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Ion chambers will become the primary beam-intensity measurement device for mixed-secondary beam. They are relatively inexpensive devices that can measure beam intensities with an accuracy of ±5% with as little as 105 particles. Ion chambers were used in the AP2 line in the past, and work was done during beam studies to re-commission the ion chamber that used to be operational near the end of the AP2 line [2]. For (g − 2) operations, one ion chamber will be implemented in the M2 line. Ion chambers will also be implemented in the M3 line and the Delivery Ring; however, these ion chambers will need to be installed in a vacuum can with motor controls to allow them to be pulled out of the beam during the higher-intensity Mu2e operations. Figure 1.47 shows an ion chamber installation in the AP2 line.
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Figure 1.51: Fixed-position ion chamber in the AP2 line. The ion chamber is separated from the beam pipe by a vacuum window on each side. Fixed-position ion chambers will only be used in the M2 line. In locations like the M3 line and Delivery Ring that will also see Mu2e beam, the ion chambers will be put inside of vacuum cans and made retractable.

Each ion chamber consists of 3 signal foils interleaved between 4 bias foils, each spaced 1/8” apart. The foils are sealed in an aluminum chamber 10 inches in diameter by 4.5 inches long continuously purged with an 80% argon - 20% carbon dioxide gas mix. The standard ion chamber is shown in Figure 1.51.  Protons passing through ArCO2 gas generate 96 e/ion pairs or about 1.6 x 10-17 charges/cm which equals about 1.6 picocoulomb for 10E5 p [18].
The ion chambers in the M3 line and Delivery Ring will not be installed in the above described manner because the beam going through those ion chambers and vacuum windows would result in excessive coulomb scattering during high intensity operations [27].  The solution is to make the ion chamber retractable much like what will be discussed in more detail in the Proportional Wire Chamber (PWC) section below.  The ion chamber will be installed inside of an anti-vacuum chamber with two titanium vacuum windows to provide a barrier between the gas needed for the ion chamber and vacuum.  The entire anti-vacuum chamber would be mounted inside of a vacuum can that is common to beam tube vacuum. The ion chamber will be on a motorized drive that would allow it to be taken in or out of the path of beam [18].  Figure
Beam studies were completed to check the effectiveness of using ion chambers in the range of intensities expected during (g – 2) operation [24].  One ion chamber was installed in the upstream portion of the AP-2 beam line at the 704 location, while the other ion chamber was located at the downstream portion of the AP-2 line at the 728 location. Both ion chambers were shown to integrate beam charge as expected over the normal range of (g – 2) operational intensities for the M2 and M3 lines as can be seen in Figure 1.52.
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Figure 1.52:  AP2 ion chamber performance was measured during beam studies.  Ion chamber integration (left) over time.  The signal is reset at 1.0 seconds and samples at beam time just after 1.5 seconds. The yellow trace is the ion chamber at the 704 location and the red trace is the ion chamber at the 728 location. This plot was taken with 1E12 protons on target and shows 7.5E8 at the 704 location and 2.5E7 at the 728 location.  The plot on the right plots the output of the same two ion chambers over varied target intensities. The response is linear through a wide range of beam intensities.

A retractable version of the ion chamber has been designed.     We take the PWC that was designed for use in the Bayonet vacuum can (Figure 1.53).  The PWC assembly is modified by exchanging the two wireplanes with a single foil signal plane and adding spacers such that the ion chamber version is exactly the same dimensions as the PWC.
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Figure 1.53:  The Proportional Wire Chamber (PWC) will be modified for use with the ion chamber.  The vertical wires, central HV foil and vertical wires will be replaced by a single ion chamber foil and spacers.  For form factor remains the same and will be mounted exactly as the PWC is in the antivacuum box and bayonet can.  


Ion Chamber Locations:
	Name
	Device
	Beam Line
	Specific Location

	IC804
	Fixed Ion Chamber
	M2
	Use existing IC704 location and device.

	IC740
	Retractable Ion Chamber
	M3
	Immediately downstream of SEM740

	IC100
	Retractable Ion Chamber
	DR
	D10 straight

	IC300
	Retractable Ion Chamber
	DR
	D30 Straight

	IC500
	Retractable Ion Chamber
	DR
	D50 Straight

	IC901
	Retractable Ion Chamber
	Upstream M4
	Immediately upstream of Q902 (g-2 and Mu2e)

	IC027
	Fixed Ion Chamber
	M5
	Immediately downstream of WC027

	ICABT
	Fixed Ion Chamber
	Abort Line
	Immediately upstream of abort block.  Use existing ion chamber at 728.


*Ion chambers in the downstream M4 line, used for Mu2e only, are not included in the above table.

Costing Controls Electronics:
Engineer Estimate:  Dan McArthur, AD/Controls
Motion control $2K/unit x 5 units = $10K
Digitizer $0.25K/unit x 5 units = $1.25K 
Total = $11.25K
Overlap AP30 motion controllers

Ion Chamber Hardware:
Engineer Estimate:  Christine Ader, Mechanical Support
$2K ea. for stands for retractable ion chambers x 2 stands = $4K  (Covered in Mechanical BoE)
$0.5K ea. for stands for in place ion chambers x 5 stands = $1.5K (Covered in Mechanical BoE)       
$1K ea for Ion Chamber parts x 7 ion chambers = $7K    
$2K ea for parts to refurbish vacuum cans for ion chambers @ 5 chambers = $10K    
Copper line to run the gas to the 7 ion chambers x $0.60/ft x 400ft = $1.7K      
Gas bottle and regulator for ion chambers = $1K

Purchase Cables:
Engineering Estimate:  Gianni Tassotto, AD/Instrumentation
Ion Chamber:
+1 each, Cable, Multiconductor, Shielded, 25 Pair flat to round Spectra Strip 169-2832-050 “Twist N’ Flat” for wire signals. $2.34 per foot (one cable each per axis)  if noise is HIGH.  OR if noise is low: 1 each, Cable RG-58C/U, GREEN for signal, available from Fermi stock at $.23/ft.
+1 each, Cable RG-58C/U, RED for bias / flash tests, available from Fermi Stock $.23 per foot.  
Total (high noise)=$2.57/FT; Total (low noise) = $.46/ft

Motion Control (for retractable ion chambers):
+1 each, Cable, 2 pair twisted shielded, 22 Gauge, Belden 8723 or equivalent for limit switches. $0.290 per foot
+1 each, Cable, 4 conductor, 18 Gauge, Belden 8489 or equivalent for drive motor. $0.626 per foot
Total $0.92/FT.

2 Retractable Ion Chambers  ($2.57/FT + $0.92/FT) x 2 chambers * 250 FT average pull = $1.745K  
                               {Low noise is ($.46/ft + $.92/ft) x 2 chambers * 250' average pull = $0.69K.
5 Stationary Ion Chamber $2.57/FT x 250ft x 5 = $3.21K
                                {Low noise is $.46/ft*1 chamber*250 ft x 5 =$0.575K
Grand Total (Low Noise) = $0.69K + $0.575K = $1.27K


Build Electronics
Engineering Estimate:  Gianni Tassotto
Ion Chamber Digitizer:
40 hours ELTN_TECH/unit x 7 units = 280 hours

Machine Vacuum Cans for Ion Chambers
Engineering Estimate:  Christine Ader, Mechanical Support
Machining 21 hrs/can x 5 cans =  105hrs 
Welding:  7 hrs/can x 5 cans = 35 hrs

Assemble and Test Retractdable  Ion Chambers
Engineering Estimate:  Gianni Tassotto, AD/Instrumentation
Assembly of Ion Chamber is 3 Day/Ion Chamber x 5 ion chambers = 15 Days
Installation of Ion Chamber is 1 Day/ion chamber = 5 Days 
Install motor controller is 1 days/controller (@4 controllers) = 4 days (Instrumentaiton Technician + 10% Dan Schoo);32 hrs, 4 hrs  (overlap controllers at AP30 to save money)
Final Testing is 1 Days/unit = 2 Days
Built in-place Ion Chambers
Engineering Estimate:  Gianni Tassotto, AD/Instrumentation
Assembly of Ion Chamber is 1 day/Ion Chamber x 3 ion chambers = 3 days
Installation of Ion Chamber is 1 Day/ion chamber = 3 Days
Final Testing is 1 Days/unit = 3 Days

Ion Chambers Install M2/M3
Engineering Estimate:  Gianni Tassotto, AD/Instrumentation; Christine Ader, AD/Mechanical Support
Mechanical stand installation is 1 day/devices  x 2 devices;  Covered in Mechanical BoE
Mechanical device installation is covered in Mechanical BoE
Mechanical Hookup is 0.5 days/device x 2 devices; Covered in Mechanical BoE
Electrical hookup is 0.5 Days/device x 2 devcies =  1 Day (8 hrs)
Mechanical Leak check is 0.5 Days/device x 2 devices; Covered in Mechanical BoE
Alignment is 0.5 day/device x 2 devices = 1  Days ; Covered in Mechanical BoE
Instrumentation final testing is 1 days/device = 2  Days (16 hrs tech, 2 hrs eng)

Ion Chambers Install DR
Engineering Estimate:  Gianni Tassotto, AD/Instrumentation; Christine Ader, AD/Mechanical Support
Mechanical stand installation is 1 day/devices  x 3 devices; Covered in Mechanical BoE
Mechanical device installation is covered in Mechanical BoE
Mechanical Hookup is 0.5 days/device x 3 devices; Covered in Mechanical BoE
Electrical hookup is 0.5 Days/device x 3 devcies =  1.5 Day (12 hrs)
Mechanical Leak check is 0.5 Days/device x 3 devices; Covered in Mechanical BoE
Alignment is 0.5 day/device x 3 devices; Covered in Mechanical BoE
Instrumentation final testing is 1 days/device = 3  Days (24 hrs tech, 2 hrs eng)

Ion Chambers Install M4/M5
Engineering Estimate:  Gianni Tassotto, AD/Instrumentation; Christine Ader, AD/Mechanical Support
Mechanical stand installation is 1 day/devices  x 2 devices;  Covered in Mechanical BoE
Mechanical device installation is covered in Mechanical BoE
Mechanical Hookup is 0.5 days/device x 2 devices; Covered in Mechanical BoE
Electrical hookup is 0.5 Days/device x 2 devcies =  1 Day (8 hrs)
Mechanical Leak check is 0.5 Days/device x 2 devices; Covered in Mechanical BoE
Alignment is 0.5 day/device x 2 devices = 1  Days ; Covered in Mechanical BoE
Instrumentation final testing is 1 days/device = 2  Days (16 hrs tech, 2 hrs eng)

Pull Cables
M2/M3
Crew of 4 TM electricians fot 1 days x 8hr/day x $124.9168/hour = $4K		
DR
Crew of 4 TM electricians fot 2 days x 8hr/day x $124.9168/hour = $8K		
[bookmark: _GoBack]M4/MR
Crew of 4 TM electricians fot 1 days x 8hr/day x $124.9168/hour = $4K		
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