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Accelerator Systems
[bookmark: _Ref283734971][bookmark: _Toc319136733]Overview
The muon beam on the Mu2e stopping target is derived from the decay of pions produced by the interaction of an intense 8 GeV kinetic energy proton beam with a tungsten target.  This chapter describes the upgrades to the existing Fermilab Accelerator facilities required for the delivery and targeting of the primary proton beam.

The baseline concept for the Mu2e accelerator upgrades has been changed significantly from what was originally envisioned in the Mu2e proposal [1].  In the course of the conceptual design process it became apparent that the costs of the accelerator upgrades required for the Mu2e experiment were much greater than expected.  Consequently, a task force was formed to investigate alternatives to the original concept that would reduce the costs to an acceptable level.  The findings and recommendations of the task force are contained in reference [2].  The accelerator systems upgrades presented here reflect the changes recommended by the task force.  

The Mu2e proposal calls for a 25 kW proton beam on the Mu2e pion production target. This was to be accomplished by taking six proton batches from the Booster synchrotron using eight unused “ticks[footnoteRef:1]” in a Main Injector NOA cycle. These proton batches were to be momentum stacked three at a time in the Antiproton Source Accumulator Ring prior to being coalesced into four narrow 2.5 MHz bunches utilizing RF systems in the Accumulator.  It is this basic scenario that was rejected as being too expensive. [1:  A tick is sec = 67 msec = the length of a Booster cycle.] 


The scaled-down concept presented here utilizes only two proton batches per NOA cycle. The beam power on target is thus reduced by a factor of three to approximately 8 kW. The need for proton stacking has been eliminated, and bunch formation now takes place in the Recycler Ring.  All of  theof the functions originally proposed for the Accumulator Ring are performed elsewhere, thus obviating the need to use and upgrade the Accumulator Ring.  
[bookmark: _Toc319136734]Beam Requirements
The Mu2e experiment requires a beam of narrow (in time) pulses separated by an interval that that is longer than the lifetime of a − captured in the Aluminum stopping target (864 nsec).  Moreover, the proton beam must be extinguished between these pulses such that the ratio of out of time beam to in time beam is less than 10-10. Table 5.1Table 5.1 summarizes the Mu2e proton beam requirements. These requirements are also specified in the Mu2e proton beam requirements document [3].

	Parameter
	Design Value
	Requirement
	Unit

	Booster synchrotron repetition rate
	15
	> 10.5 [footnoteRef:2] [2:  The number given is the Mu2e requirement (2 batches) plus the NOA requirement (12 batches) for each MI cycle.] 

	Hz

	Booster synchrotron beam intensity
	4.01012
	4.01012
	Protons/batch

	Time between beam pulses
	1695685
	> 864
	nsec

	Out of time extinction factor
	10-10
	 10-10
	

	Pulse full width
	100
	 130
	nsec

	Pulse rmsrams width
	40
	 50
	nsec

	Duration of spill
	54
	> 20
	msec

	Beam Power on Target
	8
	-----
	kW

	Average proton intensity per pulse
	31
	 < 50
	Mp/pulse

	Pulse to Pulse intensity variation
	50
	< 50
	%

	[bookmark: _Ref289238872]Minimum Target rmsrms spot size[footnoteRef:3]  [3:  Assumes round beam] 

	1
	0.5
	mm

	Maximum Target rmsrms spot sizec 
	1
	2.0
	mm

	Target rms beam divergence
	0.5
	< 20
	mrad


[bookmark: _Ref197567972][bookmark: _Ref193172069][bookmark: _Toc319136876][bookmark: _Ref284851540]Table 5.15.1. Summary of the Mu2e Proton Beam Requirements
[bookmark: _Ref319070050][bookmark: _Toc319136735]Operating Scenario
The proton beam will require considerable manipulation to produce the longitudinal structure required by the Mu2e experiment. These manipulations are performed in the Recycler and the Delivery[footnoteRef:4] storage rings and in the beamline that connects the Delivery ring to the target. Figure 5.1Figure 5.1 shows the layout of the Fermilab accelerator systems used to accomplish the Mu2e beam manipulations. [4:  The Antiproton Source Debuncher Ring has been renamed the Delivery Ring.] 


Protons designated for Mu2e are acquired from the Booster synchrotron by utilizing the unused portions of the Main Injector timeline during slip-stacking operations for NOA (see Figure 5.2Figure 5.2). Booster protons are extracted into the MI-8 beamline and injected into the Recycler Ring. The beam circulates in the Recycler Ring so that it can be bunched with a 2.5 MHz RF system to form the bunch characteristics required by the Mu2e experiment (see Section 5.5). The beam is then extracted from the Recycler, one bunch at a time, into a new beamline. This new beamline delivers the beam to the existing Antiproton Source beamlines.  The beam is then transported to the Delivery ring from which it is resonantly extracted into an external beamline (see Section 5.6).  

[image: ]
[bookmark: _Ref193171930][bookmark: _Toc319136795]Figure 5.15.1. The components of the Fermilab accelerator complex used to acquire protons for the Mu2e experiment. The proton beam path from Booster to Recycler is shown in yellow.  The beam path in the Recycler is in red.  The beam path from Recycler to Delivery[footnoteRef:5] Ring is in blue, and the beam path from Delivery Ring to Mu2e target is in green. [5: ] 

The Recycler Ring 2.5 MHz bunch formation RF system will be built by the Muon g‑2 project. The bunch narrowing requirements of the Muon g-2 experiment exceeds those of Mu2e (see Reference [4]). Thus, this system is adequate for the needs of the Mu2e experiment.

Extraction from the Recycler Ring and the beamline stub connecting the Recycler to existing beamlines are also being designed and built for the Muon g-2 experiment.  Again, the Muon g‑2 design requirements for Recycler Ring extraction exceed the requirements of the Mu2e experiment (see Reference [5]) so that this system adequately satisfies the requirements of the Mu2e experiment.

[bookmark: _Ref282518793][image: ]
[bookmark: _Ref318291580][bookmark: _Toc319136796]Figure 5.25.2. The accelerator timeline is shared between Mu2e and NOA.  The blue and red bars represent Mu2e and NOA proton batch injections respectively. Mu2e Recycler Ring beam manipulations occur in the first eight 15 Hz ticks.  NOA proton batches are slip-stacked during the remaining twelve 15 Hz ticks.  The total length of a cycle is 20 ticks = 1.333 sec.
The preparations required for the existing Antiproton Source beamlines and for the Delivery Ring for the Mu2e experiment are largely equivalent to the requirements of the Muon g-2 experiment. Thus, the Delivery Ring and proton transport preparations for both experiments will be accomplished as an Accelerator Improvement Project (AIP). The conceptual design for this AIP is given in Reference [6].

The Delivery Ring to Mu2e target external beamline is a new facility that transports the proton beam to the Mu2e pion production target (Section 5.7). The external beamline contains a beam extinction insert that removes out-of-time beam to the required level (Section 5.8).  Upon arrival at the Mu2e pion production target, the beam interacts with a tungsten target inside the shielded super-conducting production solenoid (Section 5.15.9).  The resulting pions decay, producing the muons that will ultimately constitute the muon beam for the experiment. A Heat and Radiation Shield (HRS) lines the inside of the production solenoid (Figure 5.3Figure 5.3) to prevent quenches from the heat radiated from the target and to protect the solenoid super-conducting coils from radiation damage.
[bookmark: _Toc319136736]Macro Time Structure of the Proton Beam
The Mu2e experiment must share the Recycler Ring with the NOA experiment, which uses the Recycler for proton slip-stacking. This sharing is accomplished by performing the required Mu2e beam manipulations in the Recycler prior to the injection of the first proton batch designated for NOA. There are a total of twenty possible proton batch injections into the Recycler Ring from the Booster within each Main Injector cycle.  These proton injections will occur at a maximum rate of 15 Hz (one batch every 67 msec)[footnoteRef:6].  Of the twenty possible, NOA requires twelve proton batches for slip-stacking.  That leaves eight injection ticks (533 msec) for Mu2e to acquire its beam and complete the 2.5 MHz bunch formation process (see Figure 5.2Figure 5.2). [6:  This statement assumes the successful implementation of the Proton Improvement Plan (PIP).] 


[image: ]
[bookmark: _Ref282518833][bookmark: _Ref282518645][bookmark: _Toc318200145][bookmark: _Toc319136797]Figure 5.35.3. Plan view of the Mu2e pion production target station showing the proton beamline, production solenoid components, the Heat and Radiation Shield (HRS), and the proton absorber.

Figure 5.4Figure 5.4 shows the utilization of the Mu2e portion of the Main Injector cycle.  Two proton batches are injected into the Recycler – one at the beginning of the cycle and one four Booster cycles (ticks) later.  After each injection, the beam circulates for 90 msec while the 2.5 MHz bunch formation RF sequence is performed.  This RF manipulation coalesces the proton batch into four 2.5 MHz bunches occupying one seventh of the circumference of the Recycler Ring.  These bunches are transferred, one bunch at a time, to the Delivery ring where the beam is slow-spilled to the experiment.  Table 5.2Table 5.2 gives the parameters of the spill.
0. [bookmark: _Toc319136737]Accelerator Parameters
Table 5.3Table 5.3 gives a list of accelerator parameters pertinent to the Mu2e accelerator configuration.  For a more comprehensive parameter list, see Reference [7]. Unless otherwise stated, these values are used in the calculations and simulations described in what follows.

	Item
	Value
	Units

	Number of spills per MI cycle
	8
	

	Number of protons per micro-pulse
	31
	Mp

	Maximum Delivery Ring Beam Intensity
	1.0
	Tp

	Instantaneous spill rate
	18.5
	Tp/sec

	Average spill rate
	6.0
	Tp/sec

	Duty Factor
	32
	%

	Duration of spill
	54
	msec

	Spill On Time per MI cycle
	497
	msec

	Spill Off Time per MI cycle
	836
	msec

	Time Gap between 1st set of 4 and 2nd set of 4 spills
	36
	msec

	Time Gap between spills
	5
	msec

	Pulse-to-pulse intensity variation[footnoteRef:7] [7:  The pulse intensity is expected to be approximately uniform on short time scales (< 1 msec).  The time scale of the variation in pulse intensity is expected to be of order a few msec.  ] 

	50
	%


[bookmark: _Ref318380266][bookmark: _Toc319136877]Table 5.25.2. Delivery Ring Spill Parameters
[bookmark: _Toc319136738]Project Management overview
The accelerator systems upgrades required for the Mu2e experiment are managed and funded by three separate projects: the Mu2e project, the Muon g‑2 project, and the Delivery Ring AIP.  Table 5.6Table 5.6 shows the upgrades that are required for the success of the Mu2e project, but are managed by another project.
[bookmark: _Ref286142692][bookmark: _Toc319136739]Beam Physics Issues
The beam intensities anticipated for Mu2e operation far exceed the intensities seen in the Antiproton Source during Collider running.  Thus, intensity dependent effects must be given careful consideration. We discuss separately the impact of high intensity on the transverse and longitudinal degrees of freedom. Transverse effects predominantly manifest themselves in beam self-defocusing, which causes incoherent shifts in the betatron tunes of the circulating particles. In the longitudinal degree of freedom, we consider the synchrotron tune shift and space charge induced beam self-impedance.  Longitudinal beam dynamics may cause collective beam instabilities in both longitudinal and transverse directions when certain intensity thresholds are exceeded.

The analysis reported in this section was completed before the cost reducing recommendations of the accelerator taskforce [2] were put in place. The maximum instantaneous intensity in the Delivery Ring for the operating scenarios assumed for the analysis below is 31012 protons, whereas, the peak intensity of the present design is a factor of three lower (11012 protons).

[image: ]
[bookmark: _Ref197594804][bookmark: _Ref283295449][bookmark: _Toc319136798]Figure 5.45.4. This figure shows the first eight Booster ticks of a Main Injector cycle. Proton batches are injected into the Recycler at the beginning of the cycle and again at the fourth tick.  After each injection, the beam is bunched with 2.5 MHz RF and extracted one bunch at a time.
[bookmark: _Ref288477264][bookmark: _Toc319136740]Space Charge
At Mu2e beam intensities the self-defocusing space charge field of the circulating beam is not small in comparison to the external focusing field of the lattice quadrupole magnets.  Space charge defocusing shifts the betatron tune downward relative to the bare lattice tune.  Furthermore, the amount of tune shift depends on the betatron amplitude of a circulating particle. Small amplitude particles are subject to the largest tune shifts while large amplitude particles undergo the smallest tune shifts. Thus, a beam containing particles with a wide distribution of betatron amplitudes will see a wide distribution of tune shifts.  


	Parameter
	Value
	Units

	Booster
	
	

	Intensity per batch
	41012
	protons

	53 MHz Bunches per batch
	81
	

	Repetition rate
	15
	Hz

	Average Repetition rate for Mu2e Beam
	4.5
	Hz

	Transverse emittance
	15
	mm-mrad

	Longitudinal emittance per 53 MHz bunch
	0.12
	eV-sec

	Recycler Ring
	
	

	Revolution Frequency
	89.824
	kHz

	Beam Momentum (central orbit) 
	8886.26
	MeV/c

	Transverse emittance
	15
	mm-mrad

	Longitudinal emittance per 53 MHz bunch[footnoteRef:8] [8:  Prior to bunch formation] 

	0.12
	eV-sec

	Maximum Intensity (for Mu2e)
	11012
	protons

	Delivery Ring
	
	

	Maximum Intensity
	11012
	protons

	Beam Momentum (central orbit) 
	8886.26
	MeV/c

	Revolution Frequency (central orbit) 
	590018
	Hz

	Orbit Length (central orbit) 
	505.294
	m

	x
	9.653
	

	y
	9.735
	

	Transverse emittance
	19 
	mm-mrad

	Bunch Length (rms)
	40
	nsec

	Bunch Base width
	200
	nsec

	Extracted Beam Power
	8
	kW


[bookmark: _Ref318382110][bookmark: _Toc319136878]Table 5.35.3. Accelerator Parameters for Mu2e operations.
The overall effect of space charge is the creation of a tune spread that extends from the bare lattice tune downward by an amount that depends on beam intensity and particle amplitude. Particles in the center of the beam will undergo the maximum tune shift because the charge density there is at its maximum.  For particles in the high amplitude tails of the transverse distribution, the space charge field is weak and the resulting tune shift is small.  Hence, the overall extent of the tune distribution is equal to the tune spread of the low amplitude particles at the core of the beam.  This maximum tune shift can be estimated using the Laslett formula [8]:


		(5‑1)

where rp is the classical proton radius, Ntot is the total number of particles, LR is the orbit length, Lb is the effective bunch length, and εN is the normalized horizontal emittance.


	Item
	Project

	MI-8 to Recycler transfer
	NOA

	Recycler RF
	Muon g‑2

	Recycler Extraction
	Muon g‑2

	Transport to Delivery Ring Upgrades
	Delivery Ring AIP

	Delivery Ring Upgrades
	Delivery Ring AIP

	Upstream part of external beamline
	Muon g‑2


[bookmark: _Toc319136879]Table 5.45.4. Items funded and managed by projects other than the Mu2e project

Equation  assumes that the beam is round and that particle amplitudes are dominated by their betatron oscillations.  The precise nature of the space charge tune shift must be obtained from the more accurate integration around the ring obtained by tracking simulations. Tracking simulations will also properly account for the effects of beam broadening in the high dispersion regions of the lattice.

Substituting the Delivery Ring parameter values from Table 5.3Table 5.3 into Equation yields a Laslett tune shift for the Delivery Ring of x = 0.026007.  The Delivery Ring tune footprint from an ORBIT tracking simulation [9] is shown in Figure 5.5Figure 5.5.  The smaller tune shift shown in the tracking simulation is a consequence of the large energy spread of the beam after bunch formation.  The beam spreads transversely in the arcs reducing the defocusing field felt by each particle.  Since the arcs constitute a relatively large part of the Delivery Ring circumference, the effect is significant.  The actual (simulated) space charge tune shift is about half of the Laslett value.  

The increased tune footprint of the beam due to space charge constrains the choice of the operating point such that the entire tune footprint must lie to the right of the 2x + y = 2 resonance line[footnoteRef:9].  The tune footprint also must be in the vicinity, but to the left of, the 3x = 2 line, which is the line used for resonant extraction. The greatest impact of space charge induced effects is on resonant extraction.  This is discussed in detail in Section 5.6. [9:  Note that this requirement would place the operating point to the right of the operating tunes shown in Figure 5.5.] 

[bookmark: _Toc319136741]Coherent instabilities
Transverse stability in the Delivery Rings for Mu2e operating conditions is considered in References [10][footnoteRef:10] and [11].  Reference [11] also treats longitudinal stability and accounts for space charge effects. The Delivery Ring is longitudinally and transversely stable for Mu2e beam conditions.   [10:  The analysis of reference [10] does not include the effects of space charge.] 


Betatron tune shifts due to space charge play a significant role in the treatment of the transverse stability. The space charge tune shift in the Delivery Ring significantly exceeds the synchrotron tune.  In this case, for zero chromaticity, a bunch is stable up to the transverse mode coupling instability (TMCI) threshold [11], [12].  According to Reference [12], the TMCI threshold for a Gaussian bunch of rms length τb in a round chamber with conductivity σ and radius b occurs at[footnoteRef:11] [11:  Figure 4 of Reference [12] shows that for the modes are uncoupled and therefore below the onset of TMCI.] 



[bookmark: _Ref164417078]		 (5‑2)

where the average Delivery Ring beta-function is: βx = 12 m, and the conductivity is σ = 1.31016 sec-1.  The main contribution to the impedance comes from the fraction of the circumference occupied by the dipoles where the vertical aperture is b = 2.6 cm (the remaining 75% of the ring is a round chamber with a 6.4 cm radius).  This yields K ≈ 10.  This is significantly smaller than the threshold value of Equation.  Thus, under Mu2e operating conditions, the beam should be well below the TMCI threshold.

If the chromaticity is not zero, weak head-tail instability may be possible.  The maximum growth rate of the weak head-tail instability is given in Reference [12]:


		(5‑3)
This yields ΓT0Nt = 1 for the Delivery Ring.  Thus the weak head-tail instability should not be an issue.  In the event head-tail is an issue, the insertion of a small amount of chromaticity should be sufficient to damp this instability.

[image: ]
[bookmark: _Ref197594818][bookmark: _Ref286066792][bookmark: _Toc319136799]Figure 5.55.5. Debuncher tune footprint from an ORBIT simulation for a beam intensity of 31012 protons[footnoteRef:12].  The integer part of both tunes is 9.  The black box in the upper right of the plot indicates the bare lattice tunes.  The thick red lines are 3rd order resonance lines; the dashed green lines are 6th order resonance lines; and the orange dot-dashed lines are 7th order resonance lines.  The resonance line used for third integer extraction is the x = 2/3 line at the right of the plot.  The actual tune operating point will be chosen to keep the tune footprint well away from the 3rd order line (2x + y = 2) crossed by the high tune shift end of the footprint. [12:  This intensity is a factor of three greater than the maximum Delivery Ring beam intensity in the present baseline operating scenario.] 

[bookmark: _Toc319136742][bookmark: _Ref285177490]Other Intensity Dependent Effects
The bunched beam should not be affected by space charge or resistive wall longitudinal impedances.  The space charge synchrotron tune shift is estimated to be as small as ~1% of the synchrotron tune, while the space charge resistive wall tune shift is even smaller.

The electron cloud instability should not be a big concern, since each bunch is short compared to the zero-current time for any visible cloud to be built [11].

An analysis of intra-beam scattering shows that it is too slow to be seen, given the relatively short time the beam circulates in the Delivery Ring [14].  
[bookmark: _Toc319136743][bookmark: _Ref283296652]Recycler Extraction and Transport to the Delivery Ring
[bookmark: _Toc319136744][bookmark: _Ref318882553]Introduction
The systems required for the extraction and transport of beam from the Recycler Ring to the presently existing beamlines will be entirely funded by the Muon g‑2 project. A technical description of these systems is given in Reference [5].  Most of the planned upgrades to the existing beamlines are required by both the Mu2e and Muon g‑2 experiments.  Consequently, these upgrades have been incorporated into an AIP [6]. A brief overview of these systems is given here for completeness.
[bookmark: _Toc319136745]Recycler Extraction
The 2.5 MHz bunch formation RF system in the Recycler converts a single batch of 8 GeV protons into a short train of four bunches occupying a seventh of the circumference of the Recycler Ring. The proton bunches are separated by 400 nsec. Each of these bunches is extracted separately. The width of each bunch is approximately 200 nsec. Thus, the extraction kicker must have a rise time that is less than 200 nsec.  A proton bunch is extracted every 59 msec (Table 5.2Table 5.2) during the Mu2e extraction part of the Main Injector cycle, therefore the extraction kicker must be capable of burst rates of about 17 Hz.  These requirements are much less severe than the Muon g‑2 requirements for the same kicker.  Thus, the kicker that will be built for the g‑2 project will be suitable for the Mu2e experiment.
[bookmark: _Toc319136746]Beam Transport to the Delivery Ring
Both Mu2e and g‑2 need to transport beam from the Recycler Ring to the existing Antiproton Source beamlines.  This requires a short beamline stub to be built at the MI-52 location to make this connection.  This beamline stub is being designed and built for the g‑2 project (Reference [5]).  The layout of this new beamline is shown in Figure 5.6Figure 5.6

Beam transport from the Recycler to the Delivery Ring (formerly Debuncher) closely resembles the 8 GeV “reverse proton” mode used for tune-up and studies during Collider operation. In the reverse proton mode, 8 GeV protons were transferred to the Main Injector, where they circulated for a short time before transfer into the P1 beamline.  The proton beam passed through the P1 line, then continued through the P2, AP-1 and AP-3 lines. The AP-3 line connected to the Accumulator in the 30 straight section. The combined length of the beamlines connecting the Main Injector to the Accumulator is 974 m, as shown in Table 5.5Table 5.5.

[image: ]
[bookmark: _Ref318903069][bookmark: _Toc319136800]Figure 5.65.6. Schematic layout of the transfer line from the Recycler Ring to the P1 line.

Mu2e proton transport from the Recycler will primarily use the same beamlines, with modifications at the beginning and end of the combined beamline.  The P1 line will be reconfigured to receive beam from the Recycler Ring instead of the Main Injector (see Section 5.3.1 above). The last 50 m of the line must be completely redesigned to accommodate injection into the Delivery Ring instead of the Accumulator.  Because of the similarities with Collider reverse proton mode, there is very little technical risk involved in establishing 8 GeV protons from the Recycler to the Delivery Ring for Mu2e.  However, the beamlines as they exist today lack sufficient aperture to transport the high intensity beam envisioned for Mu2e without significant beam loss.  Although not needed for Mu2e operation, the old AP-3 line will also undergo a major design change for the Muon g‑2 experiment, which requires a higher quadrupole density for their secondary beam.

	Beam Line
	Length (m)

	M.I.  to P1
	43

	P1
	182

	P2
	212

	AP-1
	144

	AP-3
	393

	M.I.  to Accumulator Total
	974


[bookmark: _Ref318882192][bookmark: _Toc302030791][bookmark: _Toc319136880]Table 5.55.5. Existing beam line lengths
[bookmark: _Toc302030924][bookmark: _Toc319136747]Beamline Changes from Collider Operation
During collider operation, the P1 line connected to the Main Injector at the MI‑52 location.  The P1 line supported operation with three different beam energies, 150 GeV for protons to the Tevatron, 120 GeV for Pbar production and SY120 operation, and 8 GeV for protons and antiprotons to and from the Antiproton Source.  The junction between the P1 and P2 lines occurs at F0 in the Tevatron enclosure.  The P2 line can run at two different beam energies, 120 GeV for antiproton production and SY120 operation and 8 GeV for protons and antiprotons to and from the Antiproton Source.  The P2, P3 (for SY120 operation), and AP-1 lines join at the F17 location in the Tevatron enclosure.  The AP-1 line also operates at 120 GeV and 8 GeV, but is not used for SY120 operation.  The AP-3 line only runs at 8 GeV.  It connects with the AP-1 line near the antiproton production target in the Pre-Vault beam enclosure and terminates at the Accumulator.

After the conversion from collider to NOA and Mu2e operation, the Recycler will become part of the proton transport chain and will connect directly with the Booster.  There will be a new beamline connection between the Recycler Ring and the P1 line.  The P1 line will become a dual energy line, with no further need to deliver 150 GeV protons to the Tevatron.  The F0 Lambertsons will no longer be needed to inject protons into the Tevatron and can be removed to improve the aperture.  The C-magnets at the end of the P1 beamline can be replaced with larger aperture magnets, if desired, because the adjacent Tevatron beam pipe can be removed.  The P2 line will remain a dual energy line supporting Mu2e and SY120 operation, so the junction between the P2, AP-1, and P3 beamlines will remain.  AP-1 will only run at 8 GeV for Mu2e operation and AP-3 will remain an 8 GeV-only beamline. Elimination of AP-1 120 GeV operation for antiproton stacking provides an opportunity to improve the aperture with weaker magnets that previously were not practical for use as replacements.  Figure 5.7Figure 5.7 shows the horizontal and vertical beam size as a function of position for the combined P1−P2−AP-1−AP-3 beamline with the collider run lattice.

[image: ]
[bookmark: _Ref287710608][bookmark: _Toc302030694][bookmark: _Toc319136801]Figure 5.75.7. Existing Main Injector to Accumulator transverse beam size and aperture. The vertical scale is beam size in centimeters (full scale is 2.5 cm). The horizontal axis is position along the beamline in meters (full scale is 980 m). The red trace is the horizontal beam size, the green trace is vertical. The blue and black traces indicate the beam momentum/dispersion contribution to the horizontal and vertical beam sizes respectively. The red and green bars extending downward from the top of the figure represent the horizontal and vertical aperture limits respectively.
[bookmark: _Toc319136748]Naming convention of the reconfigured beamlines
The beamlines that made up the Antiproton Source (those that have an “AP” prefix) will be modified, reconfigured and renamed prior to Mu2e operation.  The 8 GeV-only AP-1 line will be renamed M1. The AP-2 line will become two separate beam lines and will no longer be continuous. The upstream end of the line is needed for the g‑2 experiment and will be renamed M2. It will provide a connection from the Pbar AP0 Target Station to the M3 line. The downstream section will become the abort line from the Delivery Ring.  The old AP-3 line will be required to transport both 8 GeV beam for the Mu2e experiment and also a 3.1 GeV secondary beam for the g-2 experiment and will be renamed M3. Furthermore, the M3 line will connect to the Delivery Ring (formerly Debuncher) instead of the Accumulator. The extraction line connecting the Delivery Ring to the experiment will be called M4. Figure 5.8Figure 5.8 compares the Pbar beamline configuration with that proposed for Mu2e and g-2 operation.  In general, the AP-1, AP-2 and AP-3 lines will refer to the old Pbar beamline configuration and M1, M2, M3 and M4 will refer to the beamline configuration for Mu2e operation.

Most of the improvements to the beamlines and Delivery Ring that benefit Mu2e, g-2 and future experiments will be incorporated into an Accelerator Improvement Project (AIP).  Table 5.6Table 5.6 summarizes which improvements are contained in the AIP, as well as those that will be managed as part of the Mu2e and g-2 projects.  The Conceptual Design Plan for the AIP contains details about the beamline and Delivery Ring improvements being managed as part of that project and can be consulted for plan details.
[bookmark: _Toc302030927][bookmark: _Toc319136749]Beamline Instrumentation
Much of the beam instrumentation needed for Mu2e operation already exists in the Antiproton Source beamlines.  However, most of this equipment must be modified for use with the faster cycle times that will be seen in the Mu2e era.  Additionally, there is an opportunity to take advantage of the shutdown of the Tevatron and acquire components for Beam Loss Monitors (BLMs) and Beam Position Monitor (BPM) systems.
Beam Intensity Monitors (Toroids)
Toroids are the essential beam diagnostics systems to monitor the beam current in the beam line.  The plan is to continue using the commercial single-turn Person units for Mu2e operation and use as much existing signal processing equipment as possible.  The present toroid installation locations will be reviewed and modified as needed to provide adequate coverage. Improvements on the analog signal-conditioning path, e.g. filters, chokes, and preamps, will be provided, as well as integrated gain calibration tools.  The electronics will be modified where necessary, to adapt the toroids for the increased beam intensity expected for Mu2e.

[bookmark: _Ref318903457][bookmark: _Toc319136802][image: ]Figure 5.85.8. Layout of the Antiproton Source beamlines (left) and the reconfigured beamlines for Mu2e operation (right)
Beam Position Monitors (BPM)  
The existing BPM pick-ups were designed for a 53 MHz bunch structure and don’t require modifications.  This is also true for the read-out hardware; the analog signal conditioning “transition” module and the VME-based digital signal processing system (Echotek digitizer, CPU, timing board, etc.).  However, modifications in the software are required to operate the BPM systems with the increased duty cycle.  This kind of VME Echotek style BPM electronics in the P1, P2, AP-1, and AP-3 beamlines can be reused for Mu2e operations, only the AP-2 BPM electronics will need to be upgraded to the same standard.  The AP-2 line will be used for the beam abort.  BPM preamps in the AP-2 line can be eliminated due to the increased beam intensity expected.  The BPM electronics for the A1 line, which are identical to those in P1, can be used for the AP-2 line.




	Description
	Project
	Comment

	Recycler RF upgrade
	g-2
	

	Recycler extraction/beamline stub
	g-2
	

	P1,P2 and M1 aperture upgrade
	AIP
	M1 final focus quadrupoles are g-2

	Reconfigure AP-2 and AP-3
	g-2
	New lines are called M2 and M3

	Beam transport instrumentation
	AIP
	

	Beam transport controls
	Mu2e
	

	Beam transport infrastructure
	AIP
	

	Delivery Ring injection
	AIP
	

	Delivery Ring modification
	AIP
	

	D.R. abort/proton removal
	AIP
	

	Delivery Ring RF system
	Mu2e
	

	Delivery Ring controls
	Mu2e
	

	Delivery Ring instrumentation
	AIP
	DCCT and Tune measure are Mu2e

	Resonant extraction from D.R.
	Mu2e
	

	Fast extraction from D.R.
	g-2
	

	Delivery Ring infrastructure
	AIP
	

	Extraction line to split
	g-2
	Upstream M4 line

	Extraction line from split to Mu2e
	Mu2e
	Downstream M4, including extinction

	Extraction line from split to g-2
	g-2
	Beamline to MC-1 building


[bookmark: _Ref318892213][bookmark: _Toc319136881]Table 5.65.6. Beam line and Delivery Ring upgrades and associated project
Beam Loss Monitors (BLM) 
BLM’s are already in place in the P1, P2, and AP-1 beamlines.  The existing beamline and Tevatron ion chamber detectors will be reused for Mu2e operation. New ion chambers will be needed in the AP-3 line, A-to-D line and Abort Line. All read-out electronics will be upgraded using logarithmic amplifier techniques.  An optional upgrade is being considered that would add snapshot capability to the BLMs.  
Beam Profile Monitors
All the transverse beam profile monitors located in the Mu2e beamlines work on the phenomenon of secondary emission. They are called either multiwires or SEMs (Secondary Emission Monitors).  Depending on beamline requirements, various styles of detector assemblies have been built over time.  Old detectors were constructed using 75 m diameter tungsten wire and with 10 m thickness Ti foils.  The new detectors are all assembled with lighter materials i.e., Ti, Be, Cu or C to reduce beam losses.  The physical location and some properties of the detector (e.g. wire spacing, materials) will be reviewed and modified if necessary.  Some modifications and rearrangement of the electronics will be required because of the increase in beam intensity.
[bookmark: _Toc302030928][bookmark: _Toc319136750]Beamline Controls
The existing infrastructure of CAMAC crates and timing links will be reused for Mu2e beam line operations, with a few updates to replace end of life hardware. The current CAMAC crates interface with either the Main Injector VME front ends or the Pbar VME front end. An inventory of existing CAMAC crates [15] show that we have on average about 25% of the available slots open, with more slots becoming available when equipment dedicated to collider operation is removed. It is anticipated that there will be ample CAMAC crate coverage for Mu2e operations, and that very few crates will need to be added or moved. A number of CAMAC modules are nearing end of life and may be upgraded to Hot Rack Monitor (HRM) cards in a VME platform. These installations will provide 16 bit A/D readbacks, DAQ, I/O and clock channels, but require the overhead of additional Ethernet connectivity.

The Mu2e service buildings will have numerous network nodes that will communicate via Ethernet to the control system. A map of the controls network is shown in Figure 5.9Figure 5.9. Most service buildings have centrally located hardware that provides ample network bandwidth and connections. AP0, F23, and F27 are the only three buildings that do not have this functionality and have limited bandwidth. AP0 runs off 10Base5 Ethernet from AP10, while F23 and F27 run off 802.11b wireless from MI60. Both are 10 MBps shared networks. It is anticipated that the network in these three buildings may not be sufficient for Mu2e operations. The most economical solution for implementing a more robust network infrastructure in these buildings would be to run fiber messenger cable attached to the existing struts that support the cryogenic transfer line on the Tevatron berm. The cable would run from MI60 to AP0 and then to F23 and F27. New network switches will need to be installed in the buildings. Another option being considered runs rad- hardened fiber optic cable from the Pbar service buildings through the Pbar Rings and Transport enclosure back to AP0, and then on to F23 and F27.
[bookmark: _Toc319136751]The Delivery Ring
The Debuncher Ring will largely remain intact for Mu2e operation and will be renamed the Delivery Ring for its role in providing resonantly extracted short proton bunches to the experiment. A considerable amount of equipment will need to be removed from the Debuncher to improve the aperture and keep losses low. Most of the equipment targeted for removal was used for stochastically cooling the antiproton beam during collider operation and is not needed for Mu2e. The Accumulator Ring will not be needed for Mu2e and will become a source of magnets, power supplies and other components for use in the reconfigured beamlines. In particular, the M4 (extraction) line will be largely made up of former Accumulator components. Some larger aperture magnets will also be needed in the injection and extraction regions and will also come from the Accumulator.

[image: ]
[bookmark: _Ref283049201][bookmark: _Toc302030701][bookmark: _Toc319136803]Figure 5.95.9. Accelerator Controls Network.
[bookmark: _Toc319136752]Injection
The old AP-3 line will be reconfigured to connect to the Delivery Ring instead of the Accumulator. This will require a change in the horizontal trajectory of the M3 line as it approaches the Delivery Ring. The M3 line will then pass above the 30 straight section, ending with a vertical translation into the ring. The plan is to use a Lambertson pair around the D3Q3 location in a similar fashion to what is planned for the extraction Lambertsons around D2Q5. Alternatively, a pulsed septum could be used instead of the Lambertsons if the aperture can be improved without additional expense. The injection process is completed with 3-module kicker system between the D30Q and D2Q2 magnets. The kicker magnets formerly used for extraction in the 10 straight section will be reused for injection.
[bookmark: _Ref286406532][bookmark: _Toc302030936][bookmark: _Toc319136753]Beam Abort System
A Beam Abort system will be required for the Delivery Ring to minimize uncontrolled beam loss and to “clean up” beam left after extraction. The abort system is required to minimize activation of tunnel components and minimize impact to ground and surface water. The resonant extraction process will not completely remove the entire beam, so what remains must be disposed of in a controlled way. The abort system will need to handle several percent of the total beam power to the experiment. The abort will also provide a mechanism to remove the beam when there is a loss of a beam permit due to power supply problems, beam loss, or other issues. A loss of beam permit will both inhibit further beam injections and trigger the abort process so that the beam already in the rings can be removed safely.

The old Debuncher injection point from AP-2 in the 50 straight section will be repurposed for the abort system. The existing kicker magnets will be reused, although a new power supply will be needed to operate at the frequency needed to support Mu2e. The septum magnet and power supply will also need to be upgraded for the same reason. The old AP-2 beamline will require the addition of a vertical bending magnet, to steer beam into the abort dump located in the middle of the Transport tunnel. A schematic drawing of the Delivery Ring abort system is shown in Figure 5.10Figure 5.10.

[image: ]
[bookmark: _Ref287713584][bookmark: _Toc302030713][bookmark: _Toc319136804]Figure 5.105.10. Delivery Ring abort layout
[bookmark: _Toc302030934][bookmark: _Toc319136754]Kickers and Septa
The kickers and septa required for Mu2e operation will need to operate at a much higher frequency than that used for antiproton production, with peak rates as much as 30 times higher. Mu2e kickers typically will be required to produce the same magnetic fields and have lengths that are similar to those used for pbar operation. In an effort to make the new kicker systems more economical, existing magnets will be reused. Table 5.7Table 5.7 compares kicker parameters for existing pbar systems to the specifications for the Mu2e injection and abort kickers. The rise and fall time specifications for Mu2e are less strict than what was needed for antiproton production, due to the short bunch length needed for Mu2e. Although the Pbar kicker magnets are suitable for reuse, new power supplies will be needed to operate at the increased rate.

	Kicker
	Integrated
field
(Kg-m)
	Kick Angle
(mrad)
	Rise Time
95%/5%
(nsec)
	Fall Time 
95%/5%
(nsec)
	Flat Top

(nsec)

	Debuncher Extraction
	1.34
	4.6
	150
	140
	1,700

	Debuncher Injection
	1.81
	6.1
	180
	150 
	1,700

	Delivery Ring Injection
	1.34
	4.6
	n/a
	400
	   400

	Delivery Ring Abort
	1.81
	6.1
	500
	n/a
	1,700


[bookmark: _Ref318893814][bookmark: _Toc302030793][bookmark: _Toc319136882]Table 5.75.7. Existing Pbar (top) and Mu2e (bottom) kicker strength and waveform specifications.
The septa and pulsed power supplies used during Pbar operation are not suitable for rapid cycling and can’t be used for Mu2e. The septa have no internal cooling to handle the increased heat load from the planned high duty cycle and the power supplies are not able to charge quickly enough. The Booster-style septum magnets have the necessary size and field strength required for Accumulator extraction, and therefore are the preferred choice. The power supplies used in Booster to power the septum magnets also appear to be a good fit as they are designed to operate with the same cycle time and a higher duty cycle than those needed for Mu2e. The Booster septum magnets are the same length as their Pbar counterparts, so the abort septum magnet will fit in the same location as the old Debuncher injection septum. If a pulsed septum proves to be a better choice for Delivery Ring injection in the 30 straight section (instead of the Lambertson pair presently planned), there is ample space in the lattice to accommodate it.
[bookmark: _Ref286299904][bookmark: _Toc302030935][bookmark: _Toc319136755]Delivery Ring Lattice
The basic design of the Debuncher lattice will be used for the Delivery Ring and is described in [16]. The Ring will have a 3-fold symmetry with additional mirror symmetry in each of three periods and three zero dispersion straight sections. The original lattice design parameters were largely dictated by the requirements of the stochastic cooling and RF systems for antiproton production. The Debuncher was designed with a large transverse and momentum acceptance to receive secondaries from the pbar production target. Figure 5.11Figure 5.11 shows the lattice functions of one period of the Debuncher. 
Original Rings Lattice Symmetry
In the existing lattice used for antiproton production, the original periodicity and symmetry was broken in order to improve machine acceptance. Since all of the stochastic cooling arrays that represent major aperture limitations will be removed from the rings, the original design symmetry will be restored.
Operating Point

The Debuncher operating point will be moved closer to the  betatron resonance. While the horizontal tune is determined by the mode of extraction, the vertical tune should be chosen so to avoid crossing dangerous resonances during the extraction tune ramp. The exact choice of the base operating point in the Delivery Ring will be determined from beam studies when the Mu2e upgrades are complete.

[image: ]
[bookmark: _Ref284917344][bookmark: _Toc302030711][bookmark: _Toc319136805]Figure 5.115.11. Present Debuncher lattice (one period of three). Blue and black traces show horizontal and vertical dispersion with zero in the middle, and red and green traces show horizontal and vertical beta functions respectively.
Delivery Ring Injection and Extraction Regions
The Debuncher injection and extraction regions will both be located in the 30 straight section. In both cases, the tight quadrupole spacing in the Delivery Ring creates mechanical conflicts in the elevation change to ring level. There will need to be an alteration to the existing magnet layout to be able to clear the first quadrupole magnet upstream (downstream) of the injection (extraction) Lambertsons. The present FODO section length does not provide enough room for that in its present form. Either the extraction region optics will need to be redesigned to provide longer quad spacing or different quadrupole magnets will need to be installed to accommodate the extraction line.
[bookmark: _Toc302030941][bookmark: _Toc319136756]Beam Instrumentation for the Delivery Ring
As is the case with the beam transport lines, most of the instrumentation needed for operation of the Delivery Ring already exists, but needs to be modified or upgraded to accommodate the faster cycle times. With the shutdown of the Tevatron, there is an opportunity to repurpose BLM and BPM hardware. To regulate and optimize the Delivery Ring resonant extraction process, a Spill Monitor and tune measurement scheme will be required.
Beam Intensity Monitors (DCCT)
The beam intensity in the Delivery Ring will be monitored using a DC current transformer (DCCT) technology, as outlined in Reference [17]. The existing tunnel device in the Debuncher can be reused, after applying some modifications. The Delivery Ring DCCT will not require any specific changes to the physical detector, but will need its analog conditioning and VME electronics modified for Mu2e operation. The Accumulator DCCT becomes a spare. 
Delivery Ring Tune Measurement  
The Delivery Ring is a resonant extraction machine that will require a tune measurement system with an accuracy of 0.001. The default tune measurement will use a kicker to excite the beam and calculate the tune from the resulting Beam Position Monitor (BPM) turn-by-turn data.  This is a destructive measurement, but should allow a tune measurement of 0.001 at a 1 kHz update rate over the entire 58 msec resonant extraction cycle.  Two other systems being considered are using a Schottky detector or a transverse damper.  The Schottky would be less destructive, but has the challenge of achieving the desired accuracy at an adequately fast update rate.  The transverse damper option requires a BPM pickup and a kicker system and will only be considered if the other two tune measurement systems are not able to meet their design goals.  More information on each tune measurement system can be found in reference [18].
Beam Position Monitors (BPM)
The primary system to measure the beam orbit in the Delivery Ring will be the existing beam position monitors (BPM) distributed around the ring. The split-plate BPM pick-ups are suitable for Mu2e operation and will not require modifications.

The BPM read-out hardware is based on an analog differential receiver-filter module for analog signal conditioning, and a digital signal processing system, reusing the Echotek 8-channel 80MSPS digital down converter and other VME hardware from the Recycler BPMs. This system provides beam position and intensity measurements with a dynamic range of 55 dB and an orbit measurement resolution of 10 microns. The position measurements can be performed on 2.5 MHz bunched beam, as well as on a 53 MHz bunched Booster batch. Data buffers are maintained for each of the acquisition events and support flash, closed orbit and turn-by-turn measurements. A calibration system provides automatic gain correction of the BPM signal path. The software will need to be modified to handle specific events and data acquisition for the Mu2e operation.

The upgrades to the Delivery Ring BPM read-out hardware are funded and managed in the Delivery Ring AIP.
Beam Loss Monitors  
A plan detailing the implementation of the BLM’s can be found in reference [19]. Although there are already BLM systems in place in the Debuncher, it will require significant upgrades for Mu2e operation. The existing photomultiplier tubes would not function well in the expected Mu2e radiation environment, so they will be replaced by ion chambers repurposed from the Tevatron. The electronics have to be re-designed to accommodate the fast cycle time planned for Mu2e. The system will provide a sample-and-hold acquisition technology on individual beam pulses. A high resolution plotting functionality is being considered, but would add significant cost to the design of the system.

The upgrades to the Delivery Ring BLM system are funded and managed in the Delivery Ring AIP.
[bookmark: _Toc319136757]Vacuum Systems
The existing vacuum systems in the rings and transport lines have performed very well during Pbar operation. Although the significant increase in beam power anticipated for Mu2e operation will increase the gas load, the existing vacuum systems should be more than adequate in their present form. Some of the vacuum equipment used in the rings for Pbar operation will no longer be adequate after the conversion to Mu2e operation. For instance, it will be important to identify and eliminate O-rings from vacuum connections, as they will not survive the increased radiation levels from the high beam power. Whenever possible, available vacuum equipment from the Antiproton Source should be reused.

The Debuncher Ring has good ion pump coverage that should generally be adequate for Mu2e operation. Stochastic cooling tanks, kickers and septa that will be removed during the conversion have built in ion pumps, so some of these pumps may need to be installed in the vacated spaces. The electrostatic extraction septum will need particularly good vacuum to minimize the risk of sparking. The septa should have ion pumps integrated into the design, but there should also be additional pumping capacity added to the surrounding area. The Accumulator has enough surplus ion pumps and vacuum pipe available to cover nearly all of the needs, so little expenditure will likely be needed. Additional vacuum valves from the Accumulator will be used to isolate the extraction septa and the Debuncher abort.
[bookmark: _Toc302030939][bookmark: _Toc319136758]Infrastructure Improvements
Electrical power for the Antiproton Source is provided by Feeder 24, which used about 4.4 MW of power during pbar operation. In most cases, service buildings are expected to use approximately the same amount of power after the conversion for Mu2e. The exception is the AP-30 service building, where there will be a large increase in power load from the injection and extraction lines. A new transformer may be needed at AP-30 to provide the additional power. A power test was performed on the individual service building transformers to aid in predicting the power needs for Mu2e. Also, since the Accumulator will no longer be used, approximately 1.4 MW will be available for new loads.

Presently, Pbar magnets and power supplies get their cooling water from the Pbar LCW system. However, the removal of the heat load from the Accumulator should be enough to offset the extraction line and other new loads. It is also possible to design smaller closed-loop systems that exchange heat with the Chilled Water system, which has adequate capacity and is already distributed to the Pbar service buildings. 

Tunnel components that have worked reliably for Pbar operation may be vulnerable with the elevated radiation levels anticipated for Mu2e. New systems will have radiation hardening as part of their design criteria, but existing systems carried over for Mu2e operation will need to be carefully examined for potential reliability issues.  Two systems that have been identified as potential problems are LCW hoses/tubing and magnet shunts. To mitigate the problem with hosing and tubing, a more radiation resistant type of material will be used in higher radiation areas.  The magnet shunts have electronics that have a greatly reduced service life when located in areas with elevated radiation. Most of the shunts will be relocated from the tunnel to the service buildings.  Also, some shunts have not been used historically or operate at low currents, so they will be eliminated entirely.
[bookmark: _Toc302030940][bookmark: _Toc319136759]Rings Controls
The existing infrastructure of CAMAC crates and timing links appear to be adequate for Mu2e storage ring operations, with a few upgrades to replace end of life components. Some CAMAC functionality may be replaced by Hot Rack Monitor (HRM) installations that run on a VME platform. Installing HRMs will provide 16 bit A/D readbacks, DAQ, I/O and clock channels, but have the overhead of requiring additional Ethernet connectivity.  There should be no need to install additional CAMAC crates, as there is existing excess capacity in most of the existing crates. An inventory of existing CAMAC crates [20] shows that about 25% of the slots are unoccupied and could be used for additional CAMAC cards. After the removal of cards that are no longer needed after Collider Run II ends, there will be additional slots freed up. It is anticipated that there will be ample CAMAC crate coverage for Mu2e operation, and very few crates will need to be added or moved. 

There are six serial links distributed through and between the service buildings that will be used for Mu2e. In addition to the links used for communication with CAMAC, there are also links for distributing clock signals, a permit loop, and a link for remote ACNET consoles. The existing clock links distribute TCLK and MIBS, which will be adequate to synchronize most devices with beam for Mu2e operation. An RF marker system will also be needed for beam synchronization and is covered in the Rings RF section. The Permit loop will be a critical part of the machine protection scheme, providing a means of inhibiting incoming beam when there is a problem with the Mu2e beam delivery system. With the addition of a beam dump in the Delivery Ring, the beam permit system will need to be modified to accommodate the abort kicker at AP50.

The service buildings will continue to have numerous nodes that communicate over Ethernet to the control system during Mu2e operation. A map of the controls network appearswas provided in Figure 5.9Figure 5.9. All of the current Pbar service buildings have Gigabit fiber optic connections from the cross-gallery computer room to Cisco network switches centrally located in each service building. These will provide ample network bandwidth and connections after the reconfiguration for Mu2e. The central Ethernet switch for Pbar distribution is located in AP10. It is considered to be at the end of its life and will need to be upgraded.

Construction of the tunnel that houses the extraction beam line may interrupt the existing communications duct path that connects the Pbar service buildings to the control system and network.  Controls Heliax cables from this controls duct may need be cut and spliced and network fiber optic cables will be replaced to restore control system operations. Additional controls fiber optic cables will need to be pulled to the Mu2e service building through existing duct banks, tunnels and service buildings.  Fiber optic network cables that run through the Pbar Rings may need to be upgraded to radiation hardened versions due to the increased radiation levels expected during Mu2e operations. 
[bookmark: _Ref286123974][bookmark: _Toc319136760]RF Systems
[bookmark: _Ref319085236][bookmark: _Toc319136761]Overview
The longitudinal bunch structure required for the Mu2e experiment will be largely accomplished by a 2.5 MHz RF re-bunching sequence in the Recycler Ring. This RF sequence will re-bunch the train of 53 MHz bunches that constitute a proton batch into four 2.5 MHz bunches that occupy one seventh the circumference of the Recycler Ring (see Reference [21]). Each of these bunches will be synchronously transferred, one bunch at-a-time, to the Delivery ring, where the beam is held in a 2.4 MHz RF bucket during resonant extraction. The final longitudinal phase space beam distributions in the Recycler prior to transfer to the Delivery Ring are shown in Figure 5.12Figure 5.12.  The proton bunches that are transferred to the Delivery Ring show artifacts of the original 53 MHz bunch structure.  As can be seen in Figure 5.12Figure 5.12, the entire bunch length, including most of the tails, is contained within the 200 nsec width requirement.
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[bookmark: _Ref319047692][bookmark: _Toc319136806]Figure 5.125.12. Longitudinal phase space distribution of protons in the Recycler Ring after the completion of the bunch formation sequence as calculated by an ESME [22] simulation.  The top plot is a scatter-plot of the energy-phase coordinates of each proton. The bottom plot gives the projection of this distribution on the phase axis.  Each degree of phase is approximately 31 nsec of pulse length.  Artifacts of the original 53 MHz modulation of the beam are clearly visible.


Figure 5.13
[bookmark: _Ref282682121][bookmark: _Toc319136807]Figure 5.13 shows the desired final longitudinal distribution of the beam to be delivered to the Mu2e pion production target.  The required beam consists of a train of narrow (200 nsec FW) pulses separated by the revolution period of the Debuncher (1.695 sec). The interval between pulses will ultimately be evacuated to the 10-10 level by the extinction system[footnoteRef:13] (section 5.8). To minimize beam loss during extinction, the Debuncher RF system must synchronously capture the proton bunches from the Recycler and maintain a matched RF bucket throughout resonant extraction.  A summary of RF  system parameters relevant to Mu2e operation are given in Table 5.8Table 5.8 and Table 5.9Table 5.9. [13:  10-10 is the maximum allowed ratio of out-of-time beam to in-time beam.] 

[bookmark: _Ref197530501][bookmark: _Ref193868716][image: :Screen shot 2012-03-12 at 12.52.51 PM   Mar 12.png]Figure 5.135.13. Longitudinal structure of the proton beam delivered to the Mu2e pion production target.  The blue shaded structures are the beam pulses.
[bookmark: _Ref283296876][bookmark: _Ref283885026][bookmark: _Toc319136762]Delivery Ring 2.4 MHz RF System
Overview
The Recycler Ring is roughly seven times the circumference of the Delivery Ring.  Consequently the Recycler RF harmonic number is seven times greater than that of the Delivery Ring.  Moreover, the Recycler Ring is operated farther from transition than is the Delivery Ring[footnoteRef:14].  These two circumstances mean that the Recycler RF bucket can be matched with a relatively small cavity voltage in the Delivery Ring.  The flat-top voltage of the Recycler RF sequence is 80 kV. To match this, only 8 kV is required from the Delivery Ring RF cavity. [14:  The Recycler Ring h = -0.00876, the Delivery Ring eta is 0.00607.] 


Since the proton bunch arrives in the Delivery Ring with a good deal of filamenting (see Figure 5.12Figure 5.12), there will be significant modulation of the bunch length and energy spread as the bunch tumbles in the Delivery Ring RF bucket (Figure 5.14Figure 5.14).

	Parameter
	Value
	Units

	
	
	

	Recycler Ring 2.5 MHz Bunch Formation RF System

	Harmonic Number
	28
	

	Frequency
	2.515
	MHz

	Peak Total Voltage
	80
	kV

	Number of Cavities
	7
	

	Duty Factor
	13.5
	%

	Bunch Formation time
	90
	msec

	
	
	

	Debuncher 2.4 MHz RF System

	Harmonic Number
	4
	

	Frequency
	2.360
	MHz

	Peak Total Voltage
	10
	kV

	Number of Cavities
	1
	

	Duty Factor
	CW
	


[bookmark: _Ref302028645][bookmark: _Toc319136883]Table 5.85.8. Recycler and Delivery Ring RF Parameters
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[bookmark: _Ref319054522][bookmark: _Toc319136808]Figure 5.145.14. Proton bunch energy and time width as it circulates in the Delivery Ring RF bucket. The red trace is the rms time spread, the blue trace is the rms energy spread, and the brown trace is the 95% full width. The period of the modulation is one fourth of the synchrotron period (Tsync = 29 msec).
This motion in the RF bucket causes substantial changes throughout the spill in the shape of the pulses delivered to the Mu2e target. Figure 5.15Figure 5.15 shows the beam longitudinal phase at two positions in the synchrotron motion a quarter of a synchrotron period apart.  The pulse time distributions are quite different at these two extreme positions in phase space.
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[bookmark: _Ref197529425][bookmark: _Ref319059431][bookmark: _Toc319136809]Figure 5.155.15. Results of a longitudinal tracking simulation the Delivery Ring. The extremes of the proton pulse time distributions are illustrated by two locations in the synchrotron motion of the beam a quarter of a synchrotron period apart.  The (a) distributions occur at the minima of the time width plots of Figure 5.14Figure 5.14. The (b) distributions correspond to the pulse width maxima.  The top plots show energy versus RF phase for each proton tracked; the bottom plots show the projection of the phase space distribution on the RF phase axis, which is re-scaled in time.  The vertical red dotted lines in the bottom plots show the 100 nsec specification on the maximum beam width.
Synchronous single bunch transfer to the Debuncher (phase jump)
Beam transfer to the Delivery Ring will involve a synchronous bucket-to-bucket transfer with a frequency hop due to the fact that the ratio of Recycler to Delivery Ring circumference is not an integer.  The digitally synthesized LLRF will provide exact phase crossing alignment to facilitate the transfers. A similar system is presently in use for Main Injector to Debuncher beam alignment during antiproton stacking.
[bookmark: _Ref290637944][bookmark: _Ref282688818]Delivery Ring 2.4 MHz RF Hardware
Approximately 10 kV peak RF voltage will be needed on a continuous basis. A single ferrite-load cavity of the type being manufactured for the Recycler Ring 2.5 MHz RF system [21] is recommended. Transient beam loading will be pronounced as single bunches are circulating in the Delivery Ring. Power amplifier requirements are somewhat relaxed since the average beam current of a single bunch is only a quarter of a proton batch (11012 protons).  The power amplifier for the Delivery Ring RF system will consist of a solid state amplifier that is similar to what is presently used for bunch coalescing in the Main Injector.  Table 5.9Table 5.9 shows the physical parameters of the Delivery Ring 2.4 MHz RF system.

	Quantity
	Value
	Units

	Beam Current (Ip)
	178.56410-3
	A

	Number of cavities
	1
	

	R/Q
	400
	

	Q
	125
	

	Cavity Voltage
	10
	kV

	Power Loss per Cavity
	1.0103
	W

	Total Apparent Power
	1.0485810317.5089°
	VA

	Total Current
	209.71610-317.5089°
	A

	Induced Mode Compensated
	3.786 dB = 35.3%
	

	Robinson Stable
	4
	


[bookmark: _Ref319061208][bookmark: _Toc319136884]Table 5.95.9. Parameters of the Delivery Ring 2.4 MHz RF system
[bookmark: _Ref286751970][bookmark: _Toc319136763]Low level RF system
An FPGA based high speed LLRF system will generate the precise frequencies, phases, and amplitudes needed for beam bunching and coordinate the synchronous transfers between the various machines. The system will consist of the following modules:

· A supervisory processor to oversee the crate operations, communicate with ACNET and provide a local engineering interface.
· RF synthesizers for each cavity, one for 53 MHz and eleven for 2.5 MHz, a total of twelve, to provide independent phase and amplitude control.  
· Input channels from each RF cavity for amplitude and phase feedback.
· Input signals from a resistive wall monitor for feed forward to compensate for transient beam loading.
· Local high speed processing to generate the active feedback and RF curves.
[bookmark: _Toc319136764]Studies RF System
Studies using the 2.4 MHz RF system are desirable to permit the use of the standard BPM systems and other RF dependent diagnostics.  Since the Delivery Ring RF system is CW, extended use for beam orbit measurements and other uses is possible.  The low lever RF system will be programmed to allow manual manipulation by studiers.
[bookmark: _Ref283296968][bookmark: _Ref285124405][bookmark: _Toc319136765]Resonant Extraction from the Delivery Ring
[bookmark: _Toc319136766]Introduction
The current design of beam preparation for the Mu2e experiment incorporates slow resonant extraction of protons from the Delivery Ring into the external beamline. The Delivery Ring will operate with beam intensities of 11012 protons, approximately four orders of magnitude larger than its present value. The most challenging extraction requirements will be spill uniformity and the need for low losses in the presence of large space charge and momentum spread.

In the CD-0 proposal [1] only the third-integer resonance was considered for extracting the beam, because (a) the Delivery Ring’s three-fold symmetry makes it more natural, (b) its operational horizontal tune, x  9.765, is already within 0.1 of x =  and (c) third-integer extraction is simpler. Since then we have also considered the possibility of using a half integer resonance, at a horizontal tune of x = , with the result that the third-integer remains the preferred extraction resonance. This section reports considerations of the third-integer option only. Written below is a short summary; most items will be described further in following subsections.
Machine models.  
Accumulator and Delivery Ring lattice files were written in MAD v.8 [24] syntax based on descriptions contained in Antiproton Source conceptual design reports.  Control multipoles were placed in two of the three straight sections; “thin” extraction septum and Lambertson in the third.  Special care was taken to preserve zero dispersion in these sections.  These describe clean models, adequate at this stage for a conceptual study half-integer and third-integer extraction.  However, moving forward, more realistic models should be used, including errors such as power supply ripple, misalignments, closed orbit control and error fields.
Resonance species 
Currently, third-integer extraction is preferred to half-integer for slow extraction.  Some attention was paid to half-integer extraction, but calculations and simulations indicated that, because the closed separatrix turns back on itself, it would be more difficult to reduce particle loss at the septum (“inefficiency”) to 2%.  Using an open half-integer separatrix might help but would require additional 19th harmonic octupole circuits, in conjunction with the zeroth harmonic circuit needed for the closed separatrix.  We did not study this more complicated (and more expensive) arrangement but would consider it if unexpected difficulties with the third-integer are encountered in the future.
RFKO  
“RF knockout” (RFKO) technology will be added to the extraction protocol.  With appropriate feedback and feed-forward, RFKO will help to control the spill structure, especially when emittance is small.  The exact nature of the control systems is under investigation. The RFKO mechanism will be discussed below.

Pre- and post- extraction.  
The time budget of the operating scenario (Section 5.1.2) allows several thousand turns for pre- and post-extraction operations.  A few hundred to (less than) a thousand will be used to acclimate an unmatched injected bunch to the phase space of a resonance separatrix. After slow extraction and before the next bunch is injected, residual beam must be swept from the Delivery Ring and extraction circuits reset to their initial values.
Losses
Our objective is to lose no more than 5% of the protons at the extraction septum’s wire, with a desired value of  < 2%.  Losses at the septum will be more problematic for smaller emittances.  We have yet to map the distribution of losses at the Lambertson or around the Delivery Ring; doing so will help to improve estimates of shielding requirements.
Theory, quadrature, and simulation.  
Basic theories of half-integer and third-integer resonant extraction were reviewed and software written to analyze stepsize and inefficiency. Simulations using independent particles (CHEF [25]), based on our Delivery Ring lattice model, adequately validated theoretical predictions for these quantities.  Programs for multi-particle simulations that include space charge – ORBIT [9] and SYNERGIA [26] – have been upgraded and are being used.  Slow third-integer extraction in the presence of space charge has now been simulated successfully, but further upgrades in both quadrature and simulation software should be done as studies continue.
Machine studies 
Delivery Ring tune scans were carried out in the vicinity of both half-integer and third-integer resonance lines.  Half-integer extraction studies using the Main Injector were begun but not completed due to unexpected machine or control issues.  We intend to use “RF knockout,” a technique to be explained below, to help control resonant extraction.  Recently, a Tevatron style damper/kicker was installed in the Delivery Ring as the device proposed to do this.  Studies have just begun to examine its performance and suitability.
Hardware and costs
Multipole requirements for both resonances have been written. Septum and Lambertson design bounds, based on stepsize, inefficiency, and aperture considerations, remain to be finalized.  Though these devices are not yet designed, a first estimate of their costs has been carried out.
Instrumentation and control 
While we can control bussed multipoles to extract the beam, we have only begun to examine what instrumentation and control procedures will be needed to regulate the spill rate well enough to satisfy the experimental tolerance of ±50% variation per microbunch.
The Delivery Ring
Our Delivery Ring lattice model was based predominantly on the description in the Tevatron 1 Design Report [27] (especially the SYNCH [28] file and output in Appendix D of the report), but with more realistic values for the quadrupole and dipole lengths.  The ring has three-fold symmetry: three arcs and three straight sections.  In addition, each arc and straight are mirror symmetric, giving the machine an overall dihedral symmetry.  Machine optics were not quite symmetric during the Tevatron era in order to accommodate stochastic cooling and maximize the machine’s acceptance.

The Delivery Ring’s circumference has been measured to be 505.294 m, only 11 mm larger than its original design circumference.  At 8 GeV, protons circulate at a frequency of 590.018 kHz.  The lattice has a regular FODO structure with 60 cells in the arcs and simple “missing dipole” dispersion suppressor cells.  In the long straight sections, six adjustable quadrupole circuits are available to adjust the machine tunes and match optics between sextants.  Each sixth of the ring contains 19 quadrupoles ‑ two of which are five inches longer than the others – 11 dipoles, and 23 chromaticity correcting sextupoles.  Typical tunes are (x, y)  (9.73, 9.77) and the maxima (x, y)max  (17.8, 16.8).  During the Tevatron era, the machine’s large acceptance was quoted as 335 π / βγ mm-mrad.

The Delivery Ring lattice is described more fully in Section 5.4.4. Importantly, dispersion in the Delivery Ring is fortuitously suited for resonant extraction of higher intensity beams. Large horizontal dispersion in the arcs and large momentum spread ‑ Dx  2 m with p / p  0.004 ‑ will widen the beam horizontally, thereby reducing space charge induced tune spread approximately in half.  At the same time, dispersion is zero throughout the straight sections.  Placing the septum and Lambertson in the straights assures that the separatrix’s center at the locations of these devices will not depend on p / p to first order.  However, its scale would still be affected if chromaticity were not also set to zero. Keeping chromaticity small will minimize chromatic “blurring” of the separatrix. We expect ( βx, βy )  ( 14-15, 4-6 ) m at the septum and at sextupole locations and ( 8-9, 10-11 ) m  at the Llambertson.
The beam current in the Delivery Ring will have the same direction as before: viewed from above, antiprotons rotate clockwise; Mu2e’s protons will rotate counter-clockwise.  Under this assumption, the negative x direction, not the positive, of the Delivery Ring’s local frames point toward the outside of the ring.  (Thus, for example, dispersion in the arcs is negative).

To excite and control a third-integer resonance, six “harmonic” sextupoles will be added to the base lattice.  Their locations are shown schematically in Figure 5.16Figure 5.16.  In addition, three quadrupoles will be inserted into symmetric locations in the three straight sections for fine tune control throughout a spill.
[bookmark: _Toc319136767]Quadrature and simulations
Estimating the orbits’ stepsizes at the septum and the probability of hitting its wires are among the few important calculations that can be done in quadrature, by approximating the orbits of extracted particles as though they were exactly on the outgoing branches of the separatrix. This approximation is reasonable provided extraction is adiabatic. While crude, these estimates nonetheless will ultimately be useful for specifying the septum’s geometry: i.e.  placement and thickness of wires and the minimal extent of the field region.  This section contains these calculations for the third-integer resonance.  Equations are introduced briefly[footnoteRef:15] to set up the calculations and to provide a basis for estimating required control parameters and hardware settings.  They are reasonably valid only “near resonance” and only in certain physical situations, as described in an appendix of Reference [29].  Moreover, in this section attention will be confined to the horizontal plane.   [15: These were derived and explained in Mu2e doc-556 (FERMILAB-FN-0842-APC-CD),  “Preliminaries toward studying resonant extraction ...,” [29].] 


The initial intensity of the beam upon injection into the Delivery Ring will be large enough that the effects of space charge cannot be neglected a priori. Theoretical and semi-analytic calculations do not take this into account.  Doing so requires simulations, i.e.  multi-particle tracking with interparticle forces included.  Two programs, ORBIT and Synergia, are being employed to approach this problem.  Their initial results are also presented below.


[bookmark: _Ref319071687][bookmark: _Toc319136810][image: :Screen shot 2012-03-12 at 1.05.22 PM   Mar 12.png]Figure 5.165.16. Locations of the harmonic sextupoles on two (approximately) orthogonal circuits in two of the Delivery Ring’s straight sections.  The septum and Lambertson will be placed in the third, though not necessarily placed as shown in the figure.  The color scheme is: quadrupoles, red; dipoles, green; sextupoles, yellow; septum and Lambertson, orange.
Separatrix
[bookmark: AAAAA]Third-integer resonant extraction will be  initiated by exciting harmonic sextupoles to drive the 29/3 horizontal resonance and create its separatrix.  The proximity of the horizontal tune to the resonance and the strength of the sextupoles determine its initial size, which must initially accommodate the entire horizontal extent of the beam within its stable central region.  Extraction proceeds as high amplitude particles encounter the separatrix and move outward along the separatrix branches.  To maintain extraction, the separatrix is “squeezed” by using fast-ramping quadrupole magnets located in zero-dispersion regions of the Delivery Ring.  These quadrupoles have the effect of decreasing   x‑r = x‑29/3, thereby shrinking the size of the stable region of the separatrix.  The quadrupole ramp continues until the bare lattice tune reaches the resonance value, r.

Figure 5.17Figure 5.17. illustrates the idealized separatrix for the third-integer resonance, drawn in a complexified, normalized, horizontal phase space with coordinates as illustrated in Figure 5.18Figure 5.18.  Viz., 


		(5‑4)

, , and  are the usual Courant-Snyder lattice functions, and  = s / R represents azimuth.  We have the freedom to set  –  = 0 anywhere in the ring ‑ in particular, at the location of the septum ‑ so the extra phase is ignorable in this context.[footnoteRef:16] The pair (, I) are angle-action coordinates for the system.  If (x, x’) are canonically conjugate, then so are (, I) and (a, a*) as verified by their Poincaré invariants,   [16: The extra phase is included to make  increase linearly with azimuth under linear dynamics.] 



		(5‑5)
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[bookmark: _Ref319072477][bookmark: _Toc319136811]Figure 5.175.17. Left hand side: The angle connecting a “standard” triangle with the separatrix is  / 2 ‑ 0 not 0.  Right hand side: The central stable region of the third-integer resonance is initially set to contain the injected bunch.  Using these coordinates, “areas” are multiplied by 2 to obtain emittances.  Alternatively, the length scale is multiplied by .

[image: ]

[bookmark: _Ref319072610][bookmark: _Toc319136812]Figure 5.185.18. Defining the complex dynamical coordinate, .


The last expression on the right means that “area” in  Cartesian space must be multiplied by two to be interpreted as “emittance.” For example, a bunch contained within the (partly drawn) circle in Figure 5.18Figure 5.18 has an emittance, 




The orientation of the separatrix is at our discretion.  It is parametrized by the phase of the resonant orbit, identified as  / 2 – 0 (mod 2 / 3) in Figure 5.17Figure 5.17.  At or shortly after injection, the size of the separatrix is just sufficient to enclose the proton bunch, as sketched on the right hand side of the figure.  The beam’s transverse distribution should accomodate itself to the distortion induced by the separatrix within less than a thousand turns., We intend to wait approximately 5 msec about 1-3% of the available time before beginning extraction in order to allow the bunch to fill the central stable region more uniformly.  (See Figure 5.20Figure 5.20 below.)

The Hamiltonian associated with the third-integer resonance model is [29],


		(5‑6)

Here,   x ‑ 29 / 3  0 is the difference between the linear (small amplitude) horizontal tune and the resonant tune and is presumed to be small; the “resonance coupling constant,” g, is a linear functional of the sextupole field strength distribution.


		(5‑7)

where the sum is carried out over the locations of the sextupoles. The phase of the complex parameter g determines the orientation of the third-integer separatrix, as will be given below.  


In normalized phase space, the idealized third-integer separatrix comprises three straight lines forming an equilateral triangle whose interior is the central stable region of phase space.  This is illustrated in Figure 5.17Figure 5.17, which also identifies the orientation angle, , and the amplitude of the resonant orbit,  The vertices of the triangle are the resonant orbit.  These equations describe how the control parameters determine separatrix geometry: 





The emittance of the central stable region is the “area” of an equilateral triangle with “radius” .  


		(5‑8)



For comparison, the emittance, b, of a bunch in equilibrium with the linear machine and totally contained within the central stable region is the “area” of a circle whose radius is  i.e.  , (See Figure 5.17Figure 5.17)


		(5‑9)

The orientation, 0, of the separatrix is also important.  It determines the angle, in phase space, of extracted particles entering the septum area.  The separatrix triangle must be oriented such that, at the extraction septum, the x-projection of the beam motion along an outbound branch of the separatrix lies within field-region of the septum (i.e.  at values of x that are less than the x position of the septum wire-plane (denoted xw below).  Conversely, one could say that, for efficient extraction, the septum wire plane must be placed somewhere between the x-coordinate of a vertex of the separatrix triangle and the maximum reasonable horizontal extent of the resonant motion (called xm) in the third-integer resonance model[footnoteRef:17]. [17:   xm is defined as the maximum outward extent of the projection of motion on the x-axis.  In actual (i.e.  non-model) motion, xm is the x-coordinate of the horizontal aperture.  The resonance model breaks down before this point.] 


Typically, the sextupole magnets are grouped into two circuits, each controlled with its own “knob.” Let kc and ks represent the two “knobs” controlling the two (not necessarily orthogonal) harmonic sextupole circuits so that


		(5‑10)

where gc and gs are complex while kc and ks are real.  (Subscripts “c” and “s” stand for “cosine” and “sine.”) (see [29], p.25),


	

	

The six phasors that appear in the resonance sum, g, of Equation 5-7 are shown in Figure 5.19Figure 5.19.  Labels identify regions of the Delivery Ring’s straight sections. By reversing the polarity of the “‑2” locations relative to the “‑1” and “‑3”, we see that sextupoles in the “20-x” and “50-x” locations form almost perfectly orthogonal circuits, though orthogonality is not essential.  With them we can adjust both amplitude and phase of g as desired.  The phasors are followed in the figure throughout a squeeze, resulting in the dark traces.  It is important to note their stability: i.e.  individual phasors change only slightly, resulting in an even smaller variation in g.  Because of this, it should not be necessary to ramp the sextupoles to keep g sufficiently constant throughout extraction.  However, it may still be desirable to rotate the separatrix slightly during extraction in order to improve efficiency.  This would require changing the relative strengths of the two sextupole circuits (see below).  
Pre-extraction
Upon injection into the Delivery Ring, the bunch distribution is not matched to the invariant orbits distorted by the separatrix in horizontal phase space.  Accordingly, it will immediately begin to filament within the central stable region, as shown in Figure 5.20Figure 5.20 and if not centered correctly on the closed orbit, to tumble as well.  Extraction should be delayed until the microstructure has been reasonably smoothed out.  Even without space charge, simulations suggest this should take less than 500-1000 turns.  The randomizing effects of space charge forces will work to decrease this further.  This fits easily within the 5 - 10% of the beam time budgeted for pre- and post-extraction operations.

At the onset of extraction proper, when the separatrix has been squeezed sufficiently to intersect the beam, there will be a tendency for an initial brief burst of protons at a higher rate than desired. This must be controlled via measurement and feed-forward of the tune control circuit’s ramp.  

[image: ]
[bookmark: _Ref319073805][bookmark: _Toc319136813]Figure 5.195.19. Phasor stability of the x = 29 / 3  resonance during the squeeze.  Labels indicate locations in the Delivery Ring.
Step size and (in)efficiency
The horizontal coordinate of a proton on an outgoing branch of the separatrix is given by the expression, 


				(5‑11)

where the complex a0 was defined earlier and r is a non-negative real number.  The particle is on the vertex when r = 0.  The “stepsize” is the difference in x – i.e.  the change in the horizontal position – after three turns around the ring.  For the third integer resonance, it can be expressed analytically as follows:






The results are displayed in Figure 5.21Figure 5.21 for     If the septum’s wire is placed at 1.6 cm, and b = 30  mm-mrad, a proton just inside the wire (i.e.  still in the septum’s field-free region) will reach about 4.4 cm after three turns, requiring a minimum field region of 2.8 cm.  Moving the wire closer to the central orbit reduces this number but, as will be described in the next section, increases losses at the wire.  The final septum design will have to balance these two tendencies against each other.  
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[bookmark: _Ref319073172][bookmark: _Toc319136814]Figure 5.205.20. Time evolution in transverse horizontal phase space (x, x’) of the beam immediately after injection into the Delivery Ring.  Upon injection, an unmatched bunch will filament until it fills the stable region within the separatrix.  This should take less than 1000 turns.
A useful, rough estimate for the fraction of particles hitting a septum’s wire, rather than falling into the field region, was first written in 1978 by Edwards [30]: 


		(5‑12)

where N is the order of the resonance (i.e.  2 for the half integer, 3 for the third), w is the wire’s width; (dx / dn)w is the “per turn” rate at which x changes, evaluated at the wire position, | xw |, for an orbit on the separatrix.  Here, we shall simply use this expression without discussing the approximations used to obtain it or their limitations.  
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[bookmark: _Ref319074437][bookmark: _Toc319136815]Figure 5.215.21. “Reach” of orbit on third-integer resonance separatrix for  = .  The horizontal axis indicates the proton’s initial position and the vertical axis its final position after three turns.  Different colored curves indicate different emittances.  The dashed vertical line shows that if we place the septum’s wire at 1.6 cm, and b = 30  mm-mrad, a proton just inside the wire (i.e.  still in the septum’s field-free region) will reach about 4.4 cm after three turns, requiring a minimum field region of 2.8 cm.
For the third-integer resonance, the general expression used to estimate inefficiency, becomes [29]:


	


where  is placed on the separatrix and, again, the subscript w means “evaluated at the wire.” The results are plotted in Figure 5.22Figure 5.22  for 

(a)   {}, 
(b)   {}, and 

(c) 

The color coding in Figure 5.22Figure 5.22 identifies b.  The group of curves at the extreme left correspond to  = 180.  They achieve the smallest inefficiencies because the separatrix’s orientation in phase space means the particle moves most slowly along x ‑ permitting it to move farther along the separatrix before reaching the wire, but at the cost of rapidly increasing x’.  Such particles would almost certainly be lost elsewhere in the machine before reaching the wire.  
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[bookmark: _Ref319075095][bookmark: _Toc319136816]Figure 5.225.22. Inefficiency for third-integer resonance: 180  0  120.  The group of curves at the extreme left correspond to  = 180.  The color coding identifies b (black = 20, blue = 50).
There is justficiation for healthy scepticism regarding such lowest order calculations. We considered it worthwhile to check them against tracking simulations involving random distributions of protons, but not including space charge effects. Results are shown in Figure 5.23Figure 5.23 and Figure 5.24Figure 5.24 below. 

First, Figure 5.23Figure 5.23 shows two representative comparisons of theoretical calculations of the stepsize, or “reach,” with the results from tracking simulations. (Note: the axes record | x |, not x. Recall that x is negative.) In these figures, the initial x =  and the sextupole circuit was set up to accomodate an initial invariant emittance, b = 10 mm-mrad. The separatrix’s orientation was set to φ0 = 120o on the left and 130o on the right. To mitigate statistical effects, and to capture the stepsize for these settings, simulations were carried out by populating protons in a thin layer just inside the stable region of the separatrix and then approaching the resonant tune until orbits of all the particles have diverged. As the particles leak past the stable region, their initial and final positions after three turns, i.e. (x, x + x), are iteratively recorded for display. The black curves indicate the theoretical calculations; the scatterplot of “data” from simulations are in blue. The vertical dashed line marks the location of a hypothetical septum wire at 1.6 cm. Agreement is adequate for practical settings of the parameters, though in all cases studied, the theoretical estimates exceed those from simulations.
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[bookmark: _Ref319075203][bookmark: _Toc319136817]Figure 5.235.23.  Comparisons of step size calculations between theory and simulations.

Figure 5.24Figure 5.24 shows two representative comparisons of inefficiency calculations between theory and simulations. The simulations were set up as before, by populating protons near the edge of the separatrix to reduce statistical effects. In these two plots, the orientation was set to φ0 = 140o; the initial invariant emittance was b = 10 and 20mm-mrad on the left and right, respectively. The agreement – better than expected, in fact – provides confidence that low order theory can be used for later estimates of hardware requirements.
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[bookmark: _Ref319075257][bookmark: _Toc319136818]Figure 5.245.24. Comparison of step size calculations between theory and simulations.
As can be seen above, considerations of step size and inefficiency work against each other. This point is reinforced by the graphic shown in Figure 5.25Figure 5.25 below.  The red and blue curves indicate initial and final positions of an orbit on the separatrix as a function of the dimensionless parameter r appearing in Equation 5-11. The step size, Δx is then the difference between the two. (Parameters for this calculation were Δν = 0.02 and ε = 20 mm-mrad, and “inefficiency” has been simplified to the frequently used expression w/Δx.) Designing the septum will require balancing step size and inefficiency against the other.
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[bookmark: _Ref319075448][bookmark: _Toc319136819]Figure 5.255.25. Alternative view of stepsize and inefficiency: the horizontal axis, r, is the parameter appearing in Equation5-11.  Red and blue curves – scaled on left axis - indicate initial and final values of |x|, the horizontal projection of an orbit on probability of hitting the septum wire.
RF knockout (RFKO)
Analytic calculations like those of the previous subsection assume a model in which extraction proceeds by squeezing the separatrix using trim quadrupoles, and possibly rotating it using the two sextupole circuits.  However, limiting our extraction strategy in this way would encounter control difficulties, especially towards the end of the spill when the effects of residual tune spread and power supply ripple would be felt strongly.  We propose to add another element to extraction which has already been successful in other applications.  
[bookmark: BEGIN_HERE]
One way of representing the tune spread issue is a “Steinbach diagram,” as seen in Figure 5.26Figure 5.26(a), showing the distribution of particle tunes versus horizontal action at the onset of the resonance.  The starting machine tune is 9.650.  Red lines show the 2/3 resonance unstable (i.e.  extraction) area boundaries due to the sextupole field.  Figure 5.26Figure 5.26(b) shows this distribution after machine tune been ramped to the exact resonance.  A substantial part of the beam remains, far from the resonance.  After the tune ramp stopped at this point, extraction continues and the tune spread shrinks, which helps the extraction rate, but this rate is still very low.  Extraction can be assisted with continuing the tune ramp and exercising multiple resonance crossing, but it is hard to control the spill rate uniformity in this case.
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[bookmark: _Ref319075983][bookmark: _Toc319136820]Figure 5.265.26. Tune distributions vs.  horizontal action at: a) the onset of the resonance and, b) at exact resonance.  Red lines show the 2/3 resonance unstable (i.e.  extraction) area boundaries due to the sextupole field.  
A technique known as RF knockout (RFKO is a way to assist extraction in this situation.  If one succeeds to heat the beam transversely fast enough, the tune distribution would move to the right and up.  This would make it closer to the extraction area on one hand, and with a proper mixing, would also reduce the space charge tune spread.  This technique already has been used for slow extraction purposes in medical applications [31], although the primary goal of that was to turn beam extraction on and off.  We intend to use RFKO as a feed-back tool for fine control of the spill rate.  RFKO allows us to continue extraction with presence of the strong space charge while keeping the machine tune close to the resonance.  In this case particles are extracted on the resonance, therefore the step size is maximized.  Sufficient transverse electric field may be provided by a regular recycled Tevatron damper, in which case the cost of including RFKO would not be excessive.  

To heat particles with a distribution of betatron frequencies, the transverse RF force must have a frequency modulation bandwidth covering the beam tune spread around a single betatron sideband.  Two modes of modulation were examined: “colored noise” ‑ i.e.  a random signal within a given bandwidth ‑ and frequency sweeping with phase randomization between sweeps.  Colored noise would appear to be the better approach, however we did not observe a significant improvement in performance over normal sweeping with phase randomization.  Thus, the latter was used in our simulations.  Frequency spectra associated with these two approaches are shown in Figure 5.27Figure 5.27. 
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[bookmark: _Ref319076276][bookmark: _Toc319136821]Figure 5.275.27. Spectra from two methods of modulating RFKO frequency: colored noise (left) and frequency sweeping (right).
Simulations, including space charge
[bookmark: GrindEQpgref4d31e26c26]Simulations of third-integer extraction have been done which demonstrate a possibility of successfully extracting beam from the Delivery Ring when “RF knockout” (RFKO) is included as part of the procedure.  The sextupole field was formed by 2 orthogonal groups of 3 sextupoles, located in two straight sections; an extraction septum and Lambertson magnet were placed in the third.  (See Figure 5.16Figure 5.16).  The septum wire width was assumed to be 100 m.  A circuit for ramping the horizontal tune comprised three trim quadrupoles inserted into the middle of each straight section.  

In the Delivery Ring during extraction, space charge forces of the high intensity beam – nominally 1012 protons (1 Tp) per bunch – will induce betatron tune spread and eventually affect the resonant extraction processes, such as spill rate and beam losses.  Separate simulations were carried out for x  29/3 using the ORBIT and SYNERGIA software packages to include space charge effects.  ORBIT uses a so-called “2.5D-mode,” where the particle density in longitudinal bins is calculated according to the actual longitudinal distribution, and the transverse distribution is assumed to be the same along the bunch.  SYNERGIA can (now) operate in a similar mode but also has the capability of performing fully 3D calculations of space charge forces.  

An RF cavity is placed in one of the model’s straight section, and operated at h = 4, f = 2.36 MHz, V = 32 kV[footnoteRef:18]. With 40 ns RMS bunch length and 20 π mm-mrad normalized initial emittance, we have δp/p = 0.002.  Figure 5.28 shows comparison of the tune distributions between RF on and off cases at a working point of (νx,νy) = (9.65,9.78). [18:  Note: This is not the present design 2.4 MHz RF voltage.] 
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[bookmark: _Ref319076732][bookmark: _Toc319136822]Figure 5.28. Delivery Ring tune footprint for RF on (left) and RF off (right).
We originally tried approaching the resonance from above in order to expose particles in the core first.  However, this method increased losses on the septum, because in this case particles are extracted away from exact resonance and the step size is therefore reduced.  Typically in this case septum losses start with about 5% in the beginning of the ramp and reduce to 1-2% by the end of the ramp.  Approaching the resonance from below is more promising in terms of losses, although in this case it is more difficult to control extraction of the core particles in a uniform way.  The fact that space charge reduces the protons’ tunes ‑ especially in the core of the beam ‑ means approaching the resonance from below initially places the core of the beam away from the resonance, assuring that particles will be depopulated in the order expected.  Simulations exploring many initial conditions confirmed that starting with x < res is preferable.

Figure 5.28Figure 5.29 shows an extreme example of phase space distributions without (a) and with (b) space charge effects. These simulated data were obtained using the now obsolete high intensity scenario of the Mu2e proposal, with 3×1012 protons per bunch.  Each color in (a) represents proton states at a different point during extraction.  As the central stable region is squeezed, protons leak out along the the separatrix’s outgoing branches.  Notice that - because both dispersion and chromaticity are zero - at each instant the separatrix is well defined, with cleanly dilineated branches,  the separatrices are concentric, and their union covers the region of phase space traversed by the outgoing beam.  In contrast, the distribution in (b) is plotted at only one instant during extraction.  The “fuzziness” of the outgoing proton orbits is attributed to a “fuzziness” induced in the separatrix by the tune spread induced by space charge.  In the presence of space charge extraction effectively occurs along different separatrices simultaneously. 
 
Losses at the extraction point are an essential concern. From Table 5.3, the total beam power will be 8 kW, so losses at the level of 2% would produce a localized release of 160 W in the beam enclosure.  Septum losses are estimated using the fraction of particles that hit the septum wires.  One of the advantages of the third integer resonance is that step size grows rapidly with the betatron amplitude and can be made large far from the separatix.  The septum’s position and the sextupole field should be chosen to maximize step size within the limits of machine acceptance.  In general, two ramps are available to control the spill: the sextupole field ramp and the tune ramp though, the sextupole field could be kept constant at an optimum setting.  The spill has to start soon after injection.  In the simulation presented below, the sextupole field ramps rapidly from zero to the nominal value and then stays constant.  
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[bookmark: _Ref319077069][bookmark: _Toc319136823]Figure 5.285.29. Normalized phase space of the beam at for: a) without space charge at different times during extraction; b) with space charge at the beginning of extraction. (These calculations were done with an increased initial intensity of 3 Teraprotons per bunch.)

Losses at the extraction point are an essential concern. From Table 5.3, the total beam power will be 8 kW, so losses at the level of 2% would produce a localized release of 160 W in the beam enclosure.  Septum losses are estimated using the fraction of particles that hit the septum wires.  One of the advantages of the third integer resonance is that step size grows rapidly with the betatron amplitude and can be made large far from the separatix.  The septum’s position and the sextupole field should be chosen to maximize step size within the limits of machine acceptance.  In general, two ramps are available to control the spill: the sextupole field ramp and the tune ramp though, the sextupole field could be kept constant at an optimum setting.  The spill has to start soon after injection.  In the simulation presented below, the sextupole field ramps rapidly from zero to the nominal value and then stays constant.  

A simulation including a 3D space charge solver, which is necessarily slow, examined the early part of extraction.  Sextupoles were linearly ramped for the first 100 turns, then kept constant at their final settings.  The separatrix was squeezed by ramping trim quadrupoles at a constant rate.  From Table 5.2Table 5.2, 5 msec is reserved for non-extraction activities – this suggests that the spill rate is 31 Mp per turn, and it corresponds to about 32,260 turns for one spill with 1 Tp.  The simulation was performed for the first 1000 turns after the sextupole-field rampings. 500,000 macro-particles were injected simulating 1 Tp.

The Lambertson magnet was located one cell downstream from the septum to maximize the separation between extracted particles and the circulating beam.   Lattice functions ( βx, βy ) = ( 13.96, 5.34 ) m and ( αx, αy ) = ( -1.77, 0.58 ) at the septum, and ( βx, βy ) = ( 8.66, 10.00 ) m and ( αx, αy ) = ( -1.27, 1.51 ) at the Lambertson magnet.  In the simulation, the septum wire is -16 mm from the centerand has thickness 100 µm.

Figure 5.29 shows phase space plots at septum (left) and Lambertson (right), with (bottom) and without (top) space charge effects.  While the circulating beam is enclosed by the separatrix lines, particles are streamed along branches by squeezing the separatrix, kicked at the septum, and then extracted at the Lambertson.  After 1000 turns,  8.3×109 protons were extracted without space charge effects, and  4.0×109 with space charge effects.  These differences are observed since fewer particles are populated near vertices of the separatrix with space charge effects.  The observed loss rates for protons hitting the septum wire were 0.015 and 0.021 without and with space charge effects, respectively.  In a simulation with the RF was turned off and δp/p was artificially set to zero, particle losses occurred only at the septum wire.  When RF was  turned on, i.e., with non-zero δp/p 0.003, the observed loss rate for the first 1000 turns of particles hitting the beam pipe somewhere around the ring was 0.002.

The fractional number of extracted particles is plotted in Figure 5.30 as a function of turn number.  There will be a tendency for an initial brief burst of protons at a higher rate than desired.  This must be controlled via measurement and feed-forward of the tune control circuit's ramp.  The spill rate with space charge effects is also less than that without space charge effects.  This could be controlled by increasing the initial quadrupole ramp rate combined with using RFKO to move protons from the core closer to the separatrix.
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[bookmark: _Ref319078287][bookmark: _Toc319136824]Figure 5.295.30. Phase space of the third order resonance extraction: circulating beam is shown as blue; kicked beam, red.  The two figures on the left show the distribution at the septum; the septum’s wire, shown as a vertical line, was placed at -16 mm. The distribution at the Lambertson is shown on the right.  Space charge forces have been turned off in the two top figures.
Figure 5.30 shows phase space plots at septum (left) and Lambertson (right), with (bottom) and without (top) space charge effects.  While the circulating beam is enclosed by the separatrix lines, particles are streamed along branches by squeezing the separatrix, kicked at the septum, and then extracted at the Lambertson.  After 1000 turns,  8.3×109 protons were extracted without space charge effects, and  4.0×109 with space charge effects.  These differences are observed since fewer particles are populated near vertices of the separatrix with space charge effects.  The observed loss rates for protons hitting the septum wire were 0.015 and 0.021 without and with space charge effects, respectively.  In a simulation with the RF was turned off and δp/p set to zero, particle losses occurred only at the septum wire.  When RF was  turned on, i.e., with non-zero δp/p, the observed loss rate for the first 1000 turns of particles hitting the beam pipe somewhere around the ring was 0.002.

The fractional number of extracted particles are plotted in Figure 5.31 as function of turn number.  There will be a tendency for an initial brief burst of protons at a higher rate than desired.  This must be controlled via measurement and feed-forward of the tune control circuit's ramp.  The spill rate with space charge effects is also less than that without space charge effects.  This could be controlled by increasing the initial quadrupole ramp rate combined with using RFKO to move protons from the core closer to the separatrix.
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Figure 5.31. The fraction of extracted particles, with (green) and without (blue) space charge forces.
The naïve strategy of ramping the tune at a uniform rate is obviously inadequate, as exemplified by the early spill rate of  8.3 Mp/turn in the previous exercise, about 20% of what is desired.  One way of addressing that is to tailor the tune profile to accommodate the lower density of particles near the separatrix (for Δν < 0) during the early stage of extraction.  Another is to use an RFKO device to “tickle” protons in the core to larger amplitudes, moving them toward the separatrix at an earlier stage.  In another simulation, using 2.5D ORBIT, RFKO power was used as a feedback knob to control the spill uniformity.  Although sophisticated and intelligent techniques exist to manage feedbacks, only a simple filter was used in simulations.  The power setting was updated once every 100 turns.  If the extraction rate is higher than a nominal target at the moment of update, power is reduced by a constant down-factor.  Power was multiplied by an up-factor when the rate was lower than nominal and not growing.  Normally it takes about 1 msec for the feedback to take effect, therefore the up-factor is chosen to be above and close to 1.0.  [image: ]When the rate started to grow, it grew quickly, therefore the down-factor was made small.  
[bookmark: _Ref197571360]Figure 5.30. The fraction of extracted particles, with (green) and without (blue) space charge forces.


The result of these simulations is shown in Figure 5.31. RFKO alone is not strong enough to control the spill rate; too much power would be required.  Careful adjustment of the tune ramp is also needed.  The green trace in the larger graphic on the right shows the turn-by-turn structure of the spill, with its linear scale shown on the right axis, while the red shows RFKO power on a log scale (left axis).  The dashed blue line shows the constant target extraction rate used in the feedback mechanism described above.  Maximum RFKO power was limited by available hardware specifications.

As seen, RFKO power grows slowly, drops quickly, and remains under control.  The effectiveness of the beam heating with RFKO is limited, so the tune ramp curve must be chosen carefully to facilitate as close to a constant rate of extraction as possible without it.  On a macroscopic scale, a linearly decreasing spill was achieved.  However, even in the best simulations, turn-by-turn variations in the spill rate were substantial and hard to avoid.  An optimistic estimate places the experimental tolerance at ±50%; a more conservative one would require ±20%.  Simulations carried out so far, including the one shown here, did not satisfy either criterion.  Research has begun on how to control the spill using beam monitoring in the extraction line to regulate the RFKO device.
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[bookmark: _Ref197571810]Figure 5.31. Simulations of third-integer extraction, including space charge.  On the left are plots of the quadrupole circuit ramp, tune, sextupole ramp, and beam intensity during the spill.  On the right, the green trace shows the turn-by-turn structure of the spill, while the red shows RFKO power on a log scale.
The results of these simulations are shown in Figure 5.32.  RFKO alone is not strong enough to control the spill rate; too much power would be required.  Careful adjustment of the tune ramp is also needed.  The green trace in the larger graphic on the right shows the turn-by-turn structure of the spill, with its linear scale shown on the right axis, while the red shows RFKO power on a log scale (left axis).  The dashed blue line shows the constant target extraction rate used in the feedback mechanism described above.  Maximum RFKO power was limited by available hardware specifications.

As seen, RFKO power grows slowly, drops quickly, and remains under control.  The effectiveness of the beam heating with RFKO is limited, so the tune ramp curve must be chosen carefully to facilitate as close to a constant rate of extraction as possible without it.  On a macroscopic scale, a linearly decreasing spill was achieved.  However, even in the best simulations, turn-by-turn variations in the spill rate were substantial and hard to avoid.  An optimistic estimate places the experimental tolerance at ±50%; a more conservative one would require ±20%.  Simulations carried out so far, including the one shown here, did not satisfy either criterion.  Research has begun on how to control the spill using beam monitoring in the extraction line to regulate the RFKO device.
[bookmark: _Toc319136768]Estimated hardware attributes
This section estimates the field requirements of quadrupoles and sextupoles to be used for third-integer resonance control.  To set the scale for hardware specifications, we  have assigned values to parameters so as to maximize field strength requirements.
· ||  0.015 the difference between horizontal tune and the resonant tune at the onset of extraction;
· b ≈ 10 mm-mrad, invariant horizontal emittance at injection into the Delivery Ring;
· x ≈ 10 m, horizontal lattice function;
·  ≈ 30 T-m.
We shall refer to these as the “scaling parameters.” The hardware attributes listed below were used for estimating costs of construction.  Most will be given to one significant figure, emphasizing their role as first order estimates.

Using a third-integer resonance for slow extraction utilizes three real control parameters.  In the Hamiltonian of Equation 5-6 they appear as  and the amplitude and phase of g.
·  is the difference between the horizontal tune and the resonant tune: in our case, res = 29/3.  It is assumed to be controlled by a zeroth harmonic quadrupole (tune control) circuit.
· g is the (complex) strength of the harmonic sextupole circuit, as defined in Equation 5-7.
The emittance of the central stable region in Figure 5.17Figure 5.17 depends quadratically on the ratio |  / g |, as was written in Equation 5-8.  It is impractical to suggest reducing it to zero by increasing the value of | g |.   must approach zero in order to squeeze all the particles onto the separatrix for extraction.
Quadrupoles
Third-integer resonant extraction will require controlling the horizontal tune: i.e.  initially placing it near a resonance and then carefully moving it into the resonance.  The first operation will be accomplished using the normal bussed quads already in the Delivery Ring.  The second operation can be facilitated by adjusting a small set of trim quads introduced specifically for this purpose.  Specifications for those control elements can be estimated from the usual expression for tune change.




An estimate for |B l| is established by substituting values from the scaling parameters to get, 
N|B l| ≈  0.6 Tesla.
In writing hardware requirements, we added an additional safety factor of approximately 30% to increase this to  0.8 Tesla.  If we symmetrically insert a 33 cm trim quadrupole into each straight section in order to make this tune adjustment, each would have a maximum field gradient of approximately 0.8 T/m.  
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Figure 5.32. Simulations of third-integer extraction, including space charge.  On the left are plots of the quadrupole circuit ramp, tune, sextupole ramp, and beam intensity during the spill.  On the right, the green trace shows the turn-by-turn structure of the spill, while the red shows RFKO power on a log scale.
Quadrupoles
Third-integer resonant extraction will require controlling the horizontal tune: i.e.  initially placing it near a resonance and then carefully moving it into the resonance.  The first operation will be accomplished using the normal bussed quads already in the Delivery Ring.  The second operation can be facilitated by adjusting a small set of trim quads introduced specifically for this purpose.  Specifications for those control elements can be estimated from the usual expression for tune change, (see [32], p.95)




An estimate for |B l| is established by substituting values from the scaling parameters to get, 

N|B l| ≈  0.6 Tesla.

In writing hardware requirements, we added an additional safety factor of approximately 30% to increase this to  0.8 Tesla.  If we symmetrically insert a 33 cm trim quadrupole into each straight section in order to make this tune adjustment, each would have a maximum field gradient of approximately 0.8 T/m.  
Sextupoles
Equations 5-7, 5-8 and Equation 5-9 provide a scale for the required sextupole strengths:







[bookmark: _GoBack]The factor N/2 appears because, in order to estimate the maximum required field, we pessimistically assume the separatrix to be orientated such only one of the two sextupole circuits is used to drive the resonance; that is, half of the installed sextupoles are not powered.  Using the scaling parameters, 

|g| ≈ 2.4 m-1/2  and  N|Bl| ≈ 690 T/m.

Adding the  30% safety factor increases this to  900 T/m.  If three equal strength sextupoles are used in each circuit, so that N = 6, then then max | B’’l |   150 T/m for each magnet.
RFKO device
The RFKO device must produce an oscillating electric field designed to gently increase the horizontal transverse emittance of the proton bunch, moving protons to the edge of the separatrix.  Providing finer spill control will require a broadband device so as either to chirp the frequency or to produce a signal with a flat spectrum over a finite bandwidth (or both).  The device’s principal characteristics are conceptually estimated as follows:

central frequency 	 393 kHz ( = 2/3 × 590 kHz )
frequency sweep	± 6 kHz
power			 1.6 kW
maximum field	 8.6 kV/m
length			 1.4 m
field gap		 6.4 cm

These values will result in a gentle horizontal kick of ~ 1-2 µrad.
Septum and Lambertson
While magnets will create a separatrix and the RFKO oscillator will “tickle” the beam toward its edges, septa and Lambertsons are the devices that will drive extracted protons into M4, the extraction transport line.  The septum’s electrostatic field should provide a small horizontal kick and the Lambertson’s magnetostatic field will then provide a much larger kick. First order estimates of hardware characteristics to accomplish this at 8 GeV kinetic energy are as follows:


septum:	length  1.5 m ( ×2)
 		voltage  100 kV
		gap  1.4 cm  ( E  71 kV/cm )
		wire width  50-100 µm
Lambertson: 	length  1.5 m ( ×2 )
		magnetic field  1 Tesla
		thickness between central and field regions  2 mm.

A septum wire’s width is typically 50 µm, but construction errors and mechanical and electrical forces could double its “effective” width.  The electrostatic septum is expected to provide 1.5 - 2 cm separation at the Lambertson, enough to center it in the field region.  Recent considerations of geometric constraints in the Delivery Ring have suggested that two septa and Lambertsons must be used in order to provide sufficient integrated field while fitting into spaces available in the Delivery Ring.  (It is considered impractical to increase a Lambertson’s magnetic field beyond 1 Tesla.)
[bookmark: _Ref319086579]Spill monitoring
A number of methods of measuring the spill for monitoring and feedback purposes have been considered.  We expect a resistive wall monitor (RWM) could provide a spill intensity measurement if the noise level on the spill signal is not too large.  The pre-extinction monitor, described elsewhere, may also provide a signal for fast spill monitoring and control.  Another alternative under consideration would be to use an optical transition radiation (OTR) monitor.
Resistive wall monitor for RFKO Feedback
[bookmark: wallcurrentmonitor]A resistive wall monitor is a simple device that can be used to measure the beam intensity by measuring its image charge [33].  This device does not provide profile information.  The resistive wall monitor was chosen as part of the baseline because there is extensive experience with it at Fermilab.  Slow extraction requires measurement of the spill at the extraction channel where expected intensities in the order of 2.8×107 protons per micro-bunch every 1.69 sec. A prototype Resistive Wall Monitor could provide micropulse-by-micropulse measurements to ~10 %.  A prototype was constructed using CMD5005 magnetic core material (µ = 100,000) and a launcher with a ceramic gap.  Pulses of amplitude and frequency were measured similar to the expected RFKO 3rd integer extraction.  The measured micropulse across the ceramic was amplified 20 dB gain, the image below () Figure 5.32 shows the actual pulse measurements [34].



The wall current monitor was then simulated using SPICE, an electrical circuit simulator.  The first step was to generate a train of Gaussian bunches with 2.8107 protons per bunch, σ = 4010-9 sec and period of  equal to 1.694  10-6 sec.  

The bunch amplitude obtained was similar to the WCM mockup. Figure 5.33 shows 12 bunches at the output of the wall current monitor model. 20 dB gain was applied to the modeled bunches, and the output signal drove a 590 kHz bandpass filter of 150 kHz bandwidth producing an oscillation at the output of the filter.  This ringing will continue for 34.852 k turns in the case of 58.9 msec spill.  The output of the 590 kHz filter was further amplified by 32 dB producing an output in the order of – 4.0 dBm (400 mV peak-to-peak) as seen in Figure 5.34. This signal will then be digitized, down-converted to baseband, and filtered with a moving average filter, and used in the feedback process in the RFKO system.  


[bookmark: _Ref193557924][bookmark: _Toc319136827]Figure 5.33. Pulses measured across ceramic gap of the prototype resistive wall monitor.
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[bookmark: _Ref197596798]Figure 5.32. Pulses measured across ceramic gap of the prototype resistive wall monitor.

The wall current monitor was then simulated using SPICE, an electrical circuit simulator.  The first step was to generate a train of Gaussian bunches with 2.8107 protons per bunch, σ = 4010-9 sec and period of  equal to 1.69410-6 sec.  

The bunch amplitude obtained was similar to the WCM mockup. Figure 5.34 shows 12 bunches at the output of the wall current monitor model. 20 dB gain was applied to the modeled bunches, and the output signal drove a 590 kHz bandpass filter of 150 kHz bandwidth producing an oscillation at the output of the filter.  This ringing will continue for 34.852 k turns in the case of 58.9 msec spill.  The output of the 590 kHz filter was further amplified by 32 dB producing an output in the order of – 4.0 dBm (400 mV peak-to-peak) as seen in Figure 5.35.  This signal will then be digitized, down-converted to baseband, and filtered with a moving average filter, and used in the feedback process in the RFKO system.  

This excellent performance does not take into account consideration of noise, the actual level of which is difficult to predict.  It is possible that it could mandate a reduction of the filter bandwidth or even seek an alternate solution.  However, at this point, the results of prototyping and modeling are very encouraging.
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[bookmark: _Ref197595255][bookmark: _Ref319080070][bookmark: _Toc319136828]Figure 5.335.34. A train of 12 Gaussian pulses at the output of the resistive wall monitor model.
[bookmark: _Toc319136769]Machine studies
Calculations and simulations cannot take the place of operational studies using hardware, software and diagnostics as similar as possible to those to be employed by the Mu2e experiment.  During Run II, collider-mode configuration of the Fermilab accelerator complex was not suitable for such studies.  Nonetheless, we did have the opportunity to do two preliminary studies aimed at studying the Delivery Ring and testing the Mu2e extraction concept: (a) a study of half-integer extraction has begun using the Main Injector, and (b) tune scans, systematically searching for indigenous parasitic resonances in the Delivery Ring.  Both of these are incomplete.  The former has yet to produce useful data; preliminary measurements from the latter are summarized below.

[image: ]After the end of Run-II operations on September 30, 2011 the former Fermilab Antiproton Source became an idle machine.  The ability to stack antiprotons was disabled shortly after this with termination of the CRYO facility operations.  Nevertheless there is still an ability to run 8 GeV protons into both rings of the Antiproton Source from the Main Injector, and these beams can be used for the parasitic studies.  We are taking this opportunity to carry out studies, some of which address certain design goals of Mu2e slow extraction.
[bookmark: _Ref197596939]Figure 5.34. The filter response to the pinging of the filter by the extracted bunches.  Gain of 52 dB was applied from extraction to output.  This signal can then be digitized and down-converted for further processing by the RFKO control system.
Tune scans
Several tune scans were carried out in July of 2010, one of which is shown in Figure 5.35Figure 5.36.  Figure 5.35Figure 5.36 displays a scan in the vicinity of x = 29/3.  Each point represents the intensity of stable circulating beam – after approximately 2.2 seconds of machine time into the stacking cycle ‑ at a fixed tune.  The error in tune is approximately 0.002, both horizontally and vertically.  (A tune measurement itself takes about ten minutes.) The pulse to pulse variation is normal and not part of the study.  The significant features are the dips which occur near resonance lines: 3x = 2, x + 2y = 2 and 2x + y = 2 (mod 3) in Figure 5.35Figure 5.36.

[bookmark: _Ref319080274][bookmark: _Toc319136829]Figure 5.35. The filter response to the pinging of the filter by the extracted bunches.  Gain of 52 dB was applied from extraction to output.  This signal can then be digitized and down-converted for further processing by the RFKO control system.
These resonances are the result of pre-existing sextupole excitation in the Delivery Ring.  The chromaticity was small during these studies, which means that chromaticity correcting sextupole circuits were contributing to these resonances.  This study can be very complicated; our goal is to identify large problems as early as possible with a reasonable effort.  The purpose of the scan is to move the beam along those paths in the tune diagram that are more likely to be real operational ramp paths and look for beam losses at particular points.  Because the losses are beam size dependent, we combine intensity measurements with beam profile measurements using the IPM.  We should be looking at resonances of 5th order and higher, as we certainly want to avoid anything below that.

These first studies started during Tevatron operation and were carried out during stacking cycles using antiproton beam.  Scans took long because tune measurements were made using the stochastic cooling pick-ups.  We now have improved the diagnostics and can use substantially higher beam intensity.
Proton beam issues
Although proton beam was made available in the Tevatron era for beam studies in the Delivery Ring, these studies were not frequent and available time was very limited by the collider operation schedule.  In general, limited beam quality was never an issue.  Now it becomes important: tune scans assume lengthy measurement with constant beam characteristics, and RF knock-out needs fine control on beam parameters.  Ideally maintaining all three emittances close to those of the Booster would suffice; however there are certain challenges in doing so with the lack of diagnostics that storage rings normally have.  The biggest problem was the presence of very large high-Q impedance of the RF rotator cavities in the ring; therefore the effort was made to remove those cavities.  Another issue is a short beam lifetime of approximately 8 hours due to low vacuum, but we should be able to live with this through our current round of studies.

[image: ]
[bookmark: _Ref319080473][bookmark: _Toc319136830]Figure 5.355.36. Tune scan in the Delivery Ring covering the 29/3 resonance.  The vertical scale indicates the Delivery Ring circulating beam intensity; the horizontal axis is the fractional part of the horizontal tune.
These resonances are the result of pre-existing sextupole excitation in the Delivery Ring.  The chromaticity was small during these studies, which means that chromaticity correcting sextupole circuits were contributing to these resonances.  This study can be very complicated; our goal is to identify large problems as early as possible with a reasonable effort.  The purpose of the scan is to move the beam along those paths in the tune diagram that are more likely to be real operational ramp paths and look for beam losses at particular points.  Because the losses are beam size dependent, we combine intensity measurements with beam profile measurements using the IPM.  We should be looking at resonances of 5th order and higher, as we certainly want to avoid anything below that.

These first studies started during Tevatron operation and were carried out during stacking cycles using antiproton beam.  Scans took long because tune measurements were made using the stochastic cooling pick-ups.  We now have improved the diagnostics and can use substantially higher beam intensity.
Proton beam issues
Although proton beam was made available in the Tevatron era for beam studies in the Delivery Ring, these studies were not frequent and available time was very limited by the collider operation schedule.  In general, limited beam quality was never an issue.  Now it becomes important: tune scans assume lengthy measurement with constant beam characteristics, and RF knock-out needs fine control on beam parameters.  Ideally maintaining all three emittances close to those of the Booster would suffice; however there are certain challenges in doing so with the lack of diagnostics that storage rings normally have.  The biggest problem was the presence of very large high-Q impedance of the RF rotator cavities in the ring; therefore the effort was made to remove those cavities.  Another issue is a short beam lifetime of approximately 8 hours due to low vacuum, but we should be able to live with this through our current round of studies.
Delivery Ring Preparation
During anti-proton operation the level of instrumentation support was deliberately reduced in order to maximize the machines’ acceptance.  In particular, three Schottky detectors that we now need for the fast tune measurements had been removed in 2006.  At the end of October, 2011, general maintenance was carried out during a one-week shutdown in the Pbar Source, and all Schottky detectors were reinstalled.  At this time an old style Tevatron damper kicker was installed at the D3Q10 location as an RFKO element.  Old Micro-Channel Plates (MCP) were replaced in the Ionization Profile Monitor (IPM), which also required opening the vacuum.  (The decision to remove the rotator cavities from the Delivery Ring came later, by the end of January 2012, and required another one-week shutdown.)
Delivery Ring Preparation
During anti-proton operation the level of instrumentation support was deliberately reduced in order to maximize the machines’ acceptance.  In particular, three Schottky detectors that we now need for the fast tune measurements had been removed in 2006.  At the end of October, 2011, general maintenance was carried out during a one-week shutdown in the Pbar Source, and all Schottky detectors were reinstalled.  At this time an old style Tevatron damper kicker was installed at the D3Q10 location as an RFKO element.  Old Micro-Channel Plates (MCP) were replaced in the Ionization Profile Monitor (IPM), which also required opening the vacuum.  (The decision to remove the rotator cavities from the Delivery Ring came later, by the end of January 2012, and required another one-week shutdown.)
RFKO studies
Although we do not yet have an opportunity to perform direct tests of resonant extraction, we can study the efficiency of beam heating with RF Knock-Out excitation.  This will provide an important benchmark of our calculations and simulations and increase (or decrease) our confidence in the slow extraction concepts that are presented in this document.  

The waveform is created by an AFG-3252 generator that has the capability to program arbitrary sequences, including the “colored” noise, in a wide frequency range.  The high level is made with two 0.5 kW Amplifier Research solid state power amplifiers.  Power to the RFKO kicker is gated by an RF switch that can be triggered by two T-Clock timers to synchronize it to arbitrary accelerator clocks.  The beam excitation is made at one of the lowest sidebands. The frequency modulation depth, frequency and the modulation type are varied during the studies as well as beam parameters such as tunes and tune widths (using chromaticity).  Beam width growth is recorded using ion profile monitors (IPMs) that sample profiles at the rate of 10 Hz for up to 5 seconds.  IPM start time is synchronized with RF power using the same T-Clock events.  These studies have just begun.
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[bookmark: _Ref286123773][bookmark: _Toc319136770]External Beamline
[bookmark: _Toc302030958][bookmark: _Toc319136771]Considerations
The Mu2e beamline must cleanly separate and transport resonantly extracted beam to the Mu2e production target while minimizing the transport of out-of-time particles. This is accomplished through a number of specialized optical insertions and a series of collimators. To contain the overall length requires customizing insertions to fit seamlessly within the civil constraints of the local geography (see Figure 5.36).see  Another cFigure 5.37).  Another criterion has been added to what is now termed, the muon complex: a g‑2 derivative line that utilizes the AP30 extraction magnetic components, mainly septa and Lambertsons, through an achromatic vertical bend section which separates and delivers beam into the external beamline. Physical separation of the two lines can only occur efficiently by utilizing the string of strong left horizontal bends that determines the direction of the line in the civil plan. 
[image: :Screen shot 2012-03-12 at 1.33.16 PM   Mar 12.png]
[bookmark: _Ref197595351]Figure 5.36. Layout of the Antiproton Source showing the Mu2e external beamline and experimental hall.

To appreciate the complexity of this beamline, the criteria that must be addressed are listed below. The first two sections are common to both Mu2e and g‑2 and the third is designed to perform the separation between the two in addition to other required functions (momentum collimation). 

[bookmark: _Ref193178906][bookmark: _Toc302030742][bookmark: _Toc319136831][image: :Screen shot 2012-03-12 at 1.33.16 PM   Mar 12.png]
[bookmark: _Ref197572053]Figure 5.37. Layout of the Antiproton Source showing the Mu2e external beamline and experimental hall.
Civil Layout
· Horizontal resonant extraction from the AP30 straight of the Delivery Ring.
· Extraction is followed by a 4’ vertical elevation change (up) to take advantage of existing civil construction (left over from a previous beamline).
· A 36 horizontal bend string is required to fix the direction of the beam line from the AP30 straight towards the optimal geographic location for the experiment. This section is also used to cleanly derive a separate beamline for g-2 by changing the bend strengths.
· A reduced vertical decline of 2’ in the beam line elevation to the elevation of the experimental target.
· A diagnostic beam absorber for commissioning, tuning, and beam studies to prevent spraying beam and unnecessary activation of the experiment.
· A 2.4 downward slope at the entrance to the solenoid to hit the target correctly.
· A shield wall to physically separate the beam line enclosure and restrict access from the experimental hall.  The shield wall encloses a diagnostic/abort absorber.
Beam Properties
· Momentum collimation is needed to restrict the momentum spread of the extracted beam to 1%.  (Although there will be momentum collimation in the Delivery Ring, septum wires will also produce beam halo, for example.)
· Extinction Section, consists of pairs of 90 collimators (the second collimator intercepts forward angle scattered beam from the first – angle turns into a position offset):
· Horizontal series of collimators, minimum: one 90 pair
· Vertical collimation, one 90 pair.
Beam Optics
· Vertical achromat is required to suppress dispersion from the AP30 extraction to the upstream, beam line elevation.
· A horizontal achromat is required for momentum collimation and the 36 horizontal directional bend string.  This bend string has been formatted into two separate tunable achromats to switch beam to the g-2 beamline by changing to 24 of total bend.
· A second horizontal achromat is required to bump the beamline around the diagnostic/abort beam absorber and restore the correct targeting trajectory to the experiment.
· A third vertical achromat controls the declination slope into the solenoid for proper targeting trajectory.
· A 250 m high-beta function is required to make the technical specification of the AC dipole feasible.
· [bookmark: GrindEQpgref4d31e26c31]A periodic, repetitive section with 90 of phase advance between alternating horizontal and vertical peak beam sizes is required for locating collimators.

Civil and geographical constraints (avoidance of wetlands, for example) dictate a 30 ‑ 40 bend after extraction from AP30 to satisfy all of the constraints on the beamline length and the location of experimental hall. Only ~200 m are available for a beam line. Accommodating the many required insertions and beam manipulations is difficult and requires combining multiple functions in designing the insertions. Therefore, custom insertions and beam line sections must be designed with multi-function purpose. Further, robust optics design, particularly in this stringent environment, requires modular design with some independent variability ‘built-in”. For example, steering the beam correctly onto the target and through the strong fields of the Mu2e Production Solenoid requires achromatic variability of the beam in both position and angle. This inherently implies two vertical achromats: one for position and one for angle and the two cannot be decoupled since they share the same dipoles and optics. In this case, a special double-layered achromat was designed and is one example of the custom optics required to make this line work within the civil and experimental constraints.
[bookmark: _Toc302030959][bookmark: _Toc319136772]Beam Line Specialty Sections
As stated above, the beam line is best described in terms of its modular functionality. Correspondingly, the following descriptions detail the important subsections, and discuss the rationale and justify the design approach for each subsection.
Extraction from the Delivery Ring
Addition of g-2 extraction into the AP30 straight g-2 has been carefully designed to not impact the present optimized extraction optics from the Delivery Ring for Mu2e.  Presently g-2 extraction inserts and/or replaces elements in the Delivery Ring upstream of QS302 (the last quadrupole presently impacted is QS303).  In principle, this leaves free the section from QS302 – QS207. Mu2e extraction begins with septa positioned upstream and downstream of QS203, which is only approximately one and a half FODO cells downstream from the last element in g-2 extraction.

Extraction from the Delivery Ring is accomplished via resonant horizontal extraction across a septum.  A 1.5 m septum only delivers ~1 mrad of kick, so at least two septa are required. Positioning the septa about a horizontally-focusing quadrupole (QS203) - upstream of a horizontally defocusing quadrupole - exploits not only the maximum x but the downstream defocusing quadrupole enhances the septum kick and thus maximizes the beam separation at the entrance to a Lambertson. The Lambertson must also be split and if positioned upstream and downstream of the next focusing quadrupole (QS205) in the Delivery Ring, then this quadrupole acts like a combined-function magnet and adds to the Lambertson kick. The combined effect of all three vertical bends allows beam to clear the next magnet – the last horizontally defocusing quadrupole in the AP30 straight (QS206). 

As an alternative to splitting the extraction septum and Lambertson into two modules each, we are investigating the feasibility of moving the upstream and/or downstream quadrupole magnets near each device to make enough space for single, longer, septum and Lambertson modules. Such moves would spoil the symmetry of the Delivery Ring lattice, but may make it easier to achieve extraction without the use of large-aperture quadrupoles.  Given the requirements for resonant extraction and precise phase advances, this approach may be too disruptive to implement.

The initial bend upwards is so strong (in order to clear the Delivery Ring components), it must be leveled before the exit beamline elevation can be achieved, or it is not possible to implement a vertical achromat, which requires significant phase advance generated by quadrupoles.  Leveling the beamline reference trajectory at an intermediate elevation allows a straight to be inserted with sufficient space for a series of quadrupoles to generate the phase advance required to cancel vertical dispersion after the next set of vertical bends. After beam exits the Lambertsons, a “small” quadrupole can be centered on the extracted beamline just upstream of (QS206). Beampipe in either the Delivery Ring or the extracted line can now clear this small quadrupole or the next Delivery Ring quadrupole, QS206, respectively, with a beam center-to-center distance of 0.484 m. An EDWA dipole can then installed after QS206 in the subsequent AP30 straight with a bend equal and opposite to the combined bends of the Lambertsons and focusing quadrupole. This reverse bend provides for the long “intermediate” insertion straight at an elevation of 0.78 m (again extracted beam center to Delivery Ring center), and thus for installation of an independent extraction beamline without conflicts with the Delivery Ring line below. Now an achromat can be formed using 3 quadrupoles followed by two dipoles with reverse bends (up/down) that elevate the extracted beam to the final elevation of the external beamline: with a total change from the Delivery Ring to external beamline of 1.22 m (4’).

 displays the achromatic optics of Delivery Ring extraction from the center of the first quadrupole upstream of the Lambertsons to the end of the achromat. Optical functions are assumed to be those that correspond to a perfect Delivery Ring as originally designed. Since extraction is horizontal, the vertical optical functions are likely to be close, but the horizontal phase space will not be elliptical and downstream matching sections must shape the beam as required for downstream specialized insertions; i.e. high beta, collimation, and final focus. The effect of the extraction septa does not generate significant horizontal dispersion.

Matching quadrupoles will be required after the vertical achromat. Resonant extraction will not produce elliptical phase space occupation in the horizontal (also unlikely in the vertical), so the optics at this time are left unspecified, but the nature of the quadrupoles will be to provide for arbitrary matching of optics to the downstream modules.
Horizontal Bend String/Momentum collimation
One of the first opportunities for a dual-purpose section exploits the required ~36 of horizontal westerly bend to meet the constraints on the direction of the beam line and the location of the Mu2e experimental facility. Since momentum collimation is required for g-2 and is likely to be important to Mu2e as well (due to scattering on septum wires and other losses at extraction) it is incorporated most efficiently into this strong bend section. Further, the split to a dedicated g-2 beamline is and must be designed into this section and represents a significant impact.  Such a split requires a total westerly bend of 24 to optimally locate the g-2 experimental ring as depicted in Figure 5.39.
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[bookmark: _Ref290280765][bookmark: _Toc302030743][bookmark: _Toc319136832]Figure 5.375.38. The extraction optics showing the two Lambertsons followed by an opposite-sign vertical bend, quadrupoles to form the achromat and a final bend up and then level again to the elevation of the beamline (all EDWA dipoles).
Horizontal Bend String/Momentum collimation
One of the first opportunities for a dual-purpose section exploits the required ~36 of horizontal westerly bend to meet the constraints on the direction of the beam line and the location of the Mu2e experimental facility. Since momentum collimation is required for g-2 and is likely to be important to Mu2e as well (due to scattering on septum wires and other losses at extraction) it is incorporated most efficiently into this strong bend section. Further, the split to a dedicated g-2 beamline is and must be designed into this section and represents a significant impact.  Such a split requires a total westerly bend of 24 to optimally locate the g-2 experimental ring as depicted in Figure 5.38.

[image: ]The present approach employs 6-bends per line as shown in Figure 5.39 w  with the capability to steer both 8 GeV and 3 GeV beam into their respective Mu2e and g-2 beamlines. A common momentum collimator is inserted upstream of the split.  The first two bends are comprised of a 6-4-120 powered in series with a SDEW to deliver 9.94 of left bend to both lines. The next bend, a 6-4-120, is variable, delivering 6.56 and 3.56 of bend, respectively to Mu2e and g-2. A large-aperture quadrupole (LQE) with a star chamber delivers an additional angular kick of +1.5 and -1.5, respectively to Mu2e and g-2 beam. This off-center quadrupole kick is required to efficiently separate the two trajectories in ~4 m to clear the next quadrupole in the Mu2e line. In order to construct an achromat and to allow the bends to be tunable independently for Mu2e and g-2, a second set of 6-4-120 and SDEW dipoles follows the split in the Mu2e line, positioned 180 in phase advance from the first set. These two sets are powered together and dispersion is canceled independent of the other bends. The intervening 6-4-120 + quadrupole bend which totals 8.06 must now be paired with an equal downstream bend 180 away and this is a 6-3-120 (because it must be stronger than a 6-4-120).  The same type of pattern is repeated in the g-2 line.  The total bends for the Mu2e and g-2 lines are now 36 and 24, respectively. For more precise momentum collimation, a section is reserved for a second collimator, again 180 from the first collimator. The optics of the line is given in Figure 5.39. O . Outside of the horizontal bend/momentum collimation section, there must be no residual dispersion. Therefore, this section must also fulfill conditions for a linear achromat. Phase advance and dipole placement for dispersion cancellation dictate this section to be restricted to the optics as designed. Matching to the optics of this section must occur on either side. 

[bookmark: _Ref193257693][image: ]
[bookmark: _Ref197527927]Figure 5.385.39. Total horizontal bends to the Mu2e and g-2 experiments.

[bookmark: _Ref197597080][image: :Screen shot 2012-03-12 at 1.51.15 PM   Mar 12.png]Figure 5.39. The optics of the horizontal bend and momentum collimation insert.
The collimators are a priori assumed to be 10 feet long; a potential reduction in length is possible pending detailed MARS simulations. Care must be taken that particles intercepted by the collimators are not simply scattered into the beam increasing the background. A 10 ft collimator accomplishes this. Accordingly, this length was assumed for all collimation. With such fine momentum resolution, the collimator can be set with millimeter accuracy and requires no exceptional calibration or other measures.
High Beta/AC dipole Insertion
The optics required to make the AC dipole (see Section  5.8.15.8.1.2) technically (and realistically) feasible pose the most challenging optical design problem for the line, resembling to some degree a collider interaction region. In this case, however, the horizontal plane must have a very large beam envelope (high beta) and a small beam size in the vertical (low beta – the vertical beam size is only about 0.5 cm). The high horizontal beta enhances the extinction kick of the AC dipole and the small vertical beam size allows for a smaller dipole spacing, thus limiting the required dipole excitation to acceptable power levels. The high-beta insertion dominates, and largely determines, the physical length of the beam line. This effect can be seen in the unavoidable transition from the beta functions generally characteristic of the line to the high beta value (see Figure 5.40Figure 5.41). Already strong focusing is employed to effect this rapid transition; further focusing makes the high beta increasingly achromatic (chromaticity  kl, with kl the normalized quadrupole strength times its length). This is to say, further focusing would cause an unacceptable distortion of the beamline optics for off-momentum particles. The focusing is already strong, achieving a rapid falloff in horizontal beta in 30 m. Because of the alternating high/low beta in the horizontal/vertical plane, there is an unavoidable seesaw effect; as the horizontal beta function drops, the vertical invariably rockets to a level comparable to the horizontal high beta before both can be focused to the main transport sizes. The overall length required by high betas is governed by the decline of betatron functions in a straight, from 250 m down to ~20 m on average requires 70 m (max  s2/).
Extinction Collimation Sections
A series of interleaved horizontal and vertical collimators have been staged after the high-beta region to perform the efficient extinction required. Interleaving minimizes the overall length of the collimation section (Figure 5.41Figure 5.42). Scattering from the collimator edges in both planes will likely induce background particles downstream in either plane. Collimators are staged in 90 pairs to remove such particles. Positioning the beam accurately in the collimator apertures is important; therefore, appropriate diagnostics are critical in this section. As in the momentum collimation section, the collimator length has been set at 10 feet. Also indicated in Figure 5.41Figure 5.42 is the dispersion wave generated by the AC dipole that displaces out-of-time particles onto the collimators. The number of collimators required and the extinction efficiency is discussed in a later section (see Section 05.8.1.2), but meets the criteria specified by the experimenters.

Centering the beam in the collimators and profiling the beam after the action of the collimators is very important to establish proper extinction and coordination with AC dipole operation. A multiwire is required downstream of each collimator to observe centering of the beam as the collimator is closed. An upstream multiwire would facilitate a more rapid beam line tune-up, but at least one multiwire per collimator is required.  For the current instrumentation a loss monitor will be used in conjunction with the downstream multiwire to tune the beam interaction with the collimators.
Shield Wall and Diagnostic Absorber Section
The next section is a prime example of designing broad functionality into a single insertion for compactness. Several criteria are combined in the following: a) a shield wall is constructed between the beamline enclosure and the enclosure housing the final focus and the experimental hall to separate the two areas, b) a diagnostic beam absorber is then embedded in the shield wall to permit commissioning, tune-up, and beam studies without spraying beam into the target station area, and c) a horizontal bypass around the absorber through the shield wall is designed into the beamline. Separation of the primary beamline enclosure from the experiment allows the beamline to be classified as ODH 0 facilitating maintenance, installations, and personnel access.  A 4-bend dipole string is implemented in the bypass fulfilling the conditions for a geometric achromat, as shown in Figure 5.43.  
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[bookmark: _Ref290282478][bookmark: _Toc302030744][bookmark: _Toc319136834]Figure 5.40. The optics of the horizontal bend and momentum collimation insert.
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[bookmark: _Ref290293475][bookmark: _Toc302030746][bookmark: _Toc319136835]Figure 5.405.41. The high-beta optics (top) and beam sizes (bottom).
Shield Wall and Diagnostic Absorber Section
The next section is a prime example of designing broad functionality into a single insertion for compactness. Several criteria are combined in the following: a) a shield wall is constructed between the beamline enclosure and the enclosure housing the final focus and the experimental hall to separate the two areas, b) a diagnostic beam absorber is then embedded in the shield wall to permit commissioning, tune-up, and beam studies without spraying beam into the target station area, and c) a horizontal bypass around the absorber through the shield wall is designed into the beamline. Separation of the primary beamline enclosure from the experiment allows the beamline to be classified as ODH 0 facilitating maintenance, installations, and personnel access.  A 4-bend dipole string is implemented in the bypass fulfilling the conditions for a geometric achromat, as shown in Figure 5.42.  
Advantage is then taken of the space required for shield wall to provide a magnet-free straight in the horizontal bypass. This straight is 6 m long and supports insertion of a diagnostic absorber. Without magnets, only a beampipe passes through the shielding and around the diagnostic absorber. The location of this insertion, and the fact that only beampipe is required, allows a shield wall to be built between the experimental hall and the majority of the beam line. Thus, the beam line can be an ODH 0 zone making maintenance and access much less restrictive. Without the shield wall, the beam line would be classified identical to the experiment: ODH 1.

Clearly, profile monitoring will be required at the entrance and exit to the shield wall. The location of these monitors are proposed in Figure 5.43.

[image: :Screen shot 2011-04-13 at 2.35.42 PM   Apr 13.png]
[bookmark: _Ref283383951][bookmark: _Toc302030747][bookmark: _Toc319136836]Figure 5.415.42. The extinction collimation optics (top) and beam sizes (bottom).
Advantage is then taken of the space required for shield wall to provide a magnet-free straight in the horizontal bypass. This straight is 6 m long and supports insertion of a diagnostic absorber. Without magnets, only a beampipe passes through the shielding and around the diagnostic absorber. The location of this insertion, and the fact that only beampipe is required, allows a shield wall to be built between the experimental hall and the majority of the beam line. Thus, the beam line can be an ODH 0 zone making maintenance and access much less restrictive. Without the shield wall, the beam line would be classified identical to the experiment: ODH 1.
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[bookmark: _Ref164393184][bookmark: _Toc302030748][bookmark: _Toc319136837]Figure 5.425.43. The horizontal bypass and absorber location optics (top) and beam sizes (bottom).
Final Focus
The final focus is a typical “collision” type optics region using a quadruplet with point-to-point imaging with a demagnification factor of ~2.5, as shown in Figure 5.43Figure 5.44. The telescope focuses beam to a round, achromatic waist with a 2 m low-beta function, which is consistent with the 1 mm rms required for the production target. Although point-to-point has almost double the chromaticity of parallel-to-point in a final-focus telescope, the chromaticity is still low so that chromatic and geometrical aberrations do not affect the quality of the beam spot size at the target. The target design radius is 3 mm, which corresponds to 3-5 depending on the extracted emittance. The optics and corresponding beam size are plotted in Figure 5.43Figure 5.44.
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[bookmark: _Ref283384351][bookmark: _Toc302030749][bookmark: _Toc319136838]Figure 5.435.44. The final focus telescope optical functions (top) and beam sizes (bottom).
As was discussed in a previous section, a vertical declination angle is required at the entrance to the production solenoid. A compact final focus and reasonable quadrupole apertures require the 2.4 decline to be started further upstream in order to cancel vertical dispersion during nominal operating conditions and not impose additional achromatic constraints on the final focus. The entire final focus section is therefore mounted on a 2.4 slope generated by a pair of 1.2 dipoles in the diagnostic absorber section. The following summarizes the present demands on the final focus. Beam steering and target scans are addressed next.

· Small 1 mm transverse  on target (2 m beta function)
· A 2.4 vertical decline at the entrance to solenoid – must be achromatic, no vertical dispersion at target.
· Independent position/angle controls in BOTH vertical and horizontal
· 2 cm in horizontal/vertical for target scan.
· 1 in horizontal/vertical 
· Conventional design approaches; i.e. kicking upstream and through more than one of the final-focus quadrupoles, result huge offsets in the beam trajectory through these final focus quadrupoles.

The steering magnets in the final focus must be capable of adjustment in order to scan the target during commissioning. This is complicated by the fact that the beam deflects in the magnetic field of the Production Solenoid. The layout of the steering magnets designed to confine the orbit excursion satisfy all aperture requirements in all final focus quadrupoles. The difficulty of the steering magnet placement that simultaneously avoids large apertures in the quadrupoles and steering dipoles is presented below. Steering magnets must be interleaved not only between each plane but also with final focus quadrupoles for compactness. The steering magnet length has been assigned to be 4’, which is typical of an 8-GeV corrector.

Although a strong vertical steering capability of 1 is in place, the vertical dispersion cannot be canceled away from the nominal operating point. The steering magnets cannot be positioned in an achromat configuration without extreme changes in aperture and length. Given these constraints, the present final focus design accomplishes its purpose very well.

The result of optimizing the position of the steering dipoles from the standpoint of minimal quadrupole apertures and gaps in downstream dipoles is presented in Figure 5.44Figure 5.45 through Figure 5.47Figure 5.48.
[bookmark: _Toc302030960][bookmark: _Toc319136773]Beamline Optics Performance
The 1% momentum performance is documented in Figure 5.48Figure 5.49 through Figure 5.50Figure 5.51. The line optics is exceptionally stable as a function of momentum.
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[bookmark: _Ref289842592][bookmark: _Toc302030750][bookmark: _Toc319136839]Figure 5.445.45. Independent position control in horizontal plane with 2 cm capability at the target (top). The corresponding optical functions are shown in the bottom plot. 
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[bookmark: _Toc302030751][bookmark: _Toc319136840]Figure 5.455.46. Independent angle control in horizontal plane with 1 cm capability at the target (top). Corresponding optical functions (bottom). 

[image: ][image: ]
[bookmark: _Ref283384866][bookmark: _Toc302030752][bookmark: _Toc319136841]Figure 5.465.47. Independent position control in vertical plane with 10 cm capability at the target (top). Corresponding optical functions (bottom). 
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[bookmark: _Ref290295263][bookmark: _Toc302030753][bookmark: _Toc319136842]Figure 5.475.48. Independent angle control in vertical plane with 1 capability at the target (top). Corresponding optical functions (bottom). Note that the dispersion from this angular kick is not insignificant - 4 mm for a 1% p/p.
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[bookmark: _Ref283385527][bookmark: _Toc302030754][bookmark: _Toc319136843]Figure 5.485.49. Optical functions for the entire beamline initiating just upstream of the momentum collimation section.  The AC dipole is centered in the horizontal high-beta peak at ~55m location.
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[bookmark: _Toc302030755][bookmark: _Toc319136844]Figure 5.495.50. Optical functions for the entire beamline initiating just upstream of the momentum collimation section for a p/p of -1%.
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[bookmark: _Ref283385539][bookmark: _Toc302030756][bookmark: _Toc319136845]Figure 5.505.51. Optical functions for the entire beamline initiating just upstream of the momentum collimation section for a p/p of +1%.
[bookmark: _Ref286123924][bookmark: _Toc319136774]Mu2e Beam Extinction and Extinction Monitoring
The Mu2e experiment proposes to use a proton beam pulsed at approximately 0.6 MHz. The use of a pulsed beam is motivated by the fact that a significant background is produced by secondary beam particles (primarily pions) that reach the detection region during a time interval starting shortly after pulses hit the production target and extending for about 700 nsec.  By detecting conversion electrons only for times later than 700 nsec, this background is significantly reduced to an acceptable level.

The same type of background could be produced by protons hitting the production target during or somewhat before the detection interval; this puts a limit on the number of particles hitting the production target between pulses.  We define the beam extinction as the ratio of the number of protons striking the production target between spills to the number striking it during the spills. It has been established that an extinction of approximately 10-10 is required to reduce these backgrounds to an acceptable level [35].  The extinction requirement varies with the exact time that the proton strikes the target between the pulses, and 10-10 is a representative number assuming that the out-of-time particles are distributed uniformly between pulses.

The extinction part of the Mu2e Project comprises both the generation and monitoring of the requisite level of extinction, both of which will be very challenging.
[bookmark: _Ref286384645][bookmark: _Toc319136775]Beam Extinction
The required beam extinction will be achieved through the combination of two separate mechanisms:

· The technique for generating the required bunch structure, as described in Section 5.5.1, will naturally lead to a high level of extinction, which can be enhanced using momentum collimation in the Delivery Ring.
· A system of AC dipoles and collimators will be arranged in the proton transport such that only in-time beam is transported to the target.
Beam Extinction in the Delivery Ring
Recall that the beam Recall, that the beam is formed into four bunches in the Recycler and then transferred a single bunch at a time to the Delivery Ring.  This means that there will be a very small number of particles outside of the nominal bunch at the time the beam is transferred, and out-of-time beam will result from beam migrating out of the nominal bucket.  In general, this can occur in one of three ways:

· Space charge effects
· Intra-beam scattering
· Beam gas interactions
· Beam scattering from the electrostatic extraction septum

In all cases, the mechanism results in a change of energy of the protons that causes them to migrate out of the bucket along the separatrix, as shown in Figure 5.51Figure 5.52.  This migration can be ameliorated by momentum collimation in the high dispersion regions of the Delivery Ring.  Simulations are still ongoing, but preliminary results show that an extinction level of at least 10-5 should be achievable in this way.but it is hoped that an extinction level of at least 10-5 can be achieved in this way.
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[bookmark: _Ref283885137][bookmark: _Toc319136846]Figure 5.515.52. This shows the evolution of out of time beam, in this case generated by an unrealistically large amount of RF phase noise.  Note that beam migrates along the separatrices.
[bookmark: _Ref288468770]Beam Line Extinction
Beam line extinction is based on deflecting magnets and a collimation system, such that only in time protons are transported to the production target.  Ideally, one would like a kicker that would cleanly kick the out-of-time beam into an absorbing collimator, or equivalently kick in-time beam into the transport channel; however, such a kicker operating at the 600 kHz bunch rate is beyond the state of the art at the moment.  Therefore, the system will utilize a pair of resonant dipoles to achieve the desired deflection.

These magnets still represent a technical challenge, so the design effort has focused on the optimization of the magnet specifications, which are tightly coupled to the optical parameters of the beam line [36]. To summarize, the minimum stored energy of the bending magnet scales roughly as




where x is the betatron function in the bend plane, and L is the length of the magnet, assuming a waist in the non-bend plane. Thus, we are driven to long, fairly weak magnets and large betatron function in the bend plane.  It was determined that a length of 6 m and a betatron function of 250 m were the largest practical values that could be achieved without unacceptable complication and increased length of the beam line [37], and these are used as the basis for the magnet design.

The baseline magnet configuration consists of two AC dipoles with the parameters shown in Table 5.10Table 5.10.  Generally, the function of the lower frequency magnet is to sweep the out of time beam out of the transmission channel, while the higher frequency magnet serves to limit the slewing in the transmission window.  The fact that the low frequency magnet runs at half the bunch frequency means that it crosses through 0, moving in opposite directions as the beam passes through the transmission channel on successive pulses.  Therefore, the high frequency magnet must be an odd harmonic to maintain the proper relative sign.

	Magnet 
	Frequency 
(kHz)
	Length (cm)
	Aperture
	Peak B Field (Gauss)

	
	
	
	bend plane (cm)
	non-bend  (cm)
	

	A
	300
	300
	7.8
	1.2
	120

	B
	3800
	300
	7.3
	1.2
	15


[bookmark: _Ref283885632][bookmark: _Toc319136885]Table 5.105.10. Specifications for each of the AC dipoles in the extinction system.
Details of the resulting waveform are shown in Figure 5.52Figure 5.53. The boundaries indicated on the figure are the amplitude at which the centroid of the beam hits the collimator (~50% transmission) and the amplitude at which all beam will hit the collimator (full extinction). Figure 5.53 s  Figure 5.54 shows the transmission efficiency for this collimation system.  The longitudinal distribution comes from a simulation of the bunch formation and [image: ]development in the Accumulator[footnoteRef:19]Recycler and Delivery Rings. [19: ] 
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[bookmark: _Ref283888956][bookmark: _Toc319136847]Figure 5.525.53. Details of the combined AC dipole waveform in the transmission window.
As discussed in Section 5.7, the optics requirements of the extinction AC dipole place a significant constrained on the beam line design.  Figure 5.55 shows the beam line optics. Note the significant impact of the insertion required for the extreme betatron functions needed by the AC Dipole.  A simulation of the beam line and collimation found that with 210M particles incident on the first collimator, 27 hit the target, or  < 1  10-7 [38].
Extinction Monitoring
Details of the extinction monitoring requirement are described elsewhere [39]. The most precise measurement of beam extinction would be some sort of detector with sensitivity to single out-of-time particles.  However, because of the much larger number of particles that are in-time, such a detector would either have to have a very large dynamic range or somehow be “blinded” during the in-time window to avoid saturation effects. No workable solution has been found that adequately achieves either of these requirements [40].


[image: ]
[bookmark: _Ref197529114][bookmark: _Ref323654769]Figure 5.53. T5he beam transmission window, with the simulated bunch distribution of the extracted beam.  The simulated distribution is the same as that shown in Figure 5‑41.  The overall transmission is 99.6%, assuming a normalized 95% transverse emittance of 20 -mm-mrad,

[bookmark: _Toc319136776]The Mu2e baseline therefore focuses on a statistical approach. By measuring scattered particles, we can design detectors with good time resolution, but a very small effective acceptance, such that there are only, at most, a few hits for in time particles.  Over many bunches, a statistical picture can be built of the out of time population with a precision limited only by the accidental rate.
Extinction Monitoring
Details of the extinction monitoring requirement are described elsewhere [39]. The most precise measurement of beam extinction would be some sort of detector with sensitivity to single out-of-time particles.  However, because of the much larger number of particles that are in-time, such a detector would either have to have a very large dynamic range or somehow be “blinded” during the in-time window to avoid saturation effects. No workable solution has been found that adequately achieves either of these requirements [40].
[image: ]Figure 5.54. The beam transmission window, with the simulated bunch distribution of the extracted beam.  The simulated distribution is the same as that shown in Figure 5.41.  The overall transmission is 99.5%, assuming a normalized 95% transverse emittance of 20 -mm-mrad.

[bookmark: _Ref193258117][image: ]Figure 5.55. Beam line optics for the Mu2e primary proton line.  The optical insertion to provide the high and low beta regions for the AC dipole increases the required length of the line.

The Mu2e baseline therefore focuses on a statistical approach. By measuring scattered particles, we can design detectors with good time resolution, but a very small effective acceptance, such that there are only, at most, a few hits for in time particles.  Over many bunches, a statistical picture can be built of the out of time population with a precision limited only by the accidental rate.

There are two time scales to be considered in terms of extinction measurement.  The relevant time scale for the precision measurement is the entire time over which data are taken; however, we choose roughly an hour as the time scale for precision measurement to avoid long running periods with unexpected anomalies.  It is important to monitor for potential failures of the system on a much shorter time scale.  The operation of the AC dipole system can be best monitored via an indirect means that measures the phase and magnitude of the magnetic field in the magnets.  If these do not change, then it is difficult to imagine a scenario in which the system could malfunction in a way that would not cause large losses at the extinction collimator, which could be easily detected.

There could be much more subtle problems with the extinction in the Delivery Ring, so it is very important that this be monitored on a much shorter time scale.  Fortunately, the precision needed is only about 10-5 or so.

It is likely that any out of time beam would develop over the time scale of the slow spill, so it is important that enough timing information exists for both extinction measurements to synchronize them to this time.
[bookmark: _Ref301945944]Fast/Low Precision Extinction measurement
To measure the level of extinction achieved in the Delivery Ring, a monitor will be placed upstream of the AC dipole. The baseline plane is to insert a thin foil into the beam, similar to the “Texas Multiwires” used in NuMI.  High angle scatters from this foil would be monitored by a charged particle telescope, consisting of quartz Cerenkov radiators read out, by PMTs or Silicon photomultipliers (SiPMs), as illustrated in Figure 5.54.The resistive wall monitor described in Section 5.6.3.5 for spill monitoring has also been considered for fast extinction monitoring.  In addition to the precision and time scale constraints placed on the upstream extinction monitor, the device must provide a continuous measurement of extinction in order to monitor accelerator performance. The implications of this requirement are two-fold: The device must survive the beam pulses and must be non-destructive with regard to beam quality.  
[bookmark: _Ref321840273][bookmark: _Ref321840184][bookmark: _Toc323118286]Figure 5.545: Conceptual schematic of fast extinction monitor.

Long Time Scale/High Precision Extinction Measurement
The primary tool for precision extinction monitoring will be a target monitor designed to detect relatively high energy (~4 GeV) particles from the target with a time resolution that is able to separate particles produced “in time” with the proton bunches from those produced between bunches. The extinction is then obtained by taking the ratio of “out of time” to “in time” signal events integrated over many bunches. This device must be able to measure extinction at the 10-10 level in about an hour. Assuming 7.2x109 bunches per hour, this requirement can be met by designing a filter that provides at least 14 signal particles per bunch provided that the background rate in the detector is negligible. A background rate of 1 event per hour would require at least 30 signal events per bunch to achieve the same sensitivity. To accomplish 
The primary tool for precision extinction monitoring will be a target monitor designed to detect relatively high energy ( > 1 GeV or more) particles from the target.  
To do this, a “filter structure” will be situated above the beam dump [41].   A schematic view of the filter is shown in Figure 5.55. Figure 5.56.  A permanent magnet channel will be combined with entry and exit collimation regions in order to isolate a sample of charged particles with a well-defined direction. A detector consisting of 6 planes of 4x4 cm pixel detectors will be used to count signal particles exiting the filter by reconstructing straight tracks that are closely aligned with axis of the exit collimator. It will do so with a time resolution of 25 ns. The momentum spectrum and rate distribution of signal tracks exiting the filterA permanent magnet channel will be combined with a collimation region for momentum selection/acceptance reduction. The momentum spectrum and rate distribution are shown in Figure 5.56Figure 5.57.
 
This device is optimized to measure extinction at the 10-10 level in about an hour.  In order to monitor the performance of the in-ring extinction on a faster time scale, a second monitor will be placed upstream of the AC dipole and extinction collimation system.  It will utilize one of the technologies described in the previous sections.

[image: Filter.gif]
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[bookmark: _Ref164394170][bookmark: _Toc319136850]
[bookmark: _Ref197572819]Figure 5.555.56. Conceptual design of target monitor “filter” .(not to scale).  This device will be located on top of the proton absorber.
[image: Sig42.gif]
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[bookmark: _Ref283889508][bookmark: _Toc319136851]Figure 5.565.57. Momentum spectrum and rate distribution for particles passing through the filter structure within 0.015 radians of the nominal exit trajectory..

[bookmark: _Ref286389133][bookmark: _Ref318271784][bookmark: _Toc319136777][bookmark: _Ref283297190]The Mu2e Pion Production Target Station
The Mu2e Production Target Station consists of three devices: the pion production target, the production solenoid heat and radiation shield, and the proton beam absorber.  

The Mu2e Production Target Station consists of three devices: the pion production target, the production solenoid heat and radiation shield and the proton beam absorber.  

Figure 5.57 shows the Target Station layout.  The target lies near the center of the cavity of the heat and radiation shield (HRS), and in turn, the HRS resides, under vacuum, in the inner bore of the Mu2e Production Solenoid cryostat.  The proton beam enters the beam entry port in the heat shield, strikes the target, and produces a forward-going shower of particles, and a more diffuse spray of lower-energy secondary particles.  Finally, the proton beam absorber intercepts the spent beam.
Water cooling is required only for the heat and radiation shield (HRS).  The HRS and the PS vacuum closure bulkhead hold the water cooling system in place.  The tungsten production target can be changed using a remote handling system.  The proton beam absorber is unmovable and part of the concrete structures in the building.
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[bookmark: _Ref197583715][bookmark: _Toc319136852]Figure 5.57. Layout of the Mu2e experiment and the proton beam line (in red).
0.0.1 [bookmark: _Toc319136778]The Mu2e Production Target
The Mu2e experiment requires about 41020 protons over 3 years directed onto a pion production target.  The proton interactions will produce pions that subsequently decay to muons.  The primary beam will consist of 8 kW of 8 GeV (kinetic energy) protons distributed into micro pulses of ~3.7  107 protons delivered every 1.7 sec.  The proton beam dimensions will be about 1 mm in radius (rms) at the target and about 200 nsec in duration (see Figure 5.13). Reference [1] contains a detailed description of the proton beam.  The target requirements are given in Reference [43].

The production target must function in a harsh and complex environment presenting a number of technical challenges, including operation in vacuum.  However, the basic requirements for the production target are quite straightforward.  The technical details for a target system that satisfies these requirements are considerably more complex.

The production target must be designed to maximize the number of stopped muons at the stopping target in the Detector Solenoid.  Maximizing the number of stopped muons depends on many factors that must be optimized simultaneously.  These include the target material, density, shape, size, position, and orientation of the target, as well as the target support structures.  Other factors (external design constraints) not directly related to the production target also have an impact, including the details of the proton beam, the magnetic fields of the solenoids, the clear bore of the Production Solenoid, the collimators in the Transport Solenoid and the details of the stopping target design.

The target material must have a high atomic number and density to ensure a high rate of beam-target interactions.  The pion production cross section of the target material must be large enough to allow Mu2e to produce the required number of stopped muons.  Operating in a solenoid with a graded magnetic field induces charged pions to follow spiral trajectories, which can return to the target region, possibly suffering re-absorption on some part of the target system.

The target system geometry is constrained by several factors.  The effect of the overall alignment, thermal distortion of target and supports, and survey uncertainty on the muon stopping yield should be negligible.  Given the choice of beam and target size, alignment tolerance must be less than about 0.5 mm to avoid losing more than a few percent of the targeting efficiency.  The impact of pion re-absorption on stopped muons suggests a target that is compact, low mass, and presents a small geometric profile to the trajectories of pions in the Production Solenoid.  The target, its supports, any associated infrastructure (e.g. cooling), and pion re-absorption must be included in calculations of stopped muon yield [44] and in heating calculations.

The main design challenge for the production target is direct heating from the energy deposited by the incident proton beam.  The target must have high thermal conductivity to help achieve an acceptably low core temperature.  The production target must be a material with a melting point well above the anticipated operating temperature.  The target must maintain its mechanical integrity at high temperature.  The production target is a high-risk device, which requires a thorough risk-failure analysis that clearly defines operating margins and develops procedures for managing target failure conditions.

The Mu2e pion production target is a radiation cooled tungsten rod, the size and shape of a pencil.  The rod is 16 cm long with 0.3 cm radius.

The total power deposition in the rod for a steady state beam is 700 W. The power distribution is rotationally symmetric about its length; however, the power deposition rises for the first two cm along the length, reaches a maximum and decreases almost linearly to the end of the rod.  The distribution also peaks radially at about 0.12 cm from the core. An ANSYS finite element model is shown in Figure 5.58 below [45]. Steady-state temperature and Von-Mises stress are shown in Figure 5.59.
[image: ]The tungsten radiation cooled target is supported by tantalum spokes, as shown in Figure 5.60 and Figure 5.61. The target supports have a negligible effect on the stopped muon yield [45].
[bookmark: _Ref197584550][bookmark: _Toc319136853][image: ]Figure 5.58: Thermal analysis showing the Watts per cc in the tungsten target from an 8 kW beam centered on the target.
[bookmark: _Ref197584994][bookmark: _Toc319136854]Figure 5.59: Steady-state temperatures and Von-Mises stress. 
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[bookmark: _Ref197585475][bookmark: _Toc319136855]Figure 5.60: Radiation Cooled Tungsten Target supported by Tantalum spokes. 
The production target region is a high-radiation zone that must be accessible for replacement and diagnostic purposes. A remote handling system has been developed to satisfy the technical need for access while ensureing personnel safety [46].  Figure 5.62 shows the major components of the remote handling system.  The target support must interface with the heat and radiation shield, the hot cell & manipulator arms, movable shield wall and target insertion/extraction tool.

The target remote handling system provides a means to remove the downstream solenoid window, replace and dispose of the target.  It also provides a means to replace the downstream windows in the solenoid end cap. The design assumes the use of a hot cell, manipulators, and a target insertion & extraction tool.

The facility design provides a surface hatch downstream of the production solenoid.   During experiment operation, this hatch will be filled with concrete shielding blocks.  In the event of a target change, a rented portable crane will be used to remove the hatch, unstack the shielding, and place the target insertion and extraction tool in the target hall.  Technicians working within the hot cell would use the manipulators and the target insertion and extraction tool to access and remove the target.  The spent target will be placed in a shielded cask, and removed by the crane.  A new target would then be installed.  At the conclusion of the target exchange, the target insertion and extraction tool would be removed by the crane.  The shielding blocks would be replaced, and the surface hatch reinstalled.  Remote handling equipment will be designed and built during construction.  However, the rental of the crane (of order $100K per target exchange) would be an operations cost.
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[bookmark: _Ref197585081][bookmark: _Toc319136856]Figure 5.61: The engineering design (RAL) is shown here.  The target is supported by tantalum spokes attached to the support ring (green).
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[bookmark: _Ref317836816][bookmark: _Toc323118289]Figure 5‑57: Layout of the Mu2e experiment and the proton beam line (in red).

Figure 5‑57 shows the Target Station layout.  The target lies near the center of the cavity of the heat and radiation shield (HRS), and in turn, the HRS resides, under vacuum, in the inner bore of the Mu2e Production Solenoid cryostat.  The proton beam enters the beam entry port in the heat shield, strikes the target, and produces a forward-going shower of particles, and a more diffuse spray of lower-energy secondary particles.  Finally, the proton beam absorber intercepts the spent beam.

Water cooling is required only for the heat and radiation shield (HRS).  The HRS and the PS vacuum closure bulkhead hold the water cooling system in place.  The tungsten production target can be changed using a remote handling system.  The proton beam absorber is unmovable and part of the concrete structures in the building.

[bookmark: _Toc323118215]The Mu2e Production Target
The Mu2e experiment requires about 41020 protons over 5 years directed onto a target; that target is the subject of this section.  The proton interactions will produce pions that subsequently decay to muons.  The primary beam will consist of 8 GeV KE protons, have approximately 8 kW of beam power, and contain micro pulses of ~3.7107 protons delivered every 1.7 sec.  The proton beam dimensions will be about 1 mm in radius (rms) at the target and about 200 nsec in duration (see 
Figure 5.13).  Reference [1] contains a detailed description of the proton beam.  The target requirements are given in Reference [43].

The production target must function in a harsh and complex environment presenting a number of technical challenges, one of which is operation in vacuum.  However, the basic requirements for the production target are quite straightforward.  The technical details for a target system that satisfies these requirements are considerably more complex.

The production target must be designed to maximize the number of stopped muons at the stopping target in the Detector Solenoid.  Maximizing the number of stopped muons depends on many factors that must be optimized simultaneously.  These include the target material, density, shape, size, position, and orientation of the target, as well as the target support structures.  Other factors (external design constraints) not directly related to the production target also have an impact including the details of the proton beam, the magnetic fields of the solenoids, the clear bore of the Production Solenoid, the collimators in the Transport Solenoid and the details of the stopping target design.

The target material must have a high atomic number and density to ensure a high rate of beam-target interactions.  The pion production cross section of the target material must be large enough to allow Mu2e to produce the required number of stopped muons.  Operating in a solenoid with a graded magnetic field induces charged pions to follow spiral trajectories, which can return to the target region, possibly suffering reabsorption on some part of the target system.

The target must be firmly supported by a low mass structure that is stiff and minimizes vibrations; this places some constraints on the target geometry.  The impact of pion reabsorption on stopped muons suggests a target that is compact, low mass, and presents a small geometric profile to the trajectories of pions in the Production Solenoid.  The target, its supports, any associated infrastructure (e.g. cooling), and pion re-absorption must be included in calculations of stopped muon yield [44] and in heating calculations.

The main design problem for the production target is direct heating from the energy deposited by the incident proton beam.  The target must have high thermal conductivity to help achieve an acceptably low core temperature.  The production target must be a material with a melting point well above the anticipated operating temperature.  The target must maintain its mechanical integrity at high temperature.  The production target is a high-risk device, which requires a thorough risk-failure analysis that clearly defines operating margins and develops procedures for managing target failure conditions.

The Mu2e pion production target is a radiation cooled tungsten rod, the size and shape of a pencil.  The rod is 16 cm long with 0.3 cm radius.

The total power deposition in the rod for a steady state beam is 700 W.  The power distribution is rotationally symmetric about its length; however, the power deposition rises for the first two cm along the length, reaches a maximum and decreases almost linearly to the end of the rod.  The distribution also peaks radially at about 0.12 cm from the core.  

An ANSYS finite element model is shown in Figure 5‑58 below [45].

[image: ]
[bookmark: _Ref317852536][bookmark: _Toc323118290]Figure 5‑58: Thermal analysis showing the Watts per cc in the tungsten target from an 8 kW beam centered on the target

Steady-state temperature and Von-Mises stress are shown in Figure 5‑59 below.

[image: ]
[bookmark: _Ref317852556][bookmark: _Toc323118291]Figure 5‑59: Steady-state temperatures and Von-Mises stress 
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[bookmark: _Ref197529837][bookmark: _Ref317853120][bookmark: _Toc323118292][bookmark: _Toc290968268]Figure 5‑60: Radiation Cooled Tungsten Target supported by Tantalum Wires 

The tungsten radiation cooled target is supported by thin tantalum wires as shown in Figure 5‑60 and Figure 5‑61.

A ‘bicycle wheel’ target design is used to mount the target; see Figure 5‑60 and Figure 5‑61.  The target supports have a negligible effect on stopped muon yield [45]

The production target region is a high-radiation region, while the production target system requires access for replacement and diagnostic purposes.  The experiment down time for target replacement must be kept to a reasonable minimum.  Thus, a remote handling system is required to ensure personnel safety.  Figure 5‑62 shows the major components of the remote handling system.  The target support must interface with the heat and radiation shield, the hot cell & manipulator arms, movable shield wall, and target insertion/extraction tool.

[image: ]
[bookmark: _Ref197529875][bookmark: _Ref285460307][bookmark: _Toc323118293]Figure 5‑61: The engineering design (RAL) is shown here.  The target is supported by tantalum wires attached to the support ring (green).

This design is also incorporated into the remote handling scheme illustrated below [46].

[image: ]
[bookmark: _Ref317853625][bookmark: _Toc290968270][bookmark: _Toc323118294]Figure 5‑62: Cut-away view of the PS with the target “cartridge” inserted inside the heat and radiation shield, the target insertion & extraction tool, and the hot cell & manipulator arms.

The target remote handling system provides a means to remove the downstream solenoid window, replace and dispose of the target.  It also provides a means to replace the downstream windows in the solenoid end cap.  The design assumes the use of a hot cell, manipulators, and a target insertion & extraction tool.

The facility design provides a surface hatch downstream of the production solenoid.   During experiment operation, this hatch will be filled with concrete shielding blocks.  In the event of a target change, a rented portable crane will be used to remove the hatch, unstack the shielding, and place the target insertion and extraction tool in the target hall.  Technicians working within the hot cell would use the manipulators and the target insertion and extraction tool to access and remove the target.  The spent target will be placed in a shielded cask, and removed by the crane.  A new target would then be installed.  At the conclusion of the target exchange, the target insertion and extraction tool would be removed by the crane.  The shielding blocks would be replaced, and the surface hatch reinstalled.  Remote handling equipment will be designed and built during construction.  However, the rental of the crane (of order $100K per target exchange) would be an operations cost.

0.0.2 [bookmark: _Toc323118216]The Mu2e Heat and Radiation Shield
This section describes the Heat and Radiation Shield (HRS).  It serves to protect the superconducting coils of the Production Solenoid (PS) from the intense radiation generated by the primary (8 kW) 8 GeV kinetic energy proton beam striking the production target within the warm bore of the PS.  This shield also protects the coils in the far upstream end of the Transport Solenoid (TS), a straight section of coils, called TS1, at the exit to the PS.  The HRS must have sufficient inner aperture to allow good capture of pions and muons to maximize the stopping rate of negative muons in the Detector Solenoid stopping target.

The heat shield is intended to prevent radiation damage to the magnet coil materials and ensure that quench protection is not significantly affected for the lifetime of the experiment.  A detailed explanation of the HRS requirements is given in [47].  There are four primary performance parameters for the HRS, three of which are: The total allowed dynamic, i.e., instantaneous, heat load in the magnet coils, the local peak power density in the superconducting coils, and the maximum local radiation dose to the superconductor insulation and epoxy over the lifetime of the experiment.  We discuss the fourth next.

The final parameter is related to transport in metals, in general, and the electrical conductivity of the component metals of the superconductor cable, in particular.  At liquid helium temperature, damage to the atomic lattice of a superconducting cable, and its quench stabilizing matrix made from normal conductor takes the form of the accumulation of atomic displacements; i.e., tiny lattice defects.  After exposing a metal sample to a given neutron flux spectrum, the damage can be characterized by the average number of displacements per atom (DPA).  The DPA is directly related to electron transport in metals.  The Residual Resistivity Ratio (RRR) is defined as the ratio of the electrical resistance at room temperature of a conductor to that at 4.5 K.  For a given sample exposed to radiation, the RRR will decrease.  However, warming such a sample to room temperature leads to recovery of the RRR [48], [49], but the degree of recovery depends on the metal.  The PS utilizes superconducting cable embedded in an aluminum matrix for quench protection.  Aluminum is one example of a material that shows complete recovery at 300 K.  The annealing time is on the time scale of minutes at 300 K.  The specification of the heat shield is that the RRR of the Al stabilizer in the coil package should not be reduced below 100 in a one year operating period.  Warming-up to anneal once per year is consistent with the Fermilab Accelerator shutdowns which are typically once per year for at least several weeks.

An acceptable shield design should establish the following limits for nominal operating conditions with the proton beam striking the target: the maximum allowable total heat load for the PS coils is less than 100 W.  The most radiation sensitive material sets the lower limit of radiation tolerance; in particular, the epoxy used to bond the insulation to the superconducting cable can tolerate a maximum of 7 MGy before it experiences a 10% change in its shear modulus, so we take 350 kGy/yr as our limit which allows a conservative 20 years of operation.  This limit of 350 kGy/yr is the equivalent of 15 W/gm.  
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[bookmark: _Ref197530927][bookmark: _Ref285188263][bookmark: _Toc290968271][bookmark: _Ref319089095][bookmark: _Toc323118295]Figure 5‑63: PS Heat and Radiation Shield geometry simulated in MARS15.  Note the target lies on the magnet axis in the plane shown.  The target is tilted 14 away from the axis.  The HRS is shown in brown, which represents bronze material.
The baseline shield consists of cylindrical shapes with various cross-sections.  The brown portions are made of bronze.  The model has an outer radius of 70 cm over most of the volume, but the radius is expanded to 73.75 cm in critical regions.  The entire PS inner cryostat wall, at a radius of 75 cm, will support the final HRS design.  The length of the HRS is about 4 m and it has a smallest inner radius of 25 cm.  The pion production target is located in this cavity, as shown in the figure, and under vacuum.  The inner shield wall is limited to no less than 25 cm [50] since smaller radii negatively affect the stopped muon yield in the Detector Solenoid.  In addition, any acceptable shield design must avoid any line-of-sight cracks between components that point from the target to the inner cryostat wall and thus the magnet coils.  The red block in Figure 5‑63: PS Heat and Radiation Shield geometry simulated in MARS15.  Note the target lies on the magnet axis in the plane shown.  The target is tilted 14 away from the axis.  The HRS is shown in brown, which represents bronze material. at the proton beam entrance marks the location of the HRS protection collimator.  The protection collimator is designed to ensure that no mis-steered proton beam pulse directly hits the HRS or the solenoid coils.

The HRS must be dimensionally and otherwise mechanically stable.  Current simulations suggest the shield will experience an average heat load 3.3 kW.  The HRS is inside the solenoid.  Radiation cooling (passive) leads to unacceptably high operating temperatures in the HRS; therefore, the shield must be actively cooled.  The cooling is accomplished by using water channels at the outer radius of the HRS.  These water channels are alternated with support rod channels that connect the ring sections.

The materials used to construct the shield must not cause the magnetic field to fail to meet the required field quality requirements; therefore, non-magnetic materials must be used (magnetic permeability less than 1.05).  All conducting materials must be designed to reduce eddy current forces during a quench.  We have chosen bronze C63200 which satisfies these requirements.  It can also be manufactured in large forged pieces.  The HRS design is shown below in Figure 5‑64.
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[image: D:\Current Jobs\Mu2e experiment\Mu2e model-06\renderings\1 - shield-06-exp-001.jpg]
[bookmark: _Ref318093718][bookmark: _Ref319089223][bookmark: _Toc323118296][bookmark: _Toc290968272]Figure 5‑64: Baseline HRS design show in 4 views.

A thermal analysis has been completed and the very acceptable results are shown in Figure 5‑65 below [52].

[image: ]
[bookmark: _Ref318094306][bookmark: _Toc323118297]Figure 5‑65: HRS Temperatures

The performance of the shield meets the requirements the amount of heat and radiation allowed to the superconducting coils and is summarized in Table 5‑11 below [47]

[bookmark: _Ref319089453][bookmark: _Toc323118323]Table 5‑11: Performance of HRS compared to specifications on the magnet coils
	Table 5.11Figure 5.64Figure 5.58Figure 5.58Figure 5.58Figure 5.58
	Peak
DPA/yr*
[E-5]
	Peak Power Density
[W/g]
	Rads/yr
[MGy/yr]
	Years Before 7 MGy
	Watts

	Specification
	4 to 6
	15
	0.35
	20
	100

	Performance 
	3.2
	17
	0.33
	21
	20


* This is the DPA damage per year we can get which RRR degrades to 100.  After this RRR reduction we must warm-up and anneal.

0.0.3 [bookmark: _Toc323118217]The Mu2e Proton Beam Absorber
The Mu2e beam absorber [53] stops the proton beam and secondary particles that make their way through and beyond the target in the forward direction.  The beam power from the accelerator complex is 8 kW, and while 0.7 kW will be deposited into the target itself, and 3.3 kW more will be absorbed by the production solenoid heat shield, a significant amount of power is contained in the beam absorber.  The beam absorber must be shielded so that the contribution of its prompt and residual radioactivity does not significantly contribute to the radiation dose rate at the downstream end of the production solenoid enclosure.  

The absorber must be able to accept the entire beam power in the event that the target is missed, or during pre-targeting beam tests.  The beam absorber must be placed outside of and well beyond the Production Solenoid to allow access to the crane hatch and room for remote target exchange equipment.  The beam absorber must be compatible with the extinction model currently located above and behind the beam absorber [54].

The calculations in the following paragraph were done with a 25 kW beam, rather than the current 8 kW baseline beam power.  Using the Fermilab Concentration Model Revised [55] at the design intensity, the average concentration of radionuclides in the sump pump discharge will be 33 pCi/ml due to tritium and 3 pCi/ml due to sodium-22.  This is 30.5% of the total surface water limit if the pumping is performed once a month (conservative scenario).  Build-up of tritium and sodium-22 in ground water at 41020 protons per year will be as low as 0.06% of the total limit over 3 years of operation.  Airflow estimation shows that it needs to be below 500 cfm in the configuration without a pipe connecting the target region to the beam dump (average flux over the whole hall volume is 1.65 cm-2s-1) [56].

The absorber must be able to accept the total number of protons required by the experiment, 41020 over 5 years, plus an acceptable overhead to account for commissioning and tuning (100%), without replacement over the life of the experiment.  The transverse dimensions of the absorber must be consistent with the beam properties as described in the Mu2e Proton Beam Absorber Requirements Document [53], accounting for distance from the target and divergence of the beam, including scattering in the target.  
The transverse proton beam size at the absorber face has a sigma of 1.3 cm in both planes.
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[bookmark: _Ref164394291][bookmark: _Toc290968273][bookmark: _Toc323118298]Figure 5‑66: A cut-away view of the proton beam absorber.  The purple rectangular volume is the aluminum absorber and the surrounding material and entrance are made of concrete.

The proposed absorber, shown in Figure 5‑66, consists of an Al core (with Fe as an alternate) with the dimensions 1.51.52 m and concrete shielding with the dimensions 3.53.55 m, so that the core is surrounded by 1 m of concrete from the sides and the bottom. It has a 1.51.5 m opening toward the beam and also a 2.5 2.5 1 m albedo trap to protect the downstream end of the Production Solenoid from the secondary particles generated by the spent proton beam in the Al core.

The simulations [56], [58] show that peak power density in accidental mode (primary beam misses the target) will be 0.6 W/g for the Al core. In the normal operation mode (primary beam hits the target) where the spent beam hits the absorber, the respective values will be 7 mW/g for an Al core. Residual dose on contact with the concrete shielding of the beam absorber after 30 days of irradiation and 1 day of cooling will be at the level of few mSv/hr. Dynamic heat load in the dump is presented in Table 5‑12.

	Dump/mode
	Q(kW)

	Al, accident
	5.8

	Fe, accident
	6.7

	Al, operation
	1.4

	Fe, operation
	1.7


[bookmark: _Ref164394338][bookmark: _Ref286331180][bookmark: _Toc290968299][bookmark: _Toc323118324][image: ]
[bookmark: _Ref197585174][bookmark: _Toc319136857]Figure 5.62: Cut-away view of the PS with the target “cartridge” inserted inside the heat and radiation shield, the target insertion & extraction tool, and the hot cell & manipulator arms.
0.0.4 [bookmark: _Toc319136779]The Mu2e Heat and Radiation Shield
The Heat and Radiation Shield (HRS) serves to protect the superconducting coils of the Production Solenoid (PS) from the intense radiation generated by the primary proton beam striking the production target within the warm bore of the PS. This shield also protects the coils in the far upstream end of the Transport Solenoid (TS). The HRS must have sufficient inner aperture to allow for efficient capture of pions and muons to maximize the muon stopping rate in the stopping target. 

The heat shield is intended to prevent radiation damage to the magnet coil materials and prevent quenches of the superconducting PS. A detailed explanation of the HRS requirements is given in [47].  The HRS has four primary performance parameters:

1. Limit the continuous power delivered to the cold mass.
2. Limit the instantaneous local heat load allowed anywhere within the superconducting coils.
3. Limit the maximum local radiation dose to the superconductor epoxy over the lifetime of the experiment.
4. Limit the damage to the superconductor’s aluminum stabilizer and copper matrix.

With regard to the fourth parameter above, at liquid helium temperature damage to the atomic lattice of a superconducting cable and its quench stabilizing matrix made from normal conductor takes the form of an accumulation of atomic displacements; i.e., tiny lattice defects. After exposing a metal sample to a given neutron flux spectrum, the damage can be characterized by the average number of displacements per atom (DPA).  The DPA is directly related to electron transport in metals. The Residual Resistivity Ratio (RRR), defined as the ratio of the electrical resistance at room temperature of a conductor to that at 4.5 K, will decrease with exposure to radiation. However, warming the irradiated conductor to room temperature leads to recovery of the RRR [48] [49], but the degree of recovery depends on the metal. The PS utilizes superconducting cable embedded in an aluminum matrix for quench protection.  Aluminum is one example of a material that shows complete recovery at 300 K.  The annealing time is on the time scale of minutes at 300 K. The specification of the heat shield is that the RRR of the Al stabilizer in the coil package should not be reduced below 100 in a one year operating period.  Warming-up to anneal once per year is consistent with the annual Fermilab Accelerator shutdowns that typically last for several weeks.

An acceptable shield design should establish the following limits for nominal operating conditions: the maximum allowable total heat load deposited in the PS coils must be less than 100 W.  The most radiation sensitive material sets the lower limit of radiation tolerance; in particular, the epoxy used to bond the insulation to the superconducting cable can tolerate a maximum of 7 MGy before it experiences a 10% change in its shear modulus. This leads to a 350 kGy/yr limit that allows a conservative 20 years of operation.  This limit of 350 kGy/yr is the equivalent of 30 W/gm. The performance of the HRS is summarized in Table 5.11.

	
	Peak
DPA/yr*
[E-5]
	Peak Power Density
[W/g]
	Rads/yr
[MGy/yr]
	Years Before 7 MGy
	Watts

	Specification
	4 to 6
	30
	0.35
	20
	100

	Performance [48]
	3.2
	17
	0.33
	21
	20


[bookmark: _Ref197584212]Table 5.11. Performance of HRS compared to specifications on the magnet coils.
* This is the DPA damage per year at which RRR degrades to 100. After this RRR reduction we must warm-up and anneal
The Heat and Radiation Shield, shown in Figure 5.63 and Figure 5.64, is constructed of several cylindrical bronze shells. The shield has an outer radius of 70 cm over most of the volume, but the radius is expanded to 73.75 cm in critical regions where the energy deposition is the largest. The PS inner cryostat wall, at a radius of 75 cm, will support the final HRS design. The length of the HRS is about 4 m. The pion production target is located in the HRS cavity. The inner shield wall is limited to no less than 25 cm [50] since smaller radii negatively affect the stopped muon yield.  In addition, any acceptable shield design must avoid any line-of-sight cracks between components that point from the target to the inner cryostat wall and thus the magnet coils.  The red block in  at the proton beam entrance marks the location of the HRS protection collimator.  The protection collimator is designed to ensure that no mis-steered proton beam directly hits the HRS or the solenoid coils.

The HRS must be dimensionally and otherwise mechanically stable. Current simulations suggest the shield will experience an average heat load of 3.3 kW.  The HRS is inside the solenoid.  Radiation cooling (passive) leads to unacceptably high operating temperatures in the HRS; therefore, the shield must be actively cooled.  The cooling is accomplished by using water channels at the outer radius of the HRS. These water channels are alternated with support rod channels that connect the ring sections.

The materials used to construct the shield must not impact the magnetic field specifications of the solenoid system, therefore, non-magnetic materials must be used (magnetic permeability less than 1.05). All conducting materials must be designed to reduce eddy current forces that can arise during a quench. We have chosen bronze C63200 which satisfies these requirements.  It can also be manufactured in large forged pieces.  A thermal analysis has been completed and the results are shown in Figure 5.65 below [52]. The performance of the shield limits the heat and radiation to the superconducting to an acceptable level. 
[bookmark: _Ref197586334][bookmark: _Toc319136858][image: :Screen shot 2012-05-02 at 1.50.12 PM   May 2.png]Figure 5.63: PS Heat and Radiation Shield geometry simulated in MARS15.  Note the target lies on the magnet axis in the plane shown.  The target is tilted 14 away from the axis.  The HRS is shown in brown, which represents bronze material.
0.0.5 [bookmark: _Toc319136780]The Mu2e Proton Beam Absorber
The Mu2e beam absorber [53] stops the proton beam and secondary particles that make their way through and beyond the target in the forward direction.  The beam power from the accelerator complex is 8 kW, and while 0.7 kW will be deposited into the target itself, and 3.3 kW more will be absorbed by the production solenoid heat shield, a significant amount of power is contained in the beam absorber.  The beam absorber must be shielded so that its prompt and residual radioactivity does not significantly contribute to the radiation dose rate at the downstream end of the production solenoid enclosure.  

Table 5‑12: Power deposition in the proton beam absorber: The "accident" condition refers to the proton beam missing the target and the "operation" condition refers to the proton beam striking the target.


[image: :Screen shot 2012-03-12 at 2.26.05 PM   Mar 12.png]
[bookmark: _Ref197586247]Figure 5.64. The Heat and Radiation Shield shown in 4 views.
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[bookmark: _Ref197595702][bookmark: _Ref197568224][bookmark: _Toc290968276][bookmark: _Toc323118299]Figure 5.65: Temperature profile of the Heat and Radiation Shield.

The beam absorber must be able to accept the entire beam power in the event that the target is missed, or during pre-targeting beam tests.  The beam absorber must be placed outside of and well beyond the Production Solenoid to allow access to the crane hatch and room for remote target exchange equipment.  The beam absorber must be compatible with the extinction model located above and behind the beam absorber [54].

The performance of the beam absorber was evaluated for a beam power of 25 kW, following the initial proposal for Mu2e. Using the Revised Fermilab Concentration Model [55], the impact of the beam absorber on the surrounding environment was evaluated. The calculations demonstrated that average concentration of radionuclides in the sump pump discharge will be 33 pCi/ml due to tritium and 3 pCi/ml due to sodium-22.  This is 30.5% of the total surface water limit if pumping is performed once a month (conservative scenario).  Build-up of tritium and sodium-22 in ground water at 41020 protons per year will be as low as 0.06% of the total allowed limit over 3 years of operation.  Estimates show that airflow should be below 500 cfm in the configuration without a pipe connecting the target region to the beam dump (average flux over the whole hall volume is 1.65 cm-2s-1) [56].

The absorber must be able to accept the total number of protons required by the experiment, 41020 over several years, plus an acceptable overhead to account for commissioning and tuning (100%), without replacement over the life of the experiment.  The transverse dimensions of the absorber must be consistent with the beam properties as described in the Mu2e Proton Beam Absorber Requirements Document [53], accounting for distance from the target and divergence of the beam, including scattering in the target.  The transverse proton beam size at the absorber face has a sigma of 1.3 cm in both planes.

The proposed absorber, shown in Figure 5.66, consists of an Al core (with Fe as an alternate) with the dimensions 1.5  1.5  2 m and concrete shielding with the dimensions 3.53.55 m, so that the core is surrounded by 1 m of concrete from the sides and the bottom. It has a 1.51.5 m opening toward the beam and also a 2.5  2.5  1 m albedo trap to protect the downstream end of the Production Solenoid from the secondary particles generated by the spent proton beam in the Al core.

[image: :Screen shot 2012-05-03 at 8.46.42 AM   May 3.png]Simulations [56], [58] show that peak power density in accidental mode (primary beam misses the target) will be 0.6 W/g for the Al core (Figure 5.67). In the normal operation mode (primary beam hits the target) where the spent beam hits the absorber, the respective values will be 7 mW/g for an Al core. Residual dose on contact with the concrete shielding of the beam absorber after 30 days of irradiation and 1 day of cooling will be at the level of few mSv/hr. Dynamic heat load in the dump is presented in Table 5.12.


[bookmark: _Ref197589896][bookmark: _Toc319136861]Figure 5.66: A cut-away view of the proton beam absorber.  The purple rectangular volume is the aluminum absorber and the surrounding material and entrance are concrete.

	Dump/mode
	Q(kW)

	Al, accident
	5.8

	Fe, accident
	6.7

	Al, operation
	1.4

	Fe, operation
	1.7


[bookmark: _Ref197587218][bookmark: _Toc319136887]
[bookmark: _Ref197655597][image: ]Table 5.12: Power deposition in the proton beam absorber: The "accident" condition refers to the proton beam missing the target and the "operation" condition refers to the proton beam striking the target.

[bookmark: _Ref197595799][bookmark: _Toc319136862]Figure 5.67: Temperature distribution for an air-cooled proton beam absorber for the case where the beam misses the target and the full beam power is deposited in the absorber.
The results of MARS15 [56] and ANSYS calculations [57] show that for passive cooling during operation mode, the peak power densities lead to temperature conditions below melting. The melting point for aluminum is 660C. Though passive cooling would be preferable, there are a few drawbacks to passive schemes. For natural convection, one would want a reservoir air space above the absorber. This may interfere with shielding and/or the extinction monitor. Conduction to the concrete requires one to make assumptions about the quality of the aluminum/concrete thermal contact and thermal continuity of the concrete. Conduction to the earth through additional means may be promising and merits consideration.  For now our baseline is the conservative solution of active cooling with air [58].  The aluminum core will be constructed using 20 plates of 100 mm thickness along the beam.  To facilitate air cooling the plates will have machined gaps in some areas of plate-to-plate interfaces to provide channels for air flow.  Air flows in the transverse direction to the beam.  The air flow system consists of a Vortex blower with inlet filter, duct system, manifolds (integral with concrete shielding) and a vent to the target hall with outlet filter.
Figure 5‑67: Aluminum core, air cooling.  Beam misses the target, accident case.

The results of MARS15 [56] and ANSYS calculations [57] show that for passive cooling during operation mode, the peak power densities lead to temperature conditions below melting. The melting point for aluminum is 660C. Though passive cooling would be preferable, there are a few drawbacks to passives schemes. For natural convection, one would want a reservoir air space above the absorber.  This may interfere with shielding and/or the extinction monitor.  Conduction to the concrete requires one to make assumptions about the quality of the aluminum/concrete thermal contact and thermal continuity of the concrete.  Conduction to the earth through additional means may be promising and merits consideration.  For now our baseline is the conservative solution of active cooling with air [58].  The aluminum core will be constructed using 20 plates of 100 mm thickness along the beam.  To facilitate air cooling the plates will have machined gaps in some areas of plate-to-plate interfaces to provide channels for air flow.  Air flows in the transverse direction to the beam.  The air flow system consists of a Vortex blower with inlet filter, duct system, manifolds (integral with concrete shielding) and a vent to the target hall with outlet filter.

[bookmark: _Toc319136781]Radiation Safety Plan
[bookmark: _Toc302030969][bookmark: _Toc319136782]Introduction
The Mu2e experiment requires the delivery of an 8 kW proton beam from the Fermilab Booster to the Recycler Ring, transport through the P1, P2, M1 and M3 lines followed by injection into the Delivery Ring. From the Delivery Ring, beam is to be resonantly extracted to a new external beam line and transported to a new experiment hall that is to be constructed near the Delivery Ring enclosure. The purpose of this section is to discuss the adequacy of the existing Accumulator/Debuncher facility shielding and to describe the modifications and controls that will be required to operate the facility for the Mu2e experiment within the requirements of the Fermilab Radiological Controls Manual (FRCM) [64].

The naming convention of various machines requires some explanation. Some beam line and accelerator names are changing, in part, because their repurposing from antiproton production to proton delivery for the Mu2e experiment requires reconfiguration. In some cases, beam lines are being removed and other lines are being installed. Reference is made to both the old and new configurations because radiation shielding measurements for the old configuration are directly applicable to the new configuration. Table 5.13Table 5.13 can be used as a cross reference for the old/new naming conventions.


	Old Name
	New Name
	 New Purpose

	Recycler Ring
	Recycler Ring
	8 GeV beam RF manipulations

	P1 line
	P1 line
	Transport from RR to Main Ring F0

	P2 line
	P2 line
	Transport from F0 to F17

	AP1 line
	M1 line
	Transport from F17 to M3

	AP3 line
	M3 line
	Transport from M3 to Delivery Ring

	Debuncher Ring
	Delivery Ring
	Prepare beam for slow resonant extraction

	-
	M4 line
	Beam line from Delivery Ring extraction to Production Solenoid

	Accumulator Ring
	-
	


[bookmark: _Ref319128003][bookmark: _Toc319136888]Table 5.135.13. Naming conventions for antiproton source machines (old) and Mu2e/g-2 (new) machines.
[bookmark: _Toc302030970][bookmark: _Toc319136783]Scope
Batches of 8 GeV protons will be produced in the Fermilab Booster and transported to the Recycler Ring where they will be re-bunched into four 2.5 MHz bunches. One of the four bunches will be kicked out of the Recycler and transported through the P1 line, P2 Line, M1 line, M3 line and then injected into the Delivery Ring. The bunch will be transferred from the Delivery Ring by slow resonant extraction through the new M4 beam line to the Production Solenoid. The remaining three bunches will be similarly transported to the Production Solenoid. 267 ms later, the next Booster batch will be delivered to the Recycler Ring where the process is repeated in the same sequence. A pair of Booster batches will be produced every 1.33 seconds or once every Main Injector acceleration cycle. 

Scope
Batches of 8 GeV protons will be produced in the Fermilab Booster and transported to the Recycler Ring where they will be re-bunched into four 2.5 MHz bunches. One of the four bunches will be kicked out of the Recycler and transported through the P1 line, P2 Line, M1 line, M3 line and then injected into the Delivery Ring. The bunch will be transferred from the Delivery Ring by slow resonant extraction through the new M4 beam line to the Production Solenoid. The remaining three bunches will be similarly transported to the Production Solenoid. 267 ms later, the next Booster batch will be delivered to the Recycler Ring where the process is repeated in the same sequence. A pair of Booster batches will be produced every 1.33 seconds or once every Main Injector acceleration cycle. 

The primary focus of this Radiation Safety Plan is to assess the radiation safety concerns, primarily radiation shielding, for the downstream M1 line, the M3 line, the Delivery Ring, the new M4 extraction line, the production target and solenoid, and the beam absorber. The MI8 line, Recycler Ring, P1 line, P2 line, and upstream M1 line that are part of the beam transfer to the Delivery Ring are also considered.

A fundamental issue associated with repurposing the Debuncher Ring arises from the radiation skyshine phenomenon. A shielding assessment conducted for the Antiproton Source in 2000 for Tevatron Collider Run II [65] provides the basis for evaluation of the skyshine. The radiation shield thickness between the Accumulator/Debuncher Service Buildings and underlying tunnel is a total of 10 feet. The partial shield composition due to the concrete tunnel ceiling and the service-building floor is a total of 1.5 feet of concrete. The remaining shield space consists of river washed gravel that has a packing efficiency of perhaps 80%. A calculation [66] has shown that a total beam loss of 250 Watts due to normal operations distributed among the three service buildings would deliver an effective dose of 10 mrem per 4000 hours of operation at a distance of about 500 meters. If permitted to exist, such an annual dose triggers a DOE reporting level and/or would restrict public access to large areas of the laboratory that presently do not have restricted access. Since the anticipated normal beam loss in the Accumulator/Debuncher Rings for the Mu2e experiment may be considerably larger, an improved radiation-shielding scheme is required for the Accumulator/Debuncher Service Buildings.

The present shielding for the Accumulator/Debuncher arcs and beam transport lines, including sections of AP1 and AP3, while adequate for the Anti-proton production, will require some mitigation when repurposed for the Mu2e experiment.
[bookmark: _Toc302030971][bookmark: _Toc319136784]Radiation Safety Plan Elements
The Radiation Safety Plan consists of 11 elements as follows:

· Radiation Skyshine
· Total Loss Monitoring system
· Beam collimation systems
· Supplemental shielding requirements
· Labyrinths and Penetrations Evaluation
· Radiological Posting and Fencing Requirements
· Entry Controls
· Residual Radioactivity Control
· Air Activation
· Surface Water Activation
· Ground Water Activation

Radiation Skyshine has become the dominant concern and is discussed first since the solution for the skyshine problem is the most challenging. A proposed Total Loss Monitoring system (TLMs) is a key element of the Radiation Safety Plan and is discussed next because the protection it provides sets the scale for the level of protection required by other elements of the Plan. 
[bookmark: _Ref283897202][bookmark: _Ref283897086]Skyshine
Radiation skyshine can occur when a shower of energetic neutrons exits a thinly shielded zone. The emitted neutrons can travel large distances since interactions in the atmosphere occur rarely due to the density of the atmosphere. It is the usual practice to design a radiation shield consistent with the power of the associated beam such that secondary particles produced by beam losses would be absorbed. It is a relatively simple matter to determine the thickness of the required radiation shield. For example, the radiation dose rate due to the total loss of a 25 kW, 8 GeV beam on an iron magnet five feet from a beam enclosure ceiling can be reduced to less than 1 mrem/hr by a radiation shield of nominal density that is about 21 feet thick.

Figure 5.68Figure 5.68 shows a measurement from the 2000 pbar shielding assessment of a deliberate beam loss of about 12.8 Watts on an iron magnet about 5 feet from the tunnel ceiling in the Accumulator/Debuncher Ring. The total thickness of the shielding in this location is 10 feet, but the performance of the shield indicates that the shield is effectively 7 feet thick. The reduced performance is attributed to the use of river-washed gravel in the intervening shield with a packing efficiency of perhaps 80%.

The geometry shown in the Figure 5.68 is typical of the Accumulator/Debuncher storage rings. A calculation of the radiation skyshine emitted from such a shield with an incident beam power of 25 kW has been completed [66]. One result of this calculation, shown in Figure 5.69, is that significant radiation dose rates are possible at considerable distance from the Accumulator/Debuncher Rings. The potential for measurable radiation exposure to non-radiation workers as well as members of the public can be realized unless some protective measures are implemented.

[image: ]
[bookmark: _Ref290044335][bookmark: _Toc302030777][bookmark: _Toc319136863]Figure 5.685.68. A typical measurement from the 2000 pbar shielding assessment. This particular measurement is of a deliberate beam loss of about 12.8 Watts on an iron magnet about 5 feet from the AP30 tunnel ceiling in the Accumulator/Debuncher Ring. The shield thickness is 10 feet at this location.
[image: ]The geometry shown in the Figure 5.69 is typical of the Accumulator/Debuncher storage rings. A calculation of the radiation skyshine emitted from such a shield with an incident beam power of 25 kW has been completed [66]. One result of this calculation, shown in Figure 5.70, is that significant radiation dose rates are possible at considerable distance from the Accumulator/Debuncher Rings. The potential for measurable radiation exposure to non-radiation workers as well as members of the public can be realized unless some protective measures are implemented.
[bookmark: _Ref197659704]Figure 5.69. Radiation effective dose rate as a function of distance due to a continuous 25 kW beam loss at the Accumulator Injection Lambertson Magnet.
[image: TwoPerCentReduxGraph.WMF]The mitigation factor required to protect against a 500 Watt beam loss distributed among the three Accumulator/Debuncher service buildings was calculated; the result is shown in Figure 5.70. Based on a 500 Watt beam loss persisting over an operational year of 4000 hrs, the shielding effectiveness must be improved by a factor of 30 to 50 in order to limit the effective dose rate to less than 1 mrem per year at a distance of about 500 meters from the Accumulator/Debuncher rings. Alternatively, limiting the lost beam to a maximum of 10 Watts would give essentially the same reduction factor of 50. It is this approach, the control and limitation of beam loss at the Accumulator/Debuncher service buildings, which is to be used in the radiation safety plan for Mu2e. The contributions of radiation effective dose from other radiation sources such as the M3 line berm and the Accumulator/Debuncher service building exit stairways must be included in this analysis. The sum of effective dose rates from all such sources must be considered to ensure that the annual effective dose guidelines are met.
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[bookmark: _Ref290044877][bookmark: _Toc302030778][bookmark: _Toc319136864]Figure 5.70. Radiation effective dose rate as a function of distance due to a continuous 25 kW beam loss at the Accumulator Injection Lambertson Magnet.
[bookmark: _Ref197659683]Figure 5.70. Calculated reduction factors to meet equivalent dose limits as a function of distance. The present shielding must be enhanced by a factor of 30-50 to reduce the dose at 500 m due to a 500 Watt beam loss to less than 1 mRem/year.The mitigation factor required to protect against a 500 Watt beam loss distributed among the three Accumulator/Debuncher service buildings was calculated; the result is shown in . Based on a 500 Watt beam loss persisting over an operational year of 4000 hrs, the shielding effectiveness must be improved by a factor of 30 to 50 in order to limit the effective dose rate to less than 1 mrem per year at a distance of about 500 meters from the Accumulator/Debuncher rings. Alternatively, limiting the lost beam to a maximum of 10 Watts would give essentially the same reduction factor of 50. It is this approach, the control and limitation of beam loss at the Accumulator/Debuncher service buildings, which is to be used in the radiation safety plan for Mu2e. The contributions of radiation effective dose from other radiation sources such as the M3 line berm and the Accumulator/Debuncher service building exit stairways must be included in this analysis. The sum of effective dose rates from all such sources must be considered to ensure that the annual effective dose guidelines are met.

Total Loss Monitoring System
A Total Loss Monitoring system (TLMs) is an ion-chamber-based Radiation Safety System that has been conceived to effectively limit the duration and intensity of uncontrolled or unintended beam loss. By limiting the duration and intensity of beam loss in the various beam enclosures, the need for additional passive shielding is reduced or eliminated. In addition, the transmission of radiation through various labyrinths, ducts, and penetrations can also be limited by to levels permitted by the FRCM. The TLM consists of an HJ5-50 heliax cable containing argon gas with a high voltage applied to the outer shield. Electric charge resulting from ionization of the argon gas due to interaction with beam shower is collected and measured with an electrometer. The amount of charge collected has been found to be directly proportional to lost beam. The relationship of beam loss and radiation dose rates outside of the passive shielding at the Antiproton Source Facility was extensively studied and documented in a shielding assessment conducted in 2000. By combining the results of these known relationships, a comprehensive system to limit radiation dose rates outside of the beam enclosures for the Mu2e experiment has been developed. Extensive testing for TLM systems has been ongoing since June 2011. The Total Loss Monitoring system can be used to limit beam loss for a wide variety of applications including at facilities with insufficient passive shielding, control of radiation skyshine, control of beam loss at labyrinths and penetrations, and the control of residual radiation levels for worker protection. 

[image: TwoPerCentReduxGraph.WMF]
[bookmark: _Ref290045127][bookmark: _Toc302030779][bookmark: _Toc319136865]Figure 5.71. Calculated reduction factors to meet equivalent dose limits as a function of distance. The present shielding must be enhanced by a factor of 30-50 to reduce the dose at 500 m due to a 500 Watt beam loss to less than 1 mRem/year.
The TLM response has been measured for a number of beam loss geometries at an energy of 8 GeV. The charge collection per 1010 protons varies with the mass of objects into which the beam is lost. TLM response from beam loss in more massive objects tends to be lower than is the case for less massive objects. The TLM response for the accident condition shown in Figure 5.68Figure 5.69 was measured using three different lengths of TLM. The result, shown in Figure 5.71 Figure 5.72, has been determined to be about 6 nC of charge per 1010 protons lost.
[image: ]
[bookmark: _Ref197659593]Figure 5.71. 125’, 250’, and 338’ TLM response to deliberate beam loss on a magnet (ELAM).
A similar determination has been made from another accident condition studied at the A2B7 magnet as shown in Figure 5.72Figure 5.73; in this second case, the charge collected from a 250’ TLM and a 338’ TLM is about 3 nC per 1010 protons as is shown in Figure 5.73.n Figure 5.74.

[bookmark: _Ref197659511]Figure 5.72. Measured radiation dose through a 13 foot shield due to a controlled 8 GeV beam loss at A2B7.
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[bookmark: _Ref197659638]Figure 5.73. Measured 250’ and 338’ TLM response to a controlled 8 GeV beam loss at A2B7.
[image: ]In order to use TLMs to control beam losses for the Mu2e experiment, it is important to understand their response as a function of beam intensity. The TLM response to 8 GeV beam loss as a function of low, medium, and high intensity and as a function of applied high voltage has been studied at the controlled beam loss location shown in Figure 5.72. It was found that as the single pulse beam intensity increases, the TLM response decreases unless the applied high voltage to the TLM is increased appropriately. The TLM response as a function of 3 beam intensities, roughly spanning 2 decades, is shown as a function of applied high voltage in Figure 5.74. At an applied high voltage of 500 volts, the response drops by about 20% for the high intensity beam loss case relative to the low and medium cases. With an applied high voltage of 1000 to 2000 volts, the difference in response is 10% or less. It will be shown below that the per pulse beam loss at the high intensity, shown in Figure 5.74, is well beyond tolerable beam loss levels for any of the beam lines under consideration for Mu2e. The TLM electrometer system will be required to disable the proton beam in most cases when either the low or medium level intensity beam loss is detected. 
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[bookmark: _Ref197591561][bookmark: _Ref319131129][bookmark: _Toc319136866]Figure 5.72. 125’, 250’, and 338’ TLM response to deliberate beam loss on a magnet (ELAM).
In order to use TLMs to control beam losses for the Mu2e experiment, it is important to understand their response as a function of beam intensity. The TLM response to 8 GeV beam loss as a function of low, medium, and high intensity and as a function of applied high voltage has been studied at the controlled beam loss location shown in Figure 5.73. It was found that as the single pulse beam intensity increases, the TLM response decreases unless the applied high voltage to the TLM is increased appropriately. The TLM response as a function of 3 beam intensities, roughly spanning 2 decades, is shown as a function of applied high voltage in Figure 5.75. At an applied high voltage of 500 volts, the response drops by about 20% for the high intensity beam loss case relative to the low and medium cases. With an applied high voltage of 1000 to 2000 volts, the difference in response is 10% or less. It will be shown below that the per pulse beam loss at the high intensity shown in Figure 5.75 is well beyond tolerable beam loss levels for any of the beam lines under consideration for Mu2e. The TLM electrometer system will be required to disable the proton beam in most cases when either the low or medium level intensity beam loss is detected. 
[bookmark: _Ref319132094][bookmark: _Toc319136867]
[bookmark: _Ref193252810]Figure 5.73. Measured radiation dose through a 13 foot shield due to a controlled 8 GeV beam loss at A2B7.
[bookmark: _Ref197659442]Figure 5.74. Measured TLM response for three beam loss intensity conditions as a function of applied TLM voltage. The response is approximately 3 nC/1010 protons lost at A2B7.
[bookmark: _Ref319132063][bookmark: _Toc319136868][image: ]
[bookmark: _Ref197568810]Figure 5.74. Measured 250’ and 338’ TLM response due to a controlled 8 GeV beam loss at A2B7.
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[bookmark: _Ref319132121][bookmark: _Toc319136869]Figure 5.75. Measured TLM response for three beam loss intensity conditions as a function of applied TLM voltage. The response is approximately 3 nC/1010 protons lost at A2B7.

Another important observation has been noted regarding TLM response as a function of loss location. Figure 5.75Figure 5.76 and Figure 5.76  Figure 5.77 show coincident TLM response and chipmunk response for a series of beam pulses injected into the Accumulator Ring. The chipmunks indicated in the 0 to 25 foot positions are the same array as depicted in Figure 5.68Figure 5.69. The chipmunks in the 100 to 125 foot location are the same array as depicted in Figure 5.72.  Figure 5.73. These two figures demonstrate the following points:

a. In Figure 5.76Figure 5.77, the response of chipmunks in the AP3 service building is greater in most cases than on the berm at A2B7, even though the beam is extinguished at A2B7 (except for the ELAM OFF) case. This clearly illustrates that individual TLMs must be placed and designated specifically considering the amount of shielding available. A TLM trip level established for the shielding berm would not be sufficient for a TLM trip level necessary for protection in the region of the service building.
b. The TLM response as a function of beam intensity is lowest for the A2B7 loss case; this is the most massive device in the region covered by the study. The response is approximately 3 nC/1010 protons.
c. In Figure 5.75Figure 5.76, a series of blue points for the 250’ TLM shows TLM response for clean injection (all beam lost at A2B7) and for various trim magnet current changes intended to mis-steer the beam. The TLM response increases above the level for clean injection, but never drops below it. Inspection of Figure 5.76 Figure 5.77 for these corresponding points shows the chipmunk response at the AP30 service building is also increasing, attributed to beam scraping on ELAM. The largest TLM response for this series of measurements is about 5 nC/1010 protons.
d. In Figure 5.75Figure 5.76, two points labeled “before reverse proton tune-up” and “losses between ELAM and A2B7” show rather extreme TLM response resulting from grossly mis-steered beam. The TLM response is approximately 10 nC/E10 protons.
e. It is generally understood in the shielding of components in beam line enclosures that massive objects tend to concentrate losses and consequently, require thicker passive shielding. This is rationalized by the understanding that for a thin, less massive object such as beam pipe, the shower development spans a longer distance along the inside tunnel wall surface, effectively decreasing the spatial flux density. The resulting peak dose rate outside of a radiation shield is thus diluted by this geometry factor. Alternately, when a less massive object such as a beam pipe is buried in the shield, the spatial flux density is concentrated and the shielding requirement is increased; this is because the low density shield at the loss point less effectively attenuates the initial shower. These points are readily illustrated by examination of the shield scaling criteria commonly used for assessment of radiation shielding (Table 5.14Table 5.14).

Collectively, these observations indicate that setting a TLM trip level for the limiting case on the most massive object for the region (in this case, 3 nC/1010 protons) guarantees that protection for the worst case beam loss condition is established. 

As described previously, it has been determined that beam loss distributed among the three service buildings must be limited to a total of 10 Watts (4.69  1011 protons per minute at 8 GeV) in order to observe the annual radiation dose limit at publicly occupied locations such as Wilson Hall. The Debuncher circumference is 505 meters in length. The length of each service building where the shielding is thinnest is about 51 meters. Each service building would have its own TLM to cover the 51 meter length. By limiting the beam power loss at each service building to 3.3 Watts, it is assured that the 10 Watt beam loss total beneath the service building limit would be observed. (Alternately, if the TLMs can be monitored from a central location, perhaps the sum of the three could can be limited to 10 Watts.)

	Category
	Dose Equivalent Rate
	magnet in enclosure
	pipe in enclosure
	buried pipe

	No. Interlocked Detectors
	
	a
	b
	c

	1
	<1
	22
	20
	24

	2
	1<D<5
	19.9
	17.9
	21.9

	3
	5<D<100
	16.5
	15.5
	18

	4
	100<D<500
	15
	13
	16.5

	5
	500<D<1000
	14
	12
	15.5


[bookmark: _Ref193252290][bookmark: _Toc319136889]Table 5.145.14. Shielding requirements for a 21013 proton beam loss occurring every 57 seconds for an hour for a 1 TeV beam.

The ELAM accident condition depicted in Figure 5.68 serves as a basis for limiting beam power losses at the service buildings. However, the final configuration of the Delivery Ring must be specified to determine the device type for which the protection basis is to be established. The TLM response to the ELAM loss condition is about 6 nC/1010 protons, as can be determined from Figure 5.71. A 3.3 Watt beam loss corresponds to a total beam loss of 1.551011 protons per minute that should yield about 93 nC/min of charge collected at the TLM.

TLMs can only determine the sum of charge collected for the regions in which they are installed. Consequently, a charge of 93 nC/min could be collected from a single point loss such as at ELAM as well as from a uniformly distributed loss throughout the entire straight section. To first order, the skyshine contribution for a uniformly distributed loss or a single point loss should be equivalent. However, a single point loss must be considered the limiting case for personnel protection locally in the service building. Returning to Figure 5.68, a normal loss of 1.55  1011 protons per minute (9.31012 protons per hour) at ELAM would deliver a normal beam loss of about 6.5 mrem/hr. This radiation dose rate is acceptably low for normal beam operation in the service buildings if the buildings are locked radiation areas. The buildings would normally be accessible during 8 kW beam operation with a TLM based Radiation Safety System.

[image: ]
[bookmark: _Ref319132168][bookmark: _Toc319136870]Figure 5.755.76. TLM response for various beam losses on 250’ and 338’ TLMs for varying beam loss conditions in the vicinity of ELAM and A2B7. The Accumulator bend bus is de-energized so that no beam is transported beyond A2B7.
The ELAM accident condition depicted in Figure 5.69 serves as a basis for limiting beam power losses at the service buildings. However, the final configuration of the Delivery Ring must be specified to determine the device type for which the protection basis is to be established. The TLM response to the ELAM loss condition is about 6 nC/1010 protons, as can be determined from Figure 5.72. A 3.3 Watt beam loss corresponds to a total beam loss of 1.551011 protons per minute that should yield about 93 nC/min of charge collected at the TLM.
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[bookmark: _Ref319132177][bookmark: _Toc319136871]Figure 5.77. Simultaneous chipmunk responses for various beam injection conditions in the vicinity of ELAM and A2B7. Locations are in feet relative to the upstream end of ELAM. The Accumulator bend bus is de-energized so that no beam is transported beyond A2B7.
TLMs can only determine the sum of charge collected for the regions in which they are installed. Consequently, a charge of 93 nC/min could be collected from a single point loss such as at ELAM as well as from a uniformly distributed loss throughout the entire straight section. To first order, the skyshine contribution for a uniformly distributed loss or a single point loss should be equivalent. However, a single point loss must be considered the limiting case for personnel protection locally in the service building. Returning to Figure 5.69, a normal loss of 1.55  1011 protons per minute (9.31012 protons per hour) at ELAM would deliver a normal beam loss of about 6.5 mrem/hr. This radiation dose rate is acceptably low for normal beam operation in the service buildings if the buildings are locked radiation areas. The buildings would normally be accessible during 8 kW beam operation with a TLM based Radiation Safety System.

A TLM based Radiation Safety System can similarly be used to protect the outdoor areas of the Delivery Ring, M2 M3 line, and the AP0 service building. The first step is to determine what radiation dose rate is acceptable for outdoor radiation areas. For example, from the FRCM, a normal dose rate of 0.05 mrem/hr requires no extraordinary posting or fencing. Using the shielding scaling criteria, a beam loss of 1.96  1012 protons per minute would result in a dose rate of 1 mrem/hr. A single point beam loss of 9.78  1010 protons per minute (a 2 Watt beam power loss) would result in a dose rate of 0.05 mrem/hr. In this particular case, the shield scaling criteria can be compared against a measurement.  Figure 5.72 shows that a beam loss of 3.6  1013 protons delivers a peak dose of about 0.27 mrem. By simple scaling of the measurement, it follows that a single point beam loss of 9.78  1010 protons per minute on the A2B7 magnet would give a radiation dose rate of 0.044 mrem/hr.

Another reasonable approach for setting a TLM trip level is to limit residual activation in the beam enclosure to ensure worker radiation exposure is kept at reasonable levels. 1 Watt per meter is typically used as a design basis for accelerators. The length of the Debuncher arcs, including the stairway sections of the service buildings, is a total of 352 meters in length. Three individual TLMs could be used to control beam loss in the arcs, each about 118 meters in length. This implies that the TLM trip level could be set at the equivalent of 118 Watts of 8 GeV protons or a total of 5.531012 protons per minute. TLMs cannot discriminate between a distributed beam loss and a single point beam loss, so it is possible that a single point beam loss of 5.53  1012 protons per minute could occur. Since the 1 Watt per meter average beam loss is a normal condition, the resulting dose rate on the surface of the shielding berm due to a single point normal beam loss must be considered. Using techniques described above, the resulting dose rate from such a beam loss would be 2.5 mrem/h. Since the normal dose rate would be less than 5 mrem/hr under normal conditions, Controlled Area posting and a minimal occupancy requirement would be sufficient. It would be improbable, though acceptable, that the entire normal beam loss would occur randomly at some single point in the arcs. Consequently, TLMs set into each of the arcs with a trip level of 1700 nC/minute would provide sufficient protection against normal radiation beam loss. Further consideration of [image: ]accident conditions for the Debuncher arcs is unwarranted. 

[bookmark: _Ref197596039]Figure 5.76. Simultaneous chipmunk responses for various beam injection conditions in the vicinity of ELAM and A2B7. Locations are in feet relative to the upstream end of ELAM. The Accumulator bend bus is de-energized so that no beam is transported beyond A2B7.Another reasonable approach for setting a TLM trip level is to limit residual activation in the beam enclosure to ensure worker radiation exposure is kept at reasonable levels. 1 Watt per meter is typically used as a design basis for accelerators. The length of the Debuncher arcs, including the stairway sections of the service buildings, is a total of 352 meters in length. Three individual TLMs could be used to control beam loss in the arcs, each about 118 meters in length. This implies that the TLM trip level could be set at the equivalent of 118 Watts of 8 GeV protons or a total of 5.531012 protons per minute. TLMs cannot discriminate between a distributed beam loss and a single point beam loss, so it is possible that a single point beam loss of 5.53  1012 protons per minute could occur. Since the 1 Watt per meter average beam loss is a normal condition, the resulting dose rate on the surface of the shielding berm due to a single point normal beam loss must be considered. Using techniques described above, the resulting dose rate from such a beam loss would be 2.5 mrem/h. Since the normal dose rate would be less than 5 mrem/hr under normal conditions, Controlled Area posting and a minimal occupancy requirement would be sufficient. It would be improbable, though acceptable, that the entire normal beam loss would occur randomly at some single point in the arcs. Consequently, TLMs set into each of the arcs with a trip level of 1700 nC/minute would provide sufficient protection against normal radiation beam loss. Further consideration of accident conditions for the Debuncher arcs is unwarranted. 

The remainder of the beam lines, including the section of the M1 line which lies beneath the AP0 service building, the M2 (Transport) line beneath the AP0 service building, and the M2 (Transport Enclosure) beam line can all be similarly protected using TLMs. A list of TLMs required to provide protection for the complex at 8 kW beam power operation is shown in Table 5.15.

The M4 extraction line from the Debuncher to the experiment hall is new construction and will be designed and built with 16 feet of passive shielding. TLMs could be used to limit the average beam loss to 1 Watt/meter. Further consideration of normal and accident conditions would be unnecessary.
The remainder of the beam lines, including the section of the M1 line which lies beneath the AP0 service building, the M3 (Transport) line beneath the AP0 service building, and the M3 (Transport Enclosure) beam line can all be similarly protected using TLMs. A list of TLMs required to provide protection for the complex at 8 kW beam power operation is shown in Table 5.15.



	Location
	Length
(meters)
	Basis
(normal condition)
	Peak Surface Dose Rate
	TLM trip level
nC/min

	AP1 line at AP0
	11.6
	1 W/m
	3.75
	2,200

	M2 M3 (Transport) Beam line upstream
	138
	5 mrem/h
	5
	7,500

	M2 M3 (Transport)  Beam line downstream
	138
	5 mrem/h
	5
	7,500

	AP30 Service Building

	51
	3.3 Watts
	6.5

	93

	AP10 Service Building
	51
	3.3 Watts
	6.5
	93

	AP50 Service Building
	51
	3.3 Watts
	6.5
	93

	Delivery Ring 20 Arc
	118
	1 W/m
	2.5
	1,700

	Delivery Ring 60 arc
	118
	1 W/m
	2.5
	1,700


	Delivery Ring 40 arc
	118
	1 W/m
	2.5
	1,700

	M4 extraction beam line upstream
	138
	1 W/m
	0.5
	3,675

	M4 extraction beam line downstream
	138
	1 W/m
	0.5
	3,675

	gG-2 Abort Line
	
	
	
	


[bookmark: _Ref197593803][bookmark: _Ref319130758][bookmark: _Toc319136890]Table 5.15. TLM applications for 8 kW beam operation in the Accumulator/Debuncher. The choice of application is based upon the most limiting case among radiation skyshine, single point beam loss locations, and residual radiation levels in the beam enclosure.
The M4 extraction line from the Debuncher to the experiment hall is new construction and will be designed and built with 16 feet of passive shielding. TLMs could be used to limit the average beam loss to 1 Watt/meter. Further consideration of normal and accident conditions would be unnecessary.

Table 5.15. TLM applications for 8 kW beam operation in the Accumulator/Debuncher. The choice of application is based upon the most limiting case among radiation skyshine, single point beam loss locations, and residual radiation levels in the beam enclosure.
The implementation of TLM based Radiation Safety System requires the development of an electrometer . The effort is to develop and electrometer is presently ongoing within the Accelerator Divisioninterface currently under development within the Accelerator Division. This effort is independent of the Mu2e Project. The present Radiation Safety System interface to the Chipmunk ion chamber would be used with only minor modifications to the currently available selectable trip levels. that are currently available.
[bookmark: _Ref290045293]Beam collimation systems
A set of transverse and momentum beam collimation systems can be used to capture beam losses at controlled locations that might otherwise occur at locations such as RF cavities and other limiting apertures, for example, momentum apertures. It is estimated that beam not captured in the momentum phase space is less than 0.1% of the total beam power or about 3.751011 protons per minute. This level of beam loss is well below that described above the for 1 Watt/meter case in the Debuncher arcs. Therefore, momentum collimation systems should not be necessary for radiation protection purposes in the Debuncher Ring, although they could be added at some later date if necessary. 

Transverse collimation systems could be useful, for example, to limit beam loss in RF cavities in the straight sections beneath the AP Ring service buildings. At this time, it is thought that control of beam size and available apertures in the straight sections is sufficiently good such that transverse collimation systems will not be required. Transverse collimation systems could be added in the event they are found to be necessary to limit radiation losses in the straight sections. An example of a collimator application is shown in Figure 5.77Figure 5.78.

Supplemental shielding requirements
The primary safety system for beam operations in the Accumulator/Debuncher Rings will be the TLM system described above. The system will prevent beam operation when any beam power loss limits are exceeded. However the TLMs system will not guarantee that the beam can be operated; it can only limit operation in the event of excessive beam loss. Since the existing passive shielding is only sufficient for very low beam power losses, supplemental shielding will need to be provided inside the tunnel enclosure anywhere that significant beam losses might occur. Beam transfer junctions, kicker systems, and the electrostatic septa to be used at AP30 for extraction to the M4 beam line hall will require supplemental shielding. 

Local shielding in the tunnel such as is currently used at the Debuncher injection septum (see Figure 5.78) will be required to limit normal radiation losses in the AP10, AP30, and AP50 service buildings. Each foot of steel shielding provides a factor of 10 reduction in the overall shielding thickness. Therefore, a three foot shield would provide a factor of 1000 reduction. The floor loading resulting from installation of such local shielding has been determined to be well within the design criteria [67]. 

Losses at the Debuncher extraction region due to beam interaction with electrostatic septa are expected to be about 2% to 5% under normal conditions. These losses will result in significant residual activity levels in the beam enclosure as well as very high prompt radiation levels in the AP30 service building. A shielding module or modules will be designed and built to both limit prompt radiation levels in the AP30 service building and to minimize residual radiation levels in the beam enclosure during beam enclosure access. Such a shielding module could be designed with features that permit remote disconnection of vacuum C-clamps and other bolted closures and plugged connections.
[image: ][image: DSC01180.JPG][image: DSC01180.JPG]
[bookmark: _Ref319132860][bookmark: _Toc302030780][bookmark: _Toc319136872]Figure 5.775.78. Two Beam collimation systems used in the Fermilab Booster Accelerator.
[bookmark: _Ref290044024]Supplemental shielding requirements
The primary safety system for beam operations in the Accumulator/Debuncher Rings will be the TLM system described above. The system will prevent beam operation when any beam power loss limits are exceeded. However the TLMs system will not guarantee that the beam can be operated; it can only limit operation in the event of excessive beam loss. Since the existing passive shielding is only sufficient for very low beam power losses, supplemental shielding will need to be provided inside the tunnel enclosure anywhere that significant beam losses might occur. Beam transfer junctions, kicker systems, and the electrostatic septa to be used at AP30 for extraction to the M4 beam line hall will require supplemental shielding. 

Local shielding in the tunnel such as is currently used at the Debuncher injection septum (see Figure 5.79) will be required to limit normal radiation losses in the AP10, AP30, and AP50 service buildings. Each foot of steel shielding provides a factor of 10 reduction in the overall shielding thickness. Therefore, a three foot shield would provide a factor of 1000 reduction. The floor loading resulting from installation of such local shielding has been determined to be well within the design criteria [67]. 

[image: ]
[bookmark: _Ref283899329][bookmark: _Toc302030781][bookmark: _Toc319136873]Figure 5.785.79. Four inch supplemental shield above the Debuncher Injection Septum
Losses at the Debuncher extraction region due to beam interaction with electrostatic septa are expected to be about 2% to 5% under normal conditions. These losses will result in significant residual activity levels in the beam enclosure as well as very high prompt radiation levels in the AP30 service building. A shielding module or modules will be designed and built to both limit prompt radiation levels in the AP30 service building and to minimize residual radiation levels in the beam enclosure during beam enclosure access. Such a shielding module could be designed with features that permit remote disconnection of vacuum C-clamps and other bolted closures and plugged connections.

Table 5.16Table 5.16 contains a list of components that are likely to require supplemental steel shielding, an estimate of anticipated beam power loss in the Delivery Ring beam enclosure along with a preliminary required shield thickness. These components may all be required to be located in the AP30 straight section. Since the total beam loss in the straight section must be limited to 3.3 Watts, the beam power loss due to these known loss points must be limited sufficiently to prevent excessive skyshine losses. The shielding thicknesses given in Table 5.16Table 5.16 can be adjusted as the understanding of anticipated beam loss improves.

The final configuration of supplemental shielding for the Mu2e project will be driven by the necessity to keep the TLM system from interrupting beam for normal operations. Considerations for supplemental shielding include control of radiation skyshine, limit worker exposure during tunnel access, and limit the production of surface water, ground water, and airborne radioactivity emissions.

	Location
	Component
	% Beam Loss
	Lost Beam power
	Iron shield thickness
	Effective Beam power loss (Watts)

	Debuncher
	Injection kicker
	0.5%
	40 Watts
	2 feet
	0.4

	Debuncher
	Injection Septum
	0.5%
	40 Watts
	2 feet
	0.4

	Debuncher
	Electrostatic Septum
	Up to 5%
	400 Watts
	3 feet
	0.4

	Debuncher
	Extraction line quad
	1%
	80 Watts
	2 feet
	0.8

	Debuncher
	Extraction Lambertson
	1%
	80 Watts
	2 feet
	0.8


[bookmark: _Ref319133076][bookmark: _Toc302030801][bookmark: _Toc319136891]Table 5.165.16. Supplemental In Tunnel Steel Shielding in the AP30 straight section to limit beam power loss to 2.8 Watts. The total beam loss at AP30 must be limited to 3.3 Watts in order to observe skyshine limits.
The final configuration of supplemental shielding for the Mu2e project will be driven by the necessity to keep the TLM system from interrupting beam for normal operations. Considerations for supplemental shielding include control of radiation skyshine, limit worker exposure during tunnel access, and limit the production of surface water, ground water, and airborne radioactivity emissions.

In the present configuration of the M2 M3 beam line, it will not be possible to add supplemental shielding, especially beneath the AP30 service building where the total shielding thickness is 10 feet. This beam line center is about 18 inches below the ceiling; consequently, there is no available space to add shielding. A shielding study was made for the existing AP3 line at AP30 that has a similar geometry to determine whether it should be possible to operate an 8 kW beam line with sufficiently low losses. The measurements were made after simple reverse proton tune up of the AP3 line followed by tuning up injection closure. After completing this tune up, the Accumulator bend bus was turned off to ensure that no circulating beam contributed to the chipmunk response for the measurement. An array of detectors was placed on the floor of the AP30 service building in the locations shown in Table 5.17Table 5.17. Several reverse proton injection of about 3.51012 protons per pulse were made with the nominal tuning. This single pulse intensity is about 3.5 times the beam intensity intended for 8 kW operation of the M2 M3 line. Consequently, this test of normal injection losses should be a severe one, especially because the line has not been optimized for the Mu2e experiment. Results for the measurement of normal injection, normalized for 8 kW operation, are shown in Figure 5.79Figure 5.80. Normal injection losses appear to be reasonable until at location 13, about 3 feet past the beginning of the down bend. Once past the down bend, radiation dose rates quickly rise to unacceptably high levels. There are several points to make about the results of this normal beam loss injection study:

a. It should be possible to design the M2 M3 line near the tunnel ceiling for clean beam injection to keep normal radiation levels acceptably low. The present aperture and optics should be used as a minimum standard for this section of the M2 M3 beam line.

b. The losses in the down bend region for the existing line are unacceptably high. The optics and aperture of this section of the line need to be improved in order to maintain acceptably low beam losses, especially to minimize radiation sky shine.

c. The peak radiation dose rates for the existing line are well in excess of 1 rem/hr. However, it is possible to add steel shielding to the region to reduce injection losses. Some combination of improved aperture and steel shielding should be possible to reduce normal losses to acceptable levels.

A second study was done to understand the effectiveness of the service building radiation shielding for the region of the beam line near the ceiling where it is not possible to add steel shielding. For this study, the same conditions used for the normal injection loss study except that the vertical down bend power supply (EBV1) was turned off. The results of this accident condition study are shown in Figure 5.79Figure 5.80. The resulting radiation dose rates are high but would be readily preventable with the proposed TLM system trip levels proposed in Table 5.15.Table 5.15. 

The production solenoid located in the target hall may require supplemental shielding. The initial conception of the production solenoid included an iron return yoke that would have doubled as a radiation shield in the target hall to reduce residual radiation levels around the production solenoid. The shield could serve to limit radiation worker exposure during maintenance activities in the target hall. It remains to be determined whether such a shield will be required. The need for such a shield can be determined after consideration of the following unknowns:

a. Residual radiation dose rates in the target hall around the production solenoid as a function irradiation and cooling time. This work is in progress.

b. Specific tasks to be performed including number of workers, duration of tasks, spatial location requirements for work

Residual radioactivity in the target hall is discussed further below.

	Location
	Position
	channel #

	1
	4' DS of EQ8
	2109

	2
	plus 10' 3"
	2108

	3
	plus 8' 1"
	2107

	4
	minus 44" US of EQ7
	2106

	5
	plus 14" DS of HT906B and 14" beam left of the beam line
	2105

	6
	plus 102" DS of cryo room wall
	2104

	7
	plus 39" DS of VT906B
	2103

	8
	at EQ6
	2102

	9
	plus 4' 2" DS of EBV1
	2101

	10
	plus 71" of location 9
	2110

	11
	plus 61" of location 10
	2111

	12
	minus 14" of EQ2 and 73" DS of location 11
	2100

	13
	plus 35" of EBV1
	2099

	14
	plus 51" of EQ1
	G:A3RD01

	15
	minus 28" of cmag
	G:A3RD00

	16
	plus 51" of cmag
	2098

	17
	nominal location - plus 20" of ELAM
	2097

	18
	nominal location - 69" US of North wall
	2096


[bookmark: _Ref319133195][bookmark: _Toc319136892]Table 5.175.17. Chipmunk locations for AP30 service building injection line shielding study.
Interlocked Detectors
Historically, each service building of the Accumulator/Debuncher Rings has required the use of about 14 interlocked detectors to limit the intensity and duration of accidental beam loss. Interlocked detectors connected to the Radiation Safety System should no longer be required for beam operation in the Debuncher since TLMs will provide that function.  
Labyrinth and Penetration Evaluation
The shielding evaluation for the Accumulator/Debuncher Rings and related beam transport lines have been considered in conjunction with discussion on TLMs applications. Penetrations through the passive radiation shielding including stairways, various ducts, and cable penetrations are considered in this section. TLMs described above also play a role in limiting the radiation dose rate for these penetrations through the radiation shield.

[image: ]
[bookmark: _Ref319133285][bookmark: _Toc319136874]Figure 5.795.80. Radiation dose rate measurement for normal and accident conditions in the existing AP3 line beneath the AP30 Service Building. Green points are for optimized injection. Red points show the result with the vertical down bend magnets (EBV1) de-energized.
An Excel spreadsheet developed by the ES&H Section [70] was used to calculate the radiation dose rates at the exit of labyrinths and penetrations based upon user input parameters including the source term, aspect ratio, and length of each of the legs of the labyrinth or penetration. The evaluated penetrations are listed in Table 5.15 Table 5.15 along with the resulting dose rate calculated for the 2000 Pbar shielding assessment. The third column of the table shows the resulting dose rate by scaling to the 8 kW beam power required for Mu2e. The fourth column shows the maximum number of protons lost per hour as limited by the TLMs trip levels established in Table 5.15Table 5.15. The fifth column shows the maximum possible dose rate (single point beam loss) at the exit of facility penetrations based upon the TLM trip levels established in Table 5.15.Table 5.15. As indicated in Table 5.17Table 5.17, the resulting radiation dose rates at the exits of these penetrations are within limits prescribed by the FRCM. No addition remediation will be required for the existing facility including the three elevator shafts at the type 1 stairways.

	Penetration Name
	Calculated exit dose rate from 2000 pbar shielding assessment
	Scaled to 8 kW, 8 GeV proton beam loss
	Max protons lost/hour limited by TLMs
	Penetration dose rate limited by TLMs

	Determined for 3.6E13 8 GeV primary protons per hour
	 
	 
	 

	ACC/DEB airshaft
	7.54E-02
	47
	3.32E+14
	1

	ACC/DEB stairway type 2
	1.85E-03
	1
	3.32E+14
	0

	Transport to AP0 penetrations
	9.62E-02
	60
	1.115E+14
	0

	Stub Room Penetrations
	2.00E-01
	125
	9.281E+12
	0

	AP0 water pipe penetrations
	8.21E-01
	513
	1.115E+14
	3

	Transport air duct vent to AP0
	4.01E-03
	3
	1.115E+14
	0

	Transport to F27 Penetrations
	6.32E-14
	0
	1.115E+14
	0

	ACC/DEB elevator shafts
	5.09E-01
	318
	3.32E+14
	5

	Transport stairway
	4.47E-02
	28
	1.115E+14
	0

	ACC/DEB stairway type 1
	1.41E-05
	0
	3.32E+14
	0

	AP50 Pit Vent
	7.63E-07
	0
	9.281E+12
	0

	AP50 Pit Labyrinth
	1.78E-02
	11
	9.281E+12
	0

	Determined for 1.8E16 120 GeV primary protons per hour
	 
	 
	 

	PreVault stairway
	1.58E-02
	0
	3.26E+13
	0

	Sweeping Magnet Penetrations
	1.23E+00
	0
	3.26E+13
	0

	PreVault to F23 Penetrations
	5.12E-04
	0
	3.26E+13
	0


[bookmark: _Ref319133763][bookmark: _Toc319136893]Table 5.185.18. 2000 Pbar shielding assessment penetration dose calculations scaled to proposed TLM trip levels. Radiation dose rates at penetration exits would require no addition mediation if TLMs are used as described above.
For a cross check of the adequacy of the calculations of attenuation through the stairways shown in Table 5.18Table 5.18, one can review results of a set of measurements [73] made in January 2011 to measure radiation attenuation through the rings service building stairways. The dose rate outside the stairway exit door was measured to be about 4.5 rem/hr for a 25 kW beam loss on ELAM. The service building area TLMs will limit total proton beam loss to about 9.31012 protons per hour. Scaling the result of the stairway measurement, the resulting dose rate just outside the labyrinth door at the proposed TLM trip limit would be about 0.6 mrem/hr; this result is somewhat higher than the dose rate calculated in the spreadsheet; however, the measurement result is consistent with radiation area posting levels proposed for the service buildings.
[bookmark: _Ref283897157]Fence and radiological posting requirements
The implementation of the TLM system along with in-tunnel, supplemental shielding will limit radiation dose rates in accessible outdoor areas. The Controlled Area posting would be required and the areas would need to be established as for minimal occupancy. No fences or other physical controls would be required by the FRCM. The new M4 beam line enclosure directed to the production solenoid should not require fencing or radiological posting since it will be designed (16’ shielding in conjunction with TLM system use) for the intended beam power for the Mu2e experiment.
[bookmark: _Ref283897173]Entry controls - requirements for service building and shielding berm beam-on access
The calculated radiation dose rates in the Accumulator/Debuncher service buildings including the AP0, AP10, AP30 and AP50 service buildings will be high enough to warrant the Radiation Area posting. Access to the buildings by trained Radiation Workers can be permitted since the anticipated radiation dose rates are within the limits for such activities prescribed by the FRCM.

The radiation dose rates in outdoor areas including the Debuncher berm and the Transport enclosure berm may be measureable during beam operations. The radiation levels there would be limited there by the TLM system to those requiring the Controlled Area posting. Other controls such as fences would not be required. The areas would be established as minimal occupancy areas as described by the FRCM. No other postings or controls would be required for these outdoor areas.
[bookmark: _Ref283897185]Residual radioactivity control
The use of supplemental shielding and the TLM system, both described above, will serve to limit residual radiation levels due to beam operations in the enclosures while workers are present. The further control of worker exposure for the Mu2e project can be accomplished with well-established work procedures and practices currently in place within the Accelerator Division.

Residual radioactivity in the target hall due to activation of the Production Solenoid beam absorber and the production solenoid/target will be significant. Some MARS calculations have been performed to understand the levels of residual radioactivity as a function of irradiation and cooling times. Examples of this work areis shown in Figure 5.80Figure 5.81.

The residual dose rates indicated in Figure 5.80Figure 5.81 are taken from the surface of components within the target hall. Some additional work is required to determine the radiation dose rate contours in the spaces of the target hall where occupancy is possible or required. As mentioned previously in the section on supplemental shielding, a list of work activities for the target hall is necessary to understand the collective radiation dose that will accrue in support of the Mu2e experiment.

A concrete radiation shield is shown surrounding the production solenoid in Figure 5.80Figure 5.81 left. If there are tasks to be completed on the Production Solenoid, the concrete shield would be an additional radiation source that would add to worker exposure rather than limit it. It is not clear at this time whether the concrete shield should be used. If the concrete shield is not installed, the radiation dose rates at the enclosure side walls would certainly increase. However, the radiation dose rate to workers in close proximity to the Production Solenoid would be reduced. Some additional study is required to understand how to control worker exposure to residual radioactivity in the target hall.

[image: ] 	[image: ]
[bookmark: _Ref319133887][bookmark: _Toc319136875]Figure 5.805.81. Plan view of target hall at beam elevation (left) and at floor elevation showing residual radiation dose rates (mSv/h) after 30 days irradiation and 7 days cooling time. Residual rates vary significantly as a function of elevation in the target hall. Radiation dose rates at the floor elevation beneath the production solenoid are much lower than at beam elevation. The beam absorber is not shown. Concrete shielding around the production solenoid may be undesirable. 
[bookmark: _Ref283897216]Ground water activation
The major sources of ground water activation due to beam operations at the Accumulator/Debuncher facility for the Mu2e experiment includes losses at the following locations:

· Debuncher beam absorber
· Diagnostic absorber
· Main beam absorber (downstream of the Production Solenoid)
· Debuncher Injection
· Debuncher extraction 

Detailed calculations for ground water activation for Mu2e operation of the Accumulator/Debuncher Rings have been completed [74]. No ground water issues have been identified.
[bookmark: _Ref283897231]Surface water activation
The major sources of surface water activation due to beam operations at the Accumulator/Debuncher facility for the Mu2e experiment are the same sources as those listed for ground water activation.  Detailed calculations for surface water activation for Mu2e operation of the Accumulator/Debuncher Rings have been completed [74]. No surface water issues have been identified.
[bookmark: _Ref283897244]Airborne radioactivity
The major source of airborne radioactivity due to beam operations at the Accumulator/Debuncher facility for the Mu2e experiment is from primary/secondary beam passing through the air volume between the Production Target Solenoid and the Main Beam Absorber. Other sources to be considered are due to beam losses at locations listed in the ground water section. Local shielding at the extraction region and other beam transfer locations may reduce airborne radioactivity levels significantly. Ventilation controls might be required depending upon the amount of activity produced. However, the need to limit beam losses related to the skyshine problem should eliminate any concern for airborne radioactivity other than the major source at the Production Solenoid. Detailed calculations for airborne radioactivity for Mu2e operation have been completed [74]. Engineered ventilation controls will be used to limit the impact of air emissions for the Mu2e project.

The Production Solenoid Enclosure air system will be separated from the M4 beam line enclosure by a gate/barrier located near the M4 beam line absorber. The air supply in the Production Solenoid Enclosure will come from a supply duct located adjacent to the Production Solenoid Beam Absorber. This air will pass through the Production Solenoid Enclosure and will be exhausted at an exhaust trunk located near the gate/barrier. The normal exhaust flow rate at the normal fan speed will be about 50 cfm. In the event of an ODH alarm in the Production Solenoid Enclosure, a high fan speed will exhaust air at 2000 10,000 cfm from the same exhaust stack.

A separate ventilation exhaust stack, located on the M4 beam line side of the gate/barrier, will exhaust air from the Delivery Ring and M4 beam line. The nominal flow rate for this system will be designed and set to minimize emission of airborne radioactivity from the Delivery Ring and M4 beam line.

Finally, a third exhaust fan will be located in the Transport Enclosure (M2 M3 beam line enclosure) as a second exhaust for the Transport beam line and the Delivery Ring. 
[bookmark: _Toc302030972][bookmark: _Toc319136785]Radiation Safety Plan Summary
Operation of the Mu2e experiment in a repurposed Antiproton Source Facility at a beam power of 8 kW appears feasible. The radiation skyshine issue is mitigated with the application of TLMs as described above in conjunction with local, in-tunnel steel shielding. Special attention will be required to the design of the M2 M3 line to ensure that relatively loss free injection is possible. Supplemental steel shielding will be necessary to mitigate losses, especially at beam transfer points located beneath the service buildings where radiation shielding is thinnest. Entry controls like those used for the AP0 service building during the years of Pbar Source operation, including Radiation Area postings, Radiation Work Permits, and locked doors will be sufficient and will allow worker access to service buildings during beam operations. Controlled Area postings will be required for the Transport Enclosure shielding berm and the Debuncher shielding berm. Electrometers for the TLM system are being developed independently of the Mu2e project and will connect directly to the existing Radiation Safety System.
[bookmark: _Toc319136786]Operations Preparation 
[bookmark: _Toc319136787]Machine Protection
The high beam power in the Mu2e transport lines and storage rings will require a sophisticated machine protection system to avoid damage of accelerator components due to errant beam pulses.  The backbone of the machine protection scheme will be a beam permit system that will be based on the existing CAMAC serial loop permit system used in the Antiproton Source, with a number of upgrades to make it compatible with the operating scenarios required for Mu2e operations. Increased beam power levels to certain portions of the Mu2e complex, as compared to current Antiproton Source operation, will translate to an increased number of systems being monitored by the beam permit system.  Systems that will be monitored need to be carefully defined for each beam line and the Delivery ring, and likely will include power supplies status and output, beam orbits, loss monitors, beam intensities, vacuum components, and safety system devices. Some systems, such as the TLM that is being considered in the radiation safety portion of this document, can also be used to augment the machine protection system.

The increased number of devices monitored by the beam permit will result in an increase in the number of required CAMAC 200 modules.  This will only have a minimal cost due to the ample stock of spare CAMAC 200 modules that will be available from the Tevatron after HEP Collider operations are retired.  These modules will only require an EPROM or PAL change in order to be used for Mu2e operations.

In cases where a changing analog signal must be sampled at a specific time, such as the flat top value of a ramping power supply, a CAMAC 204 module and associated chassis will be used to provide the permit to the CAMAC 200 module.  Currently CAMAC 204 modules are used to sample dipole and quadrupole stacking ramps at flattop in the P1, P2, and AP-1 lines, with different ramps covering different beam modes.  In the Mu2e era, the same CAMAC 204 modules can easily be used to monitor the Mu2e ramps as long as the same power supplies and MADC channels are used.  If Switchyard 120 GeV operations are still in place, we will need to maintain this configuration in the P1 and P2 lines. The cost associated with implementing new CAMAC 204 modules can be significant since it includes the 204 chassis, a fan in box, a VME crate and VME processor and HRM data acquisition system. Since very few devices in the Mu2e rings will be ramped, it is anticipated that we will need very little, if any, additional CAMAC 204 module coverage.
Beam Permits
There will be two sets of beam permits required for Mu2e operation: The M1/M3/Delivery Ring Beam Permit and P1/P2 Beam Permit. The M1/M3/ Delivery Ring beam permit will use the existing Pbar permit loop that has a path the covers all service buildings that have equipment associated with the M1, M3 and Delivery Ring. This permit will provide a single input back to the Beam Switch Sum Box (BSSB) in the Main Control Room, which in turn will provide a single beam switch and beam permit indication at each of the Main Control Room beam switch boxes. When the Delivery Ring beam permit conditions are lost, the Delivery Ring permit drops, sending Delivery Ring beam to a beam abort located in the AP-2 beam line. Due to the addition of a Delivery Ring beam abort, the Delivery Ring permit will need CAMACamac 201 and 479 cards located in a rack adjacent to the Delivery Ring abort kicker at AP-50. Extending the abort cabling to the Mu2e experimental hall will also allow us to send Delivery Ring beam to the Delivery Ring abort if Mu2e experimental hall loses its beam permit.

Once the P1 beam line is no longer used to transport beam to the Tevatron, the existing P1 and P2 beam line permits will be combined into a single P1/P2 beam permit for Mu2e operations, with a single input back to the Beam Switch Sum Box (BSSB) in the Main Control Room. When the P1/P2 beam permit conditions are lost, new Mu2e beam is inhibited until the permit conditions are restored.
Operating Scenarios
The beam permit system must be able to handle all possible operating scenarios.  Normal Mu2e operations will have beam traverse the entire Mu2e accelerator chain, being sent down the extraction line to the Mu2e experimental hall.  However, there are two other possible modes of operation corresponding to running beam to either the extraction line beam dump or the Delivery Ring beam dump. To send beam to the extraction line dump, there will be a switched magnet in the extraction line that will determine if the beam is sent to the Mu2e experiment or the dump.  To send beam to the Delivery Ring beam dump, simple permit masking configurations will be created.
Software
There are a number of software issues to be addressed with the implementation of the machine protection scheme.  An ACNET interface will need to be written for the beam abort, similar to the current Pbar interface page P67. Controls experts have written a generic template page for aborts, which will minimize programming time.  The beam line auto-tune application will need to be upgraded for Mu2e operations to include the correct beam line path, beam energies, and cycle times.  It has become the norm at Fermilab for beam line tuners to be written as Open Access Clients (OACs) which run in the background, so additional programming time may be required to migrate this application to an OAC platform.
[bookmark: _Toc319136788]R&D Plan for the Mu2e Accelerator Subproject
Many studies will be needed to bring the whole design to its maturity.  In many cases prototype tests and machine studies are necessary to resolve important unknowns before final design decisions are made.  In this chapter we summarize our current plan for these studies. Although their schedule will depend largely on the availability of resources and accelerator beam time, it is in the best interest of the project to be able to carry them out as early as possible.
[bookmark: _Toc319136789]Debuncher and Slow extraction
Further studies should be performed in the Debuncher to better understand its environment for slow extraction.  One of these studies is to continue tune-space scans to determine potential impact of any existing high order resonances during slow extraction ramps near the operating point for Debuncher Mu2e operation. Two different techniques have been tested using pbar stacking cycles. We plan to continue this study as soon as machine time becomes available.  

A second study that needs to be done is measuring the ripple in the Debuncher main quadrupole bus power supplies. This measurement can give us an idea what level of tune ripple to expect during slow extraction. This study does not even require the presence of beam in the Debuncher and can be executed as soon as “quiet time” becomes available.  

A third extraction study is the testing of RFKO beam blowup efficiency. This study requires substantial resources to be available as it assumes the installation of the RFKO device in the Debuncher ring and the creation of the control infrastructure (power supplies, regulation, controls) required to operate it. These studies are presently underway.

In addition to these studies in the Debuncher, we would like to complete the half-integer resonance tests in the Main Injector using the existing slow extraction system.  The novelty of the half-integer extraction scenario proposed for potential use in Mu2e is that it is using the zero-harmonic ramp exclusively of the harmonic quad ramp.  Although the parameters of the Main Injector slow extraction are far from those of Mu2e, the existence of the slow spill operation in the Main Injector provides a unique chance to carry out proof-of-principle tests.  
[bookmark: _Toc319136790]Extinction
Achieving an out-of-time beam extinction level of 10-10 will be an extremely challenging task that involves using two unprecedented techniques: a 300 kHz/5 MHz AC dipole system to remove out-of-time beam, and the operation of the extinction monitoring device at the required level of sensitivity. While the latter can only be demonstrated when beam of the desired quality becomes available, the feasibility of the former must be demonstrated on the test stand.  In the current design, the two frequency components will be provided by the same type of magnet: a three meter magnet composed of half-meter segments. A prototype of one of these segments has been constructed and successfully tested. The full specified field of 160 G at 300 kHz has been achieved. High frequency tests will be conducted when a suitable power supply is located.

Because the high resolution extinction monitor relies on high momentum proton scatters that can be well modeled, no R&D is planned; however tests are planned for the low resolution particle telescope that will measure the extinction of the ring.  A simple charged particle telescope will be installed in the MiniBooNE beam line. It will consist of three small quartz Cerenkov detectors that will be read out by Silicon photomultipliers (SiPM’s).  This telescope will be used to measure scattering from the prototype thin foil profile monitor which is still located in the beam line, and use this to reconstruct a statistical picture of the out of time beam.  Once the measurement is successful, it can be used to test models of out of time beam formation in the Booster.
[bookmark: _Toc319136791]Radiation protection
Currently the radiation safety systems in Fermilab use “chipmunk” detectors for radiation level monitoring.  This technology is well proven but limited in detection range and extremely expensive when needed to cover large areas. A new robust and money-saving technique using Total Loss Monitors (TLM) is proposed for the safety system. A TLM is a long ionization chamber built using heliax cable and filled with a noble gas.  This technique would enable us to cover large areas with very few detectors.  Although very promising, the technique is not safety certified and needs to be tested. The full suite of required test has not yet been specified by the Fermilab ES&H office, nevertheless we have started some tests with 2 long detectors in the Pbar tunnel enclosure, using a real beam environment with controlled losses and radiation level monitoring in the service building.  
[bookmark: _Toc319136792]Instrumentation
Slow spill rate regulation requires fast (a few hundred turns) and reliable spill monitoring.  However this measurement will be difficult, as it needs to resolve intensities of protons per bunch, or peak current of about 25uA. Several techniques have been examined as candidates, but only one has the potential to provide the required performance at a reasonable cost and complexity;  a modified Resistive Wall Monitor with resonant readout.  Preliminary calculations and quick table tests have demonstrated potential viability of this technique. We need to conduct more detailed tests with more realistic prototype parameters before CD-2.
[bookmark: _Toc319136793]Infrastructure
We also have two sets of measurements that are needed to evaluate general system characteristics. One includes careful study of the electric loads on main parts of the Pbar source, and this one has been done already. Both resistive and reactive loads have been measured across service buildings, starting from main power supplies and going down to individual racks. This information will be used for calculating the needs of electric power, cabling, transformers, etc.

An “as found” survey of ring magnet elements is planned, and will be completed before the civil construction begins and after construction ends. This is especially necessary in the extraction section of the Debuncher, because the tunnel levels may be potentially affected by the construction of the external beam line. 
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