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Abstract

We describe the design, assembly and testing of the front-end electronics, and the performance of the system during a GLAST beam test. 
1 Introduction: GLAST LAT 

The Large Area Telescope (LAT) on the GLAST mission [1] is a pair-conversion telescope that makes use of silicon-strip detector technology for the tracker-converter section to help achieve a sensitivity that surpasses that of its predecessor, EGRET, by a factor of 50 or more.  The silicon technology has nearly ideal characteristics for such an instrument:

• Nearly 100% efficiency, to ensure that the e+e( trajectory is measured immediately after the conversion point, before passing through addition material.

• Fine strip pitch, to achieve excellent angular resolution at high energy while maintaining a very wide field-of-view.  Also for outstanding pattern recognition and background rejection at all energies.

• Thin, localized detection plane, allowing the measurement to be made very close to the conversion point, minimizing the lever arm for multiple scattering.

• Very low noise, allowing a simple self-trigger to be realized within the tracker. 

[image: image1.jpg]



Figure 1.  Photograph of one of 17 trays of the BTEM Tracker.  1600 strips in the silicon detectors on the top surface are read out by the electronics on the front edge.  Not visible are a full plane of detectors on the bottom of the tray and the associated readout electronics on the rear edge.

• Low dead time, even with very high background rates.

• No consumables; no pressure vessel; compact solid-state readout.

The GLAST LAT instrument is modular, consisting of 16 identical towers of precision tracker and CsI calorimeter, surrounded by a hermetic anticoincidence shield.  In 1999, we build a full-size model of one of the towers, the beam test engineering model (BTEM), with which we tested many electronic and mechanical aspects of GLAST, including the performance in gamma, electron and hadron beams at SLAC during two month in 1999/2000. 

2 The GLAST LAT Tracker

The GLAST tracker-converter [2,3] is composed of a 4(4 array of identical modules.  Each module consists of a stack of 3 cm thick “trays”, a prototype of which is pictured in Figure 1. A tray has detectors on the top and the bottom faces, with the readout electronics located on the edges.  Alternating trays are stacked 90° with respect to each other, such that the detectors on the bottom of one tray and the detectors on the top of the tray below form an x,y measurement pair, separated by only 2 mm.  With the exception of the bottom two, each x,y pair has a thin lead converter foil located just above it.
The construction of the BTEM is described in detail in Ref  [4]. It consists of a stack of 16 trays, with a footprint of 32cmx32cm. The single-sided silicon detectors are assembled to 32cm long ladders. 

The readout electronics for the BTEM Tracker were designed to be as close as possible to what we believe is needed for the LAT flight instrument.  The low-power, low-noise amplifier-discriminator design [5] was already proven in the GLAST 1997 beam test [6].  In the BTEM, however, we have also implemented the complete design for the data-acquisition aspects of the front-end electronics. In the following, we describe the design, assembly and testing of the front-end electronics, and the performance of the system during the beam test. 

3 Electronics System Overview

3.1 Requirements

The prototype electronics for the BTEM Tracker front-end readout meet the following requirements when integrated with 32-cm long detector ladders:

•Noise occupancy <5(10(5 with an efficiency of >99% for minimum ionizing particles (within fiducial region).

•Low power (<240 (W/ch).

•Self triggering.

•Sustain 10 kHz trigger rate with <10% dead time.

•Radiation hard to >10 kRad.

•Single-event latchup resistant to > 20 MeV-cm2/g LET.

•Configuration registers SEU resistant to >3 pC charge deposition.

•Redundant readout scheme to minimize the possibility of catastrophic single-point failures.

•Compact, to minimize intermodule dead space.
3.2 Implementation

Figure 2 shows the readout scheme of the GLAST BTEM front-end electronics. Each tracker tower module has electronics on all 4 sides, with 9 layers read out on each side.  Within a single layer, data flow from chip to chip down the line of 28 64-channel readout chips (GTFE) and into a controller chip (GTRC).  For partial zero suppression, if a GTFE chip has at least one hit, it sends out a 1 followed by 64 channel bits.  If it has no hit, then it just sends out a single 0 bit.  The GTRC chip formats the stream of bits into a list of addresses of hit chips, completing the zero suppression.  Data flow from the GTRC chips to the DAQ in a token-controlled serial daisy chain, with one GTRC chip at a time sending data.
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Figure 2.  The readout scheme of the BTEM Tracker front-end electronics, which implements the complete functionality planned for the flight system.  Each readout chip can send its data to the DAQ by either of two redundant paths indicated by blue and green arrows.  Similarly, each chip can be controlled by either of two paths, indicated by red and magenta arrows.

There is a GTRC chip at each end of each layer, for redundancy.  Either GTRC chip can control any of the GTFE chips, and each GTFE chip can send data and trigger information in either direction.  Therefore, the readout in a layer can be broken into two directions between any pair of chips, allowing all other chips to be read out even if one chip goes dead.  Similarly, if either of the two cables connecting to the DAQ is non-functioning, then all data can be read through the other.

4 Hybrids (Multi-Chip Modules)
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Figure 3.  Photograph of the right-most 1/5 of a hybrid, shown mounted on the side of a BTEM tray.

Each layer of silicon-strip detectors is read out by a single hybrid, which consists of 27 VLSI chips mounted directly onto a printed circuit board.  Figure 3 shows a photograph of part of one hybrid.  Five 64-channel amplifier-discriminator chips (GTFE64) are lined up along the top with their inputs wire bonded to the Kapton circuit that carries the signals around the tray corner from the detectors (see below).  A fifth chip is visible near the connector.  It is one of two redundant readout controllers (GTRC), the other one being located at the other end of the hybrid.  The passive surface-mount components consist of power supply filters, fuses, decoupling capacitors, termination resistors, resistors to set the amplifier bias currents, and a thermistor for temperature monitoring.

During readout, data latched within the GTFE64 buffers are shifted down the line of chips and into the GTRC chip, where they are formatted into a list of addresses of hit strips and then sent to the DAQ.  Figure 2 illustrates the flow of data and control signals in this system, showing in particular how redundancy is implemented in order to avoid catastrophic single-point failures.  Not shown in the figure are the “Fast-OR” signals sent to the DAQ and used to generate triggers.  Each Fast-OR is simply the logical OR of all (unmasked) discriminator outputs for a single Tracker layer.

The front-end electronics for a layer are implemented on a standard 8-layer FR4-based printed circuit, which is mounted on the edge of a tray as shown in the Figures 1 and 3.  The high number of layers is needed in order to implement a careful design for isolation of digital noise from the analog power and ground and to ensure a clean, low-noise flow of the small signal currents through the amplifiers and, via capacitors, back to the detector bias plane.    As a result, no problems were found during beam-test running with noise pickup, the system exceeded the stochastic noise requirements, and we demonstrated that we can accumulate new data through the amplifiers while previous events are being read from the FIFO buffers of the GTFE chips.
The boards were loaded with passive components and connectors by a commercial vendor followed by testing at UCSC before being loaded by the same vendor with chips and wire bonded.  Testing and burn-in, for one week, of the completed modules was then done at UCSC.  After mounting onto a tray and wire bonding to the flex circuit, each module was fully encapsulated in a soft space-qualified silicone.

5 ASICs

Two ASICs were custom designed for the Tracker readout.  They implement the full functionality desired for the flight instrument and satisfy the requirements on noise performance and power consumption as well as data rate.  They were implemented in the HP 0.8 (m CMOS process, but they have not been space qualified. 

•2-stage charge-sensitive CMOS amplifier with single-pole shaping.  

•Comparator with single threshold for digitization.

•Digital control, buffering, calibration, and readout on the same chip.

•Separate chip for formatting data and to interface to the DAQ.

The power consumption is about a factor 10 lower than previous circuits: 210 (W/channel has been achieved in the BTEM electronics, including all digital activity on the front-end readout board, assuming a high (12 kHz) trigger rate. The ASICs were acquired through MOSIS and then tested at UCSC on an automated probe station before dicing the wafers.

 Simulations of on-orbit background predict an average Tracker readout time for background events of only 7.3 (s, with a maximum of 203 (s.  Since the front-end electronics include an 8-event FIFO buffer, with the amplifier kept alive during readout, the tracker can read out well in excess of 10 kHz with negligible dead time.  In fact, the buffer occupancy never exceeded 6 in the simulations.

5.1 Amplifier-Discriminator GTFE64
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Figure 4.  Layout of the GTFE64 front-end readout chip.

In addition to amplifiers and discriminators for each of the 64 channels, the GTFE64 readout chip includes trigger logic, a calibration system, buffering for 8 events, dual redundant control and configuration via serial commands, DACs for setting the threshold and calibration amplitudes, and LVDS input-output.  Its layout is shown in Figure 4.  The chip includes three 64-channel programmable mask registers: one to select channels for calibration pulsing, one to remove noisy channels from the Fast-OR trigger signal, and one to remove noisy channels from the data stream.
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Figure 5.  Layout of the GTRC readout controller chip.  Control logic is on the left, data buffers and time-over-threshold FIFO are on the right.

5.2 Controller GTRC

The readout chips do not interact directly with the DAQ.  Rather, all communication takes place via the GTRC readout controller chips over LVDS links.  In addition to buffering clock, trigger, and command signals, the GTRC chips control the readout sequence, format the data into packets of addresses of hit strips, buffer the data, and handle the readout protocol with the DAQ.  The chip also calculates the time-over-threshold of the Fast-OR signal and includes it in the data stream.  Figure 5 shows the layout of the GTRC chip.

6 Bias Circuits and Kapton Cables

The 5 detector ladders of a tray are mounted on a Kapton circuit that covers the entire tray surface.  The circuit carries the bias current (at about 100V) from the hybrid to 1-cm2 pads onto which the detectors are bonded with a conductive epoxy.  A hatched ground plane lies below the bias circuitry, to shield the detectors from possible noise in the mechanical structure.  A narrow tongue extends from one edge, bends around the tray corner, and is bonded to the hybrid.  This tongue contains 1600 narrow strips, with gold body, that are bonded on one end to the detector AC pads and on the other end to the amplifier inputs of the GTFE64 chips.  It also contains additional wider strips for the bias current and ground return.
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Eight custom 4-layer Kapton flex circuit cables connect the hybrids to the DAQ (Figure 6 and Figure 7) All communication between the front-end hybrids and the Tower Electronics Module (TEM) is digital and takes place via Low-Voltage Differential Signaling (LVDS). Two layers are essentially used for power and ground, both digital and analog, while the other two layers hold the differential-pair traces used for digital signals.  Side arms bring the signals and power to individual hybrids via 25-pin space-qualified Nanonics connectors, while a 37-pin Nanonics connector mates with the repeater card.  The connectors are bonded to the cable and soldered to surface-mount pads.  A few resistors are also soldered to the cable near the upper end to provide termination for digital signals.
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7 Quality Control

Exhaustive testing was done on each item before integration with a larger assembly.  Some examples are chip testing, hybrid testing, and ladder testing.  The finished trays were also tested by connecting them one-at-a-time into the DAQ interface and also by stacking them 8-at-a-time (while still in their protective boxes) into a cosmic-ray telescope.  

In several cases time-consuming repairs were needed on ladders and hybrids (such as replacing a chip on a hybrid). 

.

8 BTEM Tracker Test Results

Initial testing of the Tracker concentrated on verifying the functionality and performance of the detectors and the electronics.  This was accomplished first with noise-occupancy scans and with cosmic rays.  More extensive tests are in progress, making use of the beam-test data. All results demonstrate that essentially 100% efficiency is obtained within the detector fiducial volume while still satisfying the noise occupancy requirements. The results also allow extrapolating the performance to the geometry of the flight instrument (36cm instead of 32cm long ladders). 

8.1 Noise Occupancy
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Figure 8. The noise rate of two individual channels of layer 10 as a function of threshold. The curve can be fitted to a gaussian with a noise RMS of 0.20fC or 1220 electrons. Note that the curve ends at a threshold of 130mV, while the threshold was set at 170mV during the beam test.

An important parameter in the binary readout scheme of the GLAST silicon tracker is the noise occupancy. It quantifies the noise rate of a single channel within the trigger window (~1s). Depending on the trigger scheme, it determines the threshold setting (see below). The noise rate for two individual channels as a function of threshold is shown in figure 8. This curve is well described as a gaussian of the threshold, and the RMS noise derived from Figure 8 is 1220 electrons. With a strip capacitance of about 1.3pF/cm, the noise slope is thus about 26 e/pF. At a threshold of 130mV, the noise occupancy in a 1s window is occupancy <5(10(5, meeting the trigger requirements. The difference between this threshold and the threshold at which the efficiency is high is the noise margin. 

Of the 41,600 individual channels that are connected to detector strips, outside of the one noisy ladder only a handful show excess noise.  The number of noisy channels was low enough that it was not necessary to mask any from the readout or trigger during the beam test, including the self-triggered running.  In summary, 98.5% of the 130 ladders in the BTEM are fully functional, while 97.7% exceed simultaneously the GLAST noise-occupancy and efficiency requirements.

8.2 Efficiency

Figure 9 shows the efficiency for detecting single particle tracks in layer 0 as a function of the discriminator threshold setting. measured using electron events at 90° incidence (one MIP in each event). Inefficiency due to dead areas between detectors is not included. The efficiency for each of the first three threshold values is greater than 99.9% for both the x and y layers. Note that the 50% efficiency point on the curves is at about 750 mV threshold, which should correspond to the average signal of a MIP (about 5.1 fC).  This indicates an amplifier gain of about 140 mV/fC, which is in accord with the design goal. .
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Figure 9. The efficiency in Layer 0 versus threshold, measured during the beam test from single electron tracks at normal incidence.  The nominal threshold for beam-test running was 170 mV (which is what was used for the noise measurement in Figure 8).
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Figure 10.  Measurements of the average MIP efficiency per detector ladder in one layer of the BTEM tracker, using the same discriminator thresholds as used for the occupancy results in Figure 8.  Some apparent inefficiency is due to errors in track reconstruction, especially for cosmic rays.

Each 64-channel front-end readout chip has a single DAC for setting the comparator thresholds.  To achieve a threshold setting on every channel that is sufficiently high above the noise but still low enough for >99% efficiency requires good threshold uniformity across the chip.  The main limitation is transistor matching in the shaping amplifier circuitry that stabilizes the amplifier output baseline.  Our measurements show typically a 6 mV rms variation in threshold across a chip, with a few chips having rms variations as large as 16 mV (compared with a nominal operating threshold of over 150 mV).  During 2 months of beam test running, all threshold DACs in the system were set the same, except for one noisy ladder (5 chips), and they never had to be readjusted.

The high single channel efficiency of Figure 9 is reflected in the tracking efficiency at the nominal threshold of 170mV, both for cosmic rays and for 20GeV positrons. The cosmic rays were incident over a continuous range of angles and positions, while the 20 GeV positron beam was scanned across 4 x positions (times 4 y positions) at normal incidence and was (1 cm wide. Inefficiency due to dead areas between detectors is excluded by this analysis, but some apparent inefficiency is due to errors in track reconstruction, especially for cosmic rays.

8.3 Self-Triggering

The tracker provides the principal trigger for the GLAST instrument.  The trigger design relies upon signals from individual layers that are the logical ORs of all channels in the layer.  Coincidences are formed between x,y pairs, and 3 consecutive pairs are required to fire in coincidence to make a tracker trigger.  This simple scheme can work only if the noise occupancy is much less than the reciprocal of the number of channels in a layer.  In the prototype tower running at nominal threshold, the noise trigger 

rate is negligible (a few Hz).  Figure 11 shows the firing rate of the OR of all channels (with the exception of 4 noisy channels that were masked).  The single-plane noise rate is dominated by cosmic rays above a threshold of 150 mV.

[image: image9.wmf]50

70

90

110

130

150

170

190

Threshold (mV)

10

1

10

2

10

3

10

4

10

5

2

3

5

2

3

5

2

3

5

2

3

5

2

3

5

Trigger-OR Rate

Layer 0


Figure 11  The rate of the trigger output (OR of 1596 channels) in Layer 0, as a function of threshold. This rate agrees within a factor two with the one calculated from single channel rates (Figure 8).

Self-triggering of the BTEM tracker was successfully demonstrated in the beam test (although most beam-test data were taken using a trigger from the accelerator).  

9 Conclusions

In conclusion, the BTEM Tracker module was completed and was operating very successfully and within specifications in the SLAC test beam. The BTEM experience shows that the GLAST silicon tracker has sufficient noise and efficiency margins. EMI protection seems to be satisfactory to allow operating in a relative noisy environment.

The front-end electronics are in the process of being redesigned for the 0.5 (m HP process, and a prototype of the amplifier-discriminator section has already been fabricated and tested in that process.  The final design will take place after a thorough review of number of desired design modifications.
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The tracker provides the principal trigger for the GLAST instrument.  The trigger design relies upon signals from individual layers that are the logical ORs of all channels in the layer.  Coincidences are formed between x,y pairs, and 3 consecutive pairs are required to fire in coincidence to make a tracker trigger.  This simple scheme can work only if the noise occupancy is much less than the reciprocal of the number of channels in a layer.  In the prototype tower running at nominal threshold, the noise trigger rate is negligible (a few Hz).  The figures above show the firing rates of two randomly chosen individual channels in Layer 0 and the OR of all channels (with the exception of 4 noisy channels that were masked).  The single-plane noise rate is negligible for thresholds above about 150 mV.
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Figure 7.  Schematic cross section through the Kapton flex cable
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Figure 6.  Layout of one of the Kapton flex cables











