4.3 Silicon Strip Detector

We plan to instrument the outer three layers of the VTX with silicon strip detectors of a novel design. The sensors developed by the BNL Instrumentation Division provide two dimensional position sensitivity with single-sided processing. A first set of prototypes has been produced and tested using the VA2 readout chip, which is not well matched to the sensor. The next generation of prototypes is under development. They will be readout by SVX4 chips, which were developed for silicon strip detectors by FNAL and LBL. If the test results are satisfactory the SVX4 will be our choice for the readout of the sensors. In the final reaout system the SVX4 chips would be arranged on a readout cards (ROC's) and mounted directly on the sensors. The ROC's would also provide the data bus, power distribution, and all necessary control signals.  

Strip Sensors

Principle Design

The sensor is a finely grained detector with 80(m(1000(m pixels. Each pixel region has two serpentine-shaped metal strips (Figure 1) that collect charge that diffuses after an ionizing particle transverses the silicon. Any one hit will deposit charge on two serpentines. Two metal strips connect neighboring serpentines. One of these strips connects those serpentines that are in a straight line (X-direction). The second strip connects serpentines that are at a 4.6 degree angle (U-direction). This provides a stereoscopic X-U readout and thus two-dimensional information from one side of the sensor.
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Figure 1 A schematic view of p+ cathode structure of the pixels

Figure 2 shows a schematic view of the prototype strip sensors and their geometrical dimensions. The total size of the sensor is 34.3mm(64.6mm. Each sensor is divided into two sides of separate sensitive areas with a dimension of 30.7mm×30.0mm. The active areas are segmented into pixels of 80(m(1000(m which are connected to X- and U-strips as discussed above. Each strip sensor has a total of 1536 channels, 2( 384 channels per side, half of them in X- and the other half in U-direction. First prototypes where produced with 250 and 400  (m thickness. These detectors have been tested in the laboratory and in beam. The next generation of prototypes is being developed and we expect to test their performance in the first half of 2004.  
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Figure 2 A schematic view of the prototype silicon strip sensor.

The initial tests of the strip sensors have shown good results. Figure 3 shows measured current and capacity as a function of the bias voltage. Full depletion is achieved at a bias voltage of ~80 V. At this voltage the capacitance of each strip is  ~10 pF  and the leakage current is less than 10 nA.

[image: image3]
Figure 3 Current and capacity characteristics of a prototype sensor

Laboratory tests of the strip sensors 

To test the sensors, the Instrumentation Division in BNL has constructed a laser test setup. During the R&D phase the laser setup allows detailed studies of the properties of the sensors and to find the optimum operation condition, which includes the depletion voltage, the charge collection efficiency, the response to the carrier drift process, electric field profile inside the sensor and so on. The transient current technique (TCT) [1] is applied to obtain the electrical properties of the sensors. The technique is based on the analysis of the current and/or charge pulse shapes, which arise from electron-hole pairs created inside the detector by injecting the fast laser light. During the mass production of sensors, the existing setup or a newly developed setup based on our experience will provide the basic tool for quality control of the strip sensors and later of the assembled detector ladders. 

Figure 4 shows the schematic layout of the laser test setup. The picture of the laser test setup is shown in Figure 5. A nano-second pulsed laser coupled into a focuser through an optical fiber is operated with a pulse generator. Two types of laser are used in the laser tests. One is a red laser with the wavelength of 635 nm and the penetration depth of 3 μm in silicon and the other is an infrared laser with the wavelength of 1060 nm and the penetration depth of 800 μm in silicon. The red laser is used to study the separate collection of electrons and holes. The infrared laser is used to study the response of the detector to the charge deposition of a minimum ionizing particle (MIP). The focuser was fixed to a XYZ motorized stage. The precision of the laser spot positioning with the motorized stage is 0.5 μm. The laser spot size achieved after focusing is about 10μm in diameter. 
The current laser test setup is controlled with manual controllers and will be upgraded to have an automatic control with a LabVIEW compatible multi-axis motor drive.
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Figure 4 Schematic layout of the laser test setup.
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Figure 5 The laser test setup for the strip sensor.
Reference

[1] V. Eremin et al., Nucl. Instr. and Meth. A 372, 388 (1996).

Sensor Prototypes in Test Beam

To test the prototypes in beam, the sensors were mounted on readout cards designed to read out signals from one side of the sensors (Figure 6). Each plane consists of a silicon strip sensor, six readout chips, a base-board, two fan out boards (pitch adaptors) and two SMT boards. A bias voltage was applied in the sensor backplane (ohmic side) through the base-board. An analog multiplexer readout chip with 128-channel charge sensitive preamplifier-shaper circuits, VA2 chip of Ideas ASA [1], was used to read out signals from the sensor. The preamplifier-shaper has a 1-3 μsec peaking time and a nominal gain of 30 mV/pC. The SMT board was designed to operate the VA2 chips and read out multiplexed analog signals through an interface with a VME data acquisition system. Three detectors planes with 400 μm thick sensors and four with 250 μm thick sensors were constructed.
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Figure 6   The prototype detector

The sensor performance in terms of charge sharing properties, detection efficiency and position resolution has been evaluated with a 90Sr β-source and in the test beam at KEK. The beam test was performed at T1 beam line in KEK-PS, which delivered a positively charged particle beam with momentum of 0.5 - 2.0 GeV/c. 

Charge sharing property in x-strip and u-strip can be characterized by the asymmetry, AQ = ( Qx - Qu ) / ( Qx + Qu ), where Qx and Qu represent collected charges in x-strip and in u-strip, respectively. For an optimum two-dimensional position sensitivity charge sharing one expects that AQ on average is zero with a narrow width. Figure ? shows results of the source test and the beam test. The source test shows the AQ distribution peaking at zero with a width of about 0.18. This demonstrates that the principle of two-dimensional position sensitivity by charge sharing works. In the beam tests AQ exhibited a dependence on the incident angle of the beam normal to the sensor surface, θinc. For θinc = 15 degrees and 30 degrees narrow distribution with a peak at zero were observed. However, at θinc = 0 degrees broad distributions which did not peak at zero were found. This deficiency was traced back to the line width (8(m) and gap spacing (5(m) of the p+ electrode structure in a single pixel. For the second-generation prototype sensors a narrower line width (5(m) and gap spacing (3(m) was chosen to overcome this problem. 
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Figure ? Charge correlation in between x-strips and u-strips
The position resolution was measured from the residuals of hits on reconstructed particle trajectories. As is shown in Figure 7 the rms width of the residual distribution for a singel strip is about 40 (m. After deconvoluting the fit bias and the contribution of multiple-scattering, the intrinsic position resolution of the detector is 23 - 25 (m. This is comparable to the resolution expected for a strip detector of 80 (m pitch.  
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Figure 7 Hit residuals from tracks found using the silicon strip sensors in a test beam experiment.

A reliable measurement of the efficiency of the sensors was not possible. In part this is due to the imperfections in the charge sharing, but more prominently the readout chain suffered from severe common mode noise, which lead to a small signal-to-noise ratio and prohibited an efficient hit detection. At present only lower limits for the efficiency can be quoted, they are 88% for the 400 μm thick sensor and about 60% for the 250 μm sensor. The detection efficiencies and the signal-to-noise ratios are under study and are expected to be improved by optimizing the operational condition of the detector and by introducing a more appropriate readout chain based on the SVX4 chip. 

Reference

[1] Ideas ASA (Norway), http://www.ideas.no/
SVX4 readout chip

The strips will be read out with the SVX4 chip developed by a Fermilab/Berkeley collaboration
. The SVX4 is implemented in the 0.18 m TSMC process and is inherently rad-hard. It is a 128-channel chip with a 46-deep pipeline that is cycled by the beam-crossing clock, thus providing the LVL1-latency required by the PHENIX DAQ. LVL1-accepted events are stored for future pipelined readout. The SVX4 allows up to 8 bits of analog information, although the number of bits are programmable. Several pedestal-subtraction steps offer robust protection against common-mode noise. On-board zero suppression is provided for, but can be turned off (see discussion below). The SVX4 also provides for four-deep multi-event buffering required by the PHENIX DAQ. Fermilab has a complete wafer-testing station and has indicated a willingness to take on the required wafer testing of our chips.

In Fall 2003 FNAL cancelled the Tevatron Run-II silicon upgrade projects. There are already sufficient SVX4 chips that have been produced to meet our needs. We are in negotiations with FNAL for the purchase of these chips. 

A testboard has been developed that will allow us to completely verify compatibility of the SVX4 with the PHENIX DAQ and will allow us to perform an integrated SVX4/sensor test in the next few months. Initial system tests have started at ORNL.

Sensor Readout Card (ROC) / Readout Bus

The readout geometry is illustrated in figure 4, which shows three different views of a portion of a strip ladder. Each sensor is wire-bonded to and read out by twelve SVX4s, six per orientation. The twelve SVX4s servicing each sensor are mounted on two beryllium oxide readout cards (ROCs). There are 2 ROCs per sensor, 4 sensors per ladder and 42 ladders for a total of 336 ROCs (2016 SVX4s). 

In addition to six SVX4s, each ROC has two identical, custom, digital ASICs (or perhaps a rad-hard FPGA), one per orientation. These chips read the data out of their corresponding SVX4s. Reading out SVX4s on different ROCs in parallel is required in order to meet the PHENIX 40 s readout criteria since without zero suppression 129 clock ticks are required to read the data out of each SVX4. This defines a maximum of three SVX4 chips that can be read out serially if the SVX4 readout clock is cycled at the beam clock frequency (~10 MHz). The readout clock can, in principle, run at up to roughly four times the beam clock frequency, reducing the required number of these chips by the same factor of four. However, faster readout results in more SVX4 power consumption, and the reduction would require development of two different flavors of ROC. In addition to parallelizing the data these chips also serve to remove strip address information and compress the 8-bit data to 4-bits. Finally, they also serve to minimize the effects of single-point failures (one broken chip will take out all of the chips in its serial path). The decision to use an ASIC or a rad-hard FPGA will be made based on radiation dose measurements. Since these chips are purely digital the development process can be done inside an FPGA (greatly simplifying any necessary revisions) and a technology choice can be postponed.  

[image: image10.emf]One sensor

Sensor bond-pad rows

ASIC

X-View

A-C

ASIC

X-View

D-F

ASIC

U-View

A-C

ASIC

U-View

D-F

One ROC

SVX4

U-View

(A)

SVX4

U-View

(B)

SVX4

U-View

(C)

SVX4

U-View

(D)

SVX4

U-View

(E)

SVX4

U-View

(F)

SVX4

X-View

(A)

SVX4

X-View

(B)

SVX4

X-View

(C)

SVX4

X-View

(D)

SVX4

X-View

(E)

SVX4

X-View

(F)

X

-

View Readout

U

-

View Readout

One sensor

Sensor bond-pad rows

ASIC

X-View

A-C

ASIC

X-View

D-F

ASIC

U-View

A-C

ASIC

U-View

D-F

One ROC

SVX4

U-View

(A)

SVX4

U-View

(B)

SVX4

U-View

(C)

SVX4

U-View

(D)

SVX4

U-View

(E)

SVX4

U-View

(F)

SVX4

X-View

(A)

SVX4

X-View

(B)

SVX4

X-View

(C)

SVX4

X-View

(D)

SVX4

X-View

(E)

SVX4

X-View

(F)

X

-

View Readout

U

-

View Readout

Cooling / Support Structure

SVX4s

ROCs

Sensor

Cooling / Support Structure

SVX4s

ROCs

Sensor

Cooling / Support Structure

SVX4s

ROCs

Sensor

Cooling / Support Structure

SVX4s

ROCs

Sensor

SVX4s

ROCs

Sensor

a)

b)

c)

One sensor

Sensor bond-pad rows

ASIC

X-View

A-C

ASIC

X-View

D-F

ASIC

U-View

A-C

ASIC

U-View

D-F

One ROC

SVX4

U-View

(A)

SVX4

U-View

(B)

SVX4

U-View

(C)

SVX4

U-View

(D)

SVX4

U-View

(E)

SVX4

U-View

(F)

SVX4

X-View

(A)

SVX4

X-View

(B)

SVX4

X-View

(C)

SVX4

X-View

(D)

SVX4

X-View

(E)

SVX4

X-View

(F)

X

-

View Readout

U

-

View Readout

One sensor

Sensor bond-pad rows

ASIC

X-View

A-C

ASIC

X-View

D-F

ASIC

U-View

A-C

ASIC

U-View

D-F

One ROC

SVX4

U-View

(A)

SVX4

U-View

(B)

SVX4

U-View

(C)

SVX4

U-View

(D)

SVX4

U-View

(E)

SVX4

U-View

(F)

SVX4

X-View

(A)

SVX4

X-View

(B)

SVX4

X-View

(C)

SVX4

X-View

(D)

SVX4

X-View

(E)

SVX4

X-View

(F)

X

-

View Readout

U

-

View Readout

Cooling / Support Structure

SVX4s

ROCs

Sensor

Cooling / Support Structure

SVX4s

ROCs

Sensor

Cooling / Support Structure

SVX4s

ROCs

Sensor

Cooling / Support Structure

SVX4s

ROCs

Sensor

SVX4s

ROCs

Sensor

a)

b)

c)


Figure 8  Three views of Si Strip ladder. A top view of a single sensor and its two ROCs and associated chips is shown in panel a). The sensor appears as blue-green. The four rows of bonding pads for each sensor are shown as red and dark blue lines – two per orientation per sensor. The corresponding SVX4s are also shown in red and dark blue. They are wire-bonded to the sensor through the holes shown in the ROCs (light green). The digital ASICs are shown in black and arrows indicate the direction of the signal bus for each orientation. The signal buses (and power and ground) are carried across ROC and sensor  boundaries (shown by the solid black line bisecting the sensor) by wire-bonding necessary pads of adjacent ROCs.  Panel b) shows the short edge-on view of a ladder. The vertical development is shown –the support/cooling structures are gray; the sensor is blue-green, the ROC is light green and the SVX4s are red. Panel c shows the long edge-on view of a pair of sensors (separated at the heavy black vertical line) using the same color scheme. The hatched green regions show where the holes are in the ROC to allow wire-bonded connection between the sensor and the SVX4.

Power, serial control, timing and readout for a ladder are all carried directly on the ROCs. All ROCs on a ladder are bussed together with wire-bonds at the edges of each ROC pair. There is one signal bus per orientation. These carry the digitized data from each orientation to Pilot Modules at opposite ends of the ladder. 

Pilot Module

The two pilot modules per ladder are wire-bonded to the ROCs at the far ends of each ladder and sit outside the detector acceptance. These modules serve as the interface to the PHENIX timing, data collection and serial control systems. These modules consist of ARCNet connectors and corresponding chipset, optical fiber links for timing and data communication, and an FPGA in charge of data formatting and direction of serial control traffic. Space issues may require this module to be implemented in two boards, one local to the ladder and one remote with optical connection between the two. The bulk of the data formatting tasks will be handled by the ROC-mounted FPGAs (or digital ASICs). Aspects of this module are extremely similar to other PHENIX DAQ interface modules previously developed. With four-bit data read out by a clock at twice the beam frequency on 16 bit words (specifications for the existing Data Collection Modules) each pilot module would supply data to one DCM and fit within the PHENIX bandwidth requirements.
Zero Suppression
The architecture above assumes that we do not take advantage of the capability of the SVX4 to zero-suppress its data. The advantage of this approach is that we can use existing DCM technology. This simplifies design of the pilot module and decouples the development cycle from the development cycle of a new DCM. In addition, the current PHENIX DAQ is not designed to handle zero-suppression prior to the DCM. The pipelined architecture assumes a fixed length data packet. Any specified maximum data volume that is smaller then the data volume when every channel is struck can be exceeded. A mechanism to either throw out anomalously large events or a method to incorporate a BUSY signal into the DAQ would need to be developed. An active R&D program in the PHENIX DAQ is investigating these options since the data is zero-suppressed on the detector. 

Allowing on-board zero-suppression by the SVX4 would have several advantages however. First, the ROC-mounted FPGA (or digital ASIC) would not strictly be needed. With a generous safety factor on the expected occupancy all SVX4s on a ladder could be read out serially. This would save on FPGA/ASIC development costs, on precious ROC real estate and on material in the aperture. Even with zero suppression implemented there is motivation to retain this chip since it does limit the effects of single-point failures. Second, the data reduction provided by on-board zero-suppression would allow us to combine several ladders worth of data into a single DCM. This would likely make any future hardware level-2 trigger easier to implement. Finally, it is reasonable to expect some modest reduction in power consumption due to the reduced amount of data to read out.

These points will be studied further prior to the development of a final design.































� http://www-cdf.lbl.gov/users/mweber/svx4/
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