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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

for MIPs. However, 96.0 ± 0.5% was the best performance with prototype half ladders in the second test

beam experiment performed in 2019 [3]. Therefore, before launching sPHENIX, performance evaluation

and more investigations on the detection efficiency must be done to understand the detector better. The

experiment described in the following section tested the mass-production ladders.

§§§3. The experiment
We installed the whole setup (Figure 3) on the 23◦ beamline in the ELPH gamma-ray irradiation

room and irradiated the setup with a positron beam with a momentum of about 1 GeV. The primary

gamma-ray beam and tungsten production target of 200 µm thickness produced electron-positron pairs,

and positrons were led to our beamline. Then right half of the INTT ladders in the dark box were oper-

ated and detected hits made by the beam. As trigger detectors, two plastic scintillators with the same
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Fig.3. The setup for the test beam experiment at ELPH. The dark box, which contained the
INTT ladders inside, was installed on the positron beam line. Two trigger scintillators
and a fingertip scintillator were set upstream and downstream of the dark box. The x-,
y-, and z-axes are also shown.

cross-sectional area as the silicon sensors of the half-ladder were installed just upstream or downstream

of the dark box. We additionally installed a fingertip scintillator at the most-upstream position of the

setup for additional data selections in the analysis but not as the trigger. Three INTT ladders, namely

L0, L1, and L2 from the upstream, that showed good performance were connected to the ROC, and the

ROC was connected to slow control and read-out electronics for operation. Nuclear Instruments Mod-

ules did some processes for signals from the scintillators, for example, digitization, generation of trigger

signals, and trigger input to the INTT Front-End Module (FEM). The FEM module processed INTT data

only when having trigger signals.

§§§4. Results
As a typical silicon detector, the INTT is required to demonstrate high detection efficiency, which

can be achieved by good S/N ratio. As shown in Figures 2 and 3, the direction of the beam was set as the

z-axis in the study. The y-direction points vertically from the bottom to the top, and the x-axis follows

the right-handed Cartesian coordinate system.
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runs after normalization. The leg-
end indicates the scanning region of
the runs.
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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
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Fig.6. The residual distribution of column
eight in ladder L1 before alignment
correction.
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tracking, as defined in Equation 2

r ≡ (y +Cy)− ypred, (2)

where r is the residual, ypred means the y position on the L1 interpolated from the tracking, y indicates

the position of the cluster closest to ypred, and Cy represents misalignment. Figure 6 shows the residual

distribution of column eight. The non-zero value of the mean suggests the non-zero misalignment Cy.

Gaussian fit to the distribution estimated the correction amount for each column, as shown in Figure 7.

The dependence of the correction on the column implies that the ladders were not parallel during the

experiment. The tiny none parallel components effect is ignorable as long as the track candidates are

perpendicular to the ladder and traverse the same column eight throughout three ladder layers.

Some event selections were necessary to maximize the authenticity of the results. As shown in

Figure 5, a tiny amount of hits with low DAC values came from noise. In the measurements, we stored

hits with DAC values larger than 14. The total DAC value of clusters was required to be high enough

to enhance the purity of the actual signal. We excluded the track candidates within five channels from

the edges of the L1 because the misalignment might give an incorrect tracking position (edge effect).

The limitation of the track slope within ±0.01 was also vital to have better reliability in the analysis

(Figure 8). The limitations rejected any ambiguous tracks that may not come from the beam.

The track candidates passing all the criteria mentioned above were considered good tracks. The

detection efficiency of ladder L1 was then tested by checking whether a cluster was in the expected

position of L1. Two cases were taken into account, ladder L1 with or without clusters. Figure 9 shows

the residual distribution for the former case. The peak of the distribution was aligned to zero after the

correction. The clusters within ±0.234 mm from the interpolated point, which is the three-strip width,

were considered as the hits made by the beam (residual cut). Therefore, the results can be classified into
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Fig.8. The slope distribution of track can-
didates. Tracks within slope ±0.01
were used in the analysis.
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Fig.9. The residual distribution of column
8 in ladder L1.

three categories:

1. Ladder L1 had clusters, and the closest one was close enough to the interpolated point (Ngood),

2. Ladder L1 had clusters, but the closest one was far from the interpolated point (Nfar),

3. No cluster was found (Nno hit).

The detection efficiency in percentage was defined as Equation 3:

N(L0 ∩L1 ∩L2)
N(L0 ∩L2)

× 100% =
Ngood

Ngood +Nfar +Nno hit
× 100%. (3)

The efficiency of ladder L1 was

45498
45498 + 186 + 123

× 100 = 99.33%.

The statistical error was estimated using binomial distribution to be ±0.04%.

The estimation of the systematic uncertainties was performed. The uncertainties associated with

the detection efficiency originated from the determinations of the three cut values, the edge exclusion,

the slope cut, and the residual cut. Scanning the cut values gave the variation of each source, and the

variation average estimated the uncertainties. The numerical values are summarized in Table 1. Consid-

ering the systematic uncertainties, the detection efficiency of ladder L1 was 99.33 ± 0.04(stat)± 0.06(sys)%,

excellent enough for the sPHENIX experiment.

Table 1. The sources of the systematic uncertainties affecting the detection efficiency calculation.
Sources Scan range Uncertainty (%)
Residual cut 0.164 mm–0.304 mm 0.063
Slope cut 0.0088–0.0112 3 × 10−3

Edge effect 0 ch–10 ch 4 × 10−4

Total 0.063

The left-hand side of Figure 10 shows the detection efficiency as a function of the interpolated

position. In the beam-spot region indicated by the blue dashed line, the efficiency is independent of the

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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