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Abstract: Electronic equipment in nuclear power plants and nuclear warfare is damaged by transient
effects that cause high-energy pulsed radiation. There is a concern that this type of damage can even
cause enormous economic losses and human casualties by paralyzing control systems. To solve this
problem, this study proposes a complementary metal-oxide semiconductor (CMOS) logic-based,
switching detection circuit that can detect pulsed radiations at a fast rate. This circuit improved
response speed and power consumption by using the switching operation of digital logic compared
with conventional circuits. Furthermore, radiation tolerance to total ionizing dose (TID) effects
was achieved even in a cumulative radiation environment because of the use of the design using
p-metal-oxide semiconductor field effect transistor (p-MOSFET). The proposed detection circuit was
manufactured by a 0.18 um CMOS bulk process for integration. Normal operation in the detection
range of 2.0 x 107 rad(si)/s was verified by pulsed radiation test evaluations, and the tolerance
properties to a radiation of 2 Mrad was verified based on cumulative radiation test evaluations.

Keywords: high-pulse radiation; switching-detection circuit; radiation test evaluation; radiation
tolerance; total ionizing dose effects; electronic equipment

1. Introduction

Gamma rays that are instantaneously incident in the form of high-energy pulses
in environments exposed to radiation, such as outer space, nuclear power plants, and
nuclear explosions, are referred to as high-level pulsed radiation, and the phenomenon
associated with the induced damage they cause is called transient radiation effect (TRE).
When high-level pulsed radiation penetrates through electronic systems comprising silicon
complementary metal-oxide semiconductor integrated (CMOS) chips in a radiation envi-
ronment, many electron-hole pairs (EHPs) are generated inside electronic devices. Carriers,
such as electrons and holes, have larger mobility in silicon compared with SiO,. Hence,
they generate photocurrents based on a process according to which they are recombined
or pass through a p—n junction and become extinct. The junction photocurrent causes
various phenomena, such as bit flip and data latch in memory devices in digital circuits,
or output voltage transient phenomena in electronic circuits. Moreover, photocurrents
can cause a latch-up phenomenon by triggering the parasitic thyristor of the p—n—-p-n
structure that determines the structural features of the semiconductor CMOS process. The
overcurrent induced by the latch-up phenomenon causes heating inside the device, and
when this phenomenon continues, it leads to permanent damage in electronic circuits,
such as burnout. Eventually, it can even cause fatal functional errors in entire electronic
systems [1-5].

One of the main characteristics of the latch-up phenomenon associated with pulsed
radiation is that a continuous regenerative feedback cycle is reached that causes overcurrent,
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and the circuit experiences a burnout condition when this feedback cycle continues [6-8]. To
prevent pulsed radiation damage, the electronic device must be protected by blocking the
power supply to the entire electronic device or electronic system to stop this feedback cycle.
To block the power supply before the final burnout condition is reached owing to exposure
to pulsed radiation, a signal processing circuit that converts sensing signals to control
signals in the middle part—between the radiation detection sensor and the circumvention
circuit—is required. The circuit that serves the intermediate signal processing function
is referred to as the pulsed radiation detection circuit. This circuit quickly generates a
detection signal when the voltage exceeds the baseline after the conversion of the pulsed
radiation (detected by a detection sensor) into electrical signals. The detection signal is used
as an input signal of the circumvention circuit and protects electronic devices by blocking
the power source of electronic devices before a disturbance or latch-up occurs [9,10]. At
this point, the signal processing speed of the detection circuit is closely related to the time
period during which the electronic device is exposed to radiation and the speed at which
pulsed radiation is incident. Accordingly, the speed of detection signal output through the
sensor is a critical factor.

This study proposes a high-speed detection circuit by using the switching operation
of CMOS logic to provide the control signals of the circumvention circuit at a high speed.
This is achieved by improving the signal processing method of conventional detection
circuits that generate the time delay. The proposed circuit is designed to improve signal
processing speed compared with the conventional circuit, and to use the CMOS process
for miniaturization and single-chip construction. However, if the circuit is manufactured
by the CMOS process, leakage current caused by radiation owing to the TID effects in a
cumulative radiation environment must be considered [11,12].

The TID effects cause damage in silicon CMOS through radiation that persists for a
long time. When the MOS structure is exposed to radiation, EHPs are generated at the Si
and SiO2 interface owing to the ionization phenomenon. This is referred to as a fixed charge,
because holes with low mobility and positive charges are trapped at the SiO2 and silicon
interface. In particular, when radiation is generated in an n- metal-oxide semiconductor
field effect transistor (MOSFET) which leads to an accumulation of a fixed charge, a leakage
current is generated between the source and drain. As a result, the device performance
can be degraded, and this can cause an error or a malfunction of the entire electronic
circuit, thus resulting in significant damage. However, the p-MOSFET is insensitive to the
radiation which causes fixed charges because many carriers comprising the channel are
holes. Therefore, it can be said that it has tolerance to TID effects [13-15].

The proposed pulsed-radiation detection circuit can possess radiation tolerance prop-
erties even in a radiation environment because a modified design comprising only p-
MOSEFETs that are tolerant to the TID effects is possible. Therefore, the final pulsed-radiation
detection circuit was composed of only p-MOSFETs and resistors. It can be designed to be
usable even in an environment with TID effects, because it can protect electronic devices by
outputting detection signals from the TRE and has the radiation tolerance property.

In this study, conventional circuits and the proposed detection circuit were designed
and fabricated using the 0.18 um CMOS bulk process. By modelling pulsed radiation
with electrical signals, the signal processing speed was measured and compared with
conventional circuits at the same input conditions. The result showed that the response time
of the proposed detection circuit of 15.8 ns improved by approximately 26% compared with
the conventional circuit. Although the response speed decreased when the proposed circuit
was designed using only p-MOSFETs to consider the cumulative radiation environment, it
can be protected from pulsed radiation because it responds within 50 ns [16].

The test evaluation for the pulsed-radiation detection feature was performed using
the linear accelerator (LINAC) at the Pohang Accelerator Laboratory in South Korea. An
evaluation test was conducted to verify the resistance to TID effects in the high-level gamma
ray irradiation facility at the Advanced Radiation Technology Institute in Jeongeup, Korea.
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The result confirmed a normal detection feature at the predefined detection sensitivity of
2.0 x 107 rad(si)/s, and a tolerance to the cumulative dose of 2 Mrad.

2. Design and Fabrication of the Proposed Pulsed-Radiation Detection Circuit

The pulsed-radiation detection circuit quickly generates a detection signal when the
voltage exceeds the baseline after sensing pulsed radiation generated in events such as
nuclear explosions, sunspot explosions, and nuclear accidents, and converts it to a voltage
to prevent damage of the electronic devices induced by the radiation. It protects electronic
devices by blocking the power sources of electronic devices and resupplying the power
source after a certain period of time, before disturbance and latch-up phenomena occur.
This is achieved by using the detection signals as control signals.

2.1. Design of the Conventional Pulsed-Radiation Detection Circuit

Maxwell’s conventional detection circuit [17] for the protection of electronic devices
from pulsed radiation is composed of a sensor circuit, an amplifier, a timer circuit, and
an output sub block, as shown in Figure 1a. The radiation detection sensor of the sensor
circuit typically consists of a PIN photodiode and generates a photocurrent when pulsed
radiation is applied. The generated photocurrent is converted to a voltage, and a detection
signal is outputted if the voltage is above the reference voltage. Furthermore, the detection
sensitivity can be adjusted by using a resistor and capacitor (Rty, Cry) in the sensor
circuit, and the pulse width of the detecting signal can be adjusted by the value of Ct. The
conventional detection circuit [9,17] has a response time delay problem from the sensor
input to the output because it generates an output signal through a series of sensors,
amplifier, and a timer block. To resolve this problem, the timer circuit was configured
in parallel with the amplifier circuit in the timer bypass detection circuit (see Figure 1b),
thus enabling fast output of the detection signal and simplification of the structure. The
conventional detection circuit and the timer bypass detection circuit were designed as an
integrated circuit at a power supply voltage of 3.3 V based on 0.18 um CMOS to compare
the signal processing speed at the same conditions.
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Figure 1. Block diagram of conventional pulsed radiation detection circuits: (a) Maxwell’s nuclear
event detector and (b) timer bypass detection circuit.

2.2. Design of the Proposed CMOS Logic-Based Pulsed-Radiation Detection Circuit

The CMOS logic fast-switching pulsed-radiation detection circuit proposed in this
study is composed of sensor and timer circuits—including NOR gate, buffer, and a feedback
loop—as shown in Figure 2. To reduce the long delay time, which is the problem of the
conventional detection circuit, the conventional analog detection method was converted to
a digital method using a CMOS logic device. A high-speed detection circuit with reduced
output delay was proposed. This circuit quickly outputted the detection signal (OUT)
through the NOR gate of the timer circuit if a signal occurred in the sensor when pulsed
radiation was incident. It overcomes the limitations of integration and miniaturization of
the conventional bipolar-junction transistor (BJT)-based detection circuit because it only
uses a CMOS-based logic device, NOR gate, and an inverter. Moreover, the digital logic
device improves the current limit using resistance and reduces the delay time because the
CMOS performs switching operations in a linear region; nevertheless, it is also efficient in
terms of power consumption.
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Figure 2. Block diagram of the proposed complementary metal-oxide semiconductor (CMOS) logic
fast-switching pulsed-radiation detection circuit.

Figure 3 shows a detailed circuit diagram of the proposed detection circuit. The sensor
circuit is composed of a PIN diode, resistors, and capacitors. When pulsed radiation is
incident on the PIN diode, a photocurrent is generated. After the generated photocurrent
is converted to a voltage through the resistors, signals are transmitted to the timer circuit
through a differential circuit composed of capacitors and resistors. The detectable voltage
level can be adjusted using the Ry and Ctpy values. The timer circuit is composed of a
NOR gate and an inverter of the feedback loop, and is connected to Ct and Ry, which
controls the detection time. It is operated by receiving an input from the sensor circuit,
and the output of the sensor circuit is connected to the input of the n-MOSFET (N1) and
p-MOSFET (P1) of the NOR gate. In the initial state, the NMOS connected to the ground
is off, and the PMOS connected to VH is on; thus, the OUT is kept high. When pulsed
radiation is applied and the output of the sensor circuit exceeds the threshold voltage of
the input N1 of NOR, N1 is turned on and P1 is turned off.
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Figure 3. Detailed view of the proposed detection circuit.

As a result, the output of NOR, which was kept high, operates at a high speed, and
falls to a low level. At this point, the current flows from VH to CT and CT is charged. Even
if the output of the sensor circuit falls to a low level after the nuclear pulsed radiation
has terminated, the OUT signal is kept low by the timer feedback; thus, CT maintains its
charged condition. When charging is completed depending on the capacity of CT, the OUT
signal is returned to high. Thus, it was designed for stable and high-speed operation in
spite of the simple structure compared with the existing detection circuits.
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The functional verification simulation of the proposed circuit designed using the
0.18 um CMOS process device was performed. At the power supply voltage of 3.3 V(VH),
the input signal (IN) was applied by modeling a photocurrent that is generated when the
sensor detects pulsed radiation. To simulate the input signal photocurrent, first, based on
the Fat Man data of Ref. [18], iteratively calculated at 200 m intervals from just below the
nuclear explosion (ground range = 0) to 2 km, and the accumulated energy of the sensor
(Si, 0.4 mm?3) according to the distance (MeV /kt) was obtained. At this time, the position of
the sensor was 1 m above the ground. The total amount of energy (MeV /sec/kt) during
the time when prompt gamma rays are generated (10 ns—1 us) was calculated based on the
time-dependent energy spectrum data of Ref. [19], and the two results calculated in this
way re-normalized the gamma-ray energy rate according to time was performed to equal.

Figure 4 shows the result of converting the unit of energy rate to re-normalized prompt
gamma rays from MeV /sec/kt to rad /sec/kt. At this time, the unit conversion factor was
1 MeV =1.71981 x 10~° rad, and the detection range was set to 2 x 10°-2 x 107 rad/sec
considering the distance from the blast core. As shown in Figure 5, the linear increase
characteristics of the photocurrent according to the dose rate of the silicon PIN diode
sensor to be fabricated were confirmed. Accordingly, the input photocurrent used for
the simulation was 2 mA with a pulse width of 1 us corresponding to the minimum
detection range.
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Figure 4. Simulation result of energy rate (rad/sec/kt) accumulated in Si sensor according to distance
and time by prompt gamma rays (HOB is 503 m [18] and the sensor is located 1 m above the ground).
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Figure 5. PIN diode photocurrent characteristic simulation result according to the calculated radia-
tion dose.
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As shown in the simulation result in Figure 6, the signal of the pulsed radiation
converted from photocurrent to voltage is applied to the input of the NOR gate and the
detecting signal is outputted at a high speed. A feedback loop is then formed by the Ct
of the timer circuit, and the signal is reset after a certain period of time, depending on the
capacity of Cr, and returns to a high state. It is also possible to change the pulse width
of the detected signal linearly by fixing the capacitor value of the Ct and fine-tuning the
variable resistor Rr.

1L Nl -
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Figure 6. Functional verification simulation of the proposed pulsed radiation detection circuit.

2.3. Proposed Pulsed-Radiation Detection Circuit Layout and Simulation

The conventional detection circuit, timer bypass detection circuit, and fast-switching
CMOS-logic detection circuit were designed using the same 0.18 um CMOS process condi-
tions, and the response delay time simulation was performed. Figure 7 shows the response
time simulation result of each circuit. The reference of the low level of the detected signal
used for comparison of the response delay time of each circuit was 0.4 V. A response
delay time of 21.4 ns was required to change the output to a low level in the case of the
conventional circuit, and 17.6 ns for the timer bypass circuit. In contrast, the response delay
time of the fast-switching CMOS-logic pulse-signal detector was 15.8 ns; this is equivalent
to an approximate 26% improvement compared with that of the conventional circuit. The
fast-switching CMOS-logic detection circuit shortened the delay time owing to its resistance.
Because there was no current limit according to resistance, it has the advantage in that it can
be designed in practice to achieve a higher speed than the simulation result by adjusting
the W/L ratio of the MOSFET. Moreover, compared with the conventional circuit, the stable
output can be observed without offset in the high/low state of the detected signal. As
shown in Figure 8, when the conventional, timer bypass, proposed, and p-MOSFET-based
proposed circuits operate under the same conditions, the average current consumptions
are 11 mA, 7.8 mA, and 0.87 mA, respectively. Thus, the proposed circuit can reduce the
average current consumption by approximately 92% or more compared with the conven-
tional circuit. Additionally, although the average operating current of the proposed circuit
based on p-MOSFET, which will be mentioned later, increases to about 9.5 mA, it has high
tolerance to accumulated radiation. Therefore, there is a negative relationship between the
radiation tolerance and the current consumption.
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Figure 7. Response time simulation result of the pulsed-radiation detection circuit.
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Figure 8. Operating current simulation result of the pulsed-radiation detection circuit (at pulse width,
2.3 ms).

When the pulsed-radiation detection circuit is designed using the CMOS bulk process,
the TID effects of the n-MOSFET, which is vulnerable in a cumulative radiation environ-
ment, should be considered as shown in Figure 9. The n-MOSFET subjected to 1 Mrad of a
cumulative dose experienced performance degradation of the device by forming an abnor-
mal leakage current path owing to hole trapping by radiation accumulated at the interface
between the insulating oxide and silicon. However, damage by cumulative radiation rarely
occurs in the p-MOSFET, unless it is a narrow type, because the carriers forming the default
channel consist of holes (among others) [20].
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Figure 9. Leakage current measurement result according to the cumulative radiation of n-MOSFET
and p-MOSFET (at 1 Mrad).

The use of the design of the CMOS logic-based detection circuit proposed in this
study as a detection circuit that is resistant to TID effects, consisting of p-MOSFET and
passive elements, can be achieved by replacing the n-MOSFETs with resistors. Figure 10
shows the replaced circuit diagram, and the entire circuit can be controlled only by the
switching operation of the p-MOSFET. The radiation-tolerant pulsed-radiation detection
circuit maintains the advantages of the conventional CMOS logic-detection circuit, such
as the fine adjustment of the detected signal pulse width, stable output, and low-power
consumption. However, it has a disadvantage in that the output speed of the detection
signal is somewhat low owing to the current limit of the resistor that was used instead of
the n-MOSFET.
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Figure 10. Switching-based pulsed-radiation detection circuit that only contains p-MOSFETs.

The response time simulation was performed when the design of the fast-switching
CMOS logic-based detection circuit was modified to use only p-MOSFETs to block the TID
effects. As a result, the response delay time of 15.8 ns was generated when the output of
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the proposed CMOS logic-based circuit was changed to low, but the response time of the
p-MOSEFET logic-based circuit increased to 28.2 ns. However, when considering the rise
time of initial nuclear pulsed radiation, it takes more than 100ns to reach the latch-up of
the CMOS device, so there is no effect on electronic devices within the detection time of 50
ns [16]. Hence, it has the advantage of radiation hardening for TID effects by applying the
high-speed CMOS logic-based detection circuit. The specifications of each circuit, including
the proposed detection circuit, are summarized in Table 1.

Table 1. Comparison of performances of pulsed-radiation detection circuits based on CMOS.

Proposed Switching

Parameter C tional  Timer Bypass
onventiona P CMOS Logic  Only p-MOSFET
Response time [ns] 214 17.6 15.8 28.2
Average operation
current * [mA] 11 7.8 0.87 9.5
TID tolerance No No No Yes

* The pulse width of detection signal is 2.3 ms.

2.4. Implementation of Detection Circuit Chip

The switching CMOS logic-based pulsed-radiation detection circuit proposed in this
study was designed based on the SKhynix/Magnachip 0.18 um CMOS bulk process. The
circuit was configured using 3.3 V MOSFETs. Finally, a radiation-hardened detection circuit
based on p-MOSFET switching that is tolerant to the TID effect was fabricated. Figure 11a
shows the layout drawing of the proposed circuit, and Figure 11b shows the photograph of
the proposed pulsed-radiation detector package chip that contains a PIN diode and a test
light-emitting diode (LED).

CTN CTP

Detector chip

750um X 660 um

(b)

Figure 11. Proposed pulsed-radiation detection circuit: (a) 0.18 um CMOS bulk process layout
drawing, (b) photograph of the inner part of the package chip that contains the test light-emitting
diode and PIN diode.

Figure 12 shows the measurement results of the proposed switching detection circuit.
The pulsed radiation was simulated by the LED and the photodiode was activated by
the LED with a bias voltage applied. The detection circuit was activated when a pulse
signal with a voltage above a certain value according to the value of RTH for which the
detection level was designed to be adjustable. Furthermore, detection signals with specific
widths (18.4 ms) are outputted according to the value of CT, which is designed to enable
adjustment of the pulse width of the detection signal. The normal operation of the detection
signal was confirmed because it was outputted by the input pulse signal and returned after
it was maintained for a certain period of time.



Electronics 2022, 11, 2970 10 of 16

2.883V

18.385ms

P1:max(C2) P2 widn(C2) P3max(C3) Pd:max({C4) P5-- P6--- PT--- PB---
2883V 18.3856507 ms 3288V 3.268V
v L4 v v

T} : 0 [Trigger SR
1.00 V/dev] 1.00 V/diy JdwfNormal  1.01 V]
-2.0000 V| -3.0000 V] 25MS 50 MS/s|Edge Positive

Figure 12. Functional verification measurement result of the proposed pulsed-radiation detection circuit.

Figure 13 shows the response time measurement result of the proposed p-MOSFET-
based detection circuit that is resistant to TID effects. Although a delay of approximately
5 ns occurred compared with the simulation result, it operated at 33 ns. Thus, the detection
signal can perform the pulsed radiation detection and protection functions normally. There-
fore, the proposed CMOS logic-based detection circuit has the advantage of being applied
in various ways according to the radiation environment, because the modified design is
still possible using only p-MOSFETs.

I T
Detector
3 -8 ug with only p~MOSFET
S —=— Simulation
—=e— Experiment
< 2L
Y
=)
8
=l
0 -u
0 10 20 30 40 50
Time (nS)

Figure 13. Response time measurement result of the proposed pulsed-radiation detection circuit.

3. Radiation-Hardened Detection Circuit Radiation Test Evaluation
3.1. Test Evaluation of Pulsed-Radiation Transient Effects

The evaluation test of the pulsed-radiation detection circuit was performed using the
LINAC at the PAL. Figure 14 shows the test setup. The electron beam (60 MeV, 180 mA)
outputted from the electron beam accelerator was converted to a pulse gamma ray using the
tungsten transducer, and was then radiated to the detector. The measurement evaluation
procedure used to verify the latch-up and disturbance thresholds of the semiconductor
components caused by the pulsed radiation (responsible for the transient effect) was applied.
As shown in Figure 14, the DUT board of the sample was installed in the irradiation
room, and the process of checking whether the test sample operates normally or not was
performed before irradiation. Whether the beam output intensity is adjusted according to
the test requirements was assessed by adjusting the beam spot of the electron beam output.
Subsequently, the properties of the radiation sensor (PIN diode) and detection circuit were
evaluated by measuring the transient response characteristics of the devices according to
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the transient radiation pulse under the irradiation conditions. Through this process, the
threshold resistance value of the required radiation detection range was obtained, and
the normal pulse radiation detection function could thus be verified in the set detection
range. This test procedure was established based on the procedure specified in MIL-STD-
883H 1020.1, which is an electronic component test procedure of the U.S. Department of
Defense [21].

LINAC Radiation CONTROL ROOM
Detector

7’
Irradiation Port E-Beam [ -ray
£ H
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OUTPUT|
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] =

o

N\
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Distributsd BRTestEquity

+3.3V
Detector power

7 \Detsctlan circuit

f‘ i & PiN-diode Up to | -60V PIN Diode
. - 50m

" XYZ Stage— Power supply

Figure 14. Transient effect test evaluation setup of the pulsed radiation detector.

The pulsed gamma rays were normalized using the second dosimeter (Thermolumi-
nescence Dosimeter, TLD) while repeated beam irradiation was performed several tens
of times while they were inputted to the custom-made PIN diode through the tungsten
transducer. The pulsed radiation detection range was found to generate an output in the
range of 0.7-22 V in a state at which a 60 V reverse bias was applied with a dose in the
range of 1.7 x 10°-1.3 x 108 rad(Si)/s. Figure 15 shows the output voltage of the PIN diode
according to the dose range.

1003{  ~ Realtime Dosimetry |
] A
. 104
2 1 (| vecieav)
% il Realtime Dosimetry
3 2E7@9.12 | L (PIN diode)
(=]
> ; " Vout
3 1
] 2E6@2.59 £+ Rl Ct < R2
*1Meg 100n T 1kQ
2E5@0.74
0.1 Hrr— — - r— e — e =
10° 10° 10’ 10° 10°

Dose rate (rad(Si)/s)

Figure 15. Output voltage measurement normalized PIN diode according to radiation dose.

In this study, a pulsed radiation experiment was conducted to find the value of
resistance Ry, which corresponded to the detection range of 2.0 x 10°-2.0 x 107 rad(si)/s
for the switching detection circuit based on the p-MOSFET proposed in this study. Whether
the p-MOSFET detection circuit operated according to the radiation dose was evaluated
while Ry, was changed, and the PIN diode output voltage was measured accordingly.
By measuring the dose and threshold voltage at which the detection circuit operated for
each resistance Ry,, the resistance values were found to lie in the range of 86 (3-7 k() in
correspondence to a detection range of 2.0 x 10°-2.0 x 107 rad(si)/s, as shown in Figure 16.
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Figure 16. Dose detection range of proposed radiation detection circuit according to the Ry, resistance.

The resistance (Ry,) was set to 7 k), which corresponds to the detection range
2.0 x 107 rad(si)/s (error rate 10%) of the proposed detection circuit, and the beam was
then radiated. The electron beam was repeatedly radiated because it was not uniform.
The detected dose was verified by the output voltage of the PIN diode. As a result of the
verification of the operation of the detection circuit according to the radiation dose, as
shown in Figure 17, it did not operate at a dose (8.99 V) below the detection range, but the
detection circuit operated in the detection range (9.06 V).

g
Non-Operation
= = MA |
Detection signal !
‘,
Beam pulse ("
8.99V /j"
PIN diode out ; K
Measure P1:max(C2) P2max(C3) P3:max(C7) * Pe-- [ P6- - P7 P8
value 3203v 899V
R TELEDYNE LechOY
Operation
V)
Detection signal
Beam pulse
A
9.06V /T'
PIN diode out [\
Measure P1:max(C2) Pzma(Ch P3.max(CT) = [ P6- - o7 P8

value 2770V
status v

&
TO0Vidu] 500 mViaw]
1.0000 V/ -1.5000 V|

Figure 17. Detection function measurement outcome according to the dose of the proposed pulsed-
radiation detection circuit (@ 2.0 x 107 rad(si)/s).
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At this time, about 300 ns time passed until the beam pulse was applied to the sensor
and the detection signal was output. This is due to the delay time of the 50 m cable and
signal output equipment checking the output from the irradiation room to the control room.
The 50 m cable (RG-174/U) used in the test has a signal delay of about 250 ns [22]. Therefore,
the operating speed of 50 ns or less of the proposed detection circuit was confirmed.

3.2. Test Evaluation of the TID Effects

In this study, the TID damage evaluation test for the improved p-MOSFET-based
detection circuit was conducted to secure tolerance to cumulative radiation of the CMOS
logic-based switching pulsed-radiation detection circuit proposed in this study. The test
was conducted in the high-level gamma ray irradiation facility at the Advanced Radiation
Technology Institute (ARTI) in Jeongeup, Korea. A total cumulative radiation of 2 Mrad was
radiated at a dose of 1 Mrad/h using a Cobalt-60 gamma-ray source. The test procedure
followed the TID test procedure and evaluation method for electronic components of the
MIL-STD-883H 1019.8 and ESA/SCC Basic Specification No0.22900 [23,24]. Changes in
electrical characteristics according to the cumulative dose for each step were measured by
measuring the pulse width and peak voltage of the detected signal when the input pulse
was applied to the p-MOSFET detection circuit prototype. At this time, the input pulse was
applied by modeling the case wherein the detection circuit was exposed to pulsed radiation
because the input pulse was directly applied to the circuit.

Regarding the TID measurement test setup shown in Figure 18, it was divided into a
control room for applying and measuring signals and an irradiation room. A 25 m data
cable was used to connect the control room to the DUT installed inside the irradiation room.
The device used for the application of a bias to the test sample and the measurement system
used to monitor the changes in the electrical parameters of the test samples according to the
cumulative dose were installed in the control room and were configured to allow remote
measurement. The experimental conditions and methods are summarized in the Table 2.

CONTROL ROOM Up to 26m

IRRADIATION ROOM

Shield
wall

Analysis

SR G Analog Input
[: Generator W
Output e L
Oscilloscope 2 Signal e

Power Supply Cable
Power source >

Figure 18. TID effect test evaluation setup of the pulsed gamma ray detection circuit.

The TID measurement test result of the proposed detection circuit is shown in Figure 19.
An observation of the changes in the output according to the rising cumulative dose
confirmed that the peak voltage was not changed. The pulse width of the output signal
decreased by approximately 3.4 ms from 18.4 ms before irradiation to 15 ms after irradiation.
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Table 2. TID effect test conditions and test method of pulsed-radiation detection chip.
Irradiation Condition
Total Dose 2 Mrad
Dose Rate 1 Mrad/h
Radiation Source Cobalt-60
Test Facility High energy y-ray irradiation facility
Test Method
Sample 3 sample
Radiation Step 8 steps (0.25 Mrad/step)
Term of Elec. Param. Output pulse width, Peak voltage
Temperature Condition
Irradiation TA =25 °C (Room Temperature)
Annealing TA =25 °C (Room Temperature)
4.0 — : 19
: —E5— Peak Voltage
ro § —0O— Pulse Width
\ i 418
35—
! \ Annealing time (5 min.) 1
=t ’ —> {17 €
O | \ i -
= oV ' : ] i)
> | ST BTTe el o
=< P i ]
o \D E
e -
25 ~g
0415
20 :I L | L I: L 1 L 1 '1 4
0 500 1000 1500 2000

Total Dose(Krad)

Figure 19. TID effect measurement test result of the proposed detection circuit.

However, this pulse width change does not cause any problem in executing the
detection function. Therefore, the normal operation of the detection circuit within the
cumulative dose of 2 Mrad was confirmed by the irradiation experiment. The 1 Mrad
data were considered to be data whose characteristics were restored by an annealing
time of ~5 min. Therefore, the proposed CMOS logic-based switching detection circuit
could execute normal pulsed-radiation detection operations and protection missions in
the cumulative radiation environment and based on applications which use only the
p-MOSFETs.

4. Conclusions

The proposed CMOS or p-MOSFET switching-based detection circuits proposed in
this study detected pulsed radiation at high speed and transmitted detected signals to the
circumvention circuit. Compared with the conventional detection circuit, the proposed
detection circuit has the advantages of higher response speed (~10% improvement), low-
power consumption (92% improvement), and resistance to TID effects. These advantages
were verified through simulation and radiation tests. The proposed detection circuit
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based on p-MOSFET switching was finally fabricated as a packaged chip, including an
integrated circuit chip of the 0.18 um CMOS process, radiation sensors, and test LEDs.
Its detection function was verified at the predefined pulsed-radiation detection range of
2.0 x 107 rad(si)/s (error rate 10%) through an electron beam accelerator of the test LINAC
at the PAL. Its tolerance to TID effects was verified up to 2 Mrad in a high-level gamma ray
irradiation facility at the ARTL

The proposed switching-based detection circuit was flexibly applicable to electronic
systems in various fields because it is integration-ready, high speed, and radiation resistant,
and prevents disturbance holes and latch-up phenomena by controlling the power source
of major electronic systems. Therefore, it is expected that major electronic devices could
operate safely even in emergencies in which they are exposed to pulsed radiation.
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