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Definition of Cell and Block 
INTT Silicon Ladder for sPHENIX

The small gap between adjacent blocks where the DC pads are laid out on the surface is completely active. The109

sensors were fabricated with p-implants on a 320 𝜔m thick n-type substrate. The strips are AC-coupled and biased110

through individual 15 Mω poly-silicon resistors to a typical operating voltage of 100 V. The aluminum metallization111

width of the strips is 20 𝜔m, which is wider than the implant width of 10 𝜔m. This provides field-plate protection112

against micro discharges, which are known to grow with radiation-induced increases in the leakage current. These113

specifications of the silicon sensor are summarized in Table 4. The strips are also protected by two p-implant guard114

rings and an n+ region between the guard rings and the sensor edge. These designs follow from the silicon-strip sensors115

of the FVTX [4]. Figure 5 shows details of the sensor layout, including guard rings, bond-pad locations, and mechanical116

fiducial marks.117

Figure 5: The layout design of the type-A (top) and type-B (bottom) silicon sensors [10].

In Fig. 6, the strip runs horizontally (longitudinal direction). The readout lines of each strip are wired perpendicular118

to the strips orientation using double-metal technology. The other end of the readout lines are connected to readout119

pads, which transmit data to the FPHX chips using a wire bonding. The strips channel 0 to 127 are wired to the readout120

pads laid out on the bottom of the figure, while the strips from 128 to 255 are wired to the pads on top of the figure.121

3.2. FPHX chip122

A custom 128-channel front-end ASIC, the FPHX [11, 13, 23], was developed at Fermilab for use in the PHENIX123

FVTX Detector [4]. The size of the chip is 9 ε 2 mm. The chip is operated at 2.5 V and consumes power as low as124

64 mW per chip. The FPHX is a mixed-mode chip with two major and distinct sections: the analog front-end, and the125

digital back-end.126

The analog section consists of an integration/shaping stage, followed by a 3-bit ADC stage. The FPHX chip127

integrates and shapes signals from 128 channels of strips, digitizes and sparsifies the hit channels for each beam128

crossing, and serially reads out the digitized data.129
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Figure 5: The photo of type-A and type-B silicon strip sensors (top). The layouts of the cell and the block are defined in
the schematic drawing (bottom). The dimensions are presented for the active area of sensors [13]. The strip pitch is not
scaled in the drawing.

Table 2
The characteristics of type-A and type-B silicon strip sensors [13].

Item Type-A Type-B Type-A+B Total
Physical dimensions 130.0 mm ω 22.5 mm 102.0 mm ω 22.5 mm 232.0 mm ω 22.5 mm
Active area dimensions 128 mm ω 19.968 mm 100 mm ω 19.968 mm 228 mm ω 19.968 mm
Active area fraction 87.4% 87.0%
Active cell dimensions 16 mm ω 19.968 mm 20 mm ω 19.968 mm N/A
# of cells 8 5 13
Active block dimensions 16 mm ω 9.984 mm 20 mm ω 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 𝜔m
Number of strip channels 2,048 1,280 3,328

Table 3
Specifications of the silicon strip sensors [13].

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

3.2. FPHX chip131

A custom 128-channel front-end ASIC, the FPHX [8, 9, 10], was developed at Fermilab for use in the PHENIX132

FVTX Detector [11]. The size of the chip is 9 ω 2 mm. The chip is operated at 2.5 V and consumes power as low as133

390 𝜔𝜀 per channel. The FPHX is a mixed-mode chip with two major and distinct sections: the analog front-end, and134

the digital back-end.135

The analog section consists of an integration/shaping stage, followed by a 3-bit ADC stage. The FPHX chip136

integrates and shapes signals from 128 channels and digitizes in parallel. Then it sparsifies data and serially reads137

out the digitized data.138
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Figure 6: The schematics of the double metal structured strips and their readout lines [10].

Table 4
Specifications of the silicon strip sensors [10].

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

Table 5
Specifications of the FPHX readout chip [11, 13, 23].

Item Specification
Dimensions 9 mm ε 2 mm
Operation voltage 2.5 V
Power consumption 64 mW
Number of Channels 128
ADC channels 3 bits
Data Transmission 200 MHz

The back-end is a novel, triggerless, data-push architecture that permits operation without deadtime and high-130

speed readout with very low latency. It has been designed to process up to four hits within four RHIC beam crossings.131

Although it takes longer, it can process more than 4 hits from a given crossing.132

A fully processed hit pattern is zero suppressed, and contains a 7-bit timestamp in the unit of RHIC repetition133

frequency 9.4 MHz (ϑ 1ϖ106 ns), a 7-bit channel ID, and a 3-bit ADC value. The data word is output over two LVDS134

serial lines in alternating order at a rate of up to 200 MHz. A summary of FPHX specifications [11, 13, 23] is given in135

Table 5.136

In addition, to be as self-su!cient as possible, the FPHX chip provides its own internal bias voltages and currents137

with minimal external support circuitry. For the user to be able to control the internal parameters and biases, a digital138
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Figure 6: The schematics of the double metal structured strips and their readout lines [13].

Table 4
Specifications of the FPHX readout chip [8, 9, 10].

Item Specification
Dimensions 9 mm ω 2 mm
Operation voltage 2.5 V
Power consumption 390 𝜔𝜀 per channel
Number of Channels 128
ADC channels 3 bits
Data Transmission 200 MHz

The back-end is a novel, triggerless, data-push architecture that permits operation without deadtime and high-139

speed readout with very low latency. It has been designed to process up to four hits within four RHIC beam crossings.140

Although it takes longer, it can process more than 4 hits from a given crossing.141

A fully processed hit is zero suppressed, and contains a 7-bit timestamp in the unit of RHIC radio frequency142

9.4 MHz (ε 1ϑ106 ns), a 7-bit channel ID, and a 3-bit ADC value. The data word is output over two LVDS serial lines143

in alternating order at a rate of up to 200 Mbit/s. The default output LVDS current is 1 mA, while it can be tunable up144

to 8 mA as the trade o! of more power consumption. A summary of FPHX specifications [8, 9, 10] is given in Table 4.145

In addition, to be as self-su"cient as possible, the FPHX chip provides its own internal bias voltages and currents146

with minimal external support circuitry. For the user to be able to control the internal parameters and biases, a digital147

slow-control interface is provided on each chip to enable programming. Adjustable parameters include gain, threshold,148

rise time, fall time, input transistor bias current, channel masking, and several additional fine-tuning parameters [10].149

Typical hit rates per FPHX is ϖ3–10 kHz in Au+Au collisions at
⌋
𝜗𝜛𝜛 = 200 GeV. The typical hit-strip cluster150

is rather compact, as the fraction of cluster size for ∱3 strips is ϖ75% and for cluster size equal to9 1 is ϖ40%.151

3.3. High-density interconnects152

The HDI is a flexible print circuit board used to read out a half ladder, which comprises two silicon sensors with153

26 FPHX chips. The basic layer design of the HDI structure follows from the FVTX [11]. The geometric constraint154

for the silicon ladder is somewhat less stringent for the INTT than for the FVTX. Thus, the circuit design parameters155

such as line and space are relaxed from the FVTX, which results in an improved yield rate in the fabricating process.156

The HDI was designed by HAYASHI-REPIC Co., Ltd.[14] and fabricated by YAMASHITA MATERIALS157

CORPORATION [15] in Japan. The width of the HDI is 38 mm in the sensor area and 43 mm at the connector158

end. The length is 398 mm, which is the longest limit of industry fabrication for the multilayer FPC in an automated159

manner using dedicated fabrication machines.160
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How good the heat conductivity?

INTT Silicon Ladder for sPHENIX

2. Leak test : less than 0.2 ml⋛mbar/min at the initial pressure of ω10 kPa220

3. Heat-cycle test : 40  0⋜C (one cycle)221

4. Flatness < 100 𝜔m of the flat side of the stave and alignment positions are within specified tolerance222

Any leak from the cooling tubes can be fatal since it may damage not only the INTT, but also other detectors.223

Tests 1 and 2 examines the tiny gap between the CFC tube and SUS sleeves are uniformly filled by the glue. The outer224

diameter of the CFC tube was precisely machined to be 2.936 ± 0.064 mm to make tiny space for the glue in between225

the inner diameter of the SUS sleeve of 3.0 mm. The staves were assembled with only those cooling tubes that passed226

the 1 and 2 examinations to keep the yield rate of the stave production reasonably high. The assembled staves were227

then examined for the above items 3 and 4. The flatness test 4 is also crucial after the heat cycle test 3 because the 320228

𝜔m thick silicon sensor can be cracked during the baking process after its assembly on the HDI and the stave.229

The overall thermal performance for the ladder was studied using an ANSYS 2019 R3 with the Steady State Thermal230

module[23]. Shown in Fig. 12 is the simulated results of the ladder with the following boundary conditions; 1) inlet231

water temperature = 15 ⋜C, 2) flow rate 0.12 l/m, 3) natural convection at 20 ⋜C room temperature, 4) 3 W total232

dissipation from the 52 FPHX chips. The chips in the middle of the ladder are hottest due to its shorter spacing between233

chips, but it is kept near room temperature. The temperature di!erence between the hottest spot and the cooling water234

is predicted to be ε𝜀 = 5.1 ⋜C. The actual measurement of ε𝜀 was well reproduced by this ANSYS simulation within235

10%.236

Figure 12: The simulated results of the thermal conductivity of the ladder. The top figure displays the top surface of the
ladder, while the bottom figure shows the cross section of the ladder.

3.5. Material Budget237

Table 9 summarizes the material budget of the silicon ladder. The total thickness of the silicon pad area of the238

ladder is 4.57 mm and its e!ective radiation length 𝜗ϑ𝜗0 is 1.14%. The largest contributions to the budget is the HDI239

(𝜗ϑ𝜗0 = 0.43%), and the silicon and staves with radiation lengths 𝜗ϑ𝜗0 = 0.34% and 𝜗ϑ𝜗0 = 0.33%, respectively.240

The material budget of the HDI is largely governed by the copper layers. As tabulated in Table 5, there are 7 layers241

of 9 𝜔m thick copper which total 63 𝜔m. Furthermore, both top and bottom surface layers are plated with 15 𝜔m thick242

copper3. While the simple stack up of these copper sheets results in 93 𝜔m, the e!ective amount of copper in the signal243

layers is much less than solid ground layers.244

Table 10 summarizes the e!ective copper thickness of each layer, which was estimated based on the residual copper245

fraction after the etching process of the HDI fabrication. The e!ective total thickness is estimated to be 44.7 𝜔m,246

approximately 48% of the 93 𝜔m total stack-up thickness, with corresponding radiation length 𝜗ϑ𝜗0 = 0.31%. The247

total thickness of polymide and glue layers is 325 𝜔m with 𝜗ϑ𝜗0 of 0.11%. The total radiation length of the HDI in248

the silicon pad area is thus 0.43%.249

3The thickness of the copper plate was 20 𝜔m only for the last production batch, which increases the radiation length of the third batch HDIs
by 𝜗ϑ𝜗0 = 0.02%.
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Allowance of Signal Transmission Loss

FPHX ROC

Receiver threshold
Simulation by T. Kondo (TIRI)

The allowance was estimated to be (-12dB) -75%. 



LCP vs Polymide

Original statement: LCP was employed due to its smaller signal transmission loss and thick (100µm) 
product was available 

https://industrial.panasonic.com/sa/products/pt/felios/felioslcp



DuPont Pyralux
Datasheet

DuPont™ Pyralux® AP
All-Polyimide Double-Sided Copper-Clad Laminate

Flexible Circuit Materials

Table 1 - Pyralux® AP Construction Options

Laminate Component
Copper Foil
Thickness, µm (oz/ft2) 6 (0.17) 18 (0.5) 105 (3.0)

9 (0.25) 35 (1.0) 140 (4.0)
12 (0.33) 70 (2.0)

Copper Foil Type RA, ED, and Double-treated RA

Dielectric
Thickness, µm (mil) 12 (0.5) 50 (2.0) 125 (5.0)

25 (1.0) 75 (3.0) 150 (6.0)

Table 2 - Standard Pyralux® AP Offerings

Product Code*
Copper Thickness  

µm (oz/ft2)

Dielectric 
Thickness µm 

(mil)

AP8515R 18 (0.5) 25 (1.0)

AP9111R 35 (1.0) 25 (1.0)
AP9121R 35 (1.0) 50 (2.0)
AP9131R 35 (1.0) 75 (3.0)
AP9141R 35 (1.0) 100 (4.0)
AP9151R 35 (1.0) 125 (5.0)
AP9161R 35 (1.0) 150 (6.0)

*At the end of the product code, “R” designates rolled-annealed copper (e.g., AP9111R), “E” designates electro-deposited 
copper (e.g., AP9111E), and “D” designates double-treated rolled-annealed copper (e.g., AP9111D).

Pyralux® AP Double-Side Clad Construction Selection
A variety of Pyralux® AP Double-side Clad 
constructions, both balanced and 
unbalanced, are commercially available.  
For help beyond the standard offerings in 
Table 1, please use the Laminate Product 
Selector at pyralux.dupont.com to identify 
the appropriate product code for your 
copper-clad laminate solution.

Processing
DuPont™ Pyralux® AP Double-side Clad are fully compatible with 
all conventional flexible circuit fabrication processes, including 
oxide treatment and wet chemical plated-through-hole de-
smearing. Fabricated circuits can be cover coated and laminated 
together to form multilayers or bonded to heat sinks using 
polyimide, acrylic, or epoxy adhesives. Pyralux® AP processing 
guide available from your DuPont sales representative.

Product Description
DuPont™ Pyralux® AP is a Double-sided Copper-clad Laminate 
featuring an adhesive-less, all-polyimide dielectric layer. This 
material is ideal for multilayer flex and rigid-flex applications that 
required advanced performance, including low loss properties for 
excellent signal integrity and thermal resistance for high 
reliability.  Available in a range of conductor and dielectric 
thicknesses, Pyralux® AP clads provide designers and fabricators 
outstanding options for fabricating high performance circuits.

Key Features and Benefits
• Low loss all-polyimide dielectric for superior signal integrity

• Excellent bond strength affords high reliability

• High thermal resistance to facilitate processing

• Balanced and unbalanced constructions available

• Certified to IPC-4203/11

• UL 94 V-0, UL File E124294

• RoHS Compliant

Packaging
Pyralux® AP Double-side Clad is supplied in sheet form, with 
standard dimensions of 24 x 36 in (610 x 914 mm), 24 x 18 in (610 x 
457 mm), and 12 x 18 in (305 x 457 mm).

Storage and Warranty
DuPont™ Pyralux® AP Double-side Clad should be stored in 
original packaging at temperatures of 4 - 29 °C (40 - 85 °F) and 
below 70% relative humidity. The product should not be frozen 
and should be  kept dry, clean, and well-protected. Subject to 
compliance with the  foregoing handling and storage 
recommendations, DuPont’s warranties as provided in the DuPont 
Standard Conditions of Sale shall remain in  effect for a period of 
two years following the date on the Certificate of Analysis.

Safe Handling
Prior to handling, DuPont recommends referencing the Pyralux® 
Safe Handling Guide available at pyralux.dupont.com. 

Product Performance
Table 3 - DuPont™ Pyralux® AP Double-sided Copper-clad Laminate Properties

Property AP9121 Typical Value Test Method

Dielectric Constant (Dk)
1 MHz
10 GHz

3.4
3.2

IPC-TM-650 2.5.5.3
ASTM D2520

Loss Tangent (Df)
1 MHz
10 GHz

0.002
0.003

IPC-TM-650 2.5.5.3
ASTM D2520

Peel Strength (Adhesion to Copper)
As Received, N/mm (lb/in)
After Solder, N/mm (lb/in)

1.4 (8)
1.4 (8)

IPC-TM-650 2.4.9

Dimensional Stability (MD/TD)
After Etching, %
After Thermal (200 °C for 30 min), %

± 0.04 to ± 0.08 %
± 0.04 to ± 0.07 %

IPC-TM-650 2.2.4

Coefficient of Thermal Expansion
XY-Axis, ppm/°C Below Tg - 25 / Above Tg 30 IPC-TM-650 2.4.41

Solder Float, 288 °C for 10 s Pass IPC-TM-650 2.4.13

Moisture Absorption, % 0.8 IPC-TM-650 2.6.2

Moisture & Insulation Resistance, Ω > 1011 IPC-TM-650 2.6.3.2

Dielectric Strength, V/µm 200 ASTM D149

Volume Resistivity, Ω ·cm > 1017 IPC-TM-650 2.5.17

Surface Resistance, Ω > 1016 IPC-TM-650 2.5.17

Tensile Modulus, GPa 4.8 IPC-TM-650 2.4.19

Tensile Strength, MPa 345 IPC-TM-650 2.4.19

Elongation, % 50 IPC-TM-650 2.4.19

Flexural Endurance, cycles 6,000 IPC-TM-650 2.4.3

Glass Transition Temperature (Tg), °C 220 DuPont Method, TMA

Data within this table are typical values for the listed product. Performance can vary depending on construction and processing.

Quality and Traceability
DuPont™ Pyralux® AP Double-side Clad is manufactured under a certified ISO9001:2015 Quality Management System facility. Complete 
material and manufacturing records, which include archive samples of finished product, are maintained by DuPont.  Each 
manufactured lot is identified for reference traceability.  The packaging label serves as the primary tracking mechanism in the event of 
customer inquiry and includes the product name, batch number, size, and quantity. 

The information provided in this data sheet corresponds to our knowledge on the subject at the date of its publication. It may be subject to revision as new knowledge 
and experience becomes available. This information is not intended to substitute for any testing you may need to conduct to determine for yourself the suitability of our 
products for your particular purposes. Since we cannot anticipate all variations in end-use and disposal conditions, DuPont makes no warranties and assumes no 
liability in connection with any use of this information. It is intended for use by persons having technical skill, at their own discretion and risk. Nothing in this publication is 
to be considered as a license to operate under or a recommendation to infringe any patent right.
CAUTION: Do not use in medical applications involving permanent implantation in the human body. For other medical applications, see “DuPont Medical Caution 
Statement,” H-50102-5 and “DuPont Policy Regarding Medical Applications” H-50103-5..
DuPont™, the DuPont Oval Logo, and all products, unless otherwise noted, denoted with ™, ℠ or ® are trademarks, service marks or registered trademarks of affiliates of 
DuPont de Nemours, Inc. Copyright © 2022 DuPont de Nemours Inc. All rights reserved.
EI-10124 (10/22)

For more information on DuPont™ AP Double-side Clad or 
other DuPont products, please visit our website.

pyralux.dupont.com

DuPont™ Pyralux® AP
All-Polyimide Double-Sided Copper-Clad Laminate
Flexible Circuit Materials
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Product Performance
Table 3 - DuPont™ Pyralux® AP Double-sided Copper-clad Laminate Properties

Property AP9121 Typical Value Test Method

Dielectric Constant (Dk)
1 MHz
10 GHz

3.4
3.2

IPC-TM-650 2.5.5.3
ASTM D2520

Loss Tangent (Df)
1 MHz
10 GHz

0.002
0.003

IPC-TM-650 2.5.5.3
ASTM D2520

Peel Strength (Adhesion to Copper)
As Received, N/mm (lb/in)
After Solder, N/mm (lb/in)

1.4 (8)
1.4 (8)

IPC-TM-650 2.4.9

Dimensional Stability (MD/TD)
After Etching, %
After Thermal (200 °C for 30 min), %

± 0.04 to ± 0.08 %
± 0.04 to ± 0.07 %

IPC-TM-650 2.2.4

Coefficient of Thermal Expansion
XY-Axis, ppm/°C Below Tg - 25 / Above Tg 30 IPC-TM-650 2.4.41

Solder Float, 288 °C for 10 s Pass IPC-TM-650 2.4.13

Moisture Absorption, % 0.8 IPC-TM-650 2.6.2

Moisture & Insulation Resistance, Ω > 1011 IPC-TM-650 2.6.3.2

Dielectric Strength, V/µm 200 ASTM D149

Volume Resistivity, Ω ·cm > 1017 IPC-TM-650 2.5.17

Surface Resistance, Ω > 1016 IPC-TM-650 2.5.17

Tensile Modulus, GPa 4.8 IPC-TM-650 2.4.19

Tensile Strength, MPa 345 IPC-TM-650 2.4.19

Elongation, % 50 IPC-TM-650 2.4.19

Flexural Endurance, cycles 6,000 IPC-TM-650 2.4.3

Glass Transition Temperature (Tg), °C 220 DuPont Method, TMA

Data within this table are typical values for the listed product. Performance can vary depending on construction and processing.

Quality and Traceability
DuPont™ Pyralux® AP Double-side Clad is manufactured under a certified ISO9001:2015 Quality Management System facility. Complete 
material and manufacturing records, which include archive samples of finished product, are maintained by DuPont.  Each 
manufactured lot is identified for reference traceability.  The packaging label serves as the primary tracking mechanism in the event of 
customer inquiry and includes the product name, batch number, size, and quantity. 

The information provided in this data sheet corresponds to our knowledge on the subject at the date of its publication. It may be subject to revision as new knowledge 
and experience becomes available. This information is not intended to substitute for any testing you may need to conduct to determine for yourself the suitability of our 
products for your particular purposes. Since we cannot anticipate all variations in end-use and disposal conditions, DuPont makes no warranties and assumes no 
liability in connection with any use of this information. It is intended for use by persons having technical skill, at their own discretion and risk. Nothing in this publication is 
to be considered as a license to operate under or a recommendation to infringe any patent right.
CAUTION: Do not use in medical applications involving permanent implantation in the human body. For other medical applications, see “DuPont Medical Caution 
Statement,” H-50102-5 and “DuPont Policy Regarding Medical Applications” H-50103-5..
DuPont™, the DuPont Oval Logo, and all products, unless otherwise noted, denoted with ™, ℠ or ® are trademarks, service marks or registered trademarks of affiliates of 
DuPont de Nemours, Inc. Copyright © 2022 DuPont de Nemours Inc. All rights reserved.
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Advantage of LCP
Panasonic FELIOS 

R-F705S LCP 
Dupont Polyimide

AP9141R 
Panasonic 

Polyimide R-F775

Thickness [um] 100 100 25

Dielectric Constant 3.3 @ 10 GHz 3.4 @ 1MHz
3.2 @ 10GHz 3.2 @ 1GHz

Dissipation Factor 0.002 @ 10 GHz 0.002 @ 1MHz
0.003 @ 10GHz 0.002 @ 1GHz

Water absorption
0.04 %

(24 hours/23℃ 
immersion)

0.9%
(24 hours/23℃ 

immersion)

7Changed strategy to stress the moderate water absorption as the advantage of LCP



Signal Transmission Performance
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0 200 400 600 800 1000
HDI (40cm) Bus Extender (1.11m) Conversion Cable (20cm) Total

Added measured results of 
insertion loss for each cables up 
on suggestions to evaluate the 
signal transmission performance 
of each cables from the 
reviewer-A.

Also estimated safety factor 5 or 
more at 500 MHz based on the 
knee frequency of 800 ps signal 
rise time.


