chicane dipoles. The green rectangle is the single injection dump line magnet. The long magnet is the merging dipole at ~500G the third chicane magnet is used to strip excites states and start bend protons back toward the MI closed orbit. The last dipole closes the bump and is used with a stripping foil at the upstream end to deflect the H0->H+ into the injection absorber line.

Table 2.5.3.1 Injection Chicane parameters

	Magnet
	Length [m]
	Strength [kG]
	Theta [mr]
	H & V Aperture [in]

	HBC1
	0.7
	 +3.5669
	+8.4211
	6 x 2

	HBC2
	6.0
	  -0.4656
	-9.4211
	12 x 2 or 3?

	HBC3
	2.0
	  -5.5620
	-37.5179
	12 x 3 (?)

	HBC4
	1.0
	+11.4206
	+38.5179
	12 x 3 (?)


The control of the excited states formed in the stripping foil is accomplished by shaping the end field of HBC3 magnet just downstream. Since the foil is located at approximately 600 G, between the n=4 and 5 excited states (see figure 2.5.3.1), the gradient should be strong enough to strip the n=4 and n=3 states such that the resultant protons fall within the acceptance of the MI.

An analytical expression [43] for the end field fall off for a rectangular dipole has been tabulated and plotted as shown in Figure 2.5.3.3. The integrated kick angle is also shown (blue curves). An approximation for the field fall off for a dipole with an end-field clamp (mirror plate) is shown in red for comparison. 

As the H- approaches the foil, the field rises from <500G to 600G in a few mm and the loss rate due to the magnetic stripping peaks at 4.5E-10 per 5mm. Any H- missing the foil will see an increased magnetic field and stripping probability. By the time the field reaches about 2.5 kG the probability of stripping within any 5mm is nearly 100% which means that H- will strip from the location of the foil to 2.5 kG producing an increased divergence of the resultant H0. Since the initial divergance of the H- is approximately zero, this delayed stripping causes an increase in the H0 spot size on the secondary foil. For a dipole without a field clamp this distance is almost 4 inches and gives rise to a spread in kick angles from 68r to almost .5 mr. In the case of the field clamped dipole the spread in angle to the H- before stripping ranges from 34 to 190 r. Since the secondary foil is less than 4 meters downsteam and the injection absorber is on the order of 10 m down stream, the impact on the trajectories is small.

The foil produces not only H+, but also many excited states of H0. Table 2.5.5.3 lists the expected populations for the first few Stark states. As the field increases from 600G to 1 kG, the lifetime of the n=4 states decreases rapidly (figure 2.5.4.1). The distance is less than 10 mm and the differential angle is on the order of 30 r. These protons will be captured into the circulating beam. The lifetimes of the n=3 states is ~10-11 sec in fields between about 1.9 and 2.5 kG. The spread in angles due to delayed stripping in the clamped end field is 60 r where as the un-clamped field it is 150 r.  The n=1 and 2 states of H0 will not be stripped before the secondary foil and thus are turned into protons for transport to the absorber with their trajectories unaltered from their trajectories as H-.
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Figure 2.5.3.3 Analytical expression of the HBC3 dipole end field fall off for a dipole with no end clamp and one with an end clamp. Also shown are the integrated angles seem by a charged particle in entering the end field. 

2.5.4 Transverse Painting

There are numerous painting algorithms that have been studied and used depending on the desired distribution after painting including, symnmetric, antisymmetric bumps within the ring, and a combination of painting in the ring and steering mismatch from the beamline. Each of these schemes have preferential foil orientations which minimize the number of circulating proton hits on the foil. Previous studies have selected a painting algorithm utilized at KEK [44] . This algorithm has the features that the beam is painted horizontally from the inside of the phase space out and uses a decreasing vertical angle from the beamline at the foil to generate a uniform distribution in both X and Y. This painting algorithm moves the ring closed orbit in the horizontal plane, keeping the vertical closed orbit fixed on the magnet midplane. This minimizes the required vertical aperture in the injection region and allows the foil to reside on the horizontal midplane. Additionally, the algorithm starts with a vertical angle mismatch at the foil (keeping the position fixed) and reduces the angle to zero. The algorithm has been implemented into the tracking program STRUCT by A. Drozdhin [45] .  It should be noted that the tracking program does include particle interactions with the injection foil but does not include any space charge effects. 
Although the acceptance of the MI is 80 -mm-mr in both planes.  We expect to paint an ultimate phase space whose nominal 95% emittance is 25 -mm-mr in the MI. The expected 95% emittance of the 8 GeV beam from the linac is ~2.5 -mm-mr. The dispersion in the transport line is zero at the foil location and small in the MI (i.e. < 0.1 m). Table 2.5.4.1 shows the current beam parameters at the loation of the foil. 
Table 2.5.4.1 Summary of the ring and beam line lattice and beam parameters

	Parameter
	Beamline
	Ring

	Emittance [-mm-mr]
	2.5
	25

	Beta x [m]
	40
	70

	Beta y [m]
	40
	30

	11 [mm] =sqrt()
	3.25
	13.58

	22 [mm]=sqrt()
	0.081
	0.192

	33 [mm]=sqrt()
	3.25
	8.45

	44 [mm]=sqrt()
	0.081
	0.31


Based upon the expected spot size of the injected beam on the foil, the dimensions of the foil are expected to be 2*11 or 6.5 mm wide. The orientation of the foil is shown in figure 2.5.4.1. The length of the foil is to be determined but should be the spot size+ a “few mm” + enough to support the foil. The foil is expected to be supported from the bottom with both horizontal and vertical adjustment.  These dimensions currently do not include any accomidation for beam divergence from field stripping or larger than expected H- emittance, this might increase foil width.  

The position of the injected beam is fixed on the foil and the MI closed orbit is adjusted according to optimized painting waveform.  In the initial linac configuration, 1.54E14 are injected into the MI over 270 turns (i.e. 3 milliseconds)  and in the “ultimate” configuration (3X number of klystrons) the same beam intensity wil be injected over 90 turns (i.e. 1 millisecond).  

Horizontal painting starts with the painting kickers at their maximum amplitude which centers the closed orbit on the injection trajectory (i.e. center of foil). As the horizontal painting proceeds the bump amplitude is reduced, thus filling in the horizontal phase space from the center to the outside. Once the painting has finished. The newly painted circulating phase space is removed from the foil within a minimum number of turns. The current thought is that the beam is removed from the foil in roughly 7 turns. Figure 2.5.4.1 shows a cartoon of the horizontal painting parameters and injection foil layout. Table 2.5.4.2 shows the painting magnet field and the painting, removal and offset displacements.
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Figure 2.5.4.1 Cartoon of the horizontal painting and foil layout

Table 2.5.4.2 Painting kicker amplitude and  beam displacements for the beam parameters listed in table 2.5.4.1
	Maximum kick, B0  [kG]
	10.98

	Painting Displacement, P  [mm]
	10.45

	Removal Displacement, R  [mm]
	39.54

	Offset [mm]
	33.05


The horizontal painting waveform was adapted from the KEK and given by
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For n < N

Where n is the turn number and N is the total number of turns painting. At the end of painting the painting magneta are linearly ramped to zero. Figure 2.5.4.2 shows the painting magnet waveforms.

Vertical painting is accomplished by adjusting the vertical angle at the foil, keeping the vertical position fixed. This is accomplished with a painting magnet in the transfer line located 180 degrees in phase from the foil. However, to allow for a flexable transport line injected beam size (beta) in the vertical plane we will utilize two painting magnets in the transport line approximately 33 and 55  degrees upstream of the foil. The initial amplitude for the vertical angle is given by 44(ring-inj) and from table 2.5.4.1 it is 0.27 mr. 
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The vertical painting waveform is also shown in Figure 2.5.4.2.
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Figure 2.5.4.2 Horizontal and vertical painting waveforms.
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Figure 2.5.4.4Painting orbits and DC closed orbit
Injected particle distributions are assumed to be protons at the location of the stripping foil. In this example the stripping foil is located on the median plane with the edge of the foil at 150mm - 11(inj) radially outside. Injection takes place over 270 turns. Each injection turn a sample of input distribution was taken from 10 to 1000 (max) particles, so for 270 injection corresponds to 270K particles injected. Several foil sizes were investigated. As the foil dimensions were reduced the number of foil misses increased. Figure 2.5.4.5 shows an example where the foil was +/- 3 mm vertical and the edge of the foil was located 3 mm to the inside of the injection point (147mm). The green symbols are first turn and red are from circulating beam. In this case 27000 particles were injected, with 570 (2%) particles missing the foil, thus 26430 hit the foil to be injected. There were 160402 hits on the foil from circulating beam which gives an average of 6 hits per particle, excluding the particles that initially missed the foil.  
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Figure 2.5.4.5 Foil hits during injection
The distribution of foil hits for both injected beam and circuilating beam is utilized (section 2.5.8) to estimate foil temperature distribution.  Figure 2.5.4.6 shows the difference between the horizontal and vertical distributions on the foil. It is clear that the inside vertical edge will see the most hits from circulating beam as the circulating phase space is removed form the foil. On the otherhand, the vertical distribution is more uniform from top to bottom. 
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Figure 2.5.4.6 Horizontal (left) and vertical (right) distribution of foil hits due to the circulating beam. For the 270 turn injection modeled with the 6mm foil there are an average of 7 hits/particle.
The circulating phase space can be examined during the injection process and any location in the ring. Figure 2.5.4.7 shows the horizontal and vertical phase space at the foil location during the the 270 turn injection. From top down the picture shows the horizontal (left) and vertical (right) phase space at 10 turns, then 100, turns, and then at 277 turns after it is removed from the foil. Note the motion of the horizontal centroid and the fixed position of the vertical centroid. The horizontal phase space can be seen filling from the center outward where as the vertical phase space is filled from large to small amplitude. The transverse distribution is shown in Figure 2.5.4.8. The values for s11 and s33, as given in table 2.5.4.1, are shown as dashed lines. Figure 2.5.4.9 shows a histogram of the horizontal and vertical distributions. 
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Figure 2.5.4.7 Horizontal and vertical phase space during and after 270 turn painting.
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Figure 2.5.4.8 Transverse beam distribution on the central orbit after being removed from foil. The lines represent 11 and 33 for a beam painted to 25 . The figure on the right shows the final distribution with respect to the foil and incedent beam on foil. The white lines on the foil represent the injection trajectory.
[image: image75.wmf]D

MIN

eb

d

2

=


Figure 2.5.4.9 Horizontal and vertical histograms of the beam distribution after painting to 25 . 

2.5.5 Ionization in thin foils 
There have been many investigations, both theoretical and experimental, on the interaction of H- ions with thin foils [46-51]. When the H- ion traverses a thin foil, the ion may be stripped of one or both electrons or pass through the foil intact. The populations of H+, H-, and H0 (ground plus excited states) depend upon both the H- ion energy (velocity) and the effective foil thickness.  To date the highest energy measurement of the stripping efficiency has been at 800 MeV. 

Many authors have considered a rate model to describe the charge state fractions of a H- beam after passage through a thin foil.. The work of Gulley, et.al. (ref 48) measured the yields for the production of H-, H0, and H+ produced by 800 MeV H- ions on various thickness’ of thin carbon and aluminum foils. They fit the yield curves to determine overall charge state cross sections and individual charge state fraction cross sections.    Following the parameterization of Gulley, the probability that the H- remains intact after passage through the foil is

[image: image76.emf]
where A is treated as a fitting parameter (value =1 here),  is the foil thickness in g/cm2,   is the number of atoms per microgram of foil material and - is the sum of the probabilities for one electron -0 and two electron -+ stripping.  Additionally, Gulley gives the probability of producing hydrogen in the n=1 or n=2 state as

[image: image77.emf]
Where -12 is the cross section for electron stripping from H- into states 1 and 2, and 12 is the cross section for excitation of the H0 in states 1 or 2 into a higher state n>= 3, including complete ionization. They also consider multi step processes for higher states. 

Table 2.5.5.1 shows their best fit values for the overall charge state cross sections and Table 2.5.5.2 shows the cross sections for various final individual charge states for their data set which resolved the n=1,2 from the higher states (they don’t resolve the n=1 and 2 states).

Table 2.5.5.1: Charge state cross sections (from ref 48) in units of 10-19 cm2
	-0
	-+
	0+

	6.76 +/- 0.09
	0.12 +/- 0.06
	2.64+/- 0.05


Table 2.5.5.2: Individual charge state cross sections (from ref 48) in units of 10-19 cm2
	-
	-12
	12
	-3
	3
	123

	Initial
	final
	initial
	final
	initial
	final
	initial
	final
	initial
	final
	initial
	final


	-
	0,+
	-
	1,2
	1,2
	any
	-
	3
	3 
	any
	1,2
	3

	6.87 +/-0.16
	6.68 +/-0.15
	2.75 +/0.10
	0.053 +/-0.005
	4.5 +/-0.4
	0.13 +/-0.01


As the particle energy increases, it’s velocity increases and it spends less time in the foil and the probability of losing one or two electrons should decrease.  Several authors [54,55] have examined data for both 200 MeV  and 800 MeV and found good agreement with the cross section scaled as -2. This scaling is used to calculate the cross sections for one and two electron loss for 8 GeV H- ions. Figure 2.5.5.1 shows the probabilities for H- survival, H+ production and H0 (for n=1 and 2) production as a function of foil thickness  for 800 MeV and 8 GeV based upon the previous equations.  Note the -2 scaling shifts the peak of the H0 production  and the H+ production to thicker foils.

[image: image78.emf]
Figure 2.5.5.1: Relative yield for H-, H+, and H0 (n=1+2) for 800 MeV and 8 GeV H- incident on various thicknesses of carbon foil. The 800 MeV data presented in Gulley, et.al. is shown. The cyan curve shows the predicted yield of H0 in the ground state based upon the calculations of Gervais, et. al.

Also shown is the experimental data for carbon foil reported by Gulley. Although Gulley couldn’t resolve the n= 1 and 2 states, other works have estimated that the ratio for the production of state 2 to state 1 in the high energy limit is “anomalously large at 0.66 for H- as compared to other two electron systems. “Other theoretical studies…confirm that the ratio is anomalously large.” (ref. 48)  Still another study, Gervis, et.al. (ref 45) find the ratio of the production of n=2 to n=1 is about .25.  The cyan curve in figure 2.5.3.1 shows the probability of the production of H0 in the ground state (n=1)  for incident 8 GeV  H- ions. At a foil thickness of 425 ug/cm2 this predicts only about 1.7% of the final population is in the ground state and about 0.6% in the n=2 state. If the ratio is anomalously large, this would serve to reduce the ground state to something on the order of 0.8% and increase the n=2 state to 1.5%. This ratio would be important only if the excited states were transported through a magnetic field high enough that immediately strip the n=2 state.
I have expanded the scale in Figure 2.5.5.2 to look at the H-, H+, and H0 with charge states n=1,2, and 3 for 8 GeV H- on a carbon foil for thicknesses of 200 to 700 ug/cm2 using the scaling above. The yield of H+ is plotted on a linear scale where the yield of H- and H0 states are plotted on a log scale.
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Figure 2.5.5.2: Expanded view of population yields for 8 GeV H- ions incident on various thickness of carbon foil using the rate model and assuming the ratio of production of the 2 to 1 states is .25.

This figure shows the expected fractions of the ground state and the first two excited states (n=2 and 3) assuming the ratio of 2/1 is 0.25 as well as the expected population of H- and H+. The values for two foil thicknesses are tabulated in Table 2.5.5.3. If the magnetic field profile can be shaped such that the n= 3 (and all states above three) can be stripped at slightly beyond the foil such that they lie in the acceptance of the MI, then the losses due to delayed stripping in the injection region should be minimized and only the n=1 and 2 state would survive and get transported to the injection absorber. In this case, the total H+ captured would the H+ produced plus the n>2 states decay.
Table 2.5.5.3: Charge state fractions tabulated for two foil thicknesses tabulated

 from figure 2.5.5.2

	Charge state
	425 ug/cm2
	507 ug/cm2

	8 GeV scaled thickness
	10.09 (a.u.)
	13.0 (a.u.)

	H+
	97.6%
	99.0%

	n=1
	1.68%
	0.735%

	n=2
	0.56%
	0.245%

	n=3
	0.15%
	0.068%

	H-
	.0022%
	.000028%

	Total H+ captured
	~97.8%
	~99.1%


A theoretical description of the formation of excited states of H0 based upon a “relativistic generalization of a previously developed classical transport theory” has been published by Gervis, et. al.  This theory was extended toward higher projectile energies in the range from 800 MeV to 100 GeV (ref 46) . Here, they assume that as the incident H- interacts with the foil, the weakly bound electron is collisionally detached it leads to a “shake up” of the inner electron. “This sudden collisional removal of the outermost electron leads to a redistribution of the inner electron of H- among hydrogenic states. This determines the initial conditions of the process for which the “shaken up electron” propagates through the solid.  They find that “to a very good degree of approximation, we find that the population fractions are only a function of the ratio of the foil thickness to the total mean free path between collisions.” However, “this scaling fails for large foil thickness….which is determined not only by the number of collisions, but by the magnitude of the energy and momentum transfer in each collision. Consequently, as the energy is increased the same number of collisions leads to a higher degree of ionization. Figure 2.5.5.3 shows a comparison of the calculations by Kurpick, et. al. with those by Gulley using the rate model and measured cross sections. In addition, the 200 MeV and the 800 MeV  experimental data are plotted for comparison. All curves are plotted as a function of the foil thickness [a.u.] divided by the total mean free path [a.u] interpolated from the plot in ref 46. It can bee seen in the plot that the population fraction for the n=1 +2 states predict a larger population than that predicted by the rate model. In addition, it can be seen that comparing the 800 MeV and 100 GeV calculations, the 100 GeV yield for the n=1+2 states is smaller that the 800 MeV yield leading to a higher degree of ionization for a given number of collisions.
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Figure 2.5.5.3: Comparison between rate model calculations with the relativistic CTT  model as a function of the number of collisions (thickness/mean free path).

2.5.6 Lifetime of Excited Stark States
In the presence of a uniform electric field in the rest frame of the hydrogen atom, the energy levels, n, of a hydrogen atom are split into n(n+1)/2 Stark states. An ion moving in a transverse magnetic field, B,  with velocity c will experience a rest frame electric field  E = (c) x B.  The lab frame lifetime of the Stark states of hydrogen have been calculated using a semiempirical formula [56] as a function of the transverse magnetic field. For 8 GeV H0 and lifetimes of 10-11 sec, the mean decay length is about 3 mm . Figure 2.5.6.1 (from Ref 52) shows the lab frame lifetime of the Stark states of H0 as a function of magnetic field. 
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Figure 2.5.6.1: Lifetime of Stark states for 8 GeV H0.

2.5.7 Electron Catcher
The electrons stripped from the H- by the foil will have the same velocity as the H- as they travel toward the chicane magnet HBC3 and will bend in the opposite direction from the protons. The foil is on the median plane where the dipole end field is perpendicular to the electron trajectory. At 600 G uniform field the the radius of the electron trajectory is nearly 10 inches. However, the electrons see a rapidly increasing field and reduced bending radius at a distance of 1 inch from the foil the field is ~2.5 kG yielding a bending radius of 2.5 inches.  An electron catcher will be located on the mid-plane several inches downstream of the foil to prevent the electrons from striking the foil. Detail design of the electron catcher and electron trajectories has not been done. 
2.5.8 Foil Heating

The lifetime of carbon like stripping foils is strongly dependent of the maximum foil temperature due to the energy transfer from the incedent H- (proton + 2 electrons) to the foil. Detailed ANSYS model was developed [57] to study the heat transfer and heating of a carbon foil in an evacuated stainless steel beam pipe. A simplified model, which “neglected the heat conduction across the foil and  a constant temperature for the inner wall of the beam pipe” was developed to verify the correctness of the finite element analysis. The agreement between the two model was quite good, however the simplified model predicted a higher peak temperature. 

This simplified model was used to determine the maximum foil temperature for two injection times (1ms and 3ms) and two injection periods (1.5 sec and 10 Hz). A total of 1.54E14 H- particles were assumed each injection. In each of these injection scenerios, the foil peak temperature was calculated for seven injection cycles. Figure 2.5.8.1 shows the seven injection cycles for the case of a 3 ms injection (270 turns) at a rep rate of 1.5 sec and an average of 9 secondary hits/proton in the circulating beam.
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Figure 2.5.8.1 Peak foil temperatures for 1.54E14 H- incident on a 425 g/cm2 carbon foil in 3ms plus nine secondary hits per proton in the circulating beam. Results for three gaussian beam distributions with sigmas of 1, 1.5 and 2 mm. 
This plot shows the foil cooling back down to ambient temperature between 1.5 sec pulses, i.e. no heat build up in the foil between injections. Although not shown here, the 10 Hz injection showed the minimum foil temperature rise to ~600oK after the second injection, but there was still no temperature build up over multiple injections. The effect of the beam distribution on the peak temperature can clearly be seen.  Figure 2.5.8.2 plots the peak temperatures for each of the five cases.  The impact on beam size, injection pulse length and secondary hits, and rep rate can clearly be seen.
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Figure 2.5.8.2 Summary of peak temperature calculations for the five simulated conditions.
The temperature distribution on the foil was obtained from a computer simulation of current density distribution at the foil by incorporating information in figure 2.5.8.1 into the particle tracking code [58] . Figure 2.5.8.3  shows the temperature distributions corresponding to the case of incoming H- with a 1mm sigma (shown by the black line in figure 2.5.8.1). The left distribution is the temperature rise caused by the injected H- bem only whereas the distribution on the right includes the average of nine hits per circulating particle. 
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Figure 2.5.8.3 Foil temperature distributions for injected H- only (left) and the addition of circulating beam hitting the foil an average of nine times/particle.

The peak temperatures for the injection only and including seconadry hits are 1539oK and 2200oK, respectively. Although the absolute value of the temperatures don’t precisely agree with the calculations in figure 2.5.8.1, the uniform distribution of the circulating beam hits is clearly present on the side of the foil toward the circulating beam. The foil holder is on the right hand side of each of these foils and is not shown since no beam hits the holder. 
Based upon these calculations an incoming H- sigma between 1.5 and 1.2 mm should limit the peak temperature for the  3ms case to between 1500 and 1900oK.

2.5.9 Foil Interactions
The circulating proton beam interacts with the thin carbon stripping foil may undergo multiple coulonb scattering,  large angle scattering, nuclear interaction, and an energy loss from dE/dX. The first two processes lead to increased transverse amplitudes, while the nuclear interactions lead to a particle loss and hadronic shower, and the energy loss leads to a spread in energies after the protons are removed from the foil. With the the nuclear collision length of 60.2 g/cm2 and a target thickness of 425 g/cm2, the probability that a nuclear collision takes place is about 7x10-6. At an  8 GeV beam power of 360 kW, this loss rate corresponds to about 2.5 watts.
The energy distribution of an ensamble of particles after passage through a thin target approximates a Landau distribution when the ratio of the mean loss over the path length to the maximum possible energy transfer in a collision with an atomic electron approaches zero.[] The maximum energy transfer for an 8 GeV proton in a collision with an electron is about 90.8 MeV while the mean loss of an 8 GeV proton traveling through a carbon foil of 425 g/cm2 is only 0.78 keV. This ratio is then ~ 8.7x10-5.  This gives rise to the question of how many protons will be in the tail of the distrubution after injection. 
A distribution of circulating beam particles, from the simulation program STRUCT, that pass through the stripping foil were shown in figures 2.5.4.5 and 2.5.4.6. In addition to the particle phase space paremeters, the energy of the particle is recorded after passage through the foil. MARS routines for energy loss of a particle passing through matter are included in the painting simulation[]. From the discussion in section 2.5.4, 26430 particles were injected over 270 turns. There were 160,462 recorded interactions with the foil from the circulating beam which means that each particle hit the foil on average 6 times. The data were binned in 40 kEV bins. Figure 2.5.9.1 shows the fraction of circulating beam within the energy loss window.
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Figure 2.5.9.1 Fraction of circulating beam within the energy loss window delta E. 

This figure shows that only ~10-4 particles have energy loss greater that 1 MeV still well within the longitudinal acceptance. The maximum energy loss in the current ensamble was less 5.5 MeV. The data here assumed a 425 g/cm2 stripping foil thickness. 
2.6 Alignment Requirements and Correction System

With the large ratio of aperture to beam dimensions, there is significant room for closed orbit distortions due to quad misalignment, dipole rolls, or dipole mispowering. Typical alignment tolerances used at FNAL for magnet installation are 0.25mm transverse and 0.5mr roll. Based upon these tolerances an expected dipole error, GLdx/(), due to quad mis-alignment is on the order of 11 r for a 10 kG/m gradient and ¼ mm mis-alignment. The largest source of closed orbit distortion, due to varience in dipole strength, estimated to be on the order of 10-3 can easily be accomodated by corrector dipoles (~850 r @ 5 Amp).   For the typical bend strength of 480 Gauss, a error of 10-3 will produce a 10 r dipole error. Since there are six dipoles between each horizontal corrector, and the errors of all six dipoles conspired to produce an effective error of 60 r, the correctors will have adequate strength for compensation down to the sub-mm level. Although we have ample corrector strength, it is always prudent to sort the dipoles according to field error.  Figure 2.6.1 shows a typical orbit distortion for a gaussian distribution of quad mis-alignments and dipole field error. 
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Figure 2.6.1: Orbit error due to a random quad misalignment ( = 0.25 mm)and random dipole field error ( = 10 units) before correction. 

Although the transport line has a large aperture/sigma ratio, there are several intentional aperture restrictions due to the betatron and momentum collimation (discussed in section 2.4). The betatron collimators are in the first straight section after the linac and therefore only subjected to quad misalignments. Since there is a corrector at each quad location any alignment error may easily be compensated. The second location where the careful orbit control is required is the momentum collimator in the middle of the first arc. With horizontal correctors at each focussing quad location a local three bump is utilized to maintain desired position.

Currently, Fermilab utilizes automated beamline tuning software which monitors posotions and losses on a pulse to pulse basis and keeps desired positions at collimators and targets to within 0.25 mm. This compensates for slow drift of orbits. This same software is expected to be utilized in the transport line. 

2.7 Longitudinal Dynamics

2.7.1 Bunch structure

The 325 Mhz chopper [59] will be responsible for producing the required bunch structure for proper injection into stationary MI buckets. The ratio of 325 Mhz to the MI injection frequency of 52.809 Mhz is 6.15 (to 3 significant digits). This means that the injected beam micro bunches will slip in phase with respect to the zero phase of the MI RF. 

The linac micro-bunches (325 Mhz) are spaced at 3.077 ns. The stationary MI bucket at injection is 18.94 ns in length. A second harmonic RF system will be employed to create a linear voltage region in the center of the MI bucket with a width of approximately 12 ns. This implies that only 4 out of 6 linac micro bunches will fit into the linear part of the MI bucket. Due to the non-integer harmonic number the four bunches will shift in phase relative to the MI RF zero. This will provide  parasitic longitudinal painting in phase and will  need to be taken into account in the low level system.
2.7.2 Transfer line RF Phase Rotation
To reduce the momentum spread and jitter of the beam, the Proton Driver includes a Phase Rotator RF cavity about 916 m downstream of the Linac output.  The  “passive” energy correction scheme employed here is patterned after the scheme utilized by SNS [60], that functions by letting the beam drift for a length sufficient for the high momentum particles to move ahead of the slower particles, then putting the beam through a cluster of RF cavities with the phase set to decelerate the early (high energy) particles and to accelerate the late (low energy) particles.  This lowers the energy spread and jitter at the expense of increasing the bunch length and phase jitter of the bunches.  (The bunch length and phase jitter are irrelevant after MI injection, since the 325 MHz bunch structure is effectively thrown away by the injection process). 

Simulations have been performed to verify the operation of the Phase Rotator on a bunch with the ideal energy and phase. The preliminary simulations shown in Figure 2.7.3 were performed by MAD with 2 RF cavity gaps running at 19MV each centered between Q86 and Q87 about 72 meters upstream of the injection foil. 
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Figure 2.7.2.1 Longitudinal phase space before (left) and after (right) the Phase Rotator cavity running at 1300 Mhz with a field of 38 MV. Simulation performed with MAD.
A model of a warm 17 cell cavity super-structure [61] has been implemented into the transfer line model in the tracking codes ELEGANT and TRACK. Figure 2.7.2.2 shows the normalized electric field on axis of the cavity. The voltage on axis is 5 MV/m.  
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Figure 2.7.2.2 Normalized electric field on axis used in the tracking code TRACK.
An ensamble of 200K particles  is tracked from the RFQ to the injection foil without errors with the code TRACK. Figure 2.7.2.3 Shows the longitudinal phase space at the foil with the Phase Rotator cavity on and off. Here one can see a reduction in the energy spread at the foil form about +/- 20MeV to about +/- 2.5 MeV. 
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Figure 2.7.2.3 Longitudinal phase space with the Debuncher On and OFF.
Additional information concerning the warm debuncher cavities and their phase jitter and and plan for active feedback is discussed in section 15.2 of reference 3.
2.7.3 Linac Phase and Energy Error

Simulations have been carried out investigating the linac phase and error tolerance on MI injection. [62]  The program TRACK was used to consider three sets of errors for a representative linac wich included 8 ILC RF units (defined in ref. 60)  , 0.5% and 0.5 degrees, 1.0% and 1 degree and 2.0% and 2 degrees in phase and error. Additionally, a 10 unit (1x10-3) magnetic field error in the solenoids and quadrupoles was included. The RF error distributions are Gaussian truncated at +/- 3 rms value and the magnetic field errors are uniform with extream values at +/- max. The simulations were repeated 24 times using a random seed generator to specify the erroes for a particular simulation. Table 2.7.3.1 shows the results of the simulations (mean and RMS deviation)
Table 2.7.3.1 RMS beam parameters at the injection stripping foil for the nominal ILC-like linac and three sets of RF errors (magnetic field errors of 10-3, included)  {reproduced from ref 62}
	Beam parameters
	Nominal
	0.5% / 0.5 deg
	1 % / 1 deg
	2 % / 2 deg

	W [MeV]
	8006
	8006+/-0.5
	8006+/-0.8
	8006+/-1.6

	E [keV]
	320
	342+/-36
	378+/-78
	955+/-788

	Z [mm]
	2.34
	2.5+/-0.2
	2.9+/-0.4
	5.7+/-4.1

	Z [keV-mm]
	725
	827+/-81
	998+/-182
	5461+/-8046

	X [mm]
	1.14
	1.1+/-0.1
	1.2+/-0.2
	1.3+/-0.3

	Y [mm]
	1.25
	1.3+/-0.1
	1.4+/-0.3
	1.6+/-0.5

	X [mm-mrad]
	0.62
	0.6+/-0.1
	0.6+/-0.1
	0.9+/-0.3

	Y [mm-mrad]
	0.70
	0.7+/-0.1
	0.7+/-0.1
	1.0+/-0.63


It can be seen from the table  that the 0.5%/0.5deg errors have only minimal effect on the transverse and longitudinal beam parameters and even the 1%/1deg errors show minimal effect on the longitudinal distribution. However, the 2%/2degree errors impact both transverse and longitudinal. 
The transverse and longitudinal distribution at the foil  for the three error sets (without collimation) are shown in Figure 2.7.3.1. The pictures are a superposition of  all particles from the 24 random seeds, with each seed shown is a different shade. The first two rows show little difference in the transverse distribution. However, increasing the energy and phase error to 2%/2deg shows a marked increase in the transverse phase space. The distribution appears to be  truncated at +/- 10 mm implying beam is lost  upstream in the linac or transfer line. Although not shown here, the increased losses were primarily in the linac. Although the bunch length for the 2%/2deg error approaches 150 mm, which is only 0.5ns, the micro bunch train of four 325 Mhz bunches still fits within the central 12 ns of the MI RF bucket. Based upon these simulations, if a tolerance of 1% and 1 degree were set on the energy and phase error and a 10-3 error in the focussing field error was set, the impact on MI injection phase space would be easily tolerated. 
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Figure 2.7.3.1 Transverse (left) and longitudinal distributions at the stripping foil for the error sets listed in table 2.7.3.1.
2.7.4 Main Injector Longitudinal  dynamics

As described in section 2.7.1, the difference between the 325 Mhz bunch frequency and the MI RF frequency will lead to a parasitic phase slippage across MI RF buckets. This phase slippage in conjunction with 325 Mhz chopping will be utilized in longitudinal painting of the linac micro-bunches into the MI 53 Mhz buckets. Figure 2.7.4 illustrates the phase slippage of the linac bunches with respect to the MI RF bucket. The first 40 MI RF buckets are illustrated with the width of the MI bucket shown on the vertical axis. Each symbol represents a linac 325 Mhz bucket with the open squares being filled with beam and the x’s being chopped at 2.5 MeV. The red horizontal lines represent the separatrix of the MI bucket and the blue lines is the extent of the linear part of the MI bucket.
Figure 2.7.4.1 Linac bunch placement in the MI RF bucket

The longitudinal phase space at the foil after bunch rotation (cf. figure 2.7.2.3)  of a single micro-bunch was used to create a file of  the longitudinal phase space of four micro-bunches at 325 Mhz which could be called the macro-bunch. This file was then used as input to ESME to study the longitudinal behavour of marco-bunch multi-turn injection. [63] Various RF configurations, both single and dual harmonic systems, were investigated with and without longitudinal space charge. The dual harmonic RF system was seen to provide a larger linear RF bucket producing a more uniform longitudinal bunch. Figure 2.7.4.2 shows the relative position of  four 325 Mhz micro-bunches within a dual harmonic 53 Mhz MI RF bucket. Note the relative energy and phase spread of the bunches relative to the RF bucket.  The energy and phase distribution of a single microbunch in the MI bucket are shown in Figure 2.7.4.3. Here the full energy spread is +/- 1MeV with a 0.335 MeV rms. The phase spread of the micro-bunch is +/- 1x10-3 degrees with 1.34% being in the tail of the distribution which gives rise to the full distribution being +/-2x10-3 deg. Note that here the MI RF bucket is +/-0.3016 degrees.
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Figure 2.7.4.2 Dual harmonic MI RF bucket showing the positioning of 4 micro-bunches on the first turn or injection
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Figure 2.7.4.3 Energy and phase distribution of a single mirco-bunch relative to a  MI 53 Mhz RF bucket. 
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Figure 2.7.4.4 Phase space after 270 turn injection (left) and after and additional 27 ms of coasting keeping the RF amplitude constant. 
Incorporating the phase slippage of 0.0149 degrees per turn, the bunches are injected re-injected at teh same phase every six turns. Figure 2.7.4.4 shows the distribution (left) after 270 turns injecting 4 micro-bunches each turn. The RF voltage was kept constant at 400 kV on the 53 Mhz system and 200 kV on the 106 Mhz system). The bucket area is .5 eV-sec and the rms bunch area is 0.045 eV-sec. The figure on the right is after letting the beam circulate for ~27 ms keeping the bucket area constant. The bunch area remained almost the same at 0.047 eV-sec and there was no beam loss. Longitudinal space charge was turned on for all these simulations. The final longitudinal distribution from these simulations is shown in Figure 2.7.4.5. The bunching factor for this distribution was calculated at 0.031 almost a factor than for a single harmonnic system.
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Figure 2.7.4.5 Final longitudinal distribution after 270 turn injection and circulating for 27 ms. 
It has been pointed out that the broad band impedance could interact with the short bunches and decelerate the bunches within the bucket.[64] This effect has not yet been included in the simulation. If this becomes an issue for injection the phase of the transfer line phase rotator cavity (debuncher) can be ramped to compensate for the energy loss due to the impeadence. Intentional phase jitter of between the linac and MI could be utilized to further spread the accumulating bunches to yield a more uniform bunch distribution.
2.7.5 Energy Correction

A discussion of the sources for energy jitter, slow energy drifts within a macro-pulse, and pulse to pulse energy shifts and potential correction schemes is given in sections 5.12 -5.15 in reference 3. Here, it was assumed that a warm "passive" debuncher (phase rotator) cavity would be installed at the proper distance in the transport line to remove the momentum spread within a bunch and for bunch-to-bunch momentum jitter that would occur on a time scale too fast to be tracked by the SSRF and the LLRF system. This was discussed in section 2.7.2.  For slow energy drifts or pulse-to-pulse jitter active feedback of the linac output energy during the beam spill would be more effective. One method for accomplishing this would be to measure the beam centroid position at the peak of dispersion and feed the error signal to the debuncher phase at the end of the transport line. For a beam position measurement resolution of 0.1mm at the dispersion peak gives an energy resolution of  0.125 MeV. The response time would be dominated by the 5-10 usec filling time of the warm copper cavities. This bandwidth could easily track the microphonics or Lorentz detuning within the beam spill [ref.3]. This requires additional work during the engineering design phase and is dependent on the warm copper cavity design.
2.8 Beam Diagnostics

The beam diagnostic equipment will consist of beam intensity and position measurement with BPM, beam transverse profile measurement (with either a standard multiwire system, single scanning wire, or a laser profile monitor system), beam loss, energy measurement (with time of flight and centroid displacement in the arc),  and phase measurement.   In addition, the charge collected by the collimation foils will be monitored. Table 2.8 proivides an estimate for quantities of instrumentation
Table 2.8 Estimates for required instrumentation
	Transport line location / instrumentation
	BPM
	Profile
	BLM
	BIM
	Charge Integ.

	matching straight /betatron collimation
	8
	4
	20
	1
	6

	1st achromat/ momentum collimation
	13
	1
	13
	1
	1

	middle straight
	5
	2
	5
	1
	

	2nd achromat
	13
	2
	13
	1
	

	injection achromat
	10
	6
	20
	1
	1 (inj foil)

	linac dump line
	2
	2
	4
	2
	

	momentum dump line
	2
	1
	4
	1
	

	injection dump line
	1
	1
	4
	1
	

	TOTALS
	52
	18
	83
	9
	8


Horizontal {vertical} Beam Position Monitors are located just downstream of each focusing {de-focusing} quad. Additional BPM’s will be  located as needed in the injection and injection absorber area as well as in the linac amd momentum dump lines.  
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4.0 Appendix 1
As the project moves beyond the Conceptual Design Phase the following sections will sereve as a guide for a more detailed documentation

3.0 Component Design and Construction
3.1 Transport line Magnets

3.1.1 Separation Dipoles (new)

3.1.2 Septum Dipole (new)

3.1.3 Arc Dipole (reuse b2)

3.1.4 Quads

3.1.5 Dipole trims

3.2 Injection Chicane Magnets


3.2.1 CM1 (Offset Dipole)


3.2.2 CM2 (Merging Dipole)


3.2.3 CM3 (Separation/Stripping Dipole)


3.2.4 CM4 (Closure Dipole)

3.3 Injection Painting Magnets


3.3.1 Main Injector Horizontal Painting magnets


3.3.2 Beamline Vertical Painting Magnets

3.4 Foil Support and Changer

3.5 Electron Catcher

3.6 Diagnostic Equipment

3.6.1 Beam Position Monitors

3.6.2 Beam Loss Monitors

3.6.3 Beam Current Monitor

3.6.4 Profile Monitor

3.7 Power Supply Systems

3.7.1 Transport Line

3.7.1.1 Dipoles

3.7.1.2 Quads

3.7.1.3 Correctors

3.7.2 Main Injector

3.7.2.1 Chicane

3.7.2.2 Painting bump magnets

3.7.2.3 Quad power supplies

3.7.2.4 IQC and IQD trim coil power supplies

3.8 Beam Absorber Design

3.8.1 Linac Dump Absorber

3.8.2 Betatron Collimation Absorber

3.8.3 Momentum Collimation Absorber

3.8.4 Injection Absorber

3.9 Vacuum System Design

4.0 Tunnel Design and Civil Construction

5.0 Component Layout, Maintaince Scenerio

6.0 Control and Timing System

7.0 Utilities

8.0 Radiation Safety

9.0 Schedule and Commissioning Strategy
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