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Electron-bombarded active pixel sensors (EBAPSs) have been widely used in low-light level night vision owing to
their low-noise imaging performances under extremely low illumination. However, theoretical models of EBAPSs re-
main limited, resulting in insufficient prediction of their imaging performance. This study proposes a photon-to-gray
conversion model that describes the full signal chain from optical input to digital output. A parameter calibration method
was introduced, and the model was verified by comparing simulated images with experimental results obtained from a
custom-developed EBAPS imager in an illumination-controlled dark lab. The comparison indicates that the average rela-
tive deviation in signal-to-noise ratio between simulation and experiment is within 10%. Furthermore, the simulated and
experimental images exhibit consistent trends in limiting resolution with varying illumination. The validated model was
further employed to investigate the influence of critical parameters on both SNR and resolution. This study establishes a
reliable model that can complement or replace illumination-controlled dark lab testing in the performance evaluation of

EBAPS imagers.
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1. Introduction

Low-light level (LLL) imaging technology employs LLL
devices to capture images in extremely dark environments
by leveraging the target’s reflectance characteristics, which
has demonstrated extensive applications across various do-
mains including defense, high-energy physics, fluorescence
microscopy, and aerospace.l'! In the early stages of LLL
imaging technology, vacuum devices such as image intensi-
fiers and camera tubes dominated the field owing to their high
gain and low dark current.[®! With the progress of solid-state
devices like CCD and CMOS sensors, digital imaging evolved
rapidly. To integrate the high gain of vacuum devices with
the digital advantages of solid-state technology, vacuum-solid
hybrid devices have been developed and attracted increasing
attention.!”8] As a hybrid device, the electron-bombarded ac-
tive pixel sensor (EBAPS) exhibits application prospects in
LLL night vision owing to its capability to image under illu-
mination conditions below 1077 Ix, high sensitivity, low noise,
low power consumption, and digital image output.l’) Nev-
ertheless, the EBAPS is confronted with inherent challenges
stemming from its complex structure, high fabrication cost,
and prolonged development cycle. Consequently, simulation-
based design and performance prediction have become essen-
tial for EBAPS development.
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In general, the image quality of solid devices is lim-

s.[10-121 A¢ 3 result, noise anal-

ited by multiple noise source
ysis and modeling are effective methods for predicting per-
formance of imaging devices. Significant advancements have
been achieved in noise modeling for solid-state image sensors.
Zhang et al. modeled random telegraph signal noise in CMOS
image sensors (CIS) under low-light conditions, revealing its
long-tailed distribution and impact on sensitivity.['3] Wei et
al. proposed a low-light CIS noise model that is applicable
across different devices.!'*! Bu er al. formulated a compre-
hensive noise analysis model encompassing the entire imaging
chain of CCD sensors.!'>! These studies provide valuable ref-
erences for simulating noise behaviors in EBAPS. Neverthe-
less, EBAPS is a vacuum-solid hybrid sensor, so these noise
models for solid-state image sensors cannot be applied to it
directly.

In recent years, extensive research has been conducted
on EBAPS modeling. Raner et al. developed a performance
model for EBAPS, incorporating critical device parameters
such as photocathode quantum efficiency (QE) and acceler-
ation voltage as key variables.!!®) However, the study was lim-
ited to single-photon detection scenarios and lacked experi-
In 2016, Hirvonen et al.
arrival timing to electron-bombarded semiconductor (EBS)

mental validation. linked photon
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gain by using the pulse-height distribution of photon events,
which varies with acceleration voltage.['”! In 2020, Wang et
al. simulated the electrostatic field distribution of EBAPS
and proposed a design of highly doped multiplication layer
to optimize electron focusing.!'8! In 2022, Wang et al. mod-
eled the scattering behavior of incident photoelectrons on the
back-side bombarded CMOS surface, quantitatively character-
ized the backscattered electrons (BSE), and their influence on
resolution of EBAPS.!"! In 2024, Chen et al. theoretically
established a universal gain model of the multiplying layer
in EBAPS by considering elastic and inelastic scattering.[*’]
These existing studies have tended to research individual phys-
ical processes within the EBAPS imaging chain. A compre-
hensive photon-to-gray conversion model needs to be estab-
lished for EBAPS imagers. Since noise is one of the important
factors influencing the performance of imaging systems, !}
the model should consider the interactions among multiple
noise sources.

This paper introduces a full-chain imaging simulation
model for EBAPS imagers, covering critical processes such
as illuminance attenuation, photoelectric conversion, electron
multiplication, charge collection, and digital signal output. A
parameter calibration method was introduced, and the effec-
tiveness of the proposed model was verified by comparing sim-
ulated and experimentally captured images in an illumination-
controlled dark lab. Finally, the validated model was em-
ployed to simulate and analyze the impact of key parameters,
including dark noise and proximity-focusing distance, on the
imaging performance of EBAPS imagers.

2. Photon-to-gray conversion model

The EBAPS
transmission-type photocathode, and an electron-sensitive
APS anode.
high-vacuum environment and typically employs a proximity-

comprises an entrance window, a

Its internal structure is maintained under a

focusing configuration, in which the distance between the
photocathode and the APS defines the proximity-focusing dis-
tance d. As illustrated in Fig. 1, low light signals pass through
the entrance window and strike the photocathode, which in
turn emits photoelectrons. Accelerated by the high-voltage
electric field E across the inter-electrode gap, the photoelec-
trons bombard the electron-sensitive APS anode, where they
trigger electron multiplication.!”?! In particular, the APS re-
ceives electrons rather than photons, and therefore does not
incorporate microlenses as used in conventional CIS. These
multiplied electrons are converted by the APS circuitry into
voltage signals, which are then amplified and digitized by
an analog-to-digital converter. The resulting digital values
are finally mapped to gray levels for each pixel in the output
image.

~————— Entrance window
— Plastic cover
Photocathode

Fig. 1. Operating principle of EBAPS.

Given that EBAPS exhibits a linear response similar to
CIS under a constant acceleration voltage, we developed a
comprehensive mathematical model of its imaging chain. The
imaging process was modeled under illumination-controlled
dark lab conditions. Consequently, uncertain environmental
factors such as weather conditions and target characteristics
were fixed. The model is valid under three assumptions. First,
the target is treated as an extended source coaxially aligned
with the optical axis of the imager. Second, the target surface
is approximated as a Lambertian, so its reflection follows the
Lambert’s cosine law. Third, the distance between the target
and the imager is less than 5 m, so atmospheric attenuation of
illuminance can be neglected. Under these conditions, the illu-

minance on the photocathode surface can be expressed as?3]
E() T
By =—2P% )
4(f/#)"+1

where E( denotes the ambient illuminance (Ix), p represents
the reflectance of the target, T is the average transmittance of
the lens, and f/# is the f-number.

Since the signal conversion mechanism is identical at
each pixel of the EBAPS imager, the imaging process is mod-
eled using the sensitive area of a single, arbitrarily chosen
pixel on the APS surface. This region serves as the obser-
vation window and possesses a one-to-one projection onto the
photocathode in the proximity-focused configuration. All sub-
sequent signal conversion chains are analyzed within this win-
dow. The photon-to-gray conversion model based on the imag-
ing chain of the EBAPS imager is shown in Fig. 2. Throughout
the signal chain, each gain or transformation stage introduces
signal-dependent noise. These fluctuations are characterized
by the variance of the photon or electron count distribution,
enabling a quantitative analysis of noise at each stage of the
imaging process. The same approach is equally applicable to
signal-independent noise sources. For this analysis, the mathe-
matical relationship between the following statistical variables
is introduced. When a statistical variable X is defined as the
sum of the occurrences of a second variable Y with average y
and variance 0'1%, and the number of occurrences is determined
by a third statistical variable N with average n and variance
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0%, the average x and variance 63 of X are given by !4

N.
L X =ny,
X; = Yka {
' ; 0% =no} +y*ogp.

2

After modeling the illuminance attenuation, the mean
number of photons #n, (photons/frame-pixel) received on the
photocathode surface can be expressed as

A

np = ¢prexp ZNph (A) 'AA’a (3)

A
where Ty, is the exposure time, and Nyp(4) represents the
photon distribution corresponding to 1 Im of photon flux
within the EBAPS spectral response range [A;, A;]. AL is
the sampling step in wavelength determined by the QE curve.
¢px (Im pixel) represents the average photon flux received on
the photocathode surface. It can be calculated as ¢px = ESpx,
where Spx is the area of sensitive region of a single pixel in
um?. The number of photons incident in a given observation
window is known to follow a Poisson distribution.[*>! There-
fore, the incident photons can be described as N, ~ P(np),
where P(-) denotes the Poisson distribution. In addition, the
random fluctuations caused by incident photons are expressed
as photon shot noise op.

One frame

Incident photons

G

1 %

.-~ Photoelectrons :

4 1 -
]Veo’\‘P(znp(/l)ﬂ(/l)) Dark e
4 Nppe~P(npge Texp)
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Output e
NeyP(ne) « @<
4 EBS gain process
»”2 " Surface
Incident e
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Image signal > Pixel dark e
processor 21 Nope~P(ppe T ) —> @

E~'ﬁ l K < (‘B < Nyias
n A Bias charge
Mapping  Na~T(221;0,0m)

Read noise

Display

Readout

Fig. 2. Photon-to-gray conversion model.

Photon conversion at wavelength A is modeled as an in-
dependent Bernoulli trial with a success probability equal to

the photocathode QE 1(4). For incident photons N,(A), the
number of photoelectrons N, (4) follows a compound Pois-

Ny(1)
son distribution: N, (A) = pZ n;(A), where 1;(A4) denotes
1

the probability of the j-th photon being converted into a pho-
toelectron. The total number of photoelectrons generated over
the entire spectral response range [A;, A2] follows the Poisson
distribution:

)
Moy P a0 1) ). @
M
Here, np(A) = @pxTexpNph (A ) - AA represents the mean number
of photons received on a pixel. After photoelectric conversion,
the total number of output electrons N, is given by

Ne, = Ngy + Npge-~P (ne,) . 5)

In Eq. (5), Npge— represents the number of dark electrons
emitted by the photocathode during the exposure time, ex-
pressed as Npge- ~ P (nDEe* ~Texp), where npg.- is the dark
emission rate of the photocathode. The average n,, is the sum
of the expectations of the two statistically independent Pois-
son distributions representing photoelectrons and dark emis-
sion electrons.

As shown in Fig. 2, the trajectories of these electrons in
vacuum are parabolic, and their lateral displacement at the
silicon—-vacuum interface is given by

{ Ax(g,6,0) = vo(€)t, (€,0)sinOcos P,

Ay(g,0,¢) =vo(e)t; (€,0)sin O sin §. ©

Here, vo(&) = (2¢€Emax /m.)'/? represents the initial velocity
magnitude, where e represents the charge of an electron and m,
represents the electron mass. The normalized emission energy
€ is modeled by a Beta distribution Beta (a, ) with parame-
ters o = 1, B = 8.120V E;ox = he(1/A1 — 1/45) is the maximum
initial emission energy within the photocathode’s spectral re-
sponse range [A;, A2], where h denotes Planck’s constant and
c represents the speed of light. The initial emission angle 6
follows the Lambert’s cosine law,[2%! while the azimuthal an-
gle ¢ follows a uniform distribution. The transit time across
the vacuum can be expressed by

—vo (&) cos O + \/v% (€)cos? 0 +2a,d
tZ (87 6) = ’

a

(N

where a; = ¢E /m. is the acceleration along the +z direction.
The electric field strength is given by E = V¢ /d.

To quantify the electron dispersion in proximity-focusing
configuration, the sampled lateral displacements are converted
into pixel coordinates, and the number of electrons at each
pixel location is accumulated. The output distribution is then
expressed as

Y[lv.]] =ZX[m7n]K[l—m,]—n], (3)
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where X[m,n] denotes the number of electrons emitted from
the photocathode at pixel (m,n) and K [u, v] represents the
probability that an electron emitted from the photocathode
contributes to pixel (u, v) on the silicon—vacuum interface and
its surrounding pixels. In the ideal case, the kernel is normal-
ized as Y. K[u,v] = 1. Based on Eq. (5), X[m,n| follows a

m,n
Poisson distribution, the output Y[i, j] is also a Poisson ran-

dom variable. Electron number conservation ensures that the
total number of electrons at the silicon—vacuum interface re-
mains equal to that emitted from the photocathode, denoted
N,,. Moreover, this process does not alter the Poisson nature
of the distribution, and thus the overall expectation and vari-
ance are preserved.

Subsequently, the EBS gain process begins, as illustrated
in Fig. 2. Some high-energy electrons undergo one or mul-
tiple scattering events, deviating from their original trajec-
tory and returning to the vacuum region.['”) Such electrons
are termed BSE. Under the influence of the electric field be-
tween the photocathode and the electron-sensitive APS, BSE
may re-enter the APS. However, because they retain only half
of their initial energy after scattering, this re-entry is consid-

27281 Consequently, in the statistical modeling

ered negligible. !
of the backscattering process, only the electrons that success-
fully enter the electron-sensitive APS are considered. The av-
erage proportion of BSE among incident electrons is described
by the backscattering coefficient y. This coefficient is posi-
tively correlated with the atomic number of the target material
and negatively correlated with the acceleration voltage. In this
model, the target material is silicon, so only the variation of
the coefficient with acceleration voltage is considered. The
data are sourced from the electron-solid interaction database
established by Joy.[?”) Whether each electron bombardment
on the APS surface undergoes backscattering follows an inde-
pendent and identically distributed Bernoulli process with an
expectation of y. Accordingly, the number of electrons enter-
ing the APS can be expressed as N,, = ZIIVE‘ (1 =), where
% denotes the backscattering probability of the k-th electron.
Based on Eq. (2), N,, can be expressed as N, ~P (n,, ), where
Ney = Ne, (I-7).

After passing through the silicon—vacuum surface, inci-
dent electrons collide with atoms in the dead layer. Each elec-
tron produces a random number of secondary electrons (SE)
following a normal distribution with a mean of Ggp and a stan-
dard deviation of ogg."' Therefore, the total number of SE
can be expressed as N,, = ZIIVQ Gg‘é, where Gl(akg represents
the EBS gain associated with the k-th primary electron. Ac-
cording to Eq. (2), the expectation n,, and variance 033 of N,
are given by

{ Ney = Ney GEB )

2 _ 2 2 2 _ (2 2
O,, = Ne, 0., + GEp0,, = (0gs + GEp) e, -

In Eq. (9), the EBS gain Ggp is calculated by Ggg = (Vyelr —
Vinr) /W, where V), denotes the acceleration voltage, Vi, de-
notes the threshold voltage corresponding to the energy loss
as the electron passes through the dead layer of the pixel en-
trance surface,**! and W is the energy required to generate
an electron—hole pair in the semiconductor. For silicon, W is
3.64 V.31l In this model, optimization of the entrance surface
is assumed, so the energy loss could be ignored, Vi, = 0. Due
to the random distribution of discrete electron energy between
bond breakage and lattice vibrations, the number of SE gen-
erated follows a probability distribution between Poisson and
Dirac distributions. The statistical characteristics of the noise
in this process are governed by the Fano factor Fg, which has a
value of 0.119 for silicon.[??! Consequently, the variance of the
electron multiplication process is given by 62z = FrGgp.3!
Since N,, does not follow any known standard probability dis-
tribution, it is expressed as N,,~D(n,,, 633), where D(-) de-
notes an unspecified probability distribution with a given av-
erage and variance.

A significant portion of SE recombine within the dead
layer. Electrons that successfully traverse this region diffuse
along the concentration gradient toward the N-well of the pho-
todiode in the electron-sensitive APS, where they are ulti-
mately collected. The collection for each electron can be mod-
eled as a Bernoulli trial, with the collection efficiency serv-
ing as the average success probability, which decreases with
thicker passivation or multiplication layers, lower incident-
electron energy, and smaller electrode size. According to
Eq. (2), the statistical quantity of successfully collected elec-

trons N,,, along with its average n,, and variance 0'624, are
given by
Ne
N,, = Y. CEW,
k 10
ne, = N, CE, (10)
02 = ney0%g +CE*G% =n,, (1 —CE)CE + CE*G},.

Here, CE%) represents the probability that the k-th secondary
electron is collected. Since N, does not follow any stan-
dard distribution, it can be expressed as N, ~ D(ne4,c734).
Alongside charge collection, the pixel dark electrons also ac-
cumulate during the exposure, which follow a Poisson pro-
cess. The corresponding statistical quantity can be expressed
as Nppe- ~P (”PDe* . Texp) , where npp.- denotes the pixel dark
electrons accumulation rate. The total number of electrons N,
prior to readout comprises both the collected electrons and the
pixel dark electrons, which are statistically independent ran-

dom variables. Therefore, N, can be derived as
Ne~D (ne, + nppe- - Texp, O, +1ppe- - Texp) - (11)

In the logic circuitry of the electron-sensitive APS, the
charge is converted into a voltage signal through a sensing ca-
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pacitor. The voltage is then amplified and digitalized to gen-
erate gray values. During this process, read noise N4 is in-
troduced by the readout circuitry and the in-pixel amplifier.
As this noise typically exhibits heavy-tailed characteristics, 4]
it is modeled using the Tukey-lambda distribution: Nyg ~
T (ArL; Ue; orL), where T(-) denotes the Tukey-lambda dis-
tribution. Here, At and orp represent the shape and scale
parameters, and . denotes the direct current noise compo-
nent. To prevent negative output values, a constant positive
bias charge ny,g is added to each pixel before analog-to-digital
conversion. Since the bias charge dominates the direct current
component, Ll is set to zero. To simulate the digital signal out-
put, a conversion gain K is introduced, representing the gain
from charge to grayscale. Therefore, the mean digital gray
value g, (DN/frame pixel) and the total output noise Gygrar (€™
rms) are given by

A
b = Kne = K| CEGen(1 = 1) L (10 4)
A
+Npge- - Texp> + nppe- * Texp + nbias:| )

Ototal =

L%
<(7e2+(7%L)1/2 = <(§,”p (A)n (;L)Jr”DEe—)
x (1 —y)GggCE [1 — CE 4+ CE (Fr + Ggp))

1/2
+1ppe- - Texp + c%L) . (12)

3. Calibration of parameters in the photon-to-
gray conversion model

Based on Eq. (12), the imaging simulation of EBAPS im-
agers can be performed by using a target input image. In
practical applications, it is essential to calibrate the model
parameters so that simulated images closely match the cap-

illumination-controlled dark lab, focusing on the following
variables: photocathode QE, conversion gain, pixel dark elec-
trons, collection efficiency, bias charge, photocathode dark
emission electrons, and read noise. The experimental setup
for parameter calibration is shown in Fig. 3. We used a
custom-developed EBAPS device comprising a GaAs photo-
cathode and a backside-illuminated CIS with a 9.7 um pixel
pitch, separated by a 300 um proximity-focusing distance. A
monochromator with a spectral resolution of 5 nm was em-
ployed to disperse the white light from the CIE standard illu-
minant A, generating quasi-monochromatic light as the input
to the integrating sphere.

High-voltage
power supply

EBAPS device

Host computer

Integrating sphere

Fig. 3. Schematic of the parameter calibration setup.

For bright-field image acquisition, an optical power meter
probe was initially placed at the output port of the integrating
sphere to calibrate the optical power density, after which the
EBAPS device was positioned at the same location. The de-
vice was controlled via a USB interface connected to the host
computer, which was used to configure the exposure time and
to store the acquired image data. The acceleration voltage was
provided by a high-voltage power supply. Dark-field image
acquisition followed the same procedure, except that a light-
shielding cap was installed on the device and no illumination
was applied. Since each parameter demands specific experi-
mental settings (exposure time, acceleration voltage and inci-
dent optical power density), six calibration setups (A-F) were

tured ones. This calibration process was conducted in an  configured, as listed in Table 1.
Table 1. Experimental conditions and corresponding calibration parameters.

Group  Calibrated parameter ~ Symbol Units Exposure time (ms) ~ Acceleration voltage (V)  Incident light (nw/cm?)
A photocathode QE n(k) (%) 0 (No driving) 100 wavelength-dependent
B conversion gain K DN/e™ T 0 2.5-165
C pixel dark e~ nppe— € /pixel/s 5-40 0 0
D collection efficiency CE % T 300-1200 0.125
E bias charge Npjas e~ /pixel T 0 0

photocathode darke™  npge— e /pixel/s 1000
F shape of read noise AtL Unitless Tminb) 0 0
scale of read noise oTL e~ rms

) Default exposure time: 40 ms. b)The shortest exposure time: 37 ps.

The QE was calibrated under experimental condition A.
This calibration process differs from subsequent parameter
First, the EBAPS device re-

mains powered off. Second, the acceleration voltage is sup-

calibrations in three aspects.

plied through an electrometer while simultaneously measuring
the photocurrent. Third, because the EBAPS device employs
a Cs/O-activated GaAs photocathode with a spectral response
range of 400-920 nm,*¥ the standard monochromatic light
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distribution is limited to this wavelength range. At a specific
monochromatic wavelength, the QE is defined as the ratio of
the number of photoelectrons derived from the measured pho-
tocurrent to the number of incident photons calculated from
the optical power. The calibration results are presented in
Fig. 4. However, the spectral power distribution data of CIE
standard illuminant A only covers the 300-830 nm range.*>!
To satisfy the requirements of photoelectric conversion mod-
eling, the spectral power distribution S(2) in the 830-920 nm
range was extrapolated using Planck’s law. This extrapolated
segment was then combined with the CIE data in the 300-
830 nm range through spectral stitching and unified normal-
ization, yielding a relative spectral power distribution S'(1)
spanning 300-920 nm. The photon flux of standard illuminant
A was calculated as

780
¢px =Kn 380 Ss60 nmS/ (A) 14 ()L) d}{,

(13)
where K, = 683 Im/W is the maximum luminous efficacy of
human vision at 555 nm, and V(1) represents the photopic lu-
minous efficiency function (CIE 1924). Assuming ¢px = 1 Im,
the radiant power of standard illuminant A at 560 nm, de-
noted as Ss¢0 nm, can be computed. Using the relationship
S(A) = Ss560 umS’ (1), the spectral power distribution S(4) of
illuminant A over the 300-920 nm range can then be derived.
The photon distribution Np, (A ) corresponding to a photon flux
of 1 Im is given by Eq. (14). The final computed results are
presented in Fig. 4.

S(A)-A
_ -9
A%h(l)-—»“7;:‘*‘10 (14)
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Fig. 4. QE of GaAs photocathode and photon distribution of standard
illuminant A (1 Im, 300-920 nm).

The images acquired under experimental condition B
were used to calibrate the conversion gain. From this
stage onward, all subsequent measurements employed quasi-
monochromatic light in the 635-640 nm wavelength range.
For each optical power density, the mean gray value u, and
temporal variance Gyz of multiple image frames captured were
calculated, along with the corresponding values for dark-field
images (Uy,dark and Gf.dark)- A photon transfer curve!3®! was
plotted using the difference in temporal variance between
bright and dark images as the vertical axis, and the differ-
ence in mean gray values as the horizontal axis, as shown in
Fig. 5(a). A linear fit using the least-squares method yielded a
conversion gain K of 2.39 DN/e™.

The pixel dark electrons were calibrated under exper-
imental condition C. Based on the ratio between the aver-
age gray level of dark-field images and the conversion gain,
the corresponding output charge ngak (units e~ /pixel frame)
was obtained. Its variation with exposure time is shown in
Fig. 5(b). A linear fit using the least-squares method yielded
the pixel dark electrons of 32.9 e~ /pixel/s.

30 1.0
(c) (d)
— 0.9F ===
¥ 20 Q 08f: o
m >
£ 0.71
O 10 o
0.67 A=—0.22
0 300 600 900 1200 0504 0 0.4

Acceleration voltage (V) Shape values

Fig. 5. (a) Estimation of conversion gain. (b) Estimation of pixel dark electrons. (c) Estimation of collection efficiency. (d) Tukey lambda

distribution PPCC plot of read noise.

Images obtained under condition D were used to estimate
collection efficiency. For a given EBAPS device, only the
variation in incident electron energy needs to be considered.
For each acceleration voltage, corresponding bright-field and
dark-field images were captured. The mean gray value dif-
ference in a selected region, denoted as L;, was then used to
calculate the CE; as follows:

K

CE;= — ,
KGig(1—%)npn (1)

5)

where Gip and ¥ represent the EBS gain and backscattering
coefficient corresponding to the i-th voltage level, respectively.

The calibrated results are illustrated in Fig. 5(c).

Under experimental condition E, the bias charge and pho-
tocathode dark-emission electrons were calibrated. Mean gray
values Uy and u; were then calculated from images captured
at acceleration voltages of 0 V and 1000 V, respectively. Di-
viding o by the conversion gain yields the bias charge of
30.97 e” /pixel. The number of photocathode dark-emission
electrons can be obtained from

M — Hi1— Ho
DEe™ ™ KCEGgs(1—y)Ty

(16)

The result was 0.15 e™ /pixel/s.
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Here, the values of CE, Ggg and 7 correspond to the ac-
celeration voltage of 1000 V.

Read noise data were acquired under experimental condi-
tion F. After removing the contributions of bias and pixel dark
electrons, the shape and scale parameters of read noise were
estimated from dark-field image data. As shown in the prob-
ability plot correlation coefficient (PPCC) plot in Fig. 5(d),
the optimal shape parameter for fitting the data to the Tukey-
lambda distribution was determined to be —0.22. The Tukey-
lambda distribution is a family of distributions that can ap-
proximate many distributions by varying its shape parameter
ArL. When Ay = 0.14, the distribution closely resembles a
normal distribution, whereas Aty < 0.14 indicates a heavy-
tailed distribution." Since 0.22 is less than 0.14, the data fol-
low a heavy-tailed distribution. Subsequently, the read noise
data were fitted using the Tukeylambda distribution probabil-

[38

ity plot,13! yielding a scale parameter of 1.69 e~ rms.

4. Experiments and discussion

After acquisition of the parameters for the EBAPS imager
used, we verified the established model by comparing simu-
lated and experimental SNRs and limiting resolutions. In con-
temporary evaluation for night vision devices, SNR and lim-
iting resolution are extensively used as primary indicators for

[391 SNR measures the device’s capa-

assessing image quality.
bility in detecting and amplifying low light signals, whereas
limiting resolution defines its maximum spatial resolving abil-

ity.
4.1. SNR evaluation experiment

A comparative analysis between the simulated and exper-
imental SNR was first performed. The experimental setup
was consistent with that shown in Fig. 3, except for three
modifications. Specifically, the EBAPS device was equipped
with a standard industrial lens with a 50 mm focal length
(f/#=0.95, T =10.85), a calibrated 2856 K integrating sphere
served as the light source, and its illuminance was measured
using a radiometer. During image acquisition, the EBAPS
exposure time was set at its default value. Under three low-
illumination conditions provided by an integrating sphere light
source (2.5x107%1x, 3.5x107* Ix, and 4.5 x 10~ 1x), images
were captured at acceleration voltages ranging from 300 V to
1200 V. For each condition, 50 images were collected. For
simulation, a white reference image with an average gray value
of 255 was used as the input to represent detection of the in-
tegrating sphere light source. To minimize the impact of lens
edge distortion, a central region of 60 x 110 pixels was se-
lected for SNR calculation. For both captured images (with a
total of T frames, each of size M x N pixels) and the corre-

sponding simulated images, the SNR is calculated by

M—1N—-1_ M—1IN—-1_
Y Y IM]N]= ¥ ¥ lgak [M][N]

SNR — m=0 n=0 m=0 n=0 . a7
M—-1N-1 h T _ 2
p \/ 75 X (M) (V) =T M] V)

Here, I;[M][N] represents the z-th frame bright-field image,
I[M][N] denotes the corresponding mean gray-level image, and
ILyark[M][N] represents the average dark image. Figures 6(a)—
6(c) plot the SNR versus acceleration voltage for experimen-
tal and simulated images at three illumination levels. For each
SNR value in Fig. 6, a representative image region is shown,
extracted from the central area of the corresponding experi-
mental and simulated video frames at the same acceleration
voltage.

These figures show that the SNR trends predicted by the
proposed model agree with experimental results across vary-
ing acceleration voltages. The SNR remains below 1 between
300 V and 500 V because the EBS gain is too low to sup-
press read noise and other noise sources. With increasing ac-
celeration voltage, the EBS gain improves and the SNR cor-
respondingly rises. However, this increase does not continue
indefinitely. Beyond 900 V, the SNR reaches saturation be-
cause the device performance becomes predominantly limited
by the photocathode QE. Additionally, at each fixed acceler-
ation voltage, the SNR increases with illumination levels, in-
dicating that the ultimate performance of the device is also
constrained by signal-dependent photon shot noise.

Comparisons under three illumination levels reveal cer-
tain discrepancies between simulation and experiment. In
practice, electron diffusion in the APS degrades the SNR, 40!
especially at low acceleration voltages. This effect involves
a series of complex lattice-scattering processes, which are not
considered in this model, leading to deviations from the exper-
imental results in the 400-800 V range. As the voltage exceeds
800 V, the simulated and experimental SNR curves converge
and stabilise. Above 1100 V, however, bright spots appear in
the experimental images (green boxes in Fig. 6), which ar-
tificially raise pixel gray levels, inducing a sudden increase
in the measured SNR. This phenomenon, known as an ion
event, occurs when high-energy electrons collide with resid-
ual gas molecules in a non-ideal vacuum,!!”! and its probabil-
ity increases with the acceleration voltage. Under 1200 V and
higher ambient illumination, a greater number of ion-induced
bright spots are observed. Given that the SNR saturates at
1000 V and no significant ion-induced bright spots are visible,
1000 V was adopted as the optimal acceleration voltage for

this imager.

084208-7



Chin. Phys. B 35, 084208 (2026)

(a)  — xperiment

<— Simulation

SNR
Simulation Experiment

300 500 700 900 1100
(b) Acceleration voltage (V)

+— Experiment

—— Simulatior

«— Experiment

—— Simulation
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Fig. 6. Comparison of experimental and simulated SNR at varying ac-
celeration voltage levels under different illumination conditions. (a)
2.5%107* 1x. (b) 3.5x10™* Ix. (c) 4.5x10~* Ix. Ton-induced bright
spots are highlighted by green boxes.

At the three illumination levels, the average relative de-
viations between simulated and measured SNRs were 5.68%,
9.02%, and 8.1%, all below the acceptable 10% threshold, ver-
ifying the reliability of the proposed model.

4.2. Limiting resolution evaluation experiment

This section presents a comparative analysis between ex-
perimental and simulated results for limiting resolution. The
experimental setup is shown in Fig. 7. An integrating sphere
provided three low-illumination levels: 5x 1079 1x, 1x107 Ix,
and 2x 10~* 1x. Under each condition, the EBAPS imager cap-
tured images of a negative USAF1951 resolution target posi-
tioned 1.5 m away, while operating at the optimal acceleration
voltage of 1000 V. The industrial lens and exposure time used
were identical to those described in Subsection 4.1. The sim-
ulation employed an input image of the negative USAF1951
resolution target, where the grayscale of black and white areas
was set to 30 and 240, respectively.

Experimental and simulated images are presented under
three illumination levels, as shown in Fig. 8. To facilitate the
observation of spatial resolution, the yellow boxed regions in
each image were uniformly enhanced using a global linear
brightness adjustment. The white scratches appearing in the
same locations across all experimental images are device de-
fects. As the ambient illuminance increases, both simulated
and experimental images show higher limiting resolution, in-
dicating consistent variation trends. At illumination levels of

5x1079 Ix, 1x10~% Ix and 2x 10~* 1x, the measured limiting
resolution corresponds to (4, 4), (-4, 5) and (-2, 1), while the
simulated results are (-4, 5), (-4, 6) and (-2, 3), respectively.
The simulations are in close agreement with the experiments,
with the remaining discrepancies attributable to electron diffu-
sion not being considered in this model. These results confirm
the effectiveness of the proposed model for predicting image
resolution, while indicating that its accuracy requires further
improvement.

High-voltage
power supply

= Integrating sphere
4 ”

’

’

5 zll " 41

v | ”

-
ﬁ =“ Target .

EBAPS imager Host computer
Fig. 7. Schematic of the image acquisition setup.
5X107°% 1x 1X10-% Ix 2X10~* 1x

Experiment

Simulation

Fig. 8. Comparison of experimental and simulated resolution under dif-
ferent ambient illuminance levels at an acceleration voltage of 1000 V.
The yellow boxed regions in each image were processed with a uniform
global brightness enhancement to facilitate resolution observation.

S. Effects of key parameters on EBAPS imaging
performance

After validating the model, it is used to simulate and an-
alyze the effects of dark noise and proximity distance on the
imaging performance of EBAPS. The following simulations
are conducted at an illumination level of 2 x 10~* 1x, which
was chosen to clearly reveal the variations in SNR and reso-
lution, and at the optimal acceleration voltage of 1000 V. All
other parameters and targets are kept consistent with those of
the EBAPS imager used in this study.

5.1. Dark noise

The dark noise of the electron-sensitive APS is a key fac-
tor limiting SNR at low illumination and the primary motiva-
tion for introducing EBS gain. Its variance can be expressed
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as
2 2 2
Odark = OTL + Oppe—s (18)

where 6 denotes the variance of read noise and GﬁDe, rep-
resents the variance of pixel dark electrons. In the following
analysis, the ratio between these two components is set to be
consistent with that of the EBAPS device used in this study.
Since the collection efficiency determines the contribution of
EBS gain to the signal, SNR curves are plotted against the
number of dark noise electrons for different collection effi-
ciencies, as shown in Fig. 9. As dark noise increases, the SNR
decreases, with the rate of decline depending on the collec-
tion efficiency. When dark noise is below about 2 e~ rms,
the differences in decline rates are negligible. Once the dark
noise exceeds 5 e~ rms, the SNR curve at 10% collection effi-
ciency drops rapidly, whereas the others remain relatively flat,
with the 70% curve showing almost no change. This suggests
that the collection efficiency determines the ability of EBS
gain to suppress dark noise. A higher collection efficiency
makes EBAPS less sensitive to dark noise, thereby reducing
its impact on SNR. Thus, under limited operating voltage, im-
proving collection efficiency provides an effective means for
EBAPS to mitigate dark noise.

1.05

—— CE=10%
0.80} —— CE=30%
| — CE=50%
—— CE=170%

0 5 10 15 20 25 30
Dark noise (e~ rms)

Fig. 9. Variation in SNR with the number of dark noise electrons under
different collection efficiencies.

Odark =1 €~ rms Odark = 10 e~ rms Odark = 20 e~ rms Odgark = 30 e~ rms

Fig. 10. Image resolution comparison results at different dark noise levels.
Each image was uniformly enhanced in brightness to facilitate resolution
observation.

Dark noise also constrains image resolution. Cropped
regions of the simulated output images under different dark
noise levels are shown in Fig. 10. As the noise increases,
the background brightness rises, image contrast decreases, and
fine details are progressively lost, leading to the degradation of
resolution, particularly in groups-2 and -1 (lower-left region of
the image). At a dark-noise level of 30 e~ rms, the limiting res-
olution corresponds to (—2, 2), and the features in group-2 are

almost buried by noise. In contrast, at 1 e~ rms, the limiting
resolution reaches (—2, 5), where the features remain distin-
guishable. These results suggest that achieving a lower dark
noise level is necessary to observe finer details of the target.

5.2. Proximity-focusing distance

As a structural parameter unique to EBAPS devices, the
proximity-focusing distance determines the accuracy of pixel
mapping from the photocathode to the APS, thereby affecting
the image resolution. Cropped regions of the simulated output
images at different proximity distances are shown in Fig. 11.
As the distance increases, the image resolution gradually dete-
riorates. The progressive blurring of the images is manifested
by darkening of the gaps between black stripes, merging of
adjacent stripes, and the consequent loss of fine details, which
is particularly noticeable in elements (—2,1) and (-2, 2) of
each image. This effect is different from the loss of details
caused by dark noise. A larger proximity-focusing distance
enhances the lateral spreading of photoelectrons in the vac-
uum, thereby reducing the accuracy of pixel mapping from the
photocathode to the APS. According to Fig. 11, when the dis-
tance is 500 pum, the limiting resolution corresponds to (—2,
2), whereas at 200 um it reaches (—2, 4). Therefore, short-
ening the distance can develop the advantage of proximity-

focusing configuration and improve the imaging quality of
EBAPS imagers.

d =200 um d =300 ym d =400 um d =500 um

Fig. 11. Image resolution comparison results at different proximity-focusing
distances. Each image was uniformly enhanced in brightness to facilitate
resolution observation.

6. Conclusion

This study introduces a comprehensive photon-to-gray
conversion model for EBAPS imagers, incorporating the full
imaging chain. Furthermore, the primary noise sources intro-
duced at each stage of signal transmission are systematically
analyzed and characterized. When combined with the pro-
posed parameter-calibration method, the model enables LLLL.
imaging simulations of EBAPS imagers. Validation experi-
ments demonstrate that the relative deviation between simu-
lated and measured SNR values is within 10%. In addition,
the simulated and experimental images show comparable lim-
iting resolution with varying illumination levels. These find-
ings verify the effectiveness of the calibration method and the
proposed model. Further simulations indicate that higher col-
lection efficiency strengthens the ability of EBS gain to sup-
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press dark noise, while a smaller proximity-focusing distance

helps preserve fine image details.
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