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Chapter 9: Tracker
[bookmark: _Ref163928031][bookmark: _Ref163928055][bookmark: _Toc164928348]Tracker
[bookmark: _Ref163836409][bookmark: _Toc164928349]Introduction
The Mu2e tracker provides the primary momentum measurement for conversion electrons. The tracker must accurately and efficiently identify and measure 105 MeV/c electrons while rejecting backgrounds and it must provide this functionality in a relatively unique environment. The tracker resides in the warm bore of a superconducting solenoid providing a uniform magnetic field of 1 Tesla; the bore is evacuated to 10-4 Torr. A key feature of Mu2e is the use of a pulsed beam that allows for elimination of prompt backgrounds by looking only at tracks that arrive several hundred nanoseconds after the proton pulse (see Figure 3.8). The tracker must survive a large flux of particles during the early burst of “beam flash” particles that result from the proton pulse striking the production target, but it does not need to take data during this time. The Mu2e signal window is defined as 670 < t < 1595 (Figure 3.8), where t = 0 is the arrival of the peak of the beam pulse at the stopping target. However, in order to study backgrounds such as radiative pion capture, the tracker must be fully efficient during the interval from 500 < t < 1700 nsec.


The dominant interactions for stopped muons are radiative muon capture – −NN´ – and decay in orbit: . The former frequently leads to ejected protons from nuclear breakup; these are a source of “noise” hits but do not mimic the signal. Decay in orbit, or DIO, produces electrons that are distinguishable from the signal only by their momentum. The differential energy spectrum of DIO electrons, shown in Figure 9.1, falls rapidly near the endpoint, approximately[footnoteRef:1] proportional to (Eendpoint − Ee)5. The most prominent feature is the well-known Michel Peak. Nuclear recoil slightly distorts the Michel peak and gives rise to a small recoil tail that extends out to the conversion energy. The Mu2e tracker is optimized to distinguish conversion electrons from DIO electrons. The key to this is momentum resolution, with particular emphasis on DIO electrons that smear up in energy and appear to be signal electrons. A precision, low mass tracking detector in a magnetic field is the most practical way of achieving the required precision. A tracking system has been designed to meet this requirement while being blind to most of the rate from DIO electrons. [1:  The full Shanker form, not this simplified power-law approximation, is used in Mu2e simulations.] 

[bookmark: _Toc164928350]Requirements
Requirements for the tracker have been documented elsewhere [1] and are only summarized here.
[bookmark: _Ref163804834][bookmark: _Toc164928421][image: ::Screen shot 2012-03-29 at 3.07.35 PM   Mar 29.png]Figure 9.1. Electron energy spectrum from muon decay in orbit. Recoil against the nucleus results in a small recoil tail that extends out to the conversion energy (inset).

The Detector Solenoid [2] will provide a uniform 1 Tesla field in the region occupied by the tracker. To have good acceptance for signal electrons without being overwhelmed by DIO electrons (including electrons scattered into the active region), the active area of the tracker should extend from about 40 < r < 71 cm (where radius r is measured from center of the muon beam)[footnoteRef:2]. The final optimization of these dimensions depends on the size and geometry of the muon stopping target, the size of the muon beam, and the magnetic field properties, but the goal is to maximize the acceptance to conversion electrons while minimizing the number of low energy electrons that intersect the tracker. [2:  Reference 1 specifies 71 cm. Here we use 70 cm based on a cut on polar angle. 105 MeV/c tracks reaching 71 cm have a helix that is too tight to be effectively fit.] 


The momentum resolution requirement is based on background rejection: the signal is sharply peaked, whereas backgrounds are broad (cosmic rays, radiative pion capture) or steeply falling (DIO electrons). For a Gaussian error distribution the requirement is that σ < 180 keV/c. This is simply a convenient reference point; the actual resolution is not Gaussian and may be asymmetric. Furthermore, scattering and straggling in material upstream of the tracker are significant contributors to the final resolution.

To obtain the required precision, multiple scattering through the measurement region must be minimized, as must dE/dx straggling throughout the entire path for signal electrons. Therefore the detector elements must be surrounded by vacuum.

Since neither signal nor DIO electrons reach r > 70 cm, mass at these larger radii does no harm. Therefore mechanical support, readout electronics, etc. are to be placed at r >70 cm.

Because of the need to break and later re-establish vacuum, access to the detector is expected to require several days of downtime. Therefore the tracker will be designed for an overall mean time to failure (MTTF) of >1 year. A few dead channels do not constitute a tracker failure if they can be kept isolated. The ability to isolate local failures is an important part of the design. In particular, the capability to remotely disconnect high voltage to each straw will be implemented so that a few broken or otherwise defective wires will not necessitate an access.

The device must operate at the peak expected rate of ~20 kHz/cm2 at the inner radii at the beginning of the live window; an average rate of ~15 kHz/cm2 during the live window; and it must tolerate (but need not take useful data during) a 3 MHz/cm2 “beam flash” prior to the live window.

Roughly half of the hits in the detector are from slow protons (≲100 MeV/c momentum or ~5 MeV kinetic energy) ejected from the stopping target. The tracker must have dE/dx capability to distinguish such protons from electrons.
[bookmark: _Toc164928351]Recommended Design
The selected alternative for the Mu2e tracker is a low mass array of straw drift tubes aligned transverse to the axis of the Detector Solenoid, referred to as the T-tracker. The basic detector element is a 25 m sense wire inside a 5 mm diameter tube made of 15 m thick metalized Mylar®, referred to as a straw. This choice is based on several points.

· The straw can go from zero to 1 atmosphere pressure differential (for operating in a vacuum) without significant change in performance.
· Unlike other types of drift chambers, each sense wire is mechanically contained within a straw. Thus, failures remain isolated, improving reliability.
· The transverse design naturally places mechanical support, readout electronics, cooling, and gas distribution at large radii.

The detector will have ~20,000 straws distributed into 18 measurement stations across a ~3 m length. Each station will provide a ~200 m measurement of track position.

Each straw will be instrumented on both sides with preamps and TDCs. Each straw will include one ADC for dE/dx capability. To minimize penetrations into the vacuum, digitization will be done at the detector, with readout via optical fibers. Electronics at the detector will not require an external trigger: all data will be transferred out of the vacuum to the DAQ system, and a trigger may be implemented as part of the DAQ.
[bookmark: _Toc164928352]Mechanical Construction
Straws
The T‑tracker is made from 5 mm diameter straws. Each straw is made of two layers of ~6 m (25 gauge) Mylar®, spiral wound, with a ~3 m layer of adhesive between layers. The total thickness of the straw wall is 15 m. The inner surface has 500 Å aluminum overlaid with 200  Å gold as the cathode layer. The outer surface has 500 Å of aluminum to act as additional electrostatic shielding and improve the leak rate. The straws vary in length from 334 mm to 1174 mm active length. The straws will be tensioned to 500 g and supported only at the ends.

The sense wire is 25 m gold plated tungsten, centered in the straw. The wire will be tensioned to 80 g and supported only at the ends.

The drift gas is tentatively taken as 80:20 Argon:CO2 with an operating voltage of ≲1500 V. However, the straw allows for operation with CF4 for higher drift speed.
Panels
Groups of 100 straws are assembled into roughly trapezoidal panels as shown in Figure 9.2. Each panel has two layers of straws, as shown in Figure 9.3, to improve efficiency and help determine on which side of the sense wire a track passes (the classic “left-right” ambiguity). A 1 mm gap is maintained between straws to allow for manufacturing tolerance and expansion due to gas pressure. This necessitates that individual straws be self-supporting across their span.

A plane consists of 6 panels on two faces of a support ring, three panels per face, as shown in Figure 9.4 and Figure 9.5. Note the aluminum ring fattens at the OD to help make it stiff as well as to facilitate attachment to support beams, resulting in the apparent overlap with one of the panels in Figure 9.5.
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Figure 
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. Outline of a tracker panel. Dimensions are in millimeters.
)[image: PanelSimple.png]
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. Edge view of a panel showing the arrangement of straws within a panel. Dimensions are in millimeters.
)[image: C:\mu2e\Cad\V2\PanelSide.png]
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Figure 
9
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4
. Front view of a tracker plane. The grey ring represents the support structure. Panels shown in red are on the front face; panels in light blue are on the back face. The green tube is for cooling. Dimensions are in millimeters.
)[image: Plane.png]
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. Edge view of a plane showing placement of the cooling ring and panels mounted on both sides. Dimensions are in millimeters.
)[image: Macintosh HD:Users:rray:Desktop:Screen shot 2011-04-07 at 3.14.22 PM   Apr 7.png]
Station
A pair of planes forms a station. The 2nd plane is rotated 30° relative to the first. The edge view shows spacing within a station. The intent is to pack all views into as small a Δz as possible to improve stereo robustness. 

Panel orientations within a station are shown in Figure 9.6 and Figure 9.7 and tabulated in Table 9.1.  is measured from the origin (detector center) to the middle of the panel, i.e. a panel with vertical wires will have  = 0 or 180°. The local z coordinate, zL, is measured from the station center to the center of the panel (midway between layers).
Assembled Tracker
The completed tracker, shown in Figure 9.8, consists of 18 stations with 170 mm gaps between stations. Horizontal beams are added to maintain longitudinal alignment of the rings. The thicker rings seen at the end stiffen the structure. The completed tracker has 21,600 straws as shown in Table 9.2.
[image: Station.png]
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[bookmark: _Ref164764759][bookmark: _Toc164928485]Table 9.1. Orientation of straws within a station. ZL refers to the local z coordinate, i.e. relative to the center of the station.

[bookmark: _Ref319499212]Figure 9.6. Front view of a tracker station. The grey ring represents the support structure. Panels shown in red are on the front face; panels in light blue are on the back face. The green tube is for cooling. Dimensions are in millimeters.
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Figure 
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.
7
. Edge view of a tracker station.  Note that planes are assembled "back-to-back" to move the cooling rings to the space between stations.  Dimensions are in millimeters.
)[image: :Screen shot 2011-04-07 at 4.21.55 PM   Apr 7.png]
 (
Figure 
9
.
8
. The assembled tracker.  Dimensions are in millimeters.
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	Stations
	18

	Planes per station
	×2

	Panels per plane
	×6

	Layers per panel
	×2

	Straws per layer
	×50

	Total Straws
	21,600


[bookmark: _Ref163813692][bookmark: _Ref163813683][bookmark: _Toc164928486]Table 9.2. Breakdown of the number of components in the Tracker.  The straw total of 21,600 at the bottom of the second column is the product of the numbers above.

Straw support
Each straw has a 5 mm outer diameter brass tube inserted in each end. As shown in Figure 9.9, inside the brass tube is a longer plastic (or other insulating material) tube to deaden ~1 cm past the gas manifold, and to protect against breakdown.
 (
Figure 
9
.
9
. Straw termination.  The green insulator slips inside a brass tube (red) to deaden the wire near the gas manifold.
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Figure 
9
.
10
. A panel of straw tubes (100 straws) attached to a gas manifold.
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The gas manifold, besides feeding gas, positions the straw tube. A preliminary manifold design is shown in Figure 9.10 with one panel (100 straws) installed. Each panel requires 200 holes. Straws are epoxied to these holes, with the epoxy also forming the gas seal. The interface between a straw tube and the gas manifold is shown in Figure 9.11. The gas manifold will be made of aluminum and anodized to be electrically insulating. The straw is positioned via an external alignment jig (not shown). The location of the holes is not, therefore, critical; however, to avoid weakening the plate, we require 0.25 mm placement and size accuracy.
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Figure 
9
.
11
. Interface of straw end with gas manifold, viewed from inside the manifold.
)[image: ]
To avoid cumulative errors from tolerances on each part, sense wires will be aligned separately using another external alignment jig. The wire is then soldered to the pin. A groove in the injection molded endpiece is filled with epoxy to provide additional support. The wire placement jig can then be reused.
Electronics and Readout
To minimize penetrations through the cryostat, digitizers and zero-suppression logic are located on the detector. The electronics are described in this section. The digitizers are read out into the DAQ system which is described elsewhere [3].

Each straw requires:
· 2 preamp channels, 1 for each end.
· 2 TDC channels, 1 for each end.
· 1 ADC channel, measuring sum of both ends.
· 1 High voltage feed, with disconnect.

There are a total of 43,200 preamp and TDC channels, and 21,600 ADC channels. The two TDC channels allow for a measurement of hit position along the wire using propagation time, i.e. with “time division.” Each panel requires one controller for a total of 216 controllers. Each controller includes communication via an optical cable (one or more fibers) to outside the cryostat, resulting in 216 optical cables penetrating the cryostat.

As shown in Figure 9.12, preamps are located at each straw end; this is required to get proper (~300) termination of the straw. After amplification and some shaping, the analog signal is sent on a cable, or micro-strip transmission line on a board, to the digitization electronics. Bringing signals from the two sides to a single digitizer board avoids concerns of clock synchronization at the sub-nanosecond level, needed for time division. Centering the digitizers, along with the controller and communication electronics (as shown), helps distribute the heat load more uniformly, minimizing thermal gradients. The flow of signals through the readout chain is shown in Figure 9.12.
 (
Figure 
9
.
12
. Layout of the electronics for a single straw panel.
)[image: :Screen shot 2011-04-07 at 5.00.44 PM   Apr 7.png]
Preamp and High Voltage
The preamp is simple, and the overall size of the circuit is dominated by high voltage components. It therefore makes sense to implement this with discrete electronics rather than a custom chip. This also permits shorter traces between the straw and the preamp input than is possible with a multi-channel preamp chip. The preamp output is differential analog.

High voltage is fed to each straw through a 100 k current limiting resistor. A 1 nF blocking capacitor on each straw end couples to the preamps. The two layers of a panel are fed from opposite sides. The resulting 100 sec RC time constant is chosen to be long compared to the 1.7 sec microbunch spacing to average voltage sag over several microbunches. The voltage sag, including the burst from beam flash, is estimated to be ≲120 mV and to vary by ≲6 mV over the live window [4].

[image: :Screen shot 2012-03-14 at 4.29.50 PM   Mar 14.png]High voltage to each straw passes through a “fuse” that can be blown remotely to isolate broken wires without the need for an access. The fuse consists of a miniature beryllium-copper spring with one side soldered to the PC board using a low-temperature solder. To blow the fuse, that joint is heated by a resistor till the solder melts. A layer of Teflon over the connection prevents splattering of molten solder without preventing the spring from pulling back. Current to each heating resistor is controlled by an addressable switch with a unique address. To avoid accidentally blowing fuses, power for this circuit is separate from the preamp power and is normally locked out.
Figure 9.13. Flow of signals through the tracker readout chain.
TDC
The principal measurement of the tracker is drift time relative to a timing reference provided near the beginning of a beam microbunch. The TDC should not contribute significantly to the resolution, so it based on the most optimistic expectation for spatial resolution; 100 m for the standard gas (Ar:CO2, 80:20) with a drift velocity of 50 m/nsec. Resolution with a “fast” gas (drift velocity ~100 m/nsec) is generally worse, but again the optimistic assumption is that it remains at 100 m. The corresponding drift time resolution is 1 nsec. The TDC will digitize drift time relative to a detector-wide timing reference to the nearest 0.5 nsec. This results in ≲1% degradation in resolution. The drift time range is 1300 nsec as shown in Table 9.3.

	1700 nsec
	Microbunch spacing

	– 500 nsec
	Minimum “beam flash” dead time

	+   50 nsec
	Maximum drift time

	+   50 nsec
	Pedestal (t0) uncertainty

	1300 nsec
	Full range


[bookmark: _Ref163816546][bookmark: _Toc164928487]Table 9.3. Calculation of the drift time range.  The full range is the time between microbunches when the detector is live, corrected for drift time and pedestal uncertainty.

To measure position along the wire, the difference in signal arrival time at the two ends is compared. Signal shape for the most part affects the two sides equally, so the difference in arrival time can benefit from higher precision than is useful for drift time measurement. An optimistic expectation for time division resolution is ~100 psec. A TDC that digitizes time difference to the nearest 50 psec would give ≲1% degradation in resolution. If the time-difference between the two ends is determined by subtracting the measurements from two independent TDCs the resolution will be degraded by a factor of . In this case the TDCs are required to digitize time to the nearest 35 psec.[footnoteRef:3] [3:  In the event the TDC does not use uniform bins, as is the case for some implementations in a FPGA, the corresponding requirements expressed as r.m.s. are <14 psec for a single TDC measuring time difference, or 10 psec for two independent TDCs.] 


The longest straw has an active length of about 117 cm for a maximum propagation time of about 4 nsec, so the time difference has a range of 8 nsec. Unlike the drift time measurement, there are no external sources of pedestal variation (cable lengths match), and pedestal variation within a chip is necessarily small. Therefore, 9 nsec is the full range necessary for this measurement.
ADC
Each straw has one ADC, fed by the sum of the two sides. The intrinsic dE/dx fluctuations are too large for pulse height information to be beneficial to fitting. The purpose of the ADC is to reject hits from protons, a significant source of “noise” hits.

The dE/dx for protons from the muon stopping target is higher than for an electron by as much as 50. However, it is not necessary to measure protons without saturation. “Too large,” i.e. saturated, is sufficient to flag a pulse as being from a proton. The dynamic range of electrons is large due to intrinsic dE/dx fluctuations and the variable path length of a track through a straw, but it is also not necessary to precisely measure charge at the low end. “Too small”, i.e. no response, is sufficient to flag a pulse as not from a proton. The planned system is therefore modest: ≲100 MHz, 8‑bit ADC (if the ADC has > 8‑bits, record only the 8 most significant bits). To simplify merging of ADC and TDC data, the ADC and TDC clocks will be synchronized.

The ADC digitizes continuously; however not all data needs to be stored or transferred to the readout controller. The ADC must retain data for any time bin in which either TDC input (which are generated by the ADC chip, thus readily available) is high, and for the preceding time slice. The shaper, also in the ADC chip, should shape a typical pulse to a width that is on the order the maximum drift time, i.e. 50 nsec. Thus, the typical hit has 6 ADC readings, at 8‑bits each. However, the number can be as low as two and as high as 170 (for 1700 nsec bunch spacing).
Readout Controller
The readout controller pulls data from the TDC and ADC chips, formats it, and transmits it to the DAQ system. This controller also resides on the detector. The TDC and ADC designs are still in progress so it is too early to define the communication protocols between these chips and the controller. However, for the purpose of estimating data volume, an output format for the controller is proposed.

The data for each controller begins with a 113 byte “Controller Header” given in Table 9.4. The format constrains the hit count in any one straw to < 255. In reality, a lower limit would likely be set to avoid overwhelming the DAQ with oscillating channels.

The data hit format shown in Table 9.5 assumes two independent TDCs per straw and no merging within the controller. In this case, each TDC requires 0.035 nsec bins and a 1300 nsec range, requiring 16 bits per TDC for a total of 32 bits per hit. Each TDC hit has a variable number of 8‑bit ADC values associated with it.

The typical number of ADC readings per hit is 6, so the typical hit requires 11 bytes. For an estimated 300 KHz rate [5], each controller must transfer nearly 500 Bytes per microbunch. The hit rate data is shown in Table 9.6.

With a microbunch spacing of 1700 nsec, the data transfer is 292 MByte/sec. With 216 controllers, the total rate from the T‑Tracker is:
292  216 = 63 gByte/sec.

	Byte
	Contents

	0-7
	64-bit time stamp (100 nsec ticks)

	8-11
	32 bit Checksum

	12
	Controller ID

	13
	Number of hits in straw 0

	…
	

	112
	Number of hits in straw 99


[bookmark: _Ref163817684][bookmark: _Toc164928488]Table 9.4. Output data controller header.

	Byte
	Contents

	0
	n: Number of bytes in this hit, including this one

	1-4
	Drift time

	5
	First ADC reading

	…
	

	n-1
	Last ADC reading


[bookmark: _Ref163817641][bookmark: _Toc164928489]Table 9.5. Format for hit data in the tracker.

	100
	Straws

	× 300 KHz
	Average rate/channel

	× 1200 ns
	Live gate

	× 11
	Bytes/hit

	× 100
	Bytes/header

	496
	Bytes/microbunch


[bookmark: _Ref163906817][bookmark: _Toc164928490]Table 9.6. Hit rate data and transfer rate for the Readout Controller. The total rate is the product of the first 4 entries in the left column added to the fifth column entry.
Infrastructure
The tracker must bring power, signals, gas, and cooling through vacuum penetrations and past the beam stop and calorimeter. An overview before detector insertion into the detector solenoid is shown in Figure 9.14. Utilities use the horizontal support beams as “cable trays”. A tentative layout is shown in 9.15.
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Figure 
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. Detectors in position for insertion into the Detector Solenoid (cutaway)
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. Layout of utilities withi
n the horizontal support beams. 
There are four such beams around the detector as seen in 
Figure 
9
.
8
.
)[image: ]Low Voltage
The expected power consumption is given in Table 9.7. The controller is not yet designed. We assume it uses as much power as all other components combined; we believe this is a conservative assumption. The TDC and ADC, as currently envisioned, use both 3.3 V and 1.8 V; the ratio of currents drawn from each is not yet settled. To get an upper bound on current we assume all digital power is supplied at 1.8 V.

Each of the four beams can accommodate 136 × 3.5 mm square solid copper wire with 0.25 mm Nomex® insulation, as shown in Figure 9.16. This gives a total of 272 pair (supply and return) of power cables to carry the required 2121 A, or 7.8 A per wire. Resistance per pair is 27 mΩ for a 10 meter run (certainly sufficient to exit the vacuum) for a voltage drop of ~200 mV. Power loss on the cables will contribute an additional ~400 W heat load.

 (
Figure 
9
.
16
. Quadrupole arrangement of power lines. B field perturbations in this configuration are < 0.01%.
)[image: :Screen shot 2012-03-10 at 3.24.03 PM   Mar 10.png]
[bookmark: _Ref193012601]In addition to voltage drop and power loss, a concern in the low voltage power distribution is perturbations to the magnetic field. This can be minimized by balancing supply and return currents in a “quadrupole” array as shown in Figure 9.16. Note the cable geometry is grossly pessimistic in that it assumes a smaller number of cables carrying the current.
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mW per channel
mA per channel @ V
Channels per straw
Total Power (W)
Supply Voltage (V)
Total Current (A)
Preamp
15
3 @ 5
2
600
5
120
TDC
25
14 @ 1.8
2
1000
1.8
556
ADC
25
14 @ 1.8
1
500
1.8
278
Controller
2100
1.8
1167
Total
4200
2121
Table 
9
.
7
. Power consumption of tracker components
)
Cooling
Since the detector is in a vacuum, heat must be removed with an active cooling system. To maintain the most uniform temperature with the smallest volume in plumbing and smallest vacuum penetrations we intend to use a Suva® system. Entering the vacuum are one pair of lines, supply and return, as shown in Figure 9.17 [6]. Each ring has a cooling loop at the outer periphery, as seen in Figure 9.4, which taps into the cooling lines. The expected temperature gradient is shown in Figure 9.18 for 400 mW/straw heat load (80 kW total, compared to the expected 10 kW), distributed uniformly around the inner edge of the ring. Note ∆T<1.5 ºC even in this extreme case.
 (
Figure 
9
.
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. Conceptual design of the tracker cooling system.
)[image: :Screen shot 2012-03-10 at 3.31.39 PM   Mar 10.png]
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Figure 
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.
18
. Temperature gradient across support ring. Heat applied at inner diameter and removed with Suva
®
 around outer diameter.
)[image: ]
[bookmark: _Toc164928353]Performance
A rigorous QA/QC program combined with a series of R&D prototypes and a final pre-production prototype will ensure that the Mu2e tracker operates with the required reliability in the Mu2e environment. The key performance criterion for the tracker is resolution: how well conversion electrons can be separated from all other tracks. Mu2e includes a Cosmic Ray Veto (Chapter 11) to reduce background due to cosmic rays and a calorimeter (Chapter 10) to confirm the trajectory of tracks, but the primary tool is the momentum resolution of the tracker.

The geometry of the tracker [7] as well as components such as the muon stopping target [8] and proton absorber [9] will continue to be optimized as simulation tools improve. The system as currently envisioned and described in this document, meets the resolution requirements.
[bookmark: _Toc164928354]FastSim
The primary simulation package for Mu2e is GEANT 4, which can simulate the geometry and detector response with high fidelity. However, for general detector optimization studies, such detail is not required. For those studies we use FastSim [10], a simulation package developed for SuperB detector optimization and physics reach studies. FastSim runs quickly and can be easily reconfigured to study alternative detector geometries, materials, or resolutions. It has realistic though simplified models of particle interactions with materials and detector element resolution, including non-Gaussian tails. It has a built in interface to a Kalman track fitter that can be used to measure the reconstructed momentum resolution, absent the effects of pattern recognition. Details about the Mu2e studies done with FastSim are described in a separate document [11].
[bookmark: _Toc164928355]Intrinsic Tracker Resolution
The tracker, the muon stopping target and the proton absorber all contribute to the momentum resolution. To study the intrinsic resolution of the tracker, we use FastSim to simulate the conversion of muons that stop in the stopping target and produce an electron that enters the tracker, ignoring the effect of the target and all other material upstream of the tracker. An event display of a single conversion is shown in Figure 9.19. The intrinsic tracker momentum resolution (Kalman fit result minus true) is shown in Figure 9.20, fit to a split double-Gaussian. The high-side resolution, which is the most important for distinguishing conversion electrons from backgrounds, has a core component sigma of 115 KeV/c, and a significant tail sigma of 176 KeV/c. The net resolution is significantly less than the estimated resolution due to energy loss in the upstream material.
Tracker Layout Optimization
FastSim has been used to study the effect of alternate layouts of the tracker on the resolution. For instance, we have investigated how the resolution changes with fewer or more stations, holding the volume of the tracker constant. We use the core sigma of the high-side resolution as the figure of merit for these studies. The results are shown in Figure 9.21. We find that the choice of 18 stations is near the asymptotic optimum. We also studied the impact of varying the spacing between stations and alternate configurations of panels within the stations. In all cases the tracker layout described above was found to be optimum.
[bookmark: _Ref193364326][image: :Screen shot 2012-03-14 at 4.45.01 PM   Mar 14.png]Figure 9.19. Fastsim event display. Muon (green) shown converting to an electron (red). The purple helix is the trajectory of the reconstructed Kalman filter track.
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. Intrinsic tracker momentum resolution for 105 MeV/c muons
 computed using Fastsim
.
)[image: :Screen shot 2012-03-10 at 4.16.01 PM   Mar 10.png]
Detailed Simulation
The detailed simulation of the tracker uses the Geant4 [12] package. We use the detailed simulation to study pattern recognition and resolution in the presence of backgrounds, as described below. All of the relevant materials in and around the tracker are simulated. We use the QGSP_BERT_HP physics list to get accurate estimates of neutron interactions. The intrinsic transverse resolution of a single straw is taken to be 100 µm, independent of drift distance, which is conservative compared to results achieved in a prototype of the NA62 straw chamber [13]. We assume a resolution along the straw of between 6 and 9 cm, depending on position, based on measurements made with a straw prototype using time-division readout [14]. The tracker simulation assumes a modest dE/dx resolution, capable of distinguishing hits from highly-ionizing particles from conversion electron hits, but not performing true particle identification.
Noise Hits
Our studies show that tracker hits caused by beam particles and the daughters of stopped muons are several orders of magnitude more numerous than all other sources. Based on the experience of NA62, ATLAS and CDF, we believe the electronics gain and threshold can be set high enough to render the intrinsic electronics noise hit rate negligible, and so that is at present ignored.

Table 9.8 lists the estimated tracker hit rate induced by the dominant background sources. Hits produced directly and indirectly by these sources are counted in the rates. The effect of earlier bunches in the bunch train is included by folding the hit time distributions at the microbunch repetition period. At early times, beam electrons produced by the initial protons generate a high hit rate, but fall off quickly. Particles produced by stopped muons are the largest source of background hits during the experimental live time window, which starts nominally 600 ns after the proton pulse. Muon decay in orbit (DIO) produces low-momentum electrons. Protons, neutrons and γ particles are produced during nuclear breakup and de-excitation following muon capture. Neutrons generally produce hits indirectly through daughter electrons and photons, at a roughly constant rate over the microbunch due to the long neutron absorption time. Figure 9.22 shows the distribution of neutron hits in the tracker. The rates at low radii closest to the target are generally a factor of 10 higher than the average rate. The hit pattern is similar for all the background sources. More details on backgrounds can be found in several Mu2e documents [15].
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	Bkg source
	Rates (KHz)
(0 – 300 ns)
	Rates (KHz)
(300 – 600 ns )
	Rates (KHz)
( 600 – 1694 ns )

	DIO
	2.04
	2.45

	p
	11.8
	14.2

	n
	38.6
	42.9

	γ
	30.3
	28.4

	Beam e±
	8445
	61
	14


[bookmark: _Ref193016484]Table 9.8. Average tracker hit rate per straw for different time intervals relative to the peak of the proton pulse.
Pattern Recognition
On average, background processes produce >2000 hits per microbunch in the live window. Distinguishing the roughly 40 conversion electron hits from these requires algorithms that exploit their distinct spatial and temporal properties. To demonstrate that the tracker design is adequate for finding conversion electrons and measuring their properties to sufficient accuracy, we have developed a prototype pattern recognition algorithm. To test the algorithm, a random sampling of all the background processes described above are overlaid on top a single conversion electron. Simulated track hits are produced from these using the detailed G4 simulation described above. The effects of hit overlaps in the straws are modeled assuming a 100 ns two-hit resolution in the electronics. We stress that the results below are extremely preliminary, and are intended only as a proof-of-principle, not a measurement of the true capability of the experiment. As listed at the end of this section, we know of many areas where significant improvements can be made with little cost or risk. These will all be studied as the Project moves forward.
 (
Figure 
9
.
22
. Neutron induced hit rate from muon induced Al nuclear breakup, shown per straw per micro-bunch vs. straw position. Horizontal axis is 2
 station number, which rises linearly with z. Vertical axis is straw number, which rises linearly with radius. Mean hit density is indicated by colors
)[image: ]
Pattern recognition begins with a pre-selection of hits. Because the inner straw hit rates are high and dominated by backgrounds, we require the hit position have a minimum transverse radius of 410 mm, effectively eliminating the inner 5 layers of straws. Hits from these straws are added back to tracks once they have been found and fit. Hits are also required to have a dE/dx measurement consistent with an electron. Pre-selection eliminates 95% of the hits from protons, and 20% of hits from other background sources.

The dominant source of background hits after pre-selection are low-momentum electrons which move in tight spirals through the detector. We identify these spirals using a dedicated algorithm that looks for clusters of hits consistent in azimuth and time. In principle, the radial position of the hits can also help identify electron spirals, but the straw geometry makes the radial resolution non-Gaussian and thus difficult to combine with other information. Removing identified tight spirals rejects 75% of the remaining backgrounds while keeping 85% of conversion electron hits.

We identify potential conversion electrons as peaks in the time distribution of the remaining hits. This is demonstrated in Figure 9.23, which shows the hit time spectra for three micro-bunches after pre-selection (Loose Selected) and spiral removal (Tight Selected). Conversion electron hits are found in a time peak with 80% efficiency.
 (
Figure 
9
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23
. Tracker hit time spectra. Three representative microbunches show, after pre-selection and spiral removal.
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Hits in time peaks are then fit to a helix using a series of successively more precise geometric fits. The first fit uses a “robust helix” algorithm adapted from optical pattern recognition [16], which describes the hits as space points given by the wire position and time division. The parameters obtained from that fit are used as input to an iterative least-squares helix fit, which describes the hits as lines in space, defined by the wires, with an error equal to the straw radius. The results of that fit are used as input to a Kalman filter fit, which describes the hits as drift circles around the wire, with 100 mm equivalent spatial error. The t0 value used to define the drift radius is fit iteratively with the Kalman filter. Outlier hits are iteratively removed, based on their contribution to the fit. This multi-stage fit procedure is successful for roughly 60% of the conversion electrons. When run on a sample of 10,000 background-only events this procedure finds no tracks above 80 MeV/c momentum[footnoteRef:4]. [4:  The tracks found are from DIO electrons from overlaid background frames.] 


Figure 9.24 shows the conversion electron momentum resolution achieved by this algorithm, defined as the momentum returned by the Kalman filter fit minus the true momentum at the entrance of the tracker. The resolution is fit with a split double- Gaussian that allows for a separate core and tail sigma on either side of 0. The high-side core sigma (SigH), after some basic fit quality cuts, is roughly 140 keV. This is significantly less than the energy straggling caused by the target and the proton absorber, which is roughly 350 keV. A significant high-side resolution tail of roughly 600 keV sigma is present.
 (
Figure 
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24
. Conversion electron momentum resolution. Full background overlay and pattern recognition included, fit to a split double Gaussian. Left is with no cuts, right is with standard track fit quality cuts.
)[image: ]
We have tested the robustness of the pattern recognition by varying the inputs. Doubling the total background rate results in a 40% relative drop in reconstruction efficiency, but essentially no change in the resolution. Similarly, degrading the time division resolution by a factor of 2 results in a 40% relative loss in efficiency, again with no appreciable change in resolution. By comparison, using the time division resolution we expect to obtain with final electronics results in a 15% relative improvement in the efficiency.

Several improvements to the pattern recognition algorithm are planned. Use of the full spatial information and more sophisticated clustering will improve the electron spiral background removal. Using multi-dimensional clustering will improve the conversion hit time peak finding. Alternate forms of the robust helix fit will be explored. Integration of t0 as a fit parameter in the Kalman filter fit will reduce the number of iterations required. Using a global algorithm, such as simulated annealing to remove outlier hits, will improve the efficiency and purity of the hits used in the final fit.
[bookmark: _Toc164928357]Alternatives
[bookmark: _Toc164928358]I-Tracker
For a low mass tracking detector, a natural choice is an open cell device using an array of wires for both cathodes and anodes, the “hex cell” design being the classic example [17]. Mu2e has done extensive R&D on such a device [18] The “I-Tracker,” as it is known, is shown in Figure 9.25 would yield many more hits per track than the proposed straw tube tracker, resulting in more robust pattern recognition and fewer reconstruction errors. The increased number of hits may also make a shorter chamber and a correspondingly shorter Detector Solenoid possible.

The Mu2e environment, however, presents a formidable set of challenges. 
· The device must operate in a vacuum. Tracks must traverse a containment vessel that can tolerate ~1 atmosphere pressure, which must be kept extremely light.
· Wires supports lie within the trajectory of electrons; therefore endplates and wire anchor points must also be made extremely light.
· To keep the mass of cathode wires low requires thin (~40 μm) aluminum wires, which are more prone to breakage than most drift chamber wires (tungsten, steel).
· Since the wires are not mechanically contained, a single broken wire would disable an unacceptably large segment of the detector, and require prompt repair.
· To control the mass contribution of the drift gas requires helium (plus a quenching gas). A helium-tight gas seal that can be opened to repair, or at least remove, a broken wire is difficult.

 (
Figure 
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. Exploded view of the I-Tracker, with separate tension carrying (blue) and pressure carrying (orange) end plates.
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This option is still being explored because of its numerous attractive features.  However, due to the many novel but untested aspects of this design, it has not been selected at this time.
[bookmark: _Toc164928360]Waveform Digitizers
The preferred readout system presented here is based on ADCs and TDCs residing on the detector. An alternative is ≲1 GS/sec waveform digitizers. Such a device would be good enough for a drift time measurement but not good enough for implementing time division. Examples exist of devices running up to 5 GS/sec for timing precision better than 200 ps, which would be sufficient for time division as well. However, 1 GS/sec – and even more, 5 GS/sec –waveform digitizers consume more power than can be tolerated within the vacuum: they require analog signals to be brought off the tracker to digitizers located outside the evacuated Detector Solenoid. On-chamber digitizers are preferred for several reasons.

· Space constraints limit the cable choice to “micro‑coax” (~1 mm OD). Such cable has relatively high dispersion and would likely make time division impossible despite the availability of suitable digitizers.
· Such cable is also not very well shielded; to get reasonable signals out requires a differential drive, thus ~40,000 cables without time division, ~80,000 with time division. Getting this many high-speed signals through the vacuum seal is difficult and expensive.
· This large number of cables would block access to the detector, making repairs difficult.
· The weight of the cables is large and difficult to support without disrupting the detector alignment.

This is retained as an alternative in case the reliability required for on-chamber digitizers cannot be attained; however, this alternative has not been selected for the reasons given above.
Commercial (non-ASIC) Front End
An alternative to developing an ASIC is using commercial ADC chips and FPGA-based TDCs, both still residing on the detector. The advantages are: elimination of the ASIC development and testing cost; and, because the lead time is short, benefiting from advances in technology. Disadvantages are higher power (possibly five-fold) and more engineering effort on board layout.

We have greater confidence in the ASIC solution and take it as our baseline. However, both approaches are being explored.

[bookmark: _Toc164928361]ES&H
The Mu2e tracker is similar to other gas-based detectors that are commonly used at Fermilab. Potential hazards include power systems, compressed gas and the possible use of flammable gas. These hazards have all been identified and documented in the Mu2e Preliminary Hazard Analysis [19].

The detector requires both low voltage, high current (~5 V @ 2 kA total) and high voltage, low current (~1.5 kV @ 500 mA) power systems. During normal operation the tracker will be inaccessible, inside the enclosed and evacuated Detector Solenoid. Power will be distributed to the tracker through shielded cables and connectors that comply with Fermilab policies. Fermilab will review the installation prior to operation.

The tracker will require a supply of chamber gas to be supplied from compressed gas cylinders. The current plan is to use a non-flammable mixture of Argon and CO2. A decision could be made to use a different gas mixture that may contain flammable components, for instance to achieve higher drift speed to accommodate high rates. Flammable and non-flammable gases that will be used for Mu2e will be kept in DOT cylinders in quantities limited to the minimum required for efficient operation. The cylinders will be stored in a dedicated location appropriate to the type of gas being used. Flammable gases will be segregated from oxidizers. The storage area will be equipped with a fire detection and suppression system. The installation, including all associated piping and valves, will be documented and reviewed by the Fermilab Mechanical Safety Subcommittee. If flammable gas is used, the system will be reviewed prior to operation by the flammable gas review committee to ensure strict adherence to Fermilab safety policies and procedures.

The cooling system requires SUVA® or similar refrigerant. Plumbing will be designed to tolerate a wide range of pressures, allowing for a cost effective and environmentally friendly solution based on product availability and EPA guidelines at the time of operation.

The T‑Tracker itself does not have any radioactive sources; however, there will be sources used in monitoring chambers. Usage of radioactive sources will be reviewed to ensure adherence to Fermilab safety policies.
[bookmark: _Toc164928362]Risks
[bookmark: _Toc164928363]Performance Risk
Extensive simulations of the tracker have been performed, providing confidence that it will deliver the required resolution. However, work on pattern recognition is incomplete. There is a risk that it will prove difficult to identify tracks with the required efficiency. Work continues on simulations and pattern recognition that could lead to design modifications, if needed. This translates to a cost and schedule risk.

The tracker performance is sensitive to beam properties as well as upstream components like the proton absorber and stopping target. Work on beam simulation, and optimization of the target and proton absorber continue. Although these risks are not strictly part of the tracker, changes elsewhere (for instance, eliminating the proton absorber) could result in higher rates in the tracker. This risk is mitigated by working closely with other groups to ensure the combined system meets requirements.
Inability to hold alignment in the detector would lead to degraded resolution and unaccounted for background. The problem can be solved using in-situ, track-based alignment. This is a difficult and slow process for Mu2e, resulting in delays in publishing results. This risk is mitigated by continuous monitoring using precision electronic levels and Hall probes installed on each station.
[bookmark: _Toc164928364]Technical and Operational Risk
Contaminated gas is a serious risk for any drift chamber. This risk is mitigated in several ways. First, by using Ar:CO2 as the drift gas: it is one of the least prone to harmful contaminants. Second, by performing detailed analysis on each batch of gas. Finally, monitoring chambers will be included in the system, illuminated with radioactive sources, to give early warning of problems.

Depending on results of ongoing studies, it may be desirable to use a gas with higher drift velocity to reduce overlapping hits.  Such gas mixtures typically include CF4 which, combined with small amounts of moisture, forms hydrofluoric acid, leading to etching of the cathode surface. Our gold over aluminum cathode is less prone to etching than the more common copper cathode. Never the less, using CF4 would necessitate a drying unit immediately before the tracker (just outside the vacuum) and extensive baking of that part of gas system to remove moisture. It may also require adding a gold coat to the cathode, further increasing the cost.

Wire chambers always suffer the risk of a broken wire.  The loss of a single wire is a minor problem, but the wire shorting other electrodes can leave a large region of the detector inoperable. The selected straw tracker mechanically contains each wire; however the resulting short to the cathode surface would upset the high voltage distribution.  The ability to disconnect individual wires from high voltage without the need to access the detector has been included in the design to mitigate this risk.

The primary mechanical component of the straw is Mylar®. As with any plastic, Mylar® under stress creeps (gradually stretches), and is sensitive to humidity. However, both creep and hygroscopic expansion is less with Mylar® than the more widely used Kapton® straws. At worst it may be necessary to pre-tension (or re-tension) the straws for an extended period. This will impact the construction and assembly schedule.
[bookmark: _Toc164928365]Quality Assurance
Proper quality assurance is essential to construct a tracking detector that meets Mu2e’s requirements for performance and reliable operation. Quality Assurance will be integrated into all phases of tracker work including design, procurement, fabrication and installation.

It is important that individual straw tubes be leak-tight, straight and have the proper wire tension. The straws will be leak tested before being installed. The straws will be connected to a clean gas system and over pressured. The leak rate will be measured over an appropriate time interval by measuring the pressure drop.  After assembly of a plane, the entire plane leak rate will be tested again.

The straws must maintain their shape and be mounted straight to operate efficiently and to maintain an appropriate distance between the wire and the grounded Mylar® surface to avoid high-voltage breakdown. The straws will be visually inspected for roundness and straightness before assembly. Flawed straws that escape detection during visual inspection can be identified by non-uniform gas gain and resolution when exposed to a radioactive source.  This will be done as part of the wire position measurement.

The appropriate tension must be applied and maintained in a straw tube for efficient, stable operation. Tension is applied through calibrated mechanical force but tension can be lost through slippage, creep, or other relaxation mechanisms. Both wire and straw tension can be measured after assembly via vibration resonance. Oscillation is induced by driving a current through the wire or straw in the presence of a magnetic field. The amplitude and frequency of vibration is measured by turning the drive current off and measuring the current induced by the conductor moving in a magnetic field.

All electronics components will be tested prior to installation on the tracker, including a suitable burn-in period. High voltage boards will be tested for leakage current. The threshold characteristics of each channel will be tested with a threshold scan. A noise scan will be performed for various threshold settings to identify channels with large noise fractions. A complete battery of tests will be developed once the specifications are fully understood.
[bookmark: _Toc287961870][bookmark: _Toc164928366]Value Management
The tracker technology chosen for Mu2e is well established and has been implemented in other high energy and nuclear physics experiments [20]. Value management principles have been applied over time during the development of the technology and there is little left to be gained. In addition, the tracker is the most important detector element for identifying and analyzing conversion electrons yet it comprises only about 2% of the total project cost. Compromising tracker performance and reliability for a small cost savings would be unwise. 

Two areas where it might be possible to apply value management are the use of time division and nature of the ADC.

Studies to date indicate time division is a significant assist to pattern recognition [21]. If further developments in pattern recognition indicate time division is of no benefit to pattern recognition, then time division could be dropped and the straws would only require single-sided readout, resulting in a small cost savings and reduction in complexity.

The value of pulse height measurement is unambiguous; however, the nature of the ADC needs to be studied. The selected option, analog shaping and ADC combined in a single ASIC, is conservative in the sense of optimizing resolution, power, and compactness. However, custom chip development costs are high and come with some risks.  Alternatives exist depending on how these considerations are balanced against cost and reliability.

· An ASIC with a lower precision, or lower speed, ADC design.
· Use of commercial ADC chips instead of an ASIC. This would entail a separate shaping and discriminator circuit, either an ASIC or an implementation in discrete parts. In the case of an ASIC, there is the possibility of using an existing design, resulting both in cost savings and lower risk.
· Use of a “charge-to-time” converter, effectively encoding pulse height into pulse width, followed by a TDC.  The TDC would be identical to what is needed for drift time measurement, resulting in simplification and cost savings.  Shaping and the charge-to-time converter would need to be implemented separately, requiring an ASIC; however it may be possible to use an existing design [22].
[bookmark: _Toc164928367]R&D
Work is under way on straw termination, tensioning, and alignment. Results are in agreement with calculations [23]. The present effort will culminate in a full-panel prototype in June 2012. Between CD‑1 and CD‑2, this prototype will be used as a platform for testing electronics and overall performance, first in air (for ease of access) followed by tests in vacuum. The tests will use cosmic rays and no magnetic field. The vacuum vessel will be a medium size liquid helium cryostat available after CDF decommissioning.

Fermilab has a large number of magnets that can provide a 1 T field, however none of the available magnets can accommodate a T‑Tracker panel. To validate operation of straws in a magnetic field, a mini-panel will be built, tentatively two layers of five straws each. The length of the straws is not yet determined; the one magnet known to be available (a test solenoid removed from CDF) would necessitate short (~30 cm) straws.
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