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Abstract

To analyze the performance stability of image intensifiers under humid and hot environ-
ments, this study systematically investigates the device performance degradation mecha-
nism through a combination of natural exposure tests, humidity variation aging tests, dis-
assembly analysis of failed samples, and a vacuum decay model. Experimental and sim-
ulated results reveal that moisture ingress in a humid and hot environment serves as the
dominant factor governing the luminance gain stability of devices. Microscopic defects
such as cracks, voids, and delamination phenomena existing at the sealing interface be-
tween ceramic rings and metal gaskets are the direct cause of moisture penetration. The
attenuation of luminance gain accelerates significantly with increasing ambient humidity,
demonstrating that water vapor is the primary driving factor for the environmental failure
of devices. This study clarifies the attenuation mechanism of luminance gain for image
intensifiers under humid and hot environments, providing a theoretical basis for the op-
timization of packaging processes and the improvement in environmental adaptability of
image intensifiers.

Keywords: image intensifiers; luminance gain degradation; humid and hot environment;
moisture ingress

1. Introduction

The image intensifier is a vacuum imaging device, which has the advantages of
achieving 10¢ times luminance gain and fast shutter speed in the nanosecond to picosec-
ond range [1-3], making it highly valuable for applications in fields such as low-light-level
imaging, ultrafast imaging, and single-photon detection [4-6]. The image intensifier con-
verts weak optical signals into photoelectrons via the photocathode, amplifies electrons
through the micro-channel plate (MCP), and reproduces visible light on the phosphor
screen [7]. Its overall luminance gain depends on the photoelectric conversion, electron
amplification, and electro-optical conversion efficiencies of internal components. Lumi-
nance gain is one of the key indicators of image intensifiers [8]. It reflects the ability of
image intensifiers to amplify received weak optical radiation, and also serves as an im-
portant criterion for evaluating the service life of the device [9]. However, with the in-
creasing demand for stable, long-lasting imaging under ultra-low-illumination environ-
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ments such as military reconnaissance, astronomical observation, and security surveil-
lance, the long-term reliability of image intensifiers has become a key factor restricting
equipment effectiveness [10].

North Night Vision Technology Co. Ltd. reported that the lifetime of second-genera-
tion image intensifiers decreases with increasing operating duration, alongside pro-
nounced reductions in MCP gain and photocathode sensitivity [11]. Nevertheless, the in-
trinsic mechanisms responsible remain merely conjectural [4]. Recently, the research on
the storage life of image intensifiers has focused on the lifetimes of photocathodes, out-
gassing characteristics of the MCP [12-15]. For the photocathodes, several distinct pro-
cesses lead to their quantum efficiency degradation, such as surface “poisoning,” devia-
tion from stoichiometry, ion back bombardment, electrolysis, and thermally activated de-
composition [12]. Poisoning caused by surface reactions with residual gases such as Oz,
COg, CO, and H20 that persists even in the absence of illumination and current extraction
is arguably the most important for photocathode storage systems in service today [13].
For the outgassing characteristics of the MCP, the diffusion behaviors of various gases in
the MCP glass have been studied, and the outgassing rate decreases faster at higher MCP
glass temperatures [14]. Therefore, after high-temperature outgassing treatment, the out-
gassing rate of residual gases can also decrease to an extremely low level. Studies have
further shown that for electron vacuum devices, the leak characteristics of the tube shell
are a key factor governing device lifetime. Paquet et al. explored the impact of internal
components within ceramic packages on the vacuum sealing performance of uncooled
focal plane array detectors, showing that micropores in the ceramic substrate can induce
chronic leaks undetectable by helium mass spectrometer leak detectors —ultimately lead-
ing to irreversible device performance degradation [16]. For ceramic-packaged image in-
tensifiers, gas leaks are also a major driver of vacuum degradation, which induces the
performance degradation of image intensifiers due to the ceramic casting molds [17]. So,
the reliability of image intensifiers under humid and hot environments may be affected
by multiple physical and chemical damage mechanisms. One important risk might origi-
nate from packaging-related outgassing and moisture accumulation: an inherent draw-
back of hermetic packaging is its tendency to accumulate volatile substances and mois-
ture, thereby creating a harsh microenvironment for the device [18]. The effect of humidity
on equipment begins with the formation and influence of a thin liquid film on the outer
surface. When the ambient humidity exceeds the critical relative humidity, a thin water
film with a thickness ranging from tens of nanometers to micrometers can form on the
equipment surface [19]. This thin liquid film serves as a critical medium for electrochem-
ical corrosion and the adsorption of harmful substances [20]. Thus, under high-tempera-
ture and high-humidity conditions, the lifetime of image intensifiers is subject to more
influencing factors, which also poses a severe challenge to the reliable storage and long-
term operational readiness of this equipment.

Based on the tests of image intensifiers stored in humid and hot environments, this
paper investigates the performance degradation mechanism. Firstly, the disassembly of
failed samples identifies potential causes of device failure. Subsequently, leveraging the
vacuum device leak theory, we develop a model describing the time-dependent evolution
of the ceramic tube shell leak rate and internal device vacuum, to verify the dominant
driver of vacuum degradation. Finally, test data are used to fit a formula relating environ-
mental humidity to image intensifier luminance gain, quantifying luminance gain degra-
dation behavior under humidity-heat conditions.
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2. Experimental Methods and Theoretical Models
2.1. Experimental Methods

2.1.1. The Storage Environment of Devices for Natural Exposure Test and Humidity Var-
iation Aging Test

The natural performance degradation test is conducted at the Xishuangbanna test
station, which represents a typical hot-humid rainforest climate [21]. The third-generation
image intensifiers (North Night Vision Technology Co. Ltd, Xi’an, China) (same batch
from the lab) are placed statically under a shelter (roofed but open-sided), which was not
directly exposed to solar radiation or rain. The exposure duration was 24 months, from
April 2023 to April 2025. The accelerated humidity variation aging tests are performed in
a temperature-humidity chamber (Model HWSN-350, Shaoxing bowei Instrument and
Equipment Co. Ltd, Shaoxing, China). The temperature is maintained at 65 °C, with two
humidity conditions: high humidity (75% RH) and low humidity (5% RH).

2.1.2. Luminance Gain Measurement Methods

The luminance gain of image intensifiers was measured using a standard A-light
source (Model YF 1000, Hangzhou Everfine Photo Info Co., Ltd., Hangzhou, China) to
provide incident illumination on the photocathode. The output luminance from the phos-
phor screen was measured with a luminance meter (Model PR 880, Photo Research Inc.,
Chatsworth, CA, USA). The luminance gain GL of the image intensifier, in units of
cd'm?Ix7, is defined as the ratio of the output luminance Lo« to the incident luminance
Ein, expressed as [22]:

GL — Zout (1)

All measurements are performed in a dark room at a controlled ambient temperature
of 23 °C. The devices under test are allowed to stabilize at this temperature for at least 2 h
prior to measurement. The incident illuminance is set to 1.0 x 10-* Ix, which simulates typ-
ical low-light conditions. For each device, luminance gain is measured three times consec-
utively, and the average value is recorded. The measurement uncertainty, determined by
repeated tests on a reference device over five separate days, is approximately +5% (relative
standard deviation).

2.2. Simulation Model for Vacuum Degradation

During operation and storage, the vacuum level inside the image intensifier contin-
uously decreases over time. Models describing the flow characteristics of small leak holes,
outgassing characteristics in tube shells, as well as gas leak rate and internal vacuum per-
formance were established.

2.2.1. Gas Flow Characteristics for Small Leak Holes

Gas flow in extremely small leak holes is primarily influenced by factors such as the
diameter of the leak hole, gas density, and ambient temperature. According to the relevant
literature and existing research findings [23], the flow rate of gas in leak holes is propor-
tional to the pressure difference across the hole.

F D Ap

£ 1

cA “RTL @
d,. |8RT

D =-rre | 2

k 3 TM ()

In these formulas, F is the gas molar flow rate; ¢ is the membrane porosity; A is the
area of exposed area; Ap is the pressure difference across the two ends; L is the length; R
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is the ideal gas constant; T is the absolute temperature; D« is the Knudsen diffusion coef-
ficient; dpore is the diameter of the pore; and M is the molecular weight of the gas.

2.2.2. Outgassing Characteristics of Internally Dissolved Gases in Tube Shell Materials

The tube shell of an image intensifier is mainly composed of a Kovar metal ring and
a ceramic ring. Ceramic materials outgas relatively quickly during high-vacuum pro-
cessing. It is generally believed that after high-temperature vacuum treatment, the out-
gassing from ceramic materials has a negligible effect on the internal vacuum level of the
tube shell [24]. The outgassing of dissolved gases from metal materials is primarily hy-
drogen. For the outgassing of dissolved gases from metal materials [25], the desorption

rate g(t) of gas molecules from the metal surface can be obtained as:
g(t) = K, u? zg(a—”J 20 ®)

x=0

X

where K- is the molecular recombination constant, D is the diffusion coefficient of hydro-
gen atoms, and u is the hydrogen atom concentration, expressed as u (X, t).

2.2.3. Relationship Between Tube Shell Gas Leak Rate and Internal Vacuum

During the manufacturing process of image intensifiers, the vacuum level can reach
105 to 10-8 Pa. However, during operation and storage, the vacuum level inside the image
intensifier continuously decreases over time.
If Q (Pa‘l/s) represents the volume of gas leaked per second, according to the ideal
gas law, the change in the number of moles of gas leaked can be derived as:
PV

n= 4
RT 4)
And the gas leak rate Q can also be expressed as:
d(PV
0= % = V‘;—f (Under constant volume conditions) 5)

2.3. Relationship Between Water Vapor Concentration, Temperature, and Humidity

In practical environments, humidity can be equivalently converted to water molecule
concentration. To quantify the concentration of water vapor, the concept of absolute hu-
midity is introduced, which is defined as the mass of water vapor contained per unit vol-
ume of air. The formula for calculating absolute humidity is:
RHxE M

X (6)
R T
where RH is the relative humidity (%), E is the saturation vapor pressure (Pa) at the given

a=

temperature, M is the molar mass of water (0.018 kg/mol), R is the gas constant (8.314
J/(mol'K)), and T is the absolute temperature (K). Absolute humidity, g, is directly propor-
tional to the partial pressure of water vapor and is a direct physical quantity characteriz-
ing the water vapor content. The curve of water saturation vapor pressure as a function
of temperature is plotted in Figure 1.

By fitting the data curve in Figure 1, the fitting formula for water saturation vapor
pressure as a function of temperature is established as Equation (8), where T is the tem-
perature in Kelvin and E is the saturation vapor pressure. Then, according to Equations
(7) and (8), the water molecule concentration under different temperature and humidity
conditions can be calculated.

E(T)=0.1582xT* —=7.971xT”* +221.9x T +359 ?)
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Figure 1. Fitted curve of water saturation vapor pressure as a function of temperature.

To facilitate comparison with experimental data, the absolute humidity a (g/m?) is
uniformly used to represent the water molecule concentration in the subsequent analysis.
The calculation formula for water molecule concentration (absolute humidity a) is derived
from the water vapor partial pressure and the ideal gas equation of state:

Water vapor partial pressure:

P, , =RH-E(T) (8)

According to the ideal gas equation of state PV = nRT, the number of moles of water
vapor per unit volume is:

Fro RH-E(T)
mol — p— (9)
RT RT
Then the absolute humidity (mass concentration of water vapor) is:
R = ) (10)
RT m
The number concentration of water vapor molecules is:
RH - E(T)- N, ( number of molecules
Mo = Coot "Ny = s ( 3 \J (11)
RT m

where RH is the relative humidity (%); E(T) is given by Equation (8): M = 0.018 kg/mol, R
= 8.314 J/(mol-K), Na = 6.022 x 102 mol, T is the absolute temperature (K).

3. Results and Discussion
3.1. Natural Performance Degradation Test

The measured data and normalized values of luminance gain of image intensifiers
varying with exposure time, humidity, and temperature are presented in Table 1 and Fig-
ure 2, respectively. Except for Samples No. 3, No. 4, and No. 6, the luminance gain of the
remaining products after 24 months of exposure remains above 70%. However, Samples
No. 1 and No. 2 exhibit a clear degradation trend. The initial luminance gain of Sample
No. 1 decreases from 12,500 cd-m=2Ix" to 8900 cd-m21x", representing a degradation of
28.8%, essentially reaching the lifetime threshold. The initial luminance gain of Sample
No. 2 decreased from 15,100 to 11,600 cd'm=21x", a degradation of 23.2%. The luminance
gain of Sample 5 and Sample 9 fluctuates continuously. Following normalization, the gain
oscillates around unity. A reduction in gain is observed under high temperature and hu-
midity during storage, and vice versa.
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Table 1. Luminance gain of the image intensifier (cd-m21x™").

Test Time 1# 24 3# 4% 5# 6# 74 8# 94
(Months) 220,407 210,326 220,442 210,046 220,445 210,033 220,444 220,416 220,408
0 12,500 15,100 14,500 14,100 14,100 18,600 4500 13,800 15,300
6 10,300 10,900 - - 12,500 10,400 3300 11,400 12,800
12 8000 11,500 - - 14,000 - 3000 11,200 12,600
15 9100 11,800 - - 13,300 - 3100 12,700 15,500
18 8500 11,700 - - 14,000 - 2800 12,300 14,700
24 8900 11,600 - - 14,900 - 2540 12,500 15,300
(’DB A
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Figure 2. Normalized luminance gain of image intensifiers versus exposure time under humid and
hot environments, together with the average temperature and humidity values corresponding to

each storage stage (monitored every day by hygrothermograph).

3.2. Humidity Variation Aging Test

The degradation trend of luminance gain during the aging test of image intensifiers
under different humidity levels is shown in Figure 3. To eliminate the influence of initial
gain variation among devices, all measured gain values are normalized to their respective
initial values. When the temperature is 65 °C and the humidity is 75%, the luminance gain
exhibits a significant degradation over time. When the humidity is reduced to 5% while
keeping the temperature and test duration unchanged, the luminance gain remains ap-
proximately constant. The test results indicate that ambient temperature has a relatively
small effect on the luminance gain of the image intensifier, whereas ambient humidity
causes a pronounced degradation of the luminance gain.

[
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E 04t '1:‘ 0.4F
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(a) 65 °C, 75% RH. (b) 65 °C, 5% RH.

Figure 3. Decay curve of normalized luminance gain over time during high-temperature high-hu-

midity/low-humidity aging test (data from a single sample, No. 220406).
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3.3. Disassembly and Analysis of Failed Samples

Based on the recorded results of luminance gain and failure phenomena of the field-
exposed image intensifiers, failure/degradation mechanism analyses are carried out for
three types of observed characteristics: (1) screen flickering and abnormal noise; (2) no
image on the screen; (3) no obvious defect but gain performance degradation.

For the devices exhibiting screen flickering and abnormal noise, baking and retesting
are performed, followed by disassembly inspection. It is found that the potting of the im-
age intensifier (6#) had insufficient elastomer filling, resulting in voids and brittleness, as
shown in Figure 4b,c. Figure 4a—c present photographs of the image intensifier tube shell
before and after removal of its rigid outer housing. Figure 4d displays the power supply
surface after removal of the sealing compound. These voids are located at the high-voltage
solder joint, failing to provide adequate sealing and insulation protection for the bare tube
and the solder joint. The severely aged area is highlighted by the red circle in the magni-
fied view of Figure 4c. After prolonged moisture ingress, the surrounding elastomer ages
and becomes brittle, and water stains accumulate at the void locations, ultimately leading
to discharge at the high-voltage solder joint and causing flickering of the image intensifi-
ers.

Figure 4. Photograph of image intensifier sample. (a) Intact sample with rigid outer housing; (b)
device after removal of the rigid housing; (c) aging condition (red circle); (d) the power supply sur-

face after removal of the sealing compound.

Figure 5 shows the photograph and infrared spectroscopy result of the purple soft
elastomer material used in the circuit part protection. Figure 5a presents the photograph
of the aged elastomer, where the red circle highlights the region with visible void defects.
The spectrum in Figure 5b indicates that the sample is mainly composed of perfluoropol-
ymer, whose gas leak rate is usually below 1 x 10-10 Pa-l/s at room temperature. This ma-
terial is designed for circuit protection and does not possess the structural function to
maintain an ultra-high vacuum [26]. For the devices that completely lost image on the
screen (Samples No. 3, No. 4, and No. 6, which failed to undergo performance parameter
testing after 6 and 12 months of exposure), baking and retesting are carried out in a high
vacuum and temperature chamber. It is found that the devices had completely failed. Sub-
sequently, the devices are disassembled and inspected.
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Figure 5. Attenuated total reflection (ATR) infrared spectroscopy test results of the circuit part and
the green soft elastomer. (a) Morphology of the circuit part; (b) infrared spectroscopy result of the
green elastomer.

Figure 6a—d show the physical view of the image intensifier tube shell and the micro-
scopic morphology of the tube shell sealing interface. Cracks are observed on the phenolic
resin rigid housing on the device surface, and obvious gaps exist between the internal soft
elastomer filler and the tube shell. Figure 6b provides a low-magnification overview of
the sealing interface, while Figure 6c,d present the magnified view that clearly reveals
these interfacial gaps marked by the colored circle. Further helium leak testing is per-
formed on the tube shell and ceramic ring responsible for maintaining the vacuum level
of the image intensifier. Figure 6e is the schematic diagram of gas leak rate detection. The
hermeticity of the image intensifier tube shells is evaluated using a helium mass spectrom-
eter leak detector with a detection limit of 1 x 10~ Pa-l/s. The test followed the standard
practice described in ASTM E1603 [27]. It is found that the ceramic ring of this device had
a clear gas leak problem, with a gas leak rate reaching as high as 2.4 x 10-1! Pa-l/s. Consid-
ering the volume of the image intensifier, theoretically, the vacuum level drops to 1 x 10
Pa in just three months, meaning that the theoretical lifetime of the device would not ex-
ceed three months.

Vacuum Tube
Helium spray gun

* UL1000FAB Leak Detector

External Metal
Enclosure for testing

/

Tube Shell or (? )
Ceramic Ring \ /

Figure 6. Physical and micro-morphology of the tube shell for sample 4# and gas leak rate detection.
(a) Photograph of the tube shell; (b) low-magnification overall morphology of the sealing interface
(scale bar: 500 um); (c) local magnification of the interface edge (scale bar: 100 um); (d) local magni-
fication of the central region of the interface (scale bar: 100 pm); (e) schematic diagram of gas leak
rate detection.

For the devices exhibiting no obvious defects but showing gain performance degra-
dation, baking and retesting, as well as disassembly analysis are carried out. It is found
that after baking in a high vacuum and temperature chamber, when key parameters such
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as luminance gain are re-measured, some devices show a significant improvement in pa-
rameters, including luminance gain, under an operating current of 29 mA, with no flick-
ering or other field-of-view defects observed. The luminance degradation of the devices
is irreversible under high temperature (Figure 3b), yet reversible under high vacuum. This
further confirms that moisture ingress serves as the main cause for the performance decay
of image intensifiers. The presence of numerous cracks, voids, and delamination between
the ceramic ring, the ceramic material, and the metal spacer inside the image intensifier is
the direct cause of the potentially high gas leak rate of the product. Due to the high gas
leak rate, the ingress of moisture and oxygen from the atmosphere into the device interior
leads to a decrease in internal vacuum, which is the main mechanism responsible for the
luminance gain degradation and even failure of the image intensifier.

3.4. Vacuum Degradation Simulation

Based on the flow characteristic model for small leak holes, the gas flow rate in tube
shells can be quantified. Owing to the complexity of tube shell fabrication, parameter fluc-
tuations inevitably emerge during manufacturing. Therefore, the numerical parameters
are set as follows: membrane porosity (10--10-19), exposed area (10-3-10' cm?), pore diam-
eter (1 nm-2000 nm), channel length (1-3 mm), and typical gas species (Hz, CO, Oz, H20
and CO) and pressure difference 105 Pa. The calculation results reveal that the achievable
gas leak rate ranges from 10" Pa-l/s to 102 Pa‘l/s. So, during the manufacturing process
of image intensifiers, these micro-leak holes may result in the deterioration of the internal
vacuum of the image intensifier.

Based on the model of outgassing characteristics of internally dissolved gases in tube
shell materials, the one-dimensional transient hydrogen diffusion simulation based on
this model was carried out at a constant temperature of 723 K for austenitic stainless steel.
The parameters are assumed as follows: Do is equal to 3.64 x 102 cm?s™, Es is equal to 60
kJ-mol™, and K: is equal to 3.41 x 10*! cm*s7!. During isothermal annealing, the hydrogen
outgassing rate starts at a high level of about 10'2 molecules-cm=s! and decays rapidly in
the early stage as shown in Table 2. As annealing proceeds, the decay slows and the out-
gassing rate decreases gradually over time. After 10° s of annealing at 723 K, the instanta-
neous hydrogen outgassing rate falls below 10° molecules-cm=2s~. Upon cooling to room
temperature, bulk-hydrogen depletion and the strong suppression of diffusion and sur-
face recombination at low temperature jointly lead to a 5-6-orders-of-magnitude reduc-
tion in the tube-shell outgassing rate. According to the simulation results, after vacuum
heat treatment, the outgassing rate of gases dissolved in the metal inside the image inten-
sifier is 10717 Pa-l/(cm?-s). Consequently, the time required for the internal vacuum level to
degrade from 10~ Pa to 10-* Pa is at least 400,000 h (approximately 46.3 years for the inner
surface area less than 30 cm?). Furthermore, during the manufacturing process of the im-
age intensifier, all components of the tube are subjected to vacuum heat treatment under
the same conditions; after such treatment, the outgassing of dissolved gases from the ma-
terials should exhibit good consistency. Therefore, the outgassing of dissolved gases from
the tube shell after vacuum heat treatment is not the primary cause of vacuum degrada-
tion in the image intensifier.

Table 2. Relationship between material outgassing rate and time during high-temperature degas-
sing at 723 K.

Annealing Time (s) 10 10° 10¢ 5 x 10* 10°
Q (mole-cm?2s')  1.4x102 4.8 x10° 2.8 x 10° 9.1 x 108 7.8 x 108

A model was established for the relationship between the tube shell gas leak rate and
internal vacuum. Based on this model, the curves of vacuum level as a function of time
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under these five different gas leak rates are plotted, as shown in Figure 7. The gas leak
rates are set to 10716 Pa-l/s, 10-'5 Pa-l/s, 1014 Pa-l/s, 103 Pa‘l/s, and 1012 Pa-l/s, respectively.
It is assumed that the volume of the image intensifier is 1 cm?, the initial vacuum level of
the image intensifier can reach 108 Pa [14], and the time range is 100,000 h. According to
the vacuum decay kinetic model (Equation (6)), the time required for the internal vacuum
level of the image intensifier to drop from the initial value Po =1 x 10#Pa to the failure
threshold P:=1 x 10-* Pa is calculated for five different gas leak rate conditions. The calcu-
lation assumed an effective internal volume of the image intensifier V=1 cm?®=1 x 103 L.
The calculated results are converted from seconds to hours (1 h = 3600 s), yielding the
durations under different gas leak rates, which are directly presented by the labeled points

in Figure 7.
102}
1072}
=
& 107
2
2 10°F
21074 .
TRl P
E " M
5 s e g _ 16716 Pt i
>g 10 '/’,ﬂ —Q=10"PaLsis _Q 10 ) Pa-L/s
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l —Q=10 :"mL‘ Q=10 Pa-L/s
10-! Q=10"PalLss EEa |()’1»“ o vie
l()iq 3 0 0.5 1 15 2 Q a'L/s
Time (hour) x10* _Q = |07|2 Pa-L/s

l() 10 1 I
10° 10! 102 10 10
Time (hour)

5

* 10°

10°

Figure 7. Vacuum level decay under different gas leak rates (log-log plot, initial vacuum level is 1

x 1078 Pa), the insert is a semi-log plot.

The simulation results further reveal that, assuming an initial vacuum level of Po =
1x10-8 Pa, the vacuum level decreases rapidly in the initial stage as storage time increases,
and then tends to stabilize. Moreover, the higher the gas leak rate, the faster the initial
decay rate of the internal vacuum level of the tube shell, and the lower the stabilized vac-
uum level. Therefore, when manufacturing image intensifier products, the production
units should strive to minimize micro-leak holes in the image intensifier, thereby reducing
the gas leak rate and ensuring an optimal internal vacuum, which is beneficial for extend-
ing the lifetime of the image intensifier.

3.5. Influence of Water Vapor Concentration on Luminance Gain

Figure 8 shows the normalized luminance gain degradation values and their mean
values of five image intensifiers after 50 h of storage under varying water vapor concen-
trations. The five image intensifiers used in the experiment include two third-generation
image intensifiers (Third-Gen II) and three multi-alkali photocathode image intensifiers
(MA II). Relevant storage conditions for each concentration are indicated in the figure. All
data group were collected from samples stored in a temperature-humidity chamber, with
water vapor concentrations of 8.4, 62.9 and 118.05 g/m3, respectively. The maximum de-
viations in individual measurements from the corresponding averages are 0.0024, 0.0540
and 0.0920, while the relative standard deviations (RSD) reach 0.1%, 4.4% and 5.9%, re-
spectively. It is evident that the degradation rate of the screen luminance gain of image
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intensifiers is proportional to water vapor concentration. The empirical formula for the
luminance gain degradation of the image intensifier as a function of water vapor concen-
tration can be derived as Formula (13):

65°C 5% RH Stored in chamber

S | 65°C 40% RH 65°C
<o f 70% RH
=z P S S
{;’ X e }
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Figure 8. Relationship between the luminance degradation value of the image intensifiers screen

and water vapor concentration.

G =C_iva (12)
G,

where Go is the initial luminance gain; G is the luminance gain after a certain exposure
time; a is the water vapor concentration (absolute humidity, g/m?); and k is the attenuation
coefficient (1.75 x 10~ m3/g for 50 h), which depends on factors such as material properties,
exposure time, and temperature (unit: m3/g). It can be further rearranged as:

G=G, (1—kx—RH'E(T)'Mj
RT

According to the graphical analysis of the luminance gain degradation data of image
intensifiers exposed in the field for 24 months, the luminance gain performance degrada-
tion shows a linear relationship during the first 12 months, and then becomes essentially
stable. This indicates that after the device is moved from a vacuum packaging environ-
ment to a high-temperature and high-humidity environment, the luminance gain perfor-
mance decreases linearly with the ingress of water vapor in the initial stage. After degrad-
ing to a certain value and after 12 months, the vacuum level inside the image intensifier
begins to stabilize, and the water vapor concentration remains at around 14 g/m? (annual
average temperature 20 °C, average relative humidity 69%), as shown in Figure 9. The
above phenomenon indicates that the water vapor pressure difference between the inside
and outside of the device is no longer sufficient to further degrade the performance of the
core internal components, demonstrating that the influence of water vapor concentration
on the core components tends to stabilize after it increases to a certain level.

Consistent with our initial hypothesis that sealing defects dominate internal vacuum
deterioration, this work identifies ceramic—-metal interfacial micro-defects as the primary
driver of moisture ingress and luminance gain loss, aligning well with classical leakage
theories for vacuum electronic devices. These findings delineate the complete failure cas-
cade and provide quantitative guidance for ceramic packaging optimization to enhance
environmental adaptability. Future research will investigate how different tube shell fab-
rication processes affect sealing reliability, to extend the generalizability of the proposed
degradation model.

(13)
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Figure 9. Luminance degradation of the image intensifier as a function of exposure time under nat-
ural humid and hot environments; the inset illustrates the variation trend of vacuum degree inside

the image intensifiers after 12 months under different gas leak rates.

4. Conclusions

This study systematically analyzes the failure mechanism and performance evolution
law of image intensifiers under humid and hot environments. Experimental and modeling
results show that micro-defects in the ceramic ring and its interfaces within the packaging
structure are the root cause of leakage and internal vacuum degradation. The ingress of
moisture and air under high-temperature and high-humidity conditions significantly ex-
acerbates this process. It is experimentally demonstrated that the degradation rate of lu-
minance gain is highly correlated with humidity and can be quantitatively predicted by
establishing a relationship between gas concentration and performance change. This
study identifies the primary external driving factor restricting the service life of devices in
humid and hot environments, and verifies that differences in the gas leak rates of ceramic
components fundamentally lead to variations in device lifetime. On this basis, optimizing
the ceramic packaging process to reduce gas leakage is expected to improve the opera-
tional reliability and environmental resistance of image intensifiers.
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