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1. Introduction
Scheduled to start in 2023, sPHENIX is a novel experi-

ment set up to study a deconfined state of nuclear matter, 
the quark-gluon plasma (QGP) created in high-energy 
heavy-ion collisions at the Relativistic Heavy Ion Collider.
[1] The intermediate tracker (INTT) is a novel silicon strip 
detector that can measure more than 1,000 particles gen-
erated in collisions. The massive raw data generated from 
INTT are transmitted at high-speed to downstream elec-
tronics for signal-processing through the narrow, curved 
cable path for longer than 1 m.

Because no commercial cable satisfies the requirement, 
a novel cable has been developed based on flexible printed 
circuits (FPC). This technology can simultaneously satisfy 
high-density signal lines, length, and flexibility.[2–7]

2. Design
2.1 Requirements

Long and high-density signal lines FPCs are required as 
a signal transmission medium for the INTT detector to be 
newly developed for the sPHENIX. Because the transmis-
sion lines are required to be long and thin, in the develop-
ment, it is severely challenging to suppress the signal 
attenuation and manufacture the fine lines with high accu-
racy. In addition, high mechanical reliability is required 
owing to strictly limited access for the maintenance of the 
isolated detector region. The region is to be designated as 
a radiation area during the experiment; hence, detectors 
are fully operated remotely. Furthermore, the FPC is 
installed in a confined space of the sPHENIX detector 
complex, and is exposed to a high radiation environment 
from the collision point and external noise from other sig-
nal cables running close to each other. These constraints 
facilitate the structure of multilayered FPC design, to 
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Abstract

The super Pioneering High-Energy Nuclear Interaction eXperiment (sPHENIX), which aims to unravel the mysteries of 

the creation of the universe, is scheduled to be launched in 2023 at Brookhaven National Laboratory, U.S.A, using the 

relativistic heavy ion collider. As a typical high-energy particle accelerator-based experiment, the collision area of 

sPHENIX is to be tightly occupied with various radiation detectors, requiring a minimal special budget to run cables and 

transmit massive signals generated by these detectors to downstream electronics for data processing located in a remote 

distance. Accordingly, a long, high signal line-density cable has been developed based on the flexible printed circuit 

(FPC) technology. FPC comprises multilayers and has extraordinarily long and thin transmission lines. Liquid crystal 

polymer was employed to suppress losses in transmission lines. Electrical characteristics were evaluated using S-param-

eters, time domain reflectometry, and eye-diagrams. Furthermore, we have developed manufacturing technology to 

achieve high-precision microfabrication and improved reliability, which has been demonstrated in peel strength and 

thermal shock tests. FPC is currently in the mass production phase.

Keywords: FPC, LCP, S-parameter, TDR, Eye-diagram, Peel Strength, Through-hole Plating, Radiation Detector 

Cable
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line was also confirmed. The gradual increase in the 
impedance in the time axis direction is a significant char-
acteristic; however, it is known as the effect of the reflected 
signals that are gradually attenuated by long and thin 
transmission lines.

To verify that the square-shaped digital signal can be 
transmitted to a receiver with minimum distortion, the 
eye-diagram of the S-parameters was simulated using the 
transient analysis of ADS. The measured output of the 
driver (MAX9169), which corresponds to the transmitter 
of sPHENIX, was adopted as the input signal. The signal is 
a pseudo-random binary sequence (PRBS) of length 27-1, 
and the typical rise time of the MAX9169 output signal 
(defined as 20–80%) is 800 ps. Figure 4 presents the 
obtained results. Although the amplitude attenuation due 
to the long and thin line was observed, it was verified that 
the transmission signal exhibited a sufficient margin to the 
pre-defined masks in the receiver end, as presented in 
Table 1.

3. Prototyping
Figure 5 presents the FPC prototype. Two connectors 

are implemented in both ends of the cable. Single connec-
tor has 100 pins. These connectors are DF18C-100DP-0.4V 
in one end and DF18C-100DS-0.4V (Hirose Electric co. 
ltd.) at another end. The contact pitch is 0.4 mm. It was 
difficult for the common manufacturing method to manu-
facture the dense and thin line uniformly over 1.2 m, as 
well as plate the through-holes of the FPC employing LCP. 
In this section, we will describe the fabrication procedure 
and discuss the line width uniformity and through-hole 
plating quality.
3.1 Fabrication

The fabrication procedure of the long and high-density 
signal line cable is sub-divided into the following three 

steps.
In the first step, the signal lines are fabricated in the 

second layer of FCCL in Fig. 1. Here, FELIOS LCP 
R-F705S (Panasonic Industry Co., Ltd.) was used as a sub-
strate material. The line patterns are printed by a negative 
dry film photoresist and photo lithography with a photo 
mask, using an extraordinarily large exposure machine. 
The photo mask and the dry film are vacuum contacted, 
and unnecessary parts of the dry film are dissolved by 
spraying the chemical solution showering in the develop-
ing stage. The shower etching process eliminates the 
unnecessary cupper area on the FPC substrate using an 
etching solution. Two outer FCCLs are also processed 
using the same procedure.

In the second step, all three FCCL are laminated by a 
pressing machine with an optimized pressure and temper-
ature setting. The through-holes are formed to connect 
signal lines electrically between the inner and surface lay-
ers. To build the through-hole, a 300-μm diameter hole is 
drilled and cleaned by a desmear solution. The surface of 
the hole is copper plated with both electroless and electric 
plating. The copper plating thickness is approximately 21 ± 
1.9 μm. Figure 6(a) presents a cross-sectional diagram of 
the four-layer structure of the prototype cable. Figure 6(b) 
focuses on the signal line shape, which is a trapezoid shape 
with 134 μm and 142 μm width at top and bottom side, 
respectively. These widths are slightly longer than the 
design value of 130 μm.

Fig. 4 Simulation results for eye-diagram

(a) Overall view 

(b) Connector section 

Fig. 5 FPC prototype
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copper layers, the plastic deformation occurs when the 
cable is bent with a curvature radius of less than 3 cm. The 
cable is thus sufficiently flexible because the required flex-
ibility is approximately 10–20 cm in curvature radius.

As mentioned in Section 3.3, the reliability of signal con-
nections in FPCs depends on through-holes. The objective 
of the thermal shock test is to verify that the through-hole 
plating is not defected by changes in the ambient tempera-
ture. An air to air thermal shock test was conducted using 
a three-layer thermal shock test chamber. The test condi-
tions are presented as follows. The exposure to low tem-
perature was -15°C, while the exposure to high tempera-
ture was +75°C; the exposure time was 30 min with a 
transition of 5 min from high and low temperatures and 
vice versa. In addition, the number of cycles was 1,000 
cycles. This test condition was set by citing the typical 
endurance test conditions for FPCs and also considering 
the difference in coefficient of the thermal expansion 
between PI and LCP. The actual usage location is indoors 
without any window, which is less susceptible to outside 
air, and thus more moderate than the tested condition.

In the thermal shock test, three test samples were pre-
pared, and the DC resistance of the through-holes formed 
in the samples was measured during the test. The resis-
tance was measured at 30-s intervals using a multimeter. 
By observing the change in resistance, defects in through-
holes can be evaluated. These test samples had 416, 624, 
and 1,040 through-holes connected in series, and were 
routed, such that each layer of the four-layer board was 
connected in sequence. The obtained test results are pre-
sented in Fig. 15. The horizontal axis is the test time. With 
its commencement since October 5, 2020, the 1,000-cycle 

test took approximately 2 months. The missing part 
around the beginning of November represents a tempo-
rary interruption of the test. The vertical axis presents the 
resistance value in the upper part and the internal temper-
ature of the chamber in the lower part. The resistance val-
ues exhibited only the variation with ambient temperature 
and did not indicate any through-hole defect. The 1,000 
cycles of the thermal shocks correspond to the 8-year use 
estimated by the Eyring model with the acceleration factor 
of 3. This verified the reliability of the through-holes for 
the 5-year use in sPHENIX.

5. Conclusions
In this research, we succeeded in developing a 5-cm × 

1.2-m FPC, which is an essential component for the signal 
transmission of the INTT detector in sPHENIX. This FPC 
comprises four layers with high-density signal lines, 
extremely long, and thin transmission lines with a width 
and length of 130 μm and 1.2 m, respectively. Because the 
data rate of the signal transmission is 200 Mbps, the trans-
mission line was designed with a bandwidth of 500 MHz. 
The signal integrity of the designed transmission line was 
comprehensively simulated by an electromagnetic field 
and a circuit simulation. The evaluation of the prototype 
verified that the FPC transmission characteristics are suf-
ficient. In other words, during the mask test of the eye-dia-
gram, we confirmed that the waveform did not violate the 
mask even after observing more than 1 million waveforms. 
We also confirmed via peeling and thermal-shock tests 
that the FPC exhibits sufficient mechanical characteristics 
for sPHENIX. The sPHENIX, which will be operational in 
2023, will require 140 FPCs, which are currently in the 
mass-production phase.
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The silicon strip barrel detector, namely the intermediate tracker (INTT), is one of the tracking de-

tectors in the sPHENIX detector complex at the Relativistic Heavy Ion Collider in Brookhaven National

Laboratory. Using the positron beam with a momentum of 1 GeV at the ELPH gamma-ray irradiation

room, we evaluated the performance of the mass production INTT ladders. The energy deposit curve

showed that noise contamination to the minimum ionization particle’s peak is about 0.3%. This feature

enables us to operate the detector with a low threshold, leading to high detection efficiency. The detec-

tion efficiency of one of the ladders was found to be 99.33 ± 0.04(stat)± 0.06(sys)%, and it was uniform

over the silicon cells.

§§§1. Introduction
sPHENIX collaboration will be launched in 2023 at the Relativistic Heavy Ion Collider in Brookhaven

National Laboratory for the investigation of Quark-Gluon Plasma and cold-QCD. The sPHENIX detec-

tor consists of the micro-vertex detector (MVTX), the intermediate tracker (INTT), the time projection

chamber (TPC), the electromagnetic calorimeter, the superconducting magnet, and the hadron calorime-

ter.

§§§2. INTT
INTT is a silicon strip barrel detector consisting of two layers of silicon strip sensors surrounding

the collision point seven to ten centimeters away　 (Figure 1). Hits detected by this detector are used

not only for interpolation of tacking between MVTX and TPC but also bunch-crossing identification

to suppress event-pileup background thanks to the best timing resolution of all tracking detectors in

sPHENIX. 24 or 32 INTT ladders form the inner and outer layers. The INTT ladder (Figure 2) consists

INTT Ladder

Fig.1. A half part of the INTT barrel. The inner and the outer barrels consist of 24 and 32 INTT
ladders, respectively. The red box indicates an INTT ladder.
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Fig.2. The INTT ladder consists of two types of silicon sensors, FPHX chips, High-Density In-
terconnect cable, and CFC stave. The sensors are divided into 10 or 16 cells. The silicon
cells have 128 strips with 78 µm width and 320 µm thickness. The x-, y-, and z-axes in
the test beam experiment are also shown.

of two types of silicon sensors, FPHX read-out chips [1], High-Density Interface (HDI) cable, and Carbon

Fiber Composite (CFC) stave. Silicon sensor type-A and type-B are divided into sixteen or ten cells,

respectively, and each cell has 128 silicon strips with a width of 78 µm and a thickness of 320 µm. An

FPHX chip reads signals from strips in a cell, converts the signal voltage to digital information with 3-bit

ADC, and sends it to the read-out card (ROC) through the HDI cable and the newly developed extension

cable [2]. In the data analysis discussed in section 4.2, pairs of the silicon cells in the same column, for

example, chip one and fourteen, were treated as single silicon chip columns. The left and right halves of

the INTT ladder are the same structure but operated independently.

We evaluated the performance of the INTT silicon sensor from radiation measurements at the test

benches and two test beam experiments and obtained some significant results: sensitivity to the beam

position, the peak produced by minimum ionization particles (MIPs), signal-to-noise (S/N) ratio, and so

on. Thanks to the excellent S/N ratio, the sensor is expected to show almost 100% detection efficiency

Three leading authors: Genki, Cheng-Wei, 
Yuka for their major contribution to the 
analysis

position, as we expected. In the experiment, the runs with different beam-spot positions were conducted.

The efficiency from the run is shown on the right-hand side of Figure 10. The detection efficiency was

over 99% at the edge. Therefore, the performance of the INTT ladder was excellent over the column.
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Fig.10. The detection efficiency as a function of the track position. (Left) The beam spot is in the
middle. (Right) The beam spot aligns with the edge. The error bars indicate the statistic
uncertainties.

§§§5. Summary
The performance of the INTT mass production ladders was evaluated with the positron beam with

the momentum of 1 GeV at the ELPH gamma-ray irradiation room. The experiment was carried out

with the two plastic scintillators on the upstream and the downstream as the beam trigger, and various

types of measurements were executed.

Eight data collections with different ADC configurations gave the energy deposit curve precisely in

the wide range. The curve was successfully made by statistical normalization and well reproduced by

the sum of the Landau-Gaussian convolution and the exponential component. The noise contamination

to the MIP peak was about 0.3%, which is evidence of the high detection efficiency of the detector.

The detection efficiency of ladder L1 was estimated by tracking using the upstream and the down-

stream ladders. After some noise rejections, limitation of the track slope, and the selection of the hit

position to the center of the ladder, the detection efficiency of 99.33 ± 0.04(stat)± 0.06(sys)% was ob-

tained and uniform over the column-wise region of the silicon sensor.
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71.13 ± 0.43. The ratio of the noise component in the MIP region from DAC 40 to 136 was 0.3%, letting

us conclude that the mass-production ladder was expected to be almost noiseless in the MIP region.

Therefore, high detection efficiency could be expected in the MIP region.

4.2 Detection efficiency

In this study, the origin of the XY plane is defined at the central position of the sensor cells one and

fourteen of the half-ladder in use. For the z-axis, the origin is given at the center of the sensor of the

upstream ladder L0. Two sensor cells in the same columns are read out by individual FPHX chips and

treated as a single sensor.

The adjacent fired channels in a column formed a hit cluster. The cluster position in y was deter-

mined by weighting with the ADC value of hits, as described in Equation 1:

y =
ΣiEi · yi

ΣiEi
, (1)

where y is the cluster position in the y-axis, i is the hit channel ID, Ei and yi are the DAC value and the

position of channel i in the y direction, respectively.

The upstream and downstream ladders were used for the track reconstructions, and the detection

efficiency of ladder L1 was studied. In the reconstruction process, only a cluster was required on the

same chip column of the two testing ladders, and no cluster in the adjacent columns of the testing ones

was allowed. The tracks passing the criteria were considered as track candidates.

The residual distribution is the difference between the hit position of the tested ladder and the

DAC Scan→

→ Detection Efficiency ~ 99%

Coarse introduction of INTT→
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• 𝑁%& = 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 𝐵𝐺 𝑢𝑠𝑖𝑛𝑔 𝑑𝑎𝑡𝑎 𝑎𝑛𝑑 𝐵𝐺

• Random BG and BG from decay (long-lived) 
• if relative fraction of S/N is known, It is OK

• Data QA is necessary

Detector acceptance and efficiency 
𝜀IJJ ⋅ 𝜀KLL

MC (SIM)
• Can be determined with hot&dead and alignment.
• Occupancy effect (by multiplicity) needs to be 

studied with centrality
• Good to check it by data
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𝜀KLL : Ideally to be evaluated by 
1008 barrel from the 
commissioning. This is not easy 
with only 2 INTT layers. One 
idea is to quote 99.6% from 
published 2021 beam test NIM.

→NIM should be published before dN/dh paper



Scope for the Barrel NIM

Contents
• Introduction
• Barrel 
• LV/Bias power system
• Cooling System and 

Performance
• ROC
• Felix
• RC-DAQ

Beam Commissioning
• # of live channels
• Timing resolution
• DAC Scan
• Signal to noise ratio
• Efficiency
• Clustering
• Tracklet
• Z-vertex reconstruction 

performance
dN/dh paper?
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