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On-Orbit Pile-Up Detection and Digital Pulse Shape
Measurement Results in the Radiation Telescope

Haruka Ueno , Koki Kamiya, Haruhisa Matsumoto , Makoto Tomitaka, and Takeshi Takashima

Abstract— We have developed a radiation environment mon-
itor called the Technical Data Acquisition Equipment (TEDA)
installed in the RAPid Innovative payload demonstration Satel-
lite 1 (RAPIS-1) which was launched on January 18, 2019. The
TEDA measured the energy spectra of electrons, protons, and
He ions. In addition to the functions of a conventional sensor,
we added a fast digital sampling function to the TEDA. The
operational verification in orbit was successful, and the pile-up
waveform signal was acquired for the first time at The Japan
Aerospace Exploration Agency (JAXA). The TEDA also obtained
data showing that pile-up detection also worked properly.

Index Terms— Energy measurement, radiation detector
circuits, radiation monitoring, space radiation.

I. INTRODUCTION

AN UNDERSTANDING of the radiation environment
in space is essential for safe space activities. Space

radiation models developed from extensive satellite data can
help designers estimate the worst case environment for a
satellite. Current and near-real-time radiation environment data
will tell satellite operators and astronaut-supporting controllers
whether the “space weather” is quiet or active.

The history of measurement technology for charged par-
ticles such as protons and electrons of the radiation belts
began with the Geiger–Muller counter applied in the 1960s [1].
Currently, scintillation detectors and solid-state detectors have
been used commonly. In addition, multiplier detectors are
sometimes used to detect small signals such as low-energy
charged particles. Magnetic spectrometers, which use magnetic
fields generated in the instrument, are suitable for discrimi-
nating between ions and electrons [2]. The Japan Aerospace
Exploration Agency (JAXA) has been developing a particle
energy spectrometer using solid-state sensors suitable for mea-
suring electrons, protons, α-particles, and heavy ions, since
each particle of space radiation has different effects on onboard
equipment and the human body [3]–[5].

In typical components of radiation signal-processing cir-
cuits, there is first a pre-amplifier that converts the charge
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Fig. 1. Cartoon of examples of pile-ups. The second wave changes the true
height of the first wave, depending on the timing from the incidence of the
first wave.

generated by the detector into a voltage and then a
waveform-shaping amplifier is connected to convert the output
into an appropriate waveform pulse. The pulses are then
read into a multiple wave-height analyzer to measure the
wave-height values, which are then measured as an energy
spectrum.

There is a difficulty in measuring the energy of radiation
in an environment with a high count rate. Examples of high
count rates in space occur when a spacecraft passes through
the South Atlantic Anomaly (SAA) [6]–[8] or when solar
flare particles arrive at the spacecraft [9]. To detect radiation
with high accuracy, the preamplifier’s decay time is designed
to be rather long (∼10 μs) in order to collect all charges
generated by radiation in a device. However, in an environment
with a high count rate, subsequent radiation enters before the
preamplifier recovers, and the pulses overlap each other. This
phenomenon is called pile-up [10], and it leads to inaccurate
energy measurements unless appropriate processing is done.
Fig. 1 shows examples of pile-up events. The energy of the
particles is overestimated in the example of pile-up 1 and
conversely, underestimated in pile-up 2.

JAXA has been conducting research to establish tech-
niques for detecting and then removing pile-up events
from measurement sequences. By removing pile-up effects,
counting and energy can be correctly measured even at a
high count rate. The Technical Data Acquisition Equipment
(TEDA) installed on RAPid Innovative payload demonstration
Satellite 1 (RAPIS-1) [11] launched on January 18, 2019, can
detect pile-ups that occur if a digital sampling circuit is added
to the system. This article describes the results of an on-orbit
demonstration of the TEDA onboard RAPIS-1.

II. OUTLINE OF RAPIS-1/TEDA

The RAPIS-1/TEDA consists of a low-energy electron spec-
trometer (ELS-A) and a medium-energy alpha and proton
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Fig. 2. Exterior photograph of the TEDA. The weight was 3.2 kg and the
size was 220 mm × 184 mm × 92 mm.

Fig. 3. Cartoon of simplified cross section of ELS-A and APS-B. Each sensor
consists of four silicon semiconductors. The two sensors have a common
structure except for the thickness of S1.

spectrometer (APS-B). Fig. 2 shows an external view of
the TEDA. The signal processors and the interface to the
satellite system are the same for both sensors. Fig. 3 shows a
cross section of ELS-A and APS-B. Table I summarizes the
performance of both sensors. The full-width at half-maximum
(FWHM) values for each particle were the same for all energy
channels. The FWHM is defined by the ADC distribution of
the output signal relative to the input of a test pulse with
a specific voltage value. These values were determined from
the FWHMs of the values from the analog-to-digital con-
verter (ADC) distributions relative to the inputs of determined
voltage.

Although the radiation environment of RAPIS-1, which
is at an orbital altitude of 500 km, is relatively mild com-
pared to low-earth-orbit satellites, the components used in
the TEDA were selected from radiation-hardened or space-
proven components. The newly adopted high-speed ADC
(ADS4245IRGCT) was confirmed to be tolerant by proton
irradiation tests. The ADC used had a resolution of 14 bits,
a sampling rate of 160 MS/s, and an effective number of
bits equal to 11.5 bits. Regarding total ionizing dose (TID)
resistance, most parts are resistant even at 1000 Gy and
above. For components for which there is no data on radi-
ation resistance assured by the manufacturer, the TEDA’s
radiation resistance was confirmed through irradiation tests up
to 100 Gy and evaluation of the effectiveness of shielding.
To deal with the effects of the single-event upsets (SEUs)
that occurred in the field-programmable gate array (FPGA)
(A3P600L), the TEDA resets the memory used for processing
and measurement data buffering in the FPGA every second.
Even if an SEU occurs, the TEDA can return to the normal
state by this reset process. The components that can be affected

TABLE I

PROPERTIES OF MEASUREMENTS OF THE TEDA

from single-event transients (SETs) are operational amplifiers
and ADCs. The TEDA was unaffected by a temporary signal
disturbance caused by SETs by setting the trigger condition
and the event discrimination condition appropriately. The
regulator may also be affected by SETs. Selecting the proper
capacitor for the output circuitry ensured that the subsequent
circuits would not fail. A single-event latch-up (SEL) can lead
to permanent failure after just one occurrence. The threshold of
SEL occurrence in the adopted FPGA (A3P600L) is 87.2 MeV
cm2/mg, with a cross section of 2×10−7 cm2/FPGA. Although
the frequency of occurrence is extremely low, the TEDA has
installed a breaker for power supply and a resistor element for
current control on the circuit to prevent electronic components
from failing when an SEL occurs. These design guidelines,
applied to radiation tolerance, satisfy [12].

A. ELS-A

ELS-A consists of four silicon semiconductor detectors
(SSDs). The thickness of the first SSD on top (S1) is 80 μm,
and 1500 μm for the other sensors. The bottom sensor (S4) is
used to determine the event when a particle has penetrated
the sensor. ELS-A determines the energy of the incident
electrons. Simulated energy loss at each sensor relative to the
incident energy was used to identify particles in ELS-A and
to determine the energy channel for electrons. The measured
energy at S1 determines the particle type of incident particles.
The sum of the measured energy in S1, S2, and S3 determines
the energy channel of electrons.

B. APS-B

Four SSDs are also used in APS-B. The first sensor (S1) is
a 250-μm-thick SSD, and the other sensors are 1500 μm in
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thickness. The bottom sensor (S4) determines whether penetra-
tion through the sensor of particles occurs. APS-B determines
the type of particle and its energy by applying the �E − E
method [13]. The look-up tables (LUTs) were set according to
irradiation tests and numerical calculations. The TEDA used
the �E − E method to determine a particle and its energy. In
both sensors, four silicon semiconductors (SSDs) were used
for energy loss detection. The energy loss by incidence of a
particle in the first SSD (�E), which is a transmissive detector,
and the sum of the energy lost in all SSDs (ESUM) were
calculated numerically, and the correspondence table of the
ADC value of energy loss to the incident energy of the particle
was stored in the read only memory (ROM) of the TEDA
as LUTs [14]. In the measurement on an orbit, the sensor
determined the mass number of particles from the ADC value
of �E . The energy channel was determined by referring to
the LUTs from the ADC value of �E and ESUM.

In the Count mode, the APS-B also measures the lin-
ear energy transfer (LET) in the range from 2.8 up to
103 MeV cm2/g with six channels (see Table I). The LET
measurement starts when both the trigger signal (S1) and the
anti-coincidence signal (S4) are detected. The LET channel is
determined by dividing the energy value measured in S3 by
the sensor thickness, and the count value of the LET channel
is incremented.

C. Observation and Calibration Modes

The operational mode of the TEDA has three observation
modes (Count mode, List mode, and Waveform mode) and
two calibration modes (CAL mode and Dump mode).

The Count mode was used for counting events of each
energy channel. The TEDA was mainly operated in the Count
mode. To determine the atomic number and energy channel of
an incident particle, the DIGITAL FPGA accesses the LUTs of
correspondences between incident particles and energies stored
in the ROM of the signal processor.

The List mode is used to verify the health of the device.
The signal-processing circuits detect peaks from the signal
output from the waveform-shaping amplifiers that follow the
all-Si detector and outputs the peak ADC values. Using this
data, the health is evaluated by verifying the correlation tables
determined by ground tests.

The Waveform mode was set for acquisition of digitally
sampled waveform data with several sampling rates (48, 36,
24, 12 MHz). In this mode, the waveform data of the signal
from each sensor sampled by the fast A/D circuit is the output.
This is a new operating mode that has not been used in
traditional devices by JAXA.

In the CAL mode, the signal-processing section can generate
calibration signals, and outputs from these signals are used
for the soundness of the processing circuit following the
preamplifier. The Dump mode is used to check and rewrite
the LUTs. The LUTs stored in ROM can be downlinked in
the Dump mode and the LUTs can be overwritten on command

III. PILE-UP DETECTION TECHNIQUE

Fig. 4 shows a schematic of the TEDA configuration. The
signal from the SSD is input to the peak hold (P/H) circuit after

going through the preamplifier and waveform-shaping circuit.
The peak hold circuit has the function of holding the maximum
value of the voltage value input to the waveform-shaping
amplifier. Fig. 5 shows an example of pile-up occurring in
a P/H circuit. When a voltage of the signal processed by the
main amplifier exceeds the threshold value of VH , the input
signal to the P/H circuit is cut off by a gate signal after the set
time (Tα) has elapsed to prevent the occurrence of pile-up. The
circuit holds the wave height during this time. After another
time (Tβ), the gate input signal is released, and the instrument
is ready to detect the next signal. However, a pile-up can
cause the signal processor to overestimate the energy of the
first signal (dotted line in Fig. 5) if the pile-up occurs due to
radiation incident before time Tα (dashed line in Fig. 5).

Conventional radiation-measuring instruments developed by
JAXA only have P/H circuits. The data measured by our
instrument in high count rate regions such as the SAA have
been corrected to the true count rate using the dead time
of the instrument [15]. However, we have treated them as
unreliable data. In order to solve this problem, we developed
the logic to detect pile-up events by focusing on the fact that
the peaking time and zero-crossing time of the amplifier’s
bipolar output waveform are theoretically determined uniquely
for each incident particle.

The key to solving this problem is the output waveform from
the waveform-shaping amplifier circuit, which is a combina-
tion of a differentiation circuit (CR circuit) and an integration
circuit (RC circuit). The baseline of the signal output by
the waveform-shaping amplifier circuit may deviate from the
true baseline when the interval between radiation incidence is
short. This phenomenon is called baseline shift, and it affects
energy measurements. The waveform-shaping amplifier circuit
of the TEDA adopted the RC-RC-CR circuit, which shapes
the waveform from the preamplifier into a bipolar form and
excludes baseline shift. Applying the Laplace transform [16]
to the differential equations for the RC and CR circuits,
respectively, the description of the output voltage from the
circuit in the s-domain is expressed as shown in the following
equation:

Vout(s) = A1

1 + τ1s
· A2

1 + τ2s
· A3τ3s

1 + τ3s
· Vin(s). (1)

The τ1(= R1C1),τ2(= R2C2), and τ3(= R3C3) are time
constants of the initial-stage RC circuit, the second-stage RC
circuit, and the third-stage CR circuit, respectively, and A1,
A2, and A3 are gains of each circuit. Assuming that the pulse
width of the radiation signal is sufficiently short compared to
time constants of each circuit, any wave height value can be
regarded as an impulse signal, and (1) becomes (2).

Vout(s) = A1

1 + τ1s
· A2

1 + τ2s
· A3τ3s

1 + τ3s
· PH. (2)

The PH is the pulse height of an impulse signal. When the
gains of all circuits are the same and the time constants have
the same value, applying the inverse Laplace transform [16],
(2) is transformed into a function of time (t) as shown in the
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Fig. 4. Block diagram of the TEDA. For the sake of simplicity, the sensor is represented as one. The dotted line is the new processing hardware.

following equation:

Vout(t) = PH
t

2τ 2
e−t/τ

(
2 − t

τ

)
. (3)

This waveform expressed by (3) can be drawn as shown
in Fig. 6. This waveform has a maximum value at (2−21/2)τ ,
a minimum value at (2 + 21/2)τ , and intersects zero at 2τ ,
which is independent of any wave height value. For conve-
nience of explanation, the time constants are set to the same
value, but the waveform for any combination of time constants
will also be as shown in Fig. 6. The occurrence of a pile-up

event is determined by using the fact that the peak time and
zero-crossing time are constant.

The analog FPGA determines pile-up events from the output
signal of the high-speed A/D circuit that processes the signal
output from S1. The pattern of pile-up detection in the TEDA
was divided according to the second signal input timing. The
first pattern was when the signal comes before the crossover
timing (COT) or when the signal enters at approximately
the same time as the COT. If the state of the comparator
signal was on at the time of COT or if the time that state
was on was longer than a predetermined value, the analog
FPGA detected that a pile-up had occurred. In this case,
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Fig. 5. Cartoon of an example of a conventional radiation measurement
sequence with a P/H circuit. In order not to detect pile-up, the measurement
is blocked by the gate signal while maintaining the height value of the first
wave. However, if the pile-up occurs before the gate signal, the wrong value
will be detected.

Fig. 6. Diagram of (3) plotted as time on the horizontal axis and voltage on
the vertical axis.

the pile-up count and the total count were output with the
same value. In another pattern, the analog FPGA determined
that a pile-up occurred if the comparator status was turned
on twice during the processing time and beyond the COT.
In this case, the analog FPGA does not process the second
wave as an event and notifies the DIGITAL FPGA that a
pile-up event has occurred. The DIGITAL FPGA increments
the pile-up count. The total count was twice the value of the
pile-up count. In both patterns, the dead time was extended
when a pile-up was detected.

The first radiation measurement detector in JAXA equipped
with this logic in the RAPIS-1/TEDA was demonstrated on
orbit. The RAPIS-1/TEDA also has a fast analog-to-digital
conversion circuit (A/D) to measure the waveform output from
the main amplifier.

IV. CALIBRATION AND PERFORMANCE VERIFICATION

BY GROUND TESTING

In this section, we report on the evaluation results of the
pile-up detection function and the fast A/D circuit that were
added to the TEDA.

A. Evaluation of Pile-up Detection Function

We evaluated the soundness of the pile-up detection function
by varying the input time difference between the first and sec-
ond signals (�t), as shown in Fig. 7. The pulse repetition
frequency (PRF) of the pulse generator was set to 40,006.4 Hz.

Fig. 7. Cartoon of test condition for pile-up detection of TEDA. Here, T1 is
the second pulse input timing from the peaking time to zero crossing time,
and T2 is the second pulse input timing from zero-crossing time to tail time
of first pulse, corresponding to Tβ described in Section III. T1 or T2 for
ELS-A and APS-B are different, depending on the time constant of each of
its circuits.

TABLE II

TEST RESULTS OF PILE-UP DETECTION FUNCTION

Table II shows the test results of the evaluation. The pile-up
counter (PC) denotes the number of pile-up detections, and the
total counter (TC) denotes the number of trigger detections that
are counted when the input signal exceeds the discrimination
voltage (Vth). The time to the input of the second wave is
represented by �T , and T1 and T2 are the COT of the first
wave and the time from the COT to the return to baseline,
respectively. The input timing of the second wave was varied
slightly as shown in Table II to evaluate the relationship
between the pile-up counts and the total counts. In the case
of the T1 range shown in Fig. 7, the PC and TC successfully
indicated 40006 which is the same as the PRF. In the T2 range,
it was successfully indicated that the PC was the same as the
PRF and that the TC was twice that of the PRF because of
double triggering. In the case of exceeding T2 (>T2), no pile-up
was detected and the TEDA operated normally. Note that the
peak value of the first signal was successfully detected in all
cases.

B. Irradiation Tests

Table III is the list of irradiation tests conducted to demon-
strate the function of the TEDA. To confirm the performance
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TABLE III

LIST OF FACILITIES FOR IRRADIATION TESTS

of the peak-hold and fast A/D circuits, respectively, and to
perform an energy calibration of APS-B, the TEDA was
irradiated with 100-MeV protons and 230-MeV/n He. The
irradiation was carried out at Heavy-Ion Medical Accelerator
in Chiba (HIMAC) in the National Institute of Radiological
Sciences (NIRS). It confirmed the normality of the particle
identification function in both circuits. However, in both
circuits, the experimental data of deposited energy in S1 was
higher than the simulated value in the experiment. In the circuit
design, the detection of the trigger and the determination
of the energy channel by the LUTs may not be accurate.
Therefore, after the irradiation test, the circuit parameters
following S1 were readjusted, and it was confirmed that the
irradiation data and the simulation results were consistent. The
validity of the S1 gain adjustment results was confirmed in
the detection of protons and helium generated as secondary
particles in the Fe irradiation tests. ELS-A was calibrated by
electron irradiation from 300 keV to 2 MeV.

V. MEASUREMENT RESULTS

RAPIS-1 was launched on January 18, 2019, and the TEDA
was put into a 500-km orbit and powered on January 29,
2019. RAPIS-1 was a satellite for on-orbit demonstration of
components and equipment developed by companies or JAXA.
The TEDA operated normally until January 31, 2020, when
the steady-state operation of RAPIS-1 terminated because the
on-orbit demonstration of all the instruments aboard RAPIS-1
was completed.

A. Energy Resolution

The operational mode of the TEDA includes a calibration
mode (CAL mode). This mode can output the ADC distrib-
ution of the output wave height by inputting some specified
electrical signals simulating radiation to the silicon detectors.
The dispersion of the distribution determines the energy reso-
lution of the detectors. Defining the energy resolution in terms
of FWHM of these distributions, the energy resolutions were
22.0 keV for the PH circuit and 23.4 keV for the fast A/D
circuit in ELS-A. In APS-B, the energy resolution of the P/H
circuit was 0.144 MeV and that of the fast A/D circuit was
0.196 MeV.

B. Evolution of the Pile-up Detection

Comparing the geographic distribution of the total count
and the pile-up counts qualitatively assesses whether the pile-
up detection logic was working properly. Fig. 8 shows the

Fig. 8. Geographical distribution of electron fluxes observed by ELS-A (top)
and the number of pile-up counts (bottom). The color bar indicates the total
count for a given period of time.

geographic distribution of the total counts of ELS-A from
April 1 to 7, 2019, and shows that of the pile-up counts.
Similarly, Fig. 9 shows the figures for APS-B. These figures
indicate that the pile-up count was higher in high-count rate
areas such as the SAA and polar regions than in other areas.

At the limit where pile-ups rarely occur relative to the total
count, the rate of counting with pile-ups depends on the square
of the rate of true event occurrence. Using the least-squares
method, both correlations were confirmed to be approximated
by a quadratic function. Fig. 10 shows the correlation between
the total count and the pile-up count, and this correlation
was found to be approximated by the square. This result also
supports the correctness of the TEDA’s pile-up detection logic.

The fast A/D circuit in the TEDA has a mode to acquire
the waveform data, and JAXA acquired the piled-up waveform
data for the first time. Fig. 11 shows examples of the pile-up
waveforms measured on orbit obtained in the Waveform mode.
The top waveform in Fig. 10 corresponds to pile-up 1 in Fig. 1,
and the bottom waveform in Fig. 10 corresponds to pile-up 2
in Fig. 1.

C. Comparison With the Radiation Models

Here, a method of converting the count rate acquired by the
P/H circuit and the high-speed A/D circuit into a flux will be
described. In the P/H circuit, the flux was calculated by the
following formula:

Fk = Ck

1 − ckτ
Gk (4)
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Fig. 9. Geographical distribution of proton fluxes observed by APS-B (top)
and the number of pile-up counts (bottom). The color bar indicates the total
count for a given period of time.

where Fk is the flux value of the k channel
(cm−2s−1str−1MeV−1), Ck is the counting rate of the k
channel (s−1), τ is deadtime (2 × 10−5 s), and Gk is the
geometric factor and represents the energy response of counter
to particle species k. The A/D circuit can detect the pile-up
phenomenon, so if the pile-up count value per second is Cp,
the actual measurement time t is given by the following:

t = (
1 − τCp

)
(5)

where τ is deadtime 5.56 × 10−6s (ELS-A) and 4.76 × 10−6s
(APS-B). Therefore, the k-channel flux can be calculated with

Fk = Ck

t
Gk . (6)

Fig. 12 shows the comparisons between the electron
and proton fluxes measured by the TEDA in the Count
mode and those calculated from the radiation belt models
(AP8/AE8 [19]–[21] and AP9/AE9 [22]). The measured elec-
tron flux below 300 keV is higher than the model value. Since
the direction of the TEDA field of view was determined so
that the pitch angle of the radiation belt particles on RAPIS-1
orbit was around 90◦ in all areas, it is reasonable that the flux
measured by ELS-A is higher than the model value calculated
as the average of omnidirectional flux.

The proton fluxes measured by APS-B are higher than
the model values in the energy region above 10 MeV. This
difference is apparently due to when particles with sufficient
energy to penetrate APS-B incident from outside its field of

Fig. 10. Correlation between the total count and the pile-up count.

Fig. 11. On-orbit pile-up waveform data detected by the TEDA observation.

view may result in APS-B misidentifying these noise events
as true events. This effect becomes non-negligible at small
L-values, where the proton energy spectrum shows a wide
energy distribution up to high energy such as the SAA. The
L-value is the distance between the center of the earth and the
point where the magnetic field lines cut the equatorial plane,
expressed as the earth’s radius. Therefore, the correction to
exclude this effect should be based on a more detailed data
analysis.

A comparison of the fluxes of P/H and fast A/D circuits in
the low-energy region of the electrons shows that the fluxes
of fast A/D circuits are higher. The reason the flux of the P/H
circuit is low in the low-energy channel is presumed to be
due to the measurement error of the energy value caused by
pile-up and the reduction of the coefficient rate due to pile-
up. On the other hand, there is no difference in the flux due
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Fig. 12. Comparison of electron fluxes observed in ELS-A (top) and proton
fluxes observed in APS-B (bottom) with the radiation belt model. The PH
indicates the flux measured by the P/H circuit and DS indicates the flux
measured by the fast A/D circuit.

to pile-up because the proton count rate in the radiation band
is not large. We note that the extreme difference between the
P/H and fast A/D circuits at the first energy channel is due to
the wrong table being used to determine the channel, which
requires correction in the future.

VI. CONCLUSION

In order to measure an energy distribution correctly even in
a high count rate radiation environment, we installed pile-up
detection logic in the RAPIS-1/TEDA. After one year of
operation, the TEDA has been operating normally and several
data analyses support the correct functioning of the designed
pile-up detection logic. Based on the results obtained in
RAPIS-1/TEDA, we aim to develop a processing technique
for pile-up removal, correction, and a high counting rate
(>106 cps).
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