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Chapter 8: Tracker
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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[footnoteRef:1]; 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 8.1). 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 700 < t < 1695 (Figure 8.1), 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 500 < t < 1700 nsec; we take this as the tracker’s live window. To calibrate using positrons from π+→νe+ decays the tracker must also be able to collect data, during special runs with reduced beam intensity, for 300 < t < 1700 nsec. An overview of the key tracker parameters appears in Table 8.1. [1:  The “uniform” field actually includes a controlled gradient to avoid trapping soft particles in accidental inhomogeneities. The gradient is small and well controlled; it is accounted for in track fitting but does not otherwise affect the tracker performance.] 


[bookmark: _Ref264610911][bookmark: _Ref163836409][bookmark: _Toc164928349]Table 8.1. Overview of key tracker parameters
	Number of Straws
	23,040

	Straw Diameter
	5 mm

	Straw Length
	430 – 1200 mm, 910 mm average

	Straw Wall
	15 µm Mylar (2×6.25µm plus adhesive)

	Straw Metallization
	500Å aluminum, inner and outer surface
200Å gold overlaid on inner surface

	Gas Volume (straws only)
	4∙108 mm3 (0.4 m3)

	Sense wire
	25 µm gold-plated tungsten

	Drift Gas
	Ar:CO2, 80:20

	Gas gain
	3-5∙104 (exact value to be set later)

	Detector Length
	3196 mm (3051 mm active)

	Detector Diameter
	1620 mm (1400 mm active)


 The dominant interactions for stopped muons are radiative muon capture, µ⁻ N→γ ν N′, and decay in orbit: µ⁻→e⁻νeνµ. The former frequently leads to ejected protons, neutrons, and photons from nuclear breakup. The protons are a source of background hits which, due to high ionization rates, are a concern for crosstalk but are also easily distinguished from hits expected for a signal electron. Photons, directly from the decay or delayed from ejected neutrons, create low energy electrons from scattering and conversions. These electrons do not traverse a large number of straws but generate hits which, unlike proton hits, cannot be rejected before pattern recognition.
 
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 8.2, falls rapidly near the endpoint, approximately[footnoteRef:2] 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. [2:  The Mu2e simulation does not use this this simplified power-law approximation. The full Czarnecki or Shankar forms are used.
] 

[bookmark: _Ref264618679][bookmark: _Ref264618651][image: C:\aseet\mu2e\Docs\Requirements\Tracker\timeline.png]Figure 8.1. The structure of the beam sent to the Mu2e detector.
[bookmark: _Ref264619256][bookmark: _Toc164928350]Figure 8.2. 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).

[image: ]Requirements
Requirements for the tracker have been documented elsewhere [1] and are only summarized here. 

The Detector Solenoid [2] provides 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 extends from about 40 < r < 70 cm (where radius r is measured from center of the muon beam)[footnoteRef:3]. Mechanical support, readout electronics, etc. are to be placed at r >70 cm, out of the way of both signal and DIO electrons. These dimensions depend on the size and geometry of the muon stopping target, the size of the muon beam, and the magnetic field properties; they have been optimized to maximize the acceptance to conversion electrons while minimizing the number of low energy electrons that intersect the tracker. [3:  105 MeV/c tracks can reach 71 cm, but those exceeding 70 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.

The detector is surrounded by vacuum. This improves resolution by minimizing scattering through the measurement region and dE/dx straggling throughout the entire path for signal electrons. It reduces scattering of DIO electrons into the tracker. And it avoids stopped muons from interaction between the residual gas and remnant muon beam.

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[footnoteRef:4]. 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. [4:   An MTTF of 1 year leaves a significant probability of needing an unscheduled repair. However, the resulting data loss is expected to be <1% [1]. 
] 


The device must tolerate (but need not take useful data during) a “beam flash” prior to the live window, and be efficient at the peak rates the beginning of the live window. Actual rates depend on detector geometry and are presented later.

During the live window, of order half 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.

Mechanical Construction
The selected design 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 has ~23,000 straws distributed into 20 measurement stations across a ~3 m length. Each station provides a ~200 m measurement[footnoteRef:5] of track position. [5:  Resolution measured along the drift direction, which is a line from the sense wire to the point of closest approach to the sense wire.
] 


Each straw is instrumented on both sides with preamps and TDCs. Each straw has one ADC for dE/dx capability. To minimize penetrations into the vacuum, digitization is 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: _Ref390457137]Straws
[image: ]The T‑tracker is made from 5 mm diameter straws, the assembly of which is shown in  and Figure 8.4. Each straw is made of two layers of ~6 m (25 gauge) Mylar®, spiral wound, with a ~3 m layer of adhesive between layers, for a total wall thickness of 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 reduce the leak rate.
Figure 8.3. Straw termination, shown exploded and assembled. The brass tube connects to the straw with silver epoxy. The green insulator slips inside a brass tube (red) to prevent breakdown near the tube end. The sense wire is soldered into the brass pin, and epoxied to the injection molded plastic. After assembly the brass tube allows connection to the cathode while the brass pin allows connection to the anode.
A 4.95 mm outer diameter brass tube is mechanically and electrically connected to each straw end using silver epoxy. Inside the brass tube is an extruded Kapton® tube to protect against breakdown at the edge of the brass tube. Inside the Kapton® tube is an injection molded plastic insert. Attached to a groove in the insert is a small, U-shaped brass pin. A 25 m gold plated tungsten wire is soldered to the pin as well as epoxied to the plastic insert. Both brass parts are gold-plated to ensure good solder and epoxy joints.
[bookmark: _Ref264621661][image: ]
[bookmark: _Ref264621676]Figure 8.4. Straw termination details. On the left, the plastic insert and brass pin used to hold the sense wire. On the right, a close-up of the completed straw. Note the wire is externally aligned, then soldered and epoxied to lock the position.
Sense wire location is set by external fixturing during assembly, not the straw termination. The wire position is then locked in by solder and epoxy. The brass pin allows up to 250 µm mispositioning of the straw body without impacting the sense wire location.

Straws vary in length from 334 mm to 1174 mm active length. The straws are supported only at the ends and kept straight with an initial tension of 700 g. 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 are less with Mylar® than the more widely used Kapton® straws. Due to stress relaxation, the straw tension will relax to ~400 g over the lifetime of the [image: ]experiment, as seen in .
Figure 8.5. Tension versus time, fit to the form T(t)/T(0)=c0e-c1t+c2. Independent of initial tension, the tension for t→∞ is ~58% of the initial tension.
Straw Assemblies
Groups of 96 straws are assembled into panels as shown in Figure 8.6. Each panel covers a 120° arc with two layers of straws, as shown in Figure 8.7. The double layer improves efficiency and helps determine on which side of the sense wire a track passes (the classic “left-right” ambiguity). A 1.25 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.
[bookmark: _Ref264625721][image: ]Figure 8.6. Completed panel, with covers shown in red. Screws to attach covers not shown.

[bookmark: _Ref272683293][image: ]Figure 8.7. Edge view of a panel showing the arrangement of straws within a panel. Dimensions are in millimeters.

The structure of a panel includes the following parts, as seen in Figure 8.8. Materials are selected to minimize cost without unacceptable degradation in rigidity.

· Inner ring.
· 1/8″ upper and 3/16” thick lower stainless steel rings
· Two plastic inserts, created on a 3D printer, with 96 holes (plus alignment features) each
· 316 Stainless steel filler in the gap between plastic inserts
· Base plate. 3/16″ aluminum
· Outer ring. 5/8″ aluminum
· Covers. 3/16″ aluminum (seen only in Figure 8.6).
· O‑ring and screws (not shown) to complete the gas seal
[bookmark: _Ref264621972][image: ]
[bookmark: _Ref272683326][bookmark: _Ref264625919]Figure 8.8. Panel without covers or straws. Magenta regions are stainless steel alloy 316; gray are aluminum; and cyan is plastic. Dimensions are in millimeters.
Deformation in the x and y directions are shown in Figure 8.9. The panel is assumed to be held flat in z. In the final assembly, a similar constraint in z is achieved by assembling panels into planes, and attaching covers, while holding the panels flat. Wires run in the x direction; movement in x affects tension, but not wire position. The ≲300 µm change in length from x distortion will need to be compensated for by slightly higher wire tension during assembly. The more critical dimension for alignment is y. The worst-case straw movement is ~120µm. FEA results will be used to correct for this movement, and the correction will be checked by the X‑ray survey of wire positions as described below.

[bookmark: _Ref264626115]As noted in Section 8.3.1, straws and sense wires are aligned separately to avoid accumulating errors. This is done with the Panel Assembly and Alignment System (PAAS). The PAAS, as used for straws, is shown in Figure 8.10; as used for wires, in Figure 8.11.
[bookmark: _Ref264626395][image: ]Figure 8.9. Distortion of a panel in x and y while constrained to remain flat in z.
[bookmark: _Ref264626681][image: ]Figure 8.10. Straw alignment on the PAAS. 3D printing is used to make V-grooves to align the straw end. For simplicity, the inner ring is shown as an outline only.

Each panel requires the following utilities to enter from the exterior vacuum side to the interior gas side.

· Gas. 2×¼” lines (supply and return). Stainless steel tube epoxied into a hole in the outer ring.
· Power. 2×8A (supply and return). Standard vacuum feedthroughs.
· High voltage. Single line, standard vacuum feedthrough.
· Copper signal lines. Number not yet determined. For high-speed lines (calibration), vacuum rated SMA connectors. For low speed lines (CANBUS, monitoring), vacuum rated DB25 or DB9 connectors.
· [image: ]Optical signal lines. 4 individual lines. Made by stripping the jacket from a standard optical cable, then epoxying the bare fibers into a hole in the panel. With triple clad fiber, light loss is estimated to be comparable to a standard feedthrough. However, robustness of this connection is yet to be tested.
[bookmark: _Ref264626998]Figure 8.11. Wire alignment on the PAAS structure. Crossed dowel pins (vertical and horizontal) inserted in a wire alignment jig, are used to position the wire. For simplicity, straws are not shown, and pins for only four wires are included.
After panels are completed, wire positions are measured relative to survey points on the panel. This is done using an X‑ray machine developed at Duke for ATLAS TRT straws [3]. Straw and wire tension will be re-measured shortly before using panels in the next step of assembly.

After panels are completed, wire positions are measured relative to survey points on the panel. This is done using an X‑ray machine, Figure 8.12, developed at Duke for ATLAS TRT straws [3]. Wire (and potentially straw) positions can be measured to a precision of 25 µm (Figure 8.13). Straw and wire tension will be re-measured shortly before using panels in the next step of assembly.

Six panels are assembled into a plane as shown in Figure 8.14. Three 120° panels complete the ring of one face; another three panels, rotated by 30°, complete another ring on the opposing face. After the plane is assembly, a cooling ring is attached around the outer diameter. This arrangement has been found to give the best stereo performance [4] and is chosen despite the mechanical complications compared with 60° rotation.

A pair of planes forms a station. The two planes are identical. During assembly the 2nd [image: ]plane is rotated 180° around a vertical axis. The completed station is shown in Figure 8.14.
[bookmark: _Ref272680685]Figure 8.12. X-ray machine for measuring wire positions. The X-ray tube and collimator move on [image: ]linear slides for scanning the panel.
[bookmark: _Ref272682506]Figure 8.13. Measurements from X-ray machine scanning a sense wire inside a straw. Note the straw (cathode) location can also be measured, if desired.
[bookmark: _Ref264627315]Figure 8.14. Isometric view of a tracker plane (left) with three panels each on the front and back face; and a station (right) consisting of two planes. Dimensions are in millimeters.
[image: ]Panel orientations within a station seen in Figure 8.14 are tabulated in Table 8.2.  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).

[bookmark: _Ref272682685]Table 8.2. Orientation of straws within a station. ZL refers to the local z coordinate, i.e. relative to the center of the station.
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Tracker Frame 
Twenty stations are assembled into the completed tracker, shown in Figure 8.15. A breakdown of the number of components that make up the tracker (stations, planes, panels, etc.) is shown in Table 8.3. Horizontal beams maintain longitudinal alignment of the rings. The thicker ring seen at the upstream end, and the two thinner rings placed between stations at the downstream end, stiffen the structure. The frame distortion is shown in Figure 8.16. Stiffening rings and beams are stainless steel, pending further analysis and value engineering.

The entire tracker rests on four bearing blocks (not shown) placed near the horizontal beams and attached to the stiffening rings. The connection between the tracker and the bearing blocks are kinetic to avoid over-constraining and distorting the tracker frame, except all four points are constrained in the vertical direction (the frame is not rigid enough to support the weight without this). Vertical adjustment screws are included to level and center the frame.
[bookmark: _Ref272684892][image: ]Figure 8.15. The assembled tracker, with 20 stations. Stations are shown in grey and support structure in yellow. Dimensions are in millimeters.
[bookmark: _Ref272684759][image: ]Figure 8.16. Frame distortion in the vertical (left) and horizontal (right). Maximum distortion is 100 m in the vertical, 38 m in the horizontal.

[bookmark: _Ref163813692][bookmark: _Ref163813683][bookmark: _Toc164928486]Table 8.3. Breakdown of the number of components in the Tracker.  The straw total of 23,040 at the bottom of the second column is the product of the numbers above.
	Stations
	20

	Planes per station
	×2

	Panels per plane
	×6

	Layers per panel
	×2

	Straws per layer
	×48

	Total Straws
	23,040



The completed tracker will be surveyed before being moved to the mu2e building. Each panel will include monuments for this purpose, which are also used during the X‑ray measurement of wire positions. Once installed, but outside the DS, a subset of the markers will be surveyed. Survey while inside the DS is of limited value as the original monuments cannot be sighted. Precision levels on the tracker frame will be used instead.

Front End Electronics
[image: ]To minimize penetrations through the cryostat, digitizers and zero-suppression logic are located on the detector. Requirements for the electronics [5] and DAQ [6] system are documented separately. Here we summarize the implementation of on-chamber (front end) electronics. The flow of signals through the readout chain is shown in Figure 8.17.
[bookmark: _Ref264641313]Figure 8.17. Signal flow through front end electronics.
The tracker uses “time division”: pulse timing is measured at each end of the straw in order to measure the position along the wire. As seen in Figure 8.18 [7], resolution is ~3cm; this is used for pattern recognition before using stereo for getting a more accurate position. Pulse height is measured to provide dE/dx for particle identification. Therefore each straw has:

· 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.

[image: ]There are a total of 46,080 preamp and TDC channels, and 23,040 ADC channels.
[bookmark: _Ref272685007]Figure 8.18. Time division resolution for 55Fe (X-ray) and 90SR (electrons) using a 500Msps commercial digitizer.
Preamp
As shown in Figure 8.19, preamps are located at each straw end; this is required to get proper (~300) termination of the straw. There is one channel per preamp board. Half the boards provide high voltage, the other half provide calibration pulsing. A schematic for the preamp (excluding high voltage disconnect and calibration) is given in Figure 8.20
[bookmark: _Ref163815998]
[bookmark: _Ref264642999]High voltage 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 [image: ]from the preamp power and is normally locked out.
[bookmark: _Ref264643087]Figure 8.19. One panel in the mu2e tracker. The complete tracker contains 240 panels.
[image: ]

[bookmark: _Ref264643116]Figure 8.20. Schematic of preamp. A nanoDAC® on each preamp board allows offset and gain to be remotely controlled. Calibration and HV disconnect circuitry not shown.
[bookmark: _Ref390373642]Digitizer
After amplification and shaping, the analog signal is sent on micro-strip transmission line to the digitizers. Bringing signals from the two sides to a single digitizer board reduces concerns of clock synchronization at the sub-nanosecond level needed for time division.

A panel requires six digitizer boards, each servicing 16 straws. Each digitizer board contains: one FPGA with 32 TDC channels; two ADC chips, 8 channels each; and associated analog circuitry. Rate leveling across digitizer boards is done at the preamp to digitizer transmission line, mapping straws to digitizer boards as shown in Table 8.4 [8]:

[bookmark: _Ref272685272]Table 8.4. Mapping of straws to digitizer channels.
	Digitizer
	Straws (0 ↔ inner most)

	0
	0  6 12 … 90

	1
	1  7 13 … 91

	…
	

	5
	5 11 17 … 95



The analog input stage of the digitizer is shown in Figure 8.21. There are two comparators to send signals for timing measurement. These work with the preamp pulses at full bandwidth. In addition, there is a summation and integration amplifier to feed a reduced-bandwidth signal to the ADC.

A completed board is shown in Figure 8.22. The ADCs are a commercial 8 channel, 50MSPS, 12 bit devices with high speed serial output. In-situ measurements of the completed board show 11.4 Effective Number of Bits [9]. However, since we do not require 12 bits of precision, only 10 bits are retained. An FPGA is used to read the ADC and to function as a TDC [10].

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 main purpose of the ADC is to reject hits from protons, a significant source of “noise” hits. A secondary purpose is supplementing the calorimeter in distinguishing muon from electron tracks [11].

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 ADC response, is sufficient to flag a pulse as not from a [image: ]proton. The planned system is therefore modest: 50 MHz, 12‑bit ADC. 
[bookmark: _Ref264643882]Figure 8.21. Digitizer input stage.
[bookmark: _Ref264644388][image: ]Figure 8.22. 16-straw digitizer board. The final board will not include RS422 and other test/debug capability, and will be ~10% smaller.

Each ADC digitizes continuously and sends data, without zero-suppression, to the digitizer FPGA. This FPGA also functions as the TDC for the corresponding straw. The ADC clock comes from the digitizer FPGA to ensure the TDC and ADC data remains synchronized. The FPGA combines internal TDC data with external ADC data. ADC zero suppression is achieved by sending only ADC data associated with a TDC hit.

The TDC is implemented in the FPGA as a combination of a delay chain for fine timing, and a counter running at 62.5 MHz for coarse timing. Per-stage delay in an FPGA varies with temperature and voltage. An automatic calibration procedure is built into the FPGA to measure and correct for this. The TDC intrinsic resolution is ~25 psec. Folding in comparator jitter, noise, and other external effects the final resolution is ~40 psec. For comparison, the resolution from time division is >80 psec (Figure 8.18).

Communication between the digitizer and ROC is via LVDS signals. For the current development we have chosen to use four lines per 8 straws: clock, frame, and two data lines. However, depending on final FPGA selection, and board layout issues, we are exploring options such as using 8b/10b or similar SERDES (self-synchronizing) data transfer.

Since both the digitizer and ROC are FPGA-based, data format is flexible. We have tentatively chosen to transfer data with the following fixed-length per hit format [8]:

· 16 bit header - The header contains information to uniquely specify this as a packet header, a channel identifier to specify the channel so the ROC can assign the hit to a wire number, and a packet checksum
· 16 bit -TDC left straw end
· 16 bit -TDC right straw end
· 8×10 bit ADC

Hit data is followed by a trailing “end of file” packet with status and error information. Including rate-leveling, and averaging over a microbunch, the highest rate for any 4‑straw group (corresponding to one digitizer data line to the ROC) is 240 kHz [12] or 30 Mbps (at 128 bits/hit). The maximum rate allowed by the LVDS lines is 200 Mbps per data line. There is plenty of head room for adjusting data format, or unexpectedly high rates.
[bookmark: _Ref390436488][bookmark: _Ref390436520]Readout Controller
The ROC’s primary function is to receive data from the digitizer boards, buffer the data, and then transmit it to the DAQ system. Buffering is needed to continue transferring data during the beam inter-spill time (836 msec out of each 1333 msec). (We expect to take cosmic ray data during the inter-spill time – the front end must remain live – but rates are very low.)

Since all elements of the chain – digitizer, ROC, DAQ – are programmable, communication is flexible. Tentatively we have settled on the same fixed-length format, 128 bits per hit, as used for digitizer to ROC data transfer, with an additional packet (content and length under discussion) for status and error information.

The connection from ROC to DAQ is via 2.5 Gbps full-duplex fiber optic links arranged in rings with multiple ROCs per ring, as seen in Figure 8.23. This allows lossless data taking with a defective fiber link while maintaining, on average, one full-duplex link per ROC [13]. Rate leveling within each ring is done by pairing high rate (upstream) with low rate (downstream) planes.
[bookmark: _Ref264699200][image: ]Figure 8.23. ROC connection to DAQ. One (of 20) servers shown.

The ROC includes external DRAM for buffering; this allows data transmission to continue over a full 1.333 sec Main Injector cycle. Since the Main Injector supplies us beam only 32% of the time, the rates presented in Section 8.4.2 translate to an expected output from the ROC of 

30 Mbps/4 straws × 96 straws × 32% = 230 Mbps

compared to a single optical link’s 2.6 Gbps capability: A single optical fiber readily handles several ROCs, motivating the ring architecture shown in Figure 8.23. With 240 controllers, the total rate from the T‑Tracker is 55 Gbps.

The ROC also links the experiment’s Slow Controls system to the digitizers and preamps [14]. DACs, ADCs, and sensors are distributed through each panel and connect to the ROC via SPI and I2C. To reduce the number Chip Enable lines (SPI normally uses one per chip), SPI port expanders will be used. Some critical functions of Slow Controls:

· Set the preamp DACs to control threshold and gain.
· Set switches to control HV fuses (see preamp section),
· Monitor voltages, temperature, pressure.

Infrastructure
The tracker must bring power, signals, gas, and cooling through vacuum penetrations and past the beam stop and calorimeter; see Figure 8.24. Except for cooling, utilities use the horizontal support beams as “cable trays”. A tentative layout is shown in Figure 8.25.
[bookmark: _Ref264699093][bookmark: _Ref264661260][image: ]Figure 8.24. Longitudinal positioning of components in the DS bore.
[image: ]
[bookmark: _Ref264661482][bookmark: _Ref264699010]Figure 8.25. Layout of utilities within the horizontal support beams. There are two such beams as seen in Figure 9.13.
Gas
A separate gas line is brought in for each plane for a total of 20 pair (20 each supply and exhaust). Gas flows over electronics to assist with cooling, as seen in Figure 8.26. We rely on the high flow impedance presented by the straw termination [15] to maintain uniform flow through all straws.
[image: ]To avoid the risk of gas contamination, a Partlene coating will be applied to electronics on the gas inlet side. Digitizers are on the exhaust side of the gas flow and do not need to be coated.
[bookmark: _Ref264661949]Figure 8.26. Gas flow through a panel. Digitizers are on the exhaust side to minimize concerns about outgassing from these boards.
Low Voltage
The power budget per component is given in Table 8.5 [5]. Power is brought in at 48 VDC and stepped down first by buck convertor [16], then by charge pump regulators to the various other required voltages. Assuming 90% conversion efficiency at each step, the total power including step-down losses is 9.5 kW. Total current is ~200A. 

Each of the two beams will carry 80 × 3.5 mm square solid copper wire with 0.25 mm Nomex® insulation, as shown in Figure 8.27. This gives a total of 80 pair (supply and return) of power cables to carry the required 200 A, or 2.5 A per wire. Resistance per pair is 27 mΩ for a 10 meter run (sufficient to exit the vacuum) for a voltage drop of ~67 mV. Power loss on the cables will adds ≲15 W heat load.

[bookmark: _Ref264670637][bookmark: _Ref264670627]Table 8.5. Power consumption of tracker components.







mW per Straw
W per Panel
Total Power (W)
Preamp
2×20
3.84
922
Digitizer
150
14.4
3,456
Controller

14
3,360
Total


7,738


[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 [image: ]supply and return currents in a “quadrupole” array as shown in Figure 8.27 [17].
[bookmark: _Ref264662444]Figure 8.27. Magnetic field due to power buses in dipole and quadrupole configuration with 2.5kA/line, >100× the tracker’s nominal. Curves are at 2 cm slices in Y. The tracker active region is at X ≳ 10cm.
High Voltage
High voltage is distributed using 0.05″ pitch silicone ribbon cable rated for 5kV compared to our operating point of ≲1.5kV. A separate line (conductor) will be sent to each panel for a total of 240 conductors, allowing each panel to be monitored and, if necessary, isolated without breaking the DS vacuum.
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 use a Suva® system. Entering the vacuum is one pair of lines (supply and return) as shown in Figure 8.28 [18]. Each plane has a cooling loop at the outer periphery, as seen in Figure 8.14, which taps into the cooling lines. The expected temperature gradient is shown in Figure 8.29.

[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 and compressed gas. These hazards have been identified and documented in the Mu2e Hazard Analysis Report [19].

The detector requires both low voltage, high current (~48 V @ 200A 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 [image: ]Fermilab policies. Fermilab will review the installation prior to operation.
[bookmark: _Ref264671103][bookmark: _Ref264663065][image: ]Figure 8.28. Conceptual design of the tracker cooling system.
[bookmark: _Ref264699329]Figure 8.29. Temperature gradient across support ring for 20°C coolant and heat distributed according to Table 8.5. The hot spots are from the ROC.
The tracker will require a supply of chamber gas to be supplied from compressed Ar:CO2, 80:20. To minimize variation over time, a single trailer will be used for the entire run. The trailer will be parked in a dedicated location appropriate to the type of gas being used. The installation, including all associated piping and valves, will be documented and reviewed by the Fermilab Mechanical Safety Subcommittee.

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
A complete list of risks, opportunities, and mitigation strategies are maintained in the Mu2e Risk Registry [20].
[bookmark: _Toc164928363]Performance Risk.
Extensive simulations of the tracker have been performed, providing confidence that it will deliver the required efficiency and resolution. However, work on pattern recognition continues. There is a risk that it will prove difficult to identify tracks with the required efficiency. Progress on simulations and pattern recognition 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 precision electronic levels and Hall probes on the tracker frame to monitor twist and skew.
[bookmark: _Toc164928364]Technical and Operational Risk
The tracker technology chosen for Mu2e is well established and has been implemented in other high energy and nuclear physics experiments [21] [22]. The risk of catastrophic problems inherent to straws is ruled out. However, to optimize resolution at low momentum, we are using thinner wall straws than in the past. To tolerate 15 psid with thin walls, we use Mylar® rather than the more common substrate, Kapton®. Risks associated with wall thickness and material are mitigated by extensive long-term tests [23] [24] as well as choosing to operate at the same hoop stress level as NA62 [22].

Chamber aging is a poorly understood phenomenon and requires testing. We have done this up to the expected total dose, including beam flash, of 0.9 Coulomb/cm on the upstream inner straws. The final materials intended for the straw construction were included in the test. We observed no measurable degradation [25]. Note, however, changes in the proton absorber may require repeating or extending this test to higher total dose.

Contaminated gas is a serious risk for any drift chamber. This risk is mitigated in several ways. First, Ar:CO2 is one of the least prone to harmful contaminants. Second, by purchasing a single batch of gas and performing detailed analysis. Never the less, there is risk of contamination of the gas system. Monitoring chambers will be included in the system, illuminated with radioactive sources, to give early warning of problems.
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.

[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.

All straws[footnoteRef:6] will be leak tested before assembly using a fast CO2 sensing technique [26]. A subset will be cross-checked by measuring leak rate in vacuum [27]. After assembly, each panel will be similarly leak-tested: 100% with CO2, a subset under vacuum [28]. All straws will also be visually inspected, and end-to-end resistance measured. From the leak test onward, straws are kept in individual storage tubes with bar codes to allow tracking each straw until it is made part of a panel. Panels will also have bar codes. Panel assembly will include recording the straw bar code and where in which panel it is placed. [6:  If the failure rate is low, we may switch to testing a subset of straws. Panels will still be 100% tested.] 

The appropriate tension must be applied and maintained for both the straw tube and the sense wire. Both wire and straw tension can be measured after assembly via vibration resonance [29]. The straw body (cathode) is electrically isolated from the tracker structure, allowing this test (as well as cathode resistance check) to be performed after assembly. Tension values over time will be recorded.

All panels will go through an X‑ray machine developed by Duke for use on ATLAS’ TRT straws [3]. Positions of all wires, relative to survey monuments on the panel, will be recorded.

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.

[bookmark: _Toc287961870][bookmark: _Toc164928366]Value Management
Use of off-the-shelf electronics opens opportunities for cost saving as new chips become available, or existing chips come down in price. The tradeoff between improved chips versus board redesign must be considered before final production.

3D printing is used in the manufacture of panels, both as part of the final panel and in the assembly fixtures. This is a new and rapidly advancing technology. Improved materials and precision may become available which expand the range of applications.

Full production as budgeted assumes only already designed tooling and fixtures, with only minor revisions. The tradeoff between designing and building more elaborate apparatus, versus the saving in labor, must be reviewed at each step.

Our plan is to have straws and straw assembly work done at universities. Although beneficial in many ways, distributed processing will require greater care in recording all QA/QC data. With guidance from Fermilab’s Computing Division, we will set up a database to allow multiple institutions to both access and enter this information.
[bookmark: _Toc398218413]Number of Stations
This chapter, and the sensitivity and background estimates described in chapter 3, assume the nominal 20 station tracker. Because of their modular design, the number of tracker stations is not strongly constrained by the other components of Mu2e. Geometric constraints, power limits, and heat removal capacity limit the maximum possible number of stations that can fit inside the cryostat to roughly 36. In general, we expect more stations will improve the tracker performance by increasing the number of measurements on each track. However, more stations also means more material in the conversion electron (CE) path, which will degrade the momentum resolution due to increased scattering and reduce the reconstruction efficiency due to the increased probabilty of bremsstrahlung. The optimum performance will be obtained when these effects balance. The number of stations is also constrained by the Mu2e cost cap. As the cost of the tracker is roughly linear with the number of stations, any predicted performance improvement must be weighed against its cost.

To inform a final decision on the number of stations, we repeated the CE yield and DIO background estimates for different numbers of tracker stations. These studies were done using the same physics inputs, simulation, and reconstruction sequence as for the nominal case (Section 3.5). Tracker hit backgrounds were computed using a G4 simulation that assumed a 22‑station tracker. CE and DIO were simulated using the exact number of stations being tested. Background hits in ‘missing’ stations were ignored in the reconstruction. Tracks were selected using the same quality cuts for all cases, with the largest differential effect coming from requiring at least 25 hits/track. The momentum selection window lower edge was adjusted for each case to yield approximately the same number of DIO backgrounds as the nominal case. The results for 18, 20, and 22 stations are shown in Figure 8.30. For a constant DIO rate, we see that the relative CE yield increases 3.5% for each additional station. The momentum resolution over this range of stations was found to be unchanged, within errors, as shown in Figure 8.31. Additional details of this study are provided in [30].

To understand the aymptotic behavior, we also estimated the CE yield dependence on the number of stations without background hit overlays, as shown in Figure 8.32. The broad optimum between 21 and 24 stations results from the approximate cancelation of increased selection efficiency against increased brehmsstrahlung. Additional details of this study are provided in [31].








[bookmark: _Ref272687438][bookmark: _Ref272687462][image: ]Figure 8.30. The Conversion Electron (CE) yield for Re=10-16 (top) and the relative DIO background rate (bottom) as a function of the number of stations from a full simulation of the Mu2e tracker, including hit backgrounds. The same track quality selection cuts are made for each point, but the lower edge of the momentum selection window was adjusted to give a constant [image: ]DIO rate.

[bookmark: _Ref272688038]Figure 8.31. Simulated CE momentum resolution with full hit background overlay for 18 stations (left) and 22 stations (right).

[bookmark: _Ref272687712][image: ]Figure 8.32. Relative Conversion Electron yield as a function of the number of stations, not including hit background effects. The same track quality selection cuts and the same momentum selection lower edge are made for each point. The Y axis is an arbitrary scale.
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Figure 8.13. Measurements from X-ray machine scanning a sense wire inside a straw. Note 
the straw (cathode) location can also be measured, if desired. 
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Figure 8.13. Measurements from X-ray machine scanning a sense wire inside a straw. Note 

the straw (cathode) location can also be measured, if desired. 

. 

R

e

f

e

r

e

n

c

e

 

W

i

r

e

 

R

e

f

e

r

e

n

c

e

 

W

i

r

e

 

Sense Wire

 

Straw Wall

 


image14.emf









image15.png




image16.png
Statc Structural A Stati Structural

Deformazioney Deformazione x

Type: Direcional Deformation(Y Axis) Type: Direcional Deformation(X Axis)
Unitmm Unitmm

Global Coordinate System Giobal Coordinate System

Time: 1 Time: 1

91572014 5:47 PM 91572014 5:49 PM

omax 00085 Max.
00077 00052
0015 00019
0023 00014

0081 00047
“0030 0008
0046 0011
0084 0015
0062 0018
0,069 0021
“0077 0025
0,085 0028
“0083 0031
01 0034
‘011 Min “0.038 Min





image17.emf



end) electronics. The flow of signals through the readout chain is shown in Figure Error! 
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Discrete Commercial*Analog*ICs FPGA FPGA 



AD
C 



 
 



TD
C 



TD
C 



 



 



 



 



PC
B'
tr
an
sm



is
sio



n'
lin
e 



Pr
ea
m
p  



Pr
ea
m
p  



 
 



Re
ad
ou



t'C
on



tr
ol
le
r 



 



DA
Q



 St
ra
w



 



    



O
ut
pu
t'C



on
tr
ol
'&
'B
uf
fe
r 



 
 



'''∑'



Figure Error! No text of specified style in document..1. Signal flow through front end electronics. 
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Figure Error! No text of specified style in document..1. Signal flow through front end electronics. 
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Figure 8.25. Layout of utilities within the horizontal support beams. There are two such 
beams as seen in Figure 8.15Figure 8.15. 
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Figure 8.27. Magnetic field due to power buses in dipole and quadrupole configuration with 
2.5kA/line, >100× the tracker’s nominal. Curves are at 2 cm slices in Y. The tracker active 
region is at X≳10cm. 
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