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Abstract--The D0 collaboration has designed a new large scale silicon strip tracking system for the D0 detector for Run2b of the Fermilab Tevatron collider, which will deliver an integrated luminosity in excess of 15 inverse femtobarns to the experiment. The design, prototyping work, and progress in construction of the detector will be presented. The tracker will employ about 2200 single sided silicon sensors and use the SVX4 readout chip.

INTRODUCTION

T
he present D0 silicon microstrip tracker (SMT) was built for the anticipated 2 fb-1 luminosity of Fermilab Run 2, now underway. Extended running of the Fermilab accelerator, tagged Run 2b, offers the possibility of reaching a luminosity of 15fb-1, putting the Higgs particle within reach if it exists in the expected mass range, and making supersymmetric and other low cross section states accessible. Radiation damage at higher integrated luminosity however will damage the inner layers of the present SMT. The D0 Run2b SMT group has proposed to replace the entire detector with the design briefly summarized in this talk.
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DETECTOR LAYOUT


The new detector design
 emphasizes simplicity consistent with a full detector replacement on a three-year time scale. Tagging of B particles is critical for discovery of the Higgs particle at Fermilab energies, for which one needs the best possible impact parameter measurement. The Run 2b detector thus features the largest possible lever arm which can be inserted in the available space (limited to a radius of approximately 20 cm), and for simplicity a uniform barrel design, rather than the barrel/disk arrangement used until now. Measurements in silicon begin at a radius of 18 mm from the colliding beams. Because of additional cooling restraints for the innermost layers of silicon detectors, a two piece design has evolved, with the first two layers of radiation-hard silicon sensors (labeled layers L0 and L1) mounted on cooled carbon fiber extrusions, and the outer four layers (L2-L5) built as 168 staves mounted in bulkheads at z=0 and 605mm. The detector is built in two independent assemblies, joined at z=0 (mean center of collisions). All silicon sensors are single-sided, with only three geometries needed for the tracker.


The plan view of the new detector is shown in Figure 1. The SMT is inserted inside of the Central Fiber Tracker, which will be retained, and which has scintillating fibers allowing a maximum of 18 position measurements (or hits) radially. 

 Figure 1. Plan view of the new silicon tracker (SMT) inside of the fiber tracker.

SILICON SENSORS

The geometric information and census for the silicon sensors is summarized in Table 1. In addition 50% spares are assumed for layers 0-1, and 20% spares for the outer layers. All outer layer sensors are the same type, and can be manufactured from 6” silicon wafers. Sensors are ganged to produce longer modules. Two readout chips per sensor are required for Layer 0, three for Layer 1, and five for Layers 2-5.

Table 1 Geometric parameters of silicon sensors.

	Layers
	Active Length (mm)
	Active Width (mm)
	Strip Pitch/ Readout pitch ((m)
	# readout channels
	# of sensors

	0
	77.36
	12.8
	25/50
	256
	144

	1
	77.36
	22.27
	29/58
	384
	144

	2-5
	98.33
	38.372
	30/60
	639
	1896


A. Radiation-Hard Sensors

Radiation-hard sensors are needed for the two inner layers of the detector. Prototype sensors from two vendors are being evaluated. General requirements are the ability to withstand up to 15 MRad of radiation, with a breakdown voltage > 700V, and initial depletion voltage < 300V, in addition to requirements on leakage current, flatness, and so on. A projected signal to noise (SN) ratio of > 10 is anticipated at the full integrated luminosity of 15 fb-1. Irradiation studies are still in progress. Early results, based on irradiations of 5, 10, and 15 MRad, show depletion voltages <600 at the highest dose for all the samples tested.

B. Modules

The outer layer silicon modules consist of two or four silicon sensors, each 100 mm in length by 40.34 mm in width, joined together with a single readout hybrid.  The readout hybrid is double-ended, meaning that the hybrid straddles two sensors with separate SVX chips reading out the signals from each end.  There are four types of modules labeled by the length in centimeters of the sensor segment read out and whether their sensors are aligned axially or with a stereo angle.  The same sensors are used in all four of the module types.  There are two hybrid types, one for the axial modules and one for the stereo modules.  The two axial modules differ only in the number of sensors used, while the two stereo module types use different stereo angles depending on the lengths of the readout segments; 1.24 degrees for 200mm readout, 2.48 degrees for 100mm readout. While the larger stereo angle would be preferred throughout the device, tight geometrical constraints limit the width of the staves, and hence the maximum allowable stereo angle as a function of readout length. 

Each hybrid has 10 SVX chips, 5 at each end of their 50mm length.  Each SVX chip generates 0.3-0.5W of heat, with 50% of that heat load concentrated in narrow regions near the two ends of the chip. A connector located at the center of the hybrid provides the power, control signals for the chips and the high voltage for the sensor bias.  A bias line wraps around the edge of the sensor to provide a connection directly to the back plane of the sensor.  Ground connections also wrap around the edge of the sensor-hybrid modules to tie the conductive support structure to the local hybrid ground in order to minimize ground current and pickup effects.

The techniques for assembly of sensor modules are similar to those used in the past by many groups, including DØ.  Sensors are manually aligned with optical feedback from a camera mounted on a coordinate measurement machine (CMM).  Once aligned, the sensors are glued to one another, directly or via a connecting substrate.  Reasonable expectations for this alignment are a few microns.  The hybrid, previously assembled, burned-in and tested, is glued directly to the silicon sensors.  Wire bonding is then done between the hybrid and the sensors, and from sensor to sensor for the modules with 200mm readout segments.  The sensor pitch has been chosen so that the hybrid to sensor bonding can be done directly from the SVX chips to silicon sensors without a pitch adapter.   

C. Stave assemblies

The outer four layers of the silicon tracker are constructed as 168 staves, as shown in Figure 2, approximately 46mm wide by 8.9mm tall by 610mm in length.  Each stave is independently mounted to a set of bulkheads.  The stave structures consist of a core with silicon mounted to both surfaces and two external C-channels that stiffen the structure.  The core structure has an integrated cooling circuit to remove the heat generated by both the hybrid electronics and the silicon sensors.  The core also provides the precise reference features for aligning and mounting sensor modules to the core and the completed stave to the bulkheads.  Finally, the core maintains the flatness of the silicon sensors.  The external C-channels provide the necessary bending and torsional stiffness to the stave.  
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Figure 2 Comparison of transverse views of current and proposed(right) silicon detectors to the same scale.

The core structure is about 2mm tall.  The main element is the cooling tube.  The tube is made from high strength carbon fiber (IM7 or similar) with a cyanate ester resin (Bryte EX-1515 or similar) that features very low moisture absorption.  The cooling passage is 2mm tall by 10mm wide (outside) with a 200-250 micron wall thickness.  The tube is a U-shape, turning around near Z=0.  The mechanical structure is built up from this tube using “outriggers” made of similar tube to carry the silicon module load out to the C-channels.  The remaining space will likely be filled with Rohacell foam to provide a uniform mounting surface for the sensors.  The core structure will be laminated with 50 micron Kapton MT, a polyimide loaded with alumina for better thermal conductivity, to provide an electrically insulating layer between the back plane of the sensors, at 300V, and the tube, which will be grounded.  Precision mounting and alignment features - ruby and sapphire rods and spheres - are an integral part of the core structure.  Once assembled, the core structure can be leak checked and inspected for dimensional tolerances prior to population with silicon modules.

The silicon modules are bonded directly to the stave core.   One side of the core is populated with axial sensor modules while the other is populated with small angle stereo modules.  The mounting and reference features on the stave core are accessible from both sides of the stave so that they can be used to establish the reference system on a CMM for alignment of the silicon modules to the stave core.  Past experience is that module-to-module alignment can be done at the sub-5 level.  

Carbon fiber C-channel structures mount to the core on each side with cross-members at several locations along the length of the stave.  These structures provide most of the stiffness of the completed stave, provide a surface for the readout cables to attach to as they run to the end of the stave, and help to protect the sensors and hybrids from damage during further processing steps.

DETECTOR READOUT

We will retain as much as possible of the existing readout chain of the D0 SMT. Figure 3 shows a block diagram of the front-end of the readout system, that portion which will be modified for the new detector. The readout chip employed is the SVX4; this change is required since the supply of SVXIIe chips used in Run 2a has been exhausted. These integrated circuits will be mounted on beryllia ceramic hybrids, in turn glued directly to silicon sensors (for Layers 1-5). A flexible jumper cable up to 100cm long then runs to a junction card, a small passive 8-layer printed circuit which stages connections to “twisted pair” cable. The twisted pair cable bundles include 44 30AWG wire pairs for signals, two miniature coax cables for clock signals, and 26 AWG wires for SVX4 power. All connections are soldered at the junction card. These cable bundles then run about 8’ to connectors on the active adapter cards located on the face of the central D0 calorimeter.
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Figure 3 Block diagram of new readout elements for the outer layers (L1-L5) of the D0 Run2b SMT. 

D. SVX4 readout chip

The SVX4 chip is latest in the line of readout chips designed by Fermilab and LBL engineers which includes the SVX2e used in D0 and the SVX3 used by CDF. The SVX4 is a common design to be used by both experiments in Run2b and has readout modes suitable for both groups. Each SVX4 chip has 128 inputs at a 48 micron pitch, with a 46-deep switched capacitor pipeline array on each input. Each pipeline cell contains the integrated charge observed in one channel of a silicon sensor during one beam crossing (currently separated by 396 ns). In normal D0 operation the chips will be readout after a Level 1 trigger is received, in sparsified nearest-neighbor mode, meaning that a positive signal 2.5 to 3 standard deviations above noise must be observed, and that channels adjacent to these channels are also readout regardless of signal size. From the D0 point of view the major design changes are that the SVX4 chip operates at 2.5v and that output lines are differential low voltage rather than single-ended TTL. First prototype chips were available in June 2002. They have been successfully used to readout prototype hybrids and modules. A second prototype submission will be made in Jan ’03. The major problem to be addressed with this revision is the non-uniform pedestals observed.

E. Analog Cables

Analog cables are needed to transmit raw signals from L0 silicon sensors to SVX4 chips placed 20-40cm away. To minimize the technical challenge of very fine pitch cables, we have decided to employ two offset cables, each with 91micron pitch, bonded alternately to the silicon. This scheme is illustrated in Figure 4. The two cables serve functionally as a single cable with an effective pitch of 45 microns. The most recent round of cable prototypes had a success rate of 93% (25/27 good). Good cables had zero or one open or shorted lines. The measured capacitance is < 0.4pF/cm, within the specification desired for SN > 10. Shielding of the cable is critical since the cable acts like an antenna, and studies are in progress. Preliminary studies indicate that a noise level of about 2000 electrons should be achievable. Actual observed noise with a shielded prototype L0 module was ~2 ADC counts, where minimum ionizing particles with the SVX2 chip produce 20-25 ADC counts.
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Figure 4. Sketch of Layer 0 analog cable connections to silicon sensor (left) and hybrid containing two SVX4 chips (right). 

F. Hybrids

Hybrids are the circuits connecting the SVX4 chips to the low mass jumper cables described below. For Run2b we will use thick film deposition on ceramic, which is a proven technique used elsewhere in the field. The material chose is 380 micron Beryllia, which is preferred over alumina because of its better thermal conductivity. Three potential vendors have been identified and prototyping is well underway.


Four hybrid types are needed: two 10-chip double-ended versions for axial and stereo modules in layers 2-5 of the detector; a 6-chip double-ended design for Layer 1; and a two chip version for Layer 0. The hybrids contain an AVX connector for plugging in low mass cables, capacitors for bypassing voltage lines, and a 1000 ohm platinum RTD for temperature measurement. 

Figure 5 is a photograph of a stuffed 10-chip hybrid.
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Figure 5 Stuffed 10-chip Layer 2 axial hybrid. The plastic cover protects the hybrid during testing.

G. Jumper cables

Digital Jumper Cables (DJCs) carry digital signals and power between the hybrids and the Junction Cards, where they connect to the Twisted-Pair Cables. In all, each DJC carries 11 pairs of differential signals, 6 single-ended signals, 5 sense lines, 2 power voltages and ground, and sensor bias of up to 1000 V. They are flex-circuit striplines, which minimize the amount of material in the sensitive volume. There will be 888 DJC’s 14.7 mm wide, with a distribution of lengths between 44 cm and 103 cm. Signal traces 125 microns wide with 300 micron pitch, and also broad power and ground traces, are located on both sides of a Kapton dielectric 102 microns thick. The layout for all layers is the same, with a 50-pin, 0.5 mm pitch AVX 5046 connector soldered to pads on both ends. DJC’s for Layers 2-5 will be made with 1-ounce rather than ½-ounce copper traces because of their larger (10-chip) power requirements. 

H. Junction Cards and Twisted Pair cables

Junction Cards are impedance-controlled 8-layer passive boards that mate Digital Jumper Cables with the Twisted-Pair Cables that run to the Adapter Cards. They will be mounted downstream of the SMT, and will have a maximum size of 25x90 mm2. The Twisted-Pair Cables will be soldered to one end of the cards for increased strength, while the Digital Jumper Cables will plug into 50-pin AVX 5046 connectors. Junction Cards for Layers 0 and 1 will each join three pairs of cables, while those for Layers 2 – 5 will each join two pairs. Bypass capacitors to smooth the supply voltages will also be located on the Junction Cards because there is limited space for large capacitors on the hybrids.

The Twisted Pair Cable, approximately 2 meters long, connects the Junction Cards and Adapter Cards.  The cable is soldered to the Junction Card on one side and is terminated by connectors on the Adapter Card side.  The cable mass is not a major issue since the cable is outside of the tracking volume.  The total outer diameter of a Twisted Pair bundle can be as small as 5-6 mm.

The twisted pairs were chosen because 11 of the signals used by the SVX4 chip are differential.  The 5 slower single ended lines will also use twisted pairs.  The cable assembly has 2 power lines and their returns, 1 HV line and its return, 15 signal twisted pairs, one  temperature sensor twisted pair and 2 voltage sense pairs.  The clock signals are transmitted via two coaxial cables in the same assembly.  

I. Adapter Card

Figure 6 shows a sketch of the staging of the readout from the junction card to the adapter card. For Run IIB, new active Adapter Cards will replace the passive cards now mounted on horseshoe-shaped aluminum plates on the north and south faces of the D0 central calorimeter. They will 1) translate single-ended TTL logic signals from the Interface Cards to differential signals to and from the SVX4 chips; 2) regenerate clock signals; 3) regulate the two 2.5 volt SVX4 supply lines to within the 250 mV tolerances of the SVX4. To use the limited mounting space more efficiently, each Adapter Card will service four or six channels rather than the two channels of Run IIA. Each pair of channels requires an 80-pin mini-D connector and four miniature coax connectors to interface with the High Mass Cables and associated clock coax cables, and two fine-pitch connectors on the Twisted-Pair side. Additional connectors are required for powering the adapter board itself, and for trigger lines (for timing studies).

Suitable components have been found and tested for signal translation and refreshing, and a voltage-sensing regulator circuit that will use sense lines in the Twisted Pair and Digital Jumper Cables has been successfully bench-tested. Layout of the prototype boards is complete, and three have been fabricated and tested. The largest remaining issue is how to remove the heat, about 600 watts on each calorimeter face. Heat sinks must be designed to transfer heat effectively from Adapter Card components to the horseshoe mounting plates, and the horseshoes themselves must be cooled.
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1. Two minicoax cables, MMX connectors

2. 6 AWG26 wires, Omnetics 0.050” 6-pin connector

3. 21 twisted pairs AWG34 in common shielding,
Omnetics 0.025” 44-pin connector

4-channel Adapter Card




Figure 6 Sketch of junction card, twisted pair cable and adapter card.

V. CONCLUSIONS

The new detector has been designed with goals of simplicity and rapid installation. With the additional layer of silicon at small radius it will enhance the D0 experiments efficiency for tagging Higgs decays via B quarks by approximately 40%. Together with the added luminosity (X5-7), the D0 and CDF experiments have a good chance of discovering the Higgs, if it exists in the expected mass range.

The proposed silicon detector has undergone extensive review of its design, prototyping, and costing.  A decision by the US Dept. of Energy of whether to proceed to construction is expected in Dec’ 02.
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