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To measure heavy component of cosmic ray composition around the knee energy region,
Yangbajing Air shower Core (YAC-III) experiment is planned in Tibet, China. We developed
a new front-end electronics to read out charge signal from YAC detectors. The readout system
consists of a charge-to-time converter circuit and a time-to-digital converter circuit. The system
has a linearity of more than three orders, i.e., from less than 1 pC to more than 1000 pC. Two
photomultiplier tubes of different sensitivity are used to achieve a wide readout range of six
orders to measure the high energy particles at the air shower core by converting them into the
electromagnetic cascades of up to 106 size through the lead plates of the YAC detector.

The 34th International Cosmic Ray Conference,
30 July- 6 August, 2015
The Hague, The Netherlands

∗Speaker.

c⃝ Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence.



Front-End Electronics for YAC-III detectors Y. Katayose

1. Introduction

The mechanisms of cosmic ray acceleration and distributions of acceleration sources are
reflected in an observed spectrum of the cosmic ray nuclei, and precise measurements of these
are considered key in solving the mystery of the origin of cosmic rays. To study the origin of
galactic cosmic rays, we measure the intensities of cosmic nuclei with energies around 1014 ∼ 1016

eV called ”knee region”. We have been performing air shower observations using both an air
shower array (Tibet-III) and air shower core detectors at Yangbajing highlands, Tibet, China, which
is at an elevation of about 4300 m. In this method, we measure the energy of primary cosmic ray
particle at the altitude around which the size of an air shower is near maximum and we are able to
discriminate primary nuclides by measuring the lateral density distribution of high-energy particles
in a shower core. This method enables nuclide discrimination that minimizes“ differences due to
an assumption about the composition of primary cosmic rays”and“ dependence on air shower
interaction models”, both of which are major causes of systematic errors in indirect measurements
of cosmic rays.

To measure the spectra of primary protons and helium nuclei, we performed Phase I
experiments from 1996 to 1998 by using air shower core detectors composed of both emulsion
chambers and scintillators located below the emulsion chambers. In addition, we performed Phase
II experiments to confirm the validity of the observation results. As a result, we revealed that the
ratio of light atomic nuclei to the all particles gradually decreases for energies greater than 100
TeV and heavy particles become dominant in the knee region [1][2][3]. In addition, the sharpness
of the bend in the all-particle spectrum measured by Tibet-III cannot be explained by a simple
superposition of spectra from each atomic nuclei predicted by Fermi acceleration in supernova
remnants, and it was suggested that there exists a possible component that has a specific spectrum
around the knee [4][5]. On the other hand, the position of the bend in a proton spectrum and a
helium spectrum, and the proportions of atomic nuclei heavier than helium are not well known
with satisfactory accuracy. To clarify how the intensity of compositions varies with much higher
accuracy, we developed a new core detector (YAC；Yangbajing Air shower Core detector) to
measure high-energy particles in an air shower core. We have also been developing a method
to discriminate nuclides by differences of the lateral distribution of shower core particles using
Monte Carlo simulations [6][7]. In 2009, for a test measurement, we installed the YAC-I array
(∼ 10m2), in which 16 YAC detectors were placed in grids with dense spacing in the center of the
Tibet-III array, and performed observation experiments [8]. The energy range of the measurement
is around 100 TeV, where a high-accuracy composition was obtained by direct observation. Hence,
we could investigate an interaction model combined with calculation by simulations. In addition,
to observe the spectra of protons and helium nuclei with energies from 50∼10000 TeV, we built
the YAC-II array (Figure 1) in which the number of detectors was increased to 124 (∼ 500m2). We
have been performing continuous observations using the YAC-II array together with the Tibet-III
array and muon detectors (MDs) since 2014 [9]. It is expected that an accurate result in the shape
of a knee in a proton spectrum and helium spectrum will be clarified by our observations.

It is reported by many observations that as energy increases, the average mass number of
cosmic ray compositions tends to increase. However, there is no clear result, since there are large
systematic errors due to observation methods, dependence on interaction models used for analyses,
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etc. We plan to perform YAC-III experiment in the future, in which the number of detectors will
be increased to 400 to measure the composition of heavy cosmic ray nuclei such as iron. For this
purpose, we have been developing a new data acquisition system, and we report its development
status in this study.

2. YAC detector
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Figure 1: Design of YAC detector and block diagram of data acquisition system

As shown in Figure 1, each YAC detector is composed of a lead plate with an area of 50
cm×80 cm and a thickness of 3.5 cm, plastic scintillators of 1cm thickness placed under the lead
plate, wavelength shifting fibers (WLSFs) along the scintillator, and two photomultiplier tubes
(PMTs), each with a different gain. To measure high-energy particles of an air shower core, the
thickness of the lead plate was designed to be 6.3 radiation lengths. Scintillation counter measures
the number of secondary electromagnetic particles generated in the lead plate. The number of
measured secondary particles increases with the energy of the primary cosmic ray, reaching 106

particles for 1016 eV. In addition, the minimum ionization particles (MIPs) resulting from muons
need to be measured for calibration of the number of particles for the instrument. For such a
reason, each YAC detector has two read-out systems with different gains. One part (high-gain
part) uses a higher gain PMT in which twenty WLSFs are bundled to obtain a high gain, while the
other part (low-gain part) uses a lower gain PMT in which ten WLSFs are bundled to obtain a low
gain. This enables the high- and low-gain parts to be used for measurements for 1 ∼ 104MIPs and
103 ∼ 106 MIPs, respectively. Therefore, signal read-out electronics are also required to have a
broad measuring range of more than three order of magnitude.

3. Read-out system

As shown in Figure 1, the data acquisition system is composed of a charge-to-time converter
(QTC) circuit to integrate charge pulses from PMTs and convert the charge pulses to a logic signal
that has a time width proportional to the electric charge, and a time-to-digital converter (TDC)
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Figure 2: Circuit diagram of attenuation circuit.

circuit to digitize the time width. In the YAC-III experiment, 400 YAC detectors are used to
measure an air shower core, which expands owing to heavy cosmic ray nuclides. Therefore, 800
channels in read-out circuits for two PMT signals from each detector are required.

3.1 Charge sensitive amplifier

For a QTC, we use a“Wide Dynamic range Amplifier (WDAMP)” [10], which is an
ASIC developed to read out signals from a semiconductor photo-sensor like a photodiode. The
WDAMP ASIC consists of a charge sensitive preamplifier, four wave-shaping circuits with
different amplification factors and Wilkinson-type analog-to-digital converter (ADC). The output
of a preamplifier is shared by the four wave-shaping circuits with four amplification factors
1:4:16:64 to adapt the input range of ADC. Hence, a WDAMP can measure charges in a very
large range with more than four orders of magnitude, from less than 1 fC to more than 20 pC. On
the other hand, the range of charge signals from PMTs in a YAC detector is about 1 pC to 1000
pC; therefore, we developed a circuit that damps PMT charge pulses to 1/50 ∼1/100. As shown in
Figure 2, the attenuation circuit is composed mainly of a current mirror type attenuation circuit,
a capacitive T-type attenuation circuit, an inverting circuit, and a current bias circuit. The input
part is connected to the current mirror circuit that comprises three PNP transistors, and charges are
damped to one third of the original. In addition, the base current of a transistor is controlled by an
operational amplifier that has a virtual ground to reduce input impedance. We installed 2200- and
100-pF capacitors in the capacitive T-type circuit in the subsequent part. In a simulation calculation
using SPICE code, a charge pulse is damped to 1/3.3 by the current mirror type circuit , and the
damping rate after the pulse passes through the capacitive T-type circuit is ∼1/73. The inverting
circuit is used to adjust the polarity of PMT signals to the input polarity of the WDAMP.

3.2 Time to digital converter

The output charge for 1 MIPs of the high-gain PMT is adjusted to about 500 fC ∼ 1 pC. These
charges are measured by the Gain 64 channel in the WDAMP ASIC. The output pulse width for
100 fC is approximately 100 ns, and a TDC with a resolution of several nanoseconds is required to
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Figure 3: Conception diagram of TDC circuit

digitize the output within the accuracy of several percent. We fabricated a TDC circuit with a field
programmable gate array (FPGA) using a hardware description language, and we implemented
it in a general-purpose FPGA produced by Xilinx. The simplest way to measure pulse width is
to measure the time width of a state with the logical value of the input pulse being“ 1”using
an external clock. However, there is a limit for external clock frequencies. For instance, the
time resolution obtained using a crystal oscillator with 250 MHz is ±4 ns. Furthermore, in order
to improve the time resolution, we made a circuit with four clocks, each of which has a phase
difference of 90◦. In the right part of figure 3, an input pulse and the four clocks, each with a phase
difference of 90◦, are shown. The state of an input pulse is latched by these four clocks by using a
D flip-flop. The FPGA produced by Xilinx (Spartan3A), which was used in this study, can generate
four clocks, each with a phase difference of 90◦, by using an external clock. In the example in the
figure, the state latched by the clock with a phase of 270◦, which has the most delayed timing, is
“ 1”. Similarly, the ones by the clocks with phases of 0◦, 90◦, and 180◦ are "0", "0", and "1",
respectively. In principle, we obtain the time information with an accuracy of 1 ns from the pattern
of "0011". By implementing TDC circuits for 16 channels in the Spartan3A and investigating the
time accuracy of each TDC, we found that the standard deviation of the distribution of measuring
times within a range of the input pulse width up to 30µs was less than ±1.5 ns. There was a
systematic deviation in each channel, but it can be removed by calibration.

4. Performance of read-out system

To evaluate the performance of the read-out system, we made a test VME board composed of
four channels that was incorporated with the attenuation circuit and the WDAMP. The attenuation
circuit was implemented in a mezzanine card, and it was installed on the VME board. The power
sources of the attenuation circuit, and those of the analog processing part and the digital control
part of the WDAMP were made using the same power sources of the VME with +5 V and ±12
V. A logic signal from the WDAMP was converted to an LVDS signal, and the time width was
digitized by using a TDC implemented in an commercial FPGA evaluation board and transferred
to a PC.

4.1 Linearity

To investigate the dynamic range of the system, we used test charge pulses generated by using
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Figure 4: Left figure is lineaity curve of a typical channel for negative charge input. The upper data
points shows high-gain output and the lower data shows low-gain output. Right figure is cosmic ray muon
distribution measured by YAC detector with the read-out system.

rectangular voltage pulses and capacitors, and we input them into the attenuation circuit. In left
figure of 4, the horizontal axis represents an input charge, and the vertical axis represents the pulse
width measured by the TDC. The WDAMP has four outputs since an input is amplified in four
shaping circuits with different gains. The slope of the line that fits the data of Gain-64 channel is
8.7 ×10−1 [ns/fC] approximately, and a linearity is observed up to about 20 pC. The error bars in
the figure represent the standard deviation per event, which is about 188.7 ns; it is 216 fC when
converted to an electric charge. The slopes of fitting plots for Gains -16, -4, and -1 channels were
approximately 2.0×10−1 [ns/fC], 5.5×10−2 [ns/fC], and 1.1×10−2 [ns/fC], respectively. In the
data of Gain-1 channel, the region that was more than 400 pC was fit with an error function, and
we defined the linearity as the value of the input charge that results in 5% deviation of the curve
from the linear line. Here, the linearity was up to 1300 pC approximately.

4.2 Measurement of 1MIP with cosmic ray muon

Using this read-out system and the YAC detector, we confirmed that 1 MIP resulting from
secondary cosmic ray muons was observed without being buried under noise. Two trigger
scintillators were placed above and below the YAC detector, and we obtained data by using the
coincidence of signals in the two trigger scintillators. As shown in right figure of 4, the output
from the high-gain part of the YAC detector measured by the Gain-64 channel in the WDAMP
showed the Landau distribution overlaid on the tail of the exponential noise distribution. The peak
was well separated from the noise part. The peak position was approximately 1865 ns when the
data were fit with the sum of the Landau distribution and the exponential distribution, and it was
approximately 1.0 pC when the pedestal was subtracted and converted to an electric charge.
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5. Summary

We developed a data acquisition system that consists of a QTC module and a TDC module
for YAC-III experiment. The QTC uses an attenuation circuit and a charge amplifier ASIC
("WDAMP") . The attenuation circuit was composed of a current conveyer circuit that uses
transistors and a capacitance-type attenuation circuit. The damping rate was about 1/70, which
enables uniform damping of charges ranging from 100 fC to more than 1000 pC to those ranging
from several femtocoulombs to ten and several picocoulombs. The TDC was implemented in
an FPGA, and could obtain measurements with an accuracy of 1.5 ns approximately. With
examination using test charge pulses, we confirmed linearity up to 1300 pC, and the noise level at
Gain channel 64, which has the maximum gain, was about 200 fC. In addition, from measurement
results of cosmic ray muons, a measuring range up to 1300 MIPs was verified when 1 MIP was
measured with 1.0 pC by the high-gain part. If the low-gain part is used for measurements from
1000 MIPs, we can measure the number of core particles with wide range from 1MIP to 106

MIPs using the two read-out systems. On the other hand, the noise level was around 200 fC. It is
possible to reduce the noise by improving the capacity damping part in the attenuation circuit and
reconsidering the ground of the analog circuit power source. In addition, for the TDC, it is possible
to obtain highly accurate time measurements by using an FPGA with fast signal processing speed.
In the future, we plan to integrate module substrates for charge-time conversion, and perform a
verification experiment by using an actual instrument.
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