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Abstract

This paper examines the time it takes for a CMOS image sensor from a typical remote monitoring

camera to cease functioning due to the radiative environment within a nuclear reactor. We have

found that the total ionisation dose rate would make the device stop working at ≈ 3.3 hours, whilst

the effects of displacement damage from neutrons would be ≈ 2.1 hours. The internal environment

of a nuclear reactor is lethal to semiconductor electronics, and it shortens the lifetime of digital

devices.

Introduction

The nuclear industry relies on remote moni-
toring within reactors due to the highly radioac-
tive environment, which poses significant risks
to operational safety and human health. This
environment contains high levels of neutrons, al-
pha, beta, and gamma rays, contributing to a
high dose rate that demands radiation-resistant
cameras.

The purpose of this paper is to investigate the
time it takes for a representative radiative en-
vironment in a typical High-Temperature Gas-
Cooled Reactor (HTGR) to perform significant
degradation to a CMOS Active Pixel Sensor
(APS), which is the core electronic system of a
typical remote monitoring camera [1].

Theory

Defect production occurs when incident par-
ticles transfer energy via ionising processes
(electron-hole pairs) and non-ionising processes
(displacement of atoms).

Displacement damage creates point defects,
primarily vacancies (absent atoms) and inter-

stitials (displaced atoms resting between lattice
sites). These defects can form clusters—regions
where Si displacement sets off a cascade to local
Si atoms.

Discrepancies in the lattice result in higher en-
ergy levels within the bandgap, which leads to is-
sues with the electrical and optical behaviour of
the semiconductor material. The discrepancies
create noise by generating electrons from ran-
dom heat energy and interfering with the signal
by trapping electrons.

There are various processes involved in the in-
terference of electronics. Thermal generation is
the primary cause of noise, as electron-hole pairs
create an energy shortcut in the Si, allowing heat
to generate electron-hole pairs and resulting in
leakage current. Recombination occurs when the
defect causes free electrons and holes to anni-
hilate each other, resulting in gain degradation.
Trapping occurs when a defect temporarily holds
charge carriers, causing a signal lag. These ef-
fects, along with others, impact the signals of
devices and apply to the electronics used in nu-
clear reactors [2].



CMOS APS are widely used due to their
high level of integration and dynamic range, but
they are susceptible to radiation damage. The
buildup of positive charge in the gate dielectric
and the increase in interface states result in the
failure of electronics.

Experiments have been conducted that inves-
tigate the displacement damage effects on CMOS
APS image sensors from neutron irradiation.
The neutron displacement damage results in a
dark signal, noise, and a dark signal spike in-
crease (caused by displacement energy), as well
as a decrease in the ratio of saturation output
signal to noise [3].

Calculations

Case 1: Total Ionisation Dose

The time it takes for a commercial CMOS im-
age sensor to fail when exposed to a highly ra-
diative environment relies on the device specifi-
cation of the failure dose threshold (Dfail) and
the dose rate from the reactor (Ḋ).

The failure dose rate is the cumulative dose
that the CMOS can absorb before the sensor’s
image becomes saturated to the point of be-
ing unusable due to leakage current. Current
CMOS sensors exhibit a tolerance of 250 krad
[4], whereas the camera system remains opera-
tional until 280 krad [1]. To get a representative
time to failure, an average of the two tolerances
is taken as 265 krad = 2.65 kGy. The unit Gray
(Gy) is the SI unit for absorbed dose, where 1
Gy is equal to 100 rad.

The calculated shutdown dose rate inside a
HTGR, 6 cm from the center, after 1 day, is 666.2
Gy hr−1 [5]. Research on radiation-hardened
sensors involves testing in environments greater
than 1 kGy hr−1 [6]. As with the failure dose
rate, we can take a representative average, to
model a typical, non-specific reactor environ-
ment, which yields ≈ 800 Gy hr−1.

The time-to-failure (Tfail) from the total ion-
isation is given by:

Tfail =
Dfail

Ḋ
.

Using the average tolerance Dfail = 2.65 kGy
and the representative dose rate Ḋ ≈
800 Gy hr−1, we calculate a duration of approx-
imately 3.3 hours until the camera is saturated
with noise and permanently unusable. A more
conservative approach uses the lower threshold of
2.5 kGy, yielding Tfail ≈ 3.1 hours, and a more
optimistic situation uses the higher threshold of
2.8 kGy, yielding Tfail ≈ 3.5 hours.

Case 2: Displacement Damage

An alternative approach we can take is to de-
termine the time of failure for a CMOS image
sensor due to the effects of displacement damage.
The time-to-failure with this approach depends
on the failure fluence threshold (Φfail) and the
neutron flux in the reactor (ϕ). This approach
considers the damage from the neutrons inter-
acting with the Si lattice.
The failure fluence threshold is the total num-

ber of neutrons that pass through an area. Stud-
ies have sensors exposed to a fluence up to
1× 1012 neutrons cm−2 [3].
The neutron flux is the number of neutrons

which would be interacting with the sensor which
we take as ≈ 1.3× 108 neutrons cm−2 s−1 [3].
The time-to-failure for neutron dose is calcu-

lated from:

Tfail =
Φfail

ϕ
.

We calculate an approximate time of ≈ 2.1 hours
until the pixels are saturated.

Conclusion

We have found that the time it takes for a
CMOS sensor, used in cameras, is ≈ 3.3 hours
with a range of ≈ 3.1 to 3.5 from the total ioni-
sation dose and ≈ 2.1 hours due to displacement
damage. We can conclude that the internal envi-
ronment in a reactor would be lethal to electrical
appliances and have an impact on the semicon-
ductor lifetime.
The values used are representative and will

vary between reactors and sensor specifications,
but the underlying principle that CMOS sensors
are quickly susceptible to this level of radiation
remains consistent.



References

[1] Feng, J. et al., Mechanism of total ioniz-
ing dose effects of CMOS image sensors on
camera resolution, Electronics, 12(12), 2667
(2023). doi:10.3390/electronics12122667.

[2] Srour, J.R., Marshall, C.J. and Marshall,
P.W., Review of displacement damage ef-
fects in silicon devices, IEEE Transactions
on Nuclear Science, 50(3), 653–670 (2003).
doi:10.1109/tns.2003.813197.

[3] Wang, Z. et al., Displacement damage ef-
fects on CMOS APS image sensors in-
duced by neutron irradiation from a nu-
clear reactor, AIP Advances, 4(7) (2014).
doi:10.1063/1.4889878.

[4] Antonsanti, A. et al., “Radiation effects
in state-of-the art CMOS image sensors”.
Available at: https://ntrs.nasa.gov/

api/citations/20230014270/downloads/

antonsanti_aubin_poster_JC2_v2.pdf

[Accessed 27 October 2025].

[5] Fairhurst-Agosta, R. and Kozlowski,
T., Shutdown dose rate calculations
in high-temperature gas-cooled reac-
tors using the MCNP-origen activation
automation tool, Nuclear Science and
Technology Open Research, 1, 20 (2024).
doi:10.12688/nuclscitechnolopenres.17447.2.

[6] Watanabe, T. et al., A radiation-hardened
CMOS image sensor with pixels exhibiting
a negligibly small dark-level increase dur-
ing ionizing radiation, IEEE Transactions on
Nuclear Science, 67(8), 1835–1845 (2020).
doi:10.1109/tns.2020.3003333.


