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Table 3
The dimensions of type-A and type-B silicon strip sensors. [8]

Item Type-A Type-B Type-A+B Total
Physical dimensions 130.0 mm ù 22.5 mm 102.0 mm ù 22.5 mm 232.0 mm ù 22.5 mm
Active area dimensions 128 mm ù 19.968 mm 100 mm ù 19.968 mm 228 mm ù 19.968 mm
Active area fraction 87.4% 87.0%
Active cell dimensions 16 mm ù 19.968 mm 20 mm ù 19.968 mm N/A
# of cells 8 5 13
Active block dimensions 16 mm ù 9.984 mm 20 mm ù 9.984 mm N/A
# of blocks 16 10 26
Number of blocks per cell 2
Number of strips per block 128
Strip pitch 78 �m
Number of strip channels 2,048 1,280 3,328

Figure 5: The layout design of the type-A (top) and type-B
(bottom) silicon sensors [8].

digitizes and sparsifies the hit channels for each beam cross-153

ing, and serially reads out the digitized data.154

The back-end is a novel, triggerless, data-push archi-155

tecture that permits operation without deadtime and high-156

speed readout with very low latency. It has been designed157

to process up to four hits within four RHIC beam crossings.158

Although it takes longer, it can process more than 4 hits from159

a given crossing.160

A fully processed hit pattern is zero suppressed, contains161

a 7-bit time stamp in the unit of RHIC repetition frequency162

Figure 6: The schematics of the double metal structured strips
and their readout lines [8].

Table 4
Specifications of the silicon strip sensors [8].

Item Specification
SSD type AC-SSSD
Nominal operating voltage 100 V
Bias Providing Type Poly-Si bias
Poly-Si resistance 15 M⌦
Silicon thickness 320 �m
Strip implant width 10 �m
Strip readout aluminum width 20 �m

9.4MHz (1_106 ns), a 7-bit channel ID, and a 3-bit ADC163

value. The data word is output over two LVDS serial lines in164

alternating order at a rate of up to 200 MHz. A summary of165

FPHX specifications [9][10] is given in Table 5.166

In addition, to be as self-su�cient as possible, the FPHX167

chip provides its own internal bias voltages and currents168

with minimal external support circuitry. For the user to be169

able to control the internal parameters and biases, a digital170

slow-control interface is provided on each chip to enable171
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Table 1
Number of the INTT silicon ladders of the inner and outer
layers of the INTT barrel detector

. Inner Outer
Number of ladders 24 32

design shown in Fig. 1. In its overall layout, sPHENIX20

follows the typical geometry of modern collider detec-21

tors. The tracking system comprises a CMOS monolithic-22

active-pixel-sensor (MAPS) microvertex detector (MVTX),23

a silicon-strip intermediate tracker (INTT), and a time-24

projection chamber (TPC). For calibration, a micromegas25

based detector (TPOT) [5] partially covers the outside of26

the TPC acceptance. The calorimeter stack includes a tung-27

sten/scintillating fiber electromagnetic calorimeter (EM-28

CAL) and aluminum/scintillator and steel/scintillator tile29

hadronic calorimeter (HCAL), divided into inner and outer30

parts. The inner HCAL sits inside the 1.4 T superconducting31

solenoid, which was refurbished from the decommissioned32

BaBar detector [6].33

Figure 1: The mechanical drawing of the sPHENIX detector.

This document describes the details of the INTT silicon34

ladder, its readout cables, and the readout electronics card.35

2. Detector Overview36

The barrel-type INTT detector comprises inner and outer37

layers of INTT silicon ladders. Adjacent ladders are stag-38

gered to prevent dead space in azimuthal acceptance. The39

inner and outer barrels have 24 and 32 ladders, respectively,40

as summarized in Table 1. Details of the INTT barrel are41

beyond the scope of this document, and a separate paper is42

under preparation.43

The designs of the INTT ladder and its readout are44

constrained by the specification of of the FPHX readout chip45

and the readout card (ROC) of the Forward Vertex (FVTX)46

detector[7] in PHENIX. Since the INTT reuses the FPHX47

design and ROCs, the rest of INTT detector was designed48

to be compatible with these readout chip and electronics.49

Thus, new copies of FPHX chips were produced for the50

Table 2
The components and total number of channels of the INTT
module and ladder. The details of silicon strip sensor type-A
and B are discussed in the section3.1.

Component Quantity

Silicon
module

Silicon strip sensor 2 (Type-A & B)
FPHX Chips 26

HDI 1
Total number of channels 3,328

Silicon
ladder

Silicon module 2
Stave 1

Total number of channels 6,656

INTT detector, while the ROCs were recycled. The major51

di�erence between the FVTX and the INTT detectors is in52

the mechanical concept. The INTT is a barrel type with 253

layers, while the FVTX was a disk type with 4 layers.54

Two silicon sensors and 26 FPHX readout chips [7] are55

mounted on a high-density interconnect (HDI) flexible print56

cable to form an INTT silicon module. The schematics of the57

silicon module are shown in Fig. 2. The layout of the silicon58

sensors and the FPHX chips with respect to the HDI cable is59

defined in the figure.60

Figure 2: Schematics of the INTT module and the dimensions
of each components, i.e. the silicon sensors, FPHX chips, and
the HDI cable. Dimensions are given in inches, while numbers
in brackets are in millimeters.

These components of the INTT silicon module and the61

ladder are summarized in Table 2. Two INTT modules are62

aligned longitudinally and glued to a carbon fiber composite63

(CFC) support stave to form an INTT silicon ladder, as64

shown in Fig. 3. To show the structures of the INTT ladder,65

the stackup of the components of the ladder is illustrated in66

Fig. 4.67

Both glue and carbon fiber have high thermal conductiv-68

ity to di�use heat generated by the FPHX chips. A water69

cooling system removes heat from the barrel through a70

carbon tube integrated within the body of the stave. Figure 471

also shows the tube attached to the edge of the CFC stave,72

which is an inlet for cooling water.73

The data of a given ladder are read out from both longi-74

tudinal ends for each silicon module. Thus, each HDI cable75

transmits data from half of a ladder. The data are further76

transmitted downstream from the HDI by a bus extender77

(BEX) cable [19] and a conversion cable (CC). The BEX78

is a 1.11 meter long flexible print cable (FPC) employing79

liquid-crystal polymer as a dielectric material to suppress80

losses in transmission lines. In both ends, the conversion81
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Figure 3: Photo of the INTT ladder with sensors facing up. Note the center line dividing the two halves of the sensor and the
rows of FPHX chips along the sensor edges.

Figure 4: The stackup of the components of the INTT ladder.

cable comprises three components; 1) �-coaxial harness, 2)82

power and ground cables, and 3) connector print boards. The83

downstream end of the conversion cable is connected to the84

read-out card (ROC) which collects data from up to seven85

half-ladders, and then transmits reformatted data to further86

downstream electronics via an optical fiber connection. The87

downstream electronics beyond the ROC and data acquisi-88

tion system are beyond the scope of this document.89

3. INTT Ladder90

This section describes the electrical components and91

support systems used to read out and power the INTT.92

The silicon-strip sensors and the FPHX readout chips are93

introduced in subsections 3.1 and 3.2, respectively. The94

HDI that provides power, bias voltage, and slow-control95

signals to the sensor is discussed in subsection 3.3. The stave96

support structure is discussed in subection 3.4. The material97

budget of the ladder in the radial direction is discussed in98

subsection 3.5. Lastly, the dead space of the silicon ladder is99

evaluated in subsection 3.6.100

3.1. Silicon Sensors101

The silicon-strip sensor [8] is single-sided and AC-102

coupled. The design is based on and modified from the103

PHENIX FVTX silicon mini-strip sensors [7]. The sensors104

(model S14629-01), as well as the FVTX sensors, were fab-105

ricated by Hamamatsu Photonics K.K. There are two types106

of sensors (type-A and type-B), which are distinguished by107

the length of strips and number of blocks. The type-A sensor108

has an active area of 128ù 19.968 mm that is segmented into109

8 rows and 2 columns of blocks, each of which consisted of110

128 strips with 78 �m pitch and 16 mm long. Each strip111

oriented in the longitudinal direction. Similarly, the type-112

B sensor has an active area of 100 ù 19.968 mm that is113

segmented into 5 rows and 2 columns of blocks, each of114

which comprises 128 strips in 78 �m pitch and 20 mm long115

that are also oriented in the longitudinal direction. Table 3116

summarizes these dimensions.117

The small gap between adjacent blocks where the DC118

pads are laid out on the surface is completely active. The119

sensors were fabricated with p-implants on a 320 �m thick n-120

type substrate. The strips are AC-coupled and biased through121

individual 15 M⌦ poly-silicon resistors to a typical operating122

voltage of 100 V. The aluminum metallization width of the123

strips is 20 �m, which is wider than the implant width of124

10 �m. This provides field-plate protection against micro125

discharges, which are known to grow with radiation-induced126

increases in the leakage current. These specifications of the127

silicon sensor are summarized in Table 4. The strips are also128

protected by two p-implant guard rings and an n+ region129

between the guard rings and the sensor edge. These designs130

follow from the silicon-strip sensors of the FVTX [7]. Fig-131

ure 5 shows details of the sensor layout, including guard132

rings, bond-pad locations, and mechanical fiducial marks.133

In Fig. 6, the strip runs horizontally (longitudinal direc-134

tion). The readout lines of each strip are wired perpendicular135

to the strips orientation using double-metal technology. The136

other end of the readout lines are connected to readout pads,137

which transmit data to the FPHX chips using a wire bonding.138

The strips channel 0 to 127 are wired to the readout pads laid139

out on the bottom of the figure, while the strips from 128 to140

255 are wired to the pads on top of the figure.141

3.2. FPHX chip142

A custom 128-channel front-end ASIC, the FPHX[10],143

was developed at Fermilab for use in the PHENIX FVTX144

Detector [7]. The size of the chip is 9 ù 2 mm. The chip is145

operated at 2.5 V and consumes power as low as 64 mW146

per chip. The FPHX is a mixed-mode chip with two major147

and distinct sections: the analog front-end, and the digital148

back-end.149

The analog section consists of an integration/shaping150

stage, followed by a 3-bit ADC stage. The FPHX chip151

integrates and shapes signals from 128 channels of strips,152
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hardness of the conversion cable is durable for the INTT673

operation as well.674

5.3. ROC675

The radiation dose of the ROC boards throughout five676

years of operation of the FVTX detector in PHENIX is677

estimated to have been approximately 300 Gy, while the678

corresponding radiation dosage for three years of the INTT679

operation in sPHENIX is estimated to be approximately680

50 Gy. The dose for the INTT is moderate owing to the681

relatively farther distance of the ROC position from the682

collision point compared to that of the FVTX in PHENIX.683

Here the radiation hardness of the ROC board with respect684

to the total dose of 350 Gy is evaluated.685

The ROC board is designed to be radiation hard and686

in fact it utilizes the FLASH-based ACTEL ProASIC3E687

FPGAs [7] which is known to be radiation hard. The optical688

data transmission system of the ROC board comprises689

the model TLK2711 (Texas Instruments) as the serial-690

izer/deserializer of data. There is a study of the radiation691

tolerance of the TLK2711 [24]. In this study, the increase692

of leakage current and the bit-error rate was monitored as a693

function of radiation dose. The first bit error appeared˘280–694

420 Gy and the TLK2711 encountered functional failure695

as low as 700 Gy depending on the beam condition of the696

radiation exposure, e.g., high (low) intensity and short (long)697

duration. While the leakage current stays the same up to 400698

Gy, a rather rapid increase of current was observed beyond699

that point.700

According to the above study, the condition of the701

TLK2711 are already in the range that some bit error symp-702

tom may start after the FVTX use. Altough it was preferable703

to replace them all before the reuse for the INTT, the model704

was discontinued. Unfortunately, insu�cient quantities were705

available in the market place to replace them all. Hence,706

the replacement candidates are prioritized and limited to707

only those which already have bit-error symptoms. The only708

ROCs installed are those which passed the various function709

tests including no bit-error symptoms.710

6. Summary711

A new silicon-strip detector was developed for the712

sPHENIX experiment at RHIC. The silicon ladder consisted713

of silicon-strip sensors, FPHX chips, HDIs, and a high714

thermally conductive carbon-fiber stave. The ladder was715

designed to be as thin as X_X0 = 1.19%. The bus extender716

and the conversion cables were developed to transmit signals717

from the ladder to the ROC board. The 1.11 m long bus718

extender cable employs the novel low attenuation LCP as the719

dielectric material of the FPC. The conversion cable employs720

�-coaxial harnesses to secure flexibility in three dimensions721

in order to connect the bus extender end to the input/output722

ports of the ROC board without introducing any stress at the723

connection.724

The result of the study indicated that both the bus ex-725

tender and the conversion cables are su�ciently radiation726

hard against estimated radiation dose for three years of the727

INTT operation in the sPHENIX experiment. In contrast,728

the exposed dose for TLK2711 chips of the ROC board729

throughout five years of the FVTX operation in the PHENIX730

experiment caused some bit errors to start to appear. Any731

chips showing these symptoms were replaced with new732

chips. The ROCs are installed relatively far away from the733

collision point for INTT operation in sPHENIX as opposed734

to FVTX in PHENIX. Thus, the radiation dose for the ROC735

boards in three years of INTT operation in sPHENIX is736

estimated to be relatively moderate, i.e. 1/6 of that of the737

FVTX in PHENIX.738
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