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The suppression level of internal stray radiation is a key criterion for infrared imaging systems, especially
for high-precision cryogenic infrared imaging systems. To achieve accurate measurement for internal
stray radiation of cryogenic infrared imaging systems under various ambient temperatures, a measure-
ment method, which is based on radiometric calibration, is presented in this paper. First of all, the cali-
bration formula is deduced considering the integration time, and the effect of ambient temperature on
internal stray radiation is further analyzed in detail. Then, an approach is proposed to measure the inter-
nal stray radiation of cryogenic infrared imaging systems under various ambient temperatures. By cali-
brating the system under two ambient temperatures, the quantitative relation between the internal
stray radiation and the ambient temperature can be acquired, and then the internal stray radiation of
the cryogenic infrared imaging system under various ambient temperatures can be calculated. Finally,
several experiments are performed in a chamber with controllable inside temperatures to evaluate the
effectiveness of the proposed method. Experimental results indicate that the proposed method can be
used to measure internal stray radiation with high accuracy at various ambient temperatures and inte-
gration times. The proposed method has some advantages, such as simple implementation and the capa-
bility of high-precision measurement. The measurement results can be used to guide the stray radiation
suppression and to test whether the internal stray radiation suppression performance meets the require-
ment or not.
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1. Introduction

Stray radiation, known as stray light, refers to the unwanted
radiation or light that reaches the image plane. Stray radiation
can reduce the signal to noise ratio (SNR) of images and influence
the detectivity of systems. Efficient control of stray radiation is
required for all imaging systems [1-4]. Stray radiation can be
divided into two categories: external stray radiation and internal
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stray radiation. The external stray radiation arises from the radia-
tion that is emitted by the thermal sources outside the field of view
(FOV) and reaches the image plane through some optical paths,
such as reflection, scatter or transmission [5,6]. The internal stray
radiation mainly originates from the thermal radiation of struc-
tures scattered by surfaces and the self-radiation of lens [7,8].
For infrared imaging systems, apart from the external stray radia-
tion, internal stray radiation will have an effect on the system as
well. In order to detect small temperature differences, typical infra-
red imaging systems with high precision employ the cryogenic
infrared detectors, which are extraordinarily sensitive to thermal
sources. Internal stray radiation will have a significant effect on
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cryogenic infrared systems. Consequently, accurate measurement
of internal stray radiation is of great significance, such as to evalu-
ate the internal stray radiation suppression level, or to guide the
design of stray radiation suppression. Current papers and patents
are mainly focused on the stray radiation analysis and suppression,
as well as the test of external stray radiation suppression perfor-
mance. Few investigations however have been conducted with
respect to the measurement of internal stray radiation of cryogenic
infrared imaging systems.

Generally, the test of stray radiation suppression performance
can be briefly classified into two categories. (1) By building the
analytical model, the stray radiation can be analyzed quantitatively
using the Monte Carlo method, ray tracing method, parallel calcu-
lation method, etc. Typical analysis programs are TracePro, Light-
tools, Zemax, ASAP, FRED, etc. [8-10]. The simulation method has
the advantages of simple implementation, no demand for experi-
mental conditions, lower cost and so on. Whereas, its drawbacks
lie in the fact that it may produce significant errors due to the devi-
ation from the bidirectional reflectance distribution function
(BRDF) of actual surfaces and the characteristics of lens. (2) The
stray radiation needs to be measured after the infrared imaging
system has been fabricated. According to the measurement results,
the system may need to be modified slightly to improve the stray
radiation suppression performance [10-12]. Nevertheless, the
measurement results include external stray radiation and internal
stray radiation for infrared imaging systems, which means we are
unable to directly acquire the internal stray radiation. Besides, cur-
rent measurement methods need to be performed under various
ambient temperatures using expensive equipments, which have
the problems of high cost, long duration and complicated
operation.

By analyzing the factors that result in internal stray radiation,
this article introduces a method to measure the internal stray radi-
ation of cryogenic infrared imaging systems under various ambient
temperatures. A short outline of this paper is as follows: in Sec-
tion 2, the radiometric calibration formula is deduced considering
the integration time, and the effect of ambient temperature on
internal stray radiation is further discussed in detail. In Section 3,
the details of the proposed approach are given. In Section 4, exper-
iments are conducted in a chamber with controllable inside tem-
peratures to verify the measurement accuracy of the proposed
approach. The conclusion is given in Section 5.

2. Effect of ambient temperature on radiometric calibration

As all substances above absolute zero unceasingly emit radia-
tion which is proportional to their temperatures, the internal stray
radiation of an infrared imaging system is in connection with the
ambient temperature, which will have an effect on the radiometric
calibration [13,14]. Besides, the output gray value caused by inter-
nal stray radiation will change along with the integration time
variation, which should be analyzed. In this section, we first intro-
duce the calibration formula considering the integration time.
Then, the effect of ambient temperature on internal stray radiation
is further discussed in detail. Finally, a calibration formula is
deduced at arbitrary integration times and ambient temperatures.

2.1. Radiometric calibration considering the integration time

In this paper, the near-extended-source method is adopted to
perform radiometric calibration at a selected integration time.
The relation between the output gray value (digital number, DN)
and the incident radiance is linear within the linear response range
of a cooled mid-wave infrared (MWIR) detector, and can be
expressed as [15]

hij = Gij - L + By, (1)

where h;; denotes the output gray value of the (i,j)th detector pixel
in the focal plane array (FPA), G;; is the response to the incident
radiance of the blackbody, and B;; denotes the offset. The incident
radiance can be obtained by [16]

42
L=¢-L(T,) :%/ M(4, To)ds, 2)
1
where L(T;) is the in-band radiance of an ideal blackbody at the
absolute temperature Ty, ¢ denotes the emissivity of the reference
source, A; ~ A, is the integration spectral range, and M(/, T;) is the
spectral radiant exitance calculated by Plank’s formula. The sche-
matic of near-extended-source method is exhibited in Fig. 1.

The incident radiation flux that reaches a detector pixel can be

calculated by [17,18]

2
o -T2 (9) Aq-L(To) = K¢ - L(Ty), 3)
f

where D is the diameter of optics, f denotes the focal length of
optics, 7 is the transmissivity of optics, and Aq is the sensitive area
of a detector pixel. Thereupon, K; is constant for a given infrared
imaging system. The response of a detector pixel to the incident
radiance flux can be written as G§J- = Gij/K:.

The offset B;; is caused by the internal stray radiation of infrared
imaging systems and the internal factors of cryogenic infrared
detector, such as the dark current. Consequently, B;; can be
expressed as

Bij = G;J‘ . q)stray‘i.j + hdet‘i.j: (4)

where @4y is the flux resulting from internal stray radiation, and
haerij denotes the output gray value originating from internal fac-
tors of the detector.

When the infrared imaging system is calibrated at a selected
integration time, the response G; ; is obviously proportional to the

integration time, and can be given by G;; =t - Gy;;, where t is the
integration time and G, ; is the response of the (ij)th detector pixel
at unit integration time [19]. Moreover, experiments have illus-
trated that hge;j has a linear relation to the integration time as

well, and the relation can be expressed as [20]

hget,ij(£) =t - hgerij + Nerz iy, (3)
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Fig. 1. Schematic of near-extended-source method.
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where hge1,; refers to the factors that have a linear relation to the
integration time and hge,;j refers to the factors that are indepen-
dent of the integration time.

Neglecting the subscription of the detector pixel (i, j) above, the
calibration formula considering the integration time can be rewrit-
ten as

h(t)=t-Gy- @t +t- Gy Dstray + t - Nater1 + et (6)

As shown in Eq. (6), the incident radiation flux is determined by
the reference source which is independent of the ambient temper-
ature. To be able to detect small temperature variations, the infra-
red detector is enclosed in a small cryogenic chamber, where the
temperature is kept constant (i.e., 77 K). Hence, it is reasonable
to make an assumption that the internal factors of the cryogenic
infrared detector are independent of the ambient temperature as
well. The radiation flux originating from internal stray radiation,
however, is apparently in connection with the ambient tempera-
ture which will be discussed in detail in next subsection.

2.2. Effect of ambient temperature on internal stray radiation

Experiments have indicated that the output gray value drifts
with ambient temperature fluctuation, which is caused by the
internal stray radiation. In this subsection, we studied the effect
of ambient temperature on internal stray radiation.

Internal stray radiation, for a cryogenic infrared imaging sys-
tem, is mainly caused by the self-radiation of lens, housing cones
and other structures, as well as the narcissus signature [17]. The
narcissus signature is a unique stray radiation effect that exists
in cryogenic infrared imaging systems, which is caused by the radi-
ation of the cold stop retro-reflected from lens surfaces. In other
words, the cryogenic infrared detector “see” its own image. The
narcissus signature can be weakened by lowering the reflectivity
of critical surfaces [21-23]. Furthermore, the narcissus signature,
for a given infrared imaging system with settled lens and struc-
tures, is independent of the ambient temperature. Therefore, it is
reasonable to subsume the narcissus signature into hged(t).

As we all know, the radiation of lens and other components is
determined by their own temperatures. The temperature of the
components turns to become uniform namely the ambient temper-
ature, owing to their thermal conductivity. Consequently, it is
rational to make an assumption that all components of the infrared
imaging system are at the ambient temperature except the cryo-
genic infrared detector and its surroundings.

In practice, a system can be regarded as an entity that is consti-
tuted by proper amount of elements. The internal stray radiation
flux can be therefore treat as a summation of contributions from
different elements. Suppose an component element dA emitting a
small solid angle of stray light bundle, which is finally received
by a detector pixel (i, j) through some optical paths. There may
be reflection, absorption, transmission, scatter, or any composition
among those optical paths [7]. The scattering path of internal stray
radiation is sketched in Fig. 2 in detail.

The radiation flux of dA that is received by detector pixel (i, j)
can be expressed by

ADsiray(Tamp) = €(0,0) -dA-Q-T- p - L(Tamp), (7)

where &(0, ¢) denotes the in-band emissivity of element dA in the
direction of (6, ¢), Q is the projected solid angle, the temperature
of the element dA equals to the ambient temperature Tgmp T
denotes the transmissivity of the bundle from element dA to detec-
tor pixel (i, j), p refers to the scatter of the bundle from element dA
to detector pixel (i, j), and L(T,mp) is the radiance of an ideal black-
body at the ambient temperature Tgp.

Internal stray
radiation element

Detector pixel (i,/)
Fig. 2. Schematic of internal stray radiation.

The total radiation flux emitted by lens and structures that is
received by detector pixel (i, j) can be calculated by

M
Dytray (Tamp) = Y_&(0i, ;) - Ai - Qi - Ti - ;- L(Tam), (8)
i=1
where M is the total number of elements, ®g¢qy(Tamp) is the flux
resulting from internal stray radiation at the ambient temperature
Tamp- AS Zﬁ‘ils(ei, ;) -Ai - Q; - T; - p; is constant for a given infrared
system, Eq. (8) can be simplified as

(Dstray(Tamb) = Kstray . L(Tamb)7 (9)

where Ky = Zgls(()h ®;) - Ai- Qi - Ti - p;. It is illustrated in Eq. (9)
that the flux originating from internal stray radiation of an infrared
imaging system is in direct proportion to the radiance of an ideal
blackbody at the ambient temperature.

By submitting Eqgs. (9)-(6), we can yield the calibration formula
at arbitrary integration times and ambient temperatures, which
can be expressed as

h(t7 Tamb) =t- GO : Lt +t- Gstmy : L(Tamb) +t- hdetl + tht27 (]O)

where Giray = Ksirgy - Gy As shown in Eq. (10), the output gray value
originating from internal stray radiation is directly proportional to
the integration time and the radiance of an ideal blackbody at the
ambient temperature.

3. Method to measure internal stray radiation under various
ambient temperatures

According to Eq. (10), the output gray value, caused by internal
stray radiation at arbitrary integration times and ambient temper-
atures, can be calculated as long as the parameter G4y is obtained
previously. In order to achieve the measurement of internal stray
radiation, we suppose that the infrared imaging system is cali-
brated at a selected integration time under two ambient tempera-
tures, namely Tgmp1 and Tympo. The calibration formulas are
presented as follows

h(tl 5 Tambl) = tl ‘ GO . Lt + tl . Gstray : L(Tambl) + tl ‘ hdeﬂ + hdeth
(11)

h(th Tambz) = t] : GO . Lt + t] . Gstray : L(Tambz) + t] : hdetl + hdetz-
(12)
The parameter Ggqy, for the given infrared imaging system, can
be calculated by

h(tl ; Tambl) - h(tl ; Tame)
t] : [L(Tambl) - L(Tambz)] ’

(13)

Gstray =
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Thus, the output gray value, caused by internal stray radiation
at arbitrary integration times and various ambient temperatures,
can be represented as

hstray (8, Tamp) = t - Gstray - L(Tamp)
_ £ . h(ﬁ, Tambl) - h(tl’ Tﬂmlﬁ)
t [L(Tambl) - L(Tﬂmbz)]

By submitting Eqgs. (13)-(9), the flux originating from internal
stray radiation can be expressed as

Gstray K,
Zstray R
Go

where pertinent parameters have been acquired previously. It is
illustrated in Eq. (15) that the flux originating from internal stray
radiation is independent of the integration time.

As we can see from Egs. (14) and (15), the output gray value and
flux arising from internal stray radiation under various ambient
temperatures can be calculated for a given infrared imaging sys-
tem, instead of performing the measurement repeatedly. Besides,
only two calibration results under two ambient temperatures are
required to obtain the internal stray radiation of arbitrary integra-
tion times and ambient temperatures, which can naturally reduce
the complexity and the time that measurement requires. Com-
pared with typical measurement methods, the proposed approach
can directly obtain the internal stray radiation rather than a com-
prehensive measurement result including both internal and exter-
nal stray radiation. One of the drawbacks of the proposed method
is to control the infrared imaging system at two ambient temper-
atures, which may be difficult for large aperture infrared systems.

- L(Tamp)- (14)

(Ds[ray(Tamb) = (Tamb)7 (1 5)

4. Experiments
4.1. Experimental setup

To validate the measurement method proposed above experi-
mentally, the experiments were conducted with a mid-wave infra-
red imaging system. The aperture of the system is 50 mm, and the
focal length is 100 mm. To ensure good performance, the experi-
ments were carried out in a chamber with controllable inside tem-
peratures. Experiments show that the temperature accuracy inside
the chamber can be controlled within £0.5 °C in several minutes as
long as the chamber’s temperature is set. The SR-800-4A extended-
area blackbody, which is selected as the reference source, is man-
ufactured by CI systems; exhibits an effective emissivity of 0.97 in
3.7-4.8 pm waveband and has a 100 mm x 100 mm size. Its tem-
perature accuracy is +0.01 °C over the operating range from 0 °C
to 125 °C. The cryogenic MWIR detector of forward looking infra-
red (FLIR) systems operates in 3.7-4.8 pum waveband, and has a
focal plane array of 640 x 512 pixels with a 14 bit digital output.

The whole system, including the infrared imaging system, the
MWIR detector as well as the blackbody, is put inside the chamber.
The experimental setup is displayed in Fig. 3.

4.2. Measurement results and analysis

In order to measure the internal stray radiation of our infrared
imaging system, the ambient temperature is set to 30 °C and 20 °C.
Each of the ambient temperatures last at least for 40 min to make
sure that all parts of the system are at the equal temperature. The
temperature of the blackbody is set to 30 °C, 40 °C, 50 °C as well as
60 °C, and the integration time is chosen as 1 ms for simplicity.
According to the calibration results and Eq. (13), we obtain
Gstray = 245.71DN-ms~"-W~".m?sr. Consequently, the output gray
value, caused by internal stray radiation at arbitrary integration
times and ambient temperatures, can be calculated by

Infrared
Imaging
System

Infrared
Detector

Fig. 3. Experimental setup for radiometric calibration.

Hstray (, Tamp) = 245.71 x t x L(Tamp)- (16)

For our infrared imaging system, K;=0.4418 x 1071 m?sr.
According to the radiometric calibration results, the response of
the cryogenic infrared detector, namely G, is 2086.29DN-ms™!-
-W~1.m2.sr. Therefore, the flux originating from internal stray radi-
ation can be calculated by

Gstray : Kt
Go

According to Egs. (16) and (17), when the ambient temperature
changes, the output gray value and the flux resulting from internal
stray radiation can be updated instead of conducting the measure-
ment repeatedly.

To evaluate the performance of the proposed method, the tem-
perature inside the chamber is set to varying from 10 °C to 50 °C
with an interval of 5 °C. Similarly, each of the ambient tempera-
tures last at least for 40 min to ensure that all components of the
system is at the same temperature. The temperature of the black-
body is still set to 30 °C, 40 °C, 50 °C and 60 °C. Moreover, the mea-
surement method proposed in previous published article [20] is
adopted to perform a contrast. The approach proposed in article
[20] is denoted as Method One. Both of the measurement results
at the integration time of 1 ms are shown in Fig. 4. And the mea-
surement errors are shown in Fig. 5.

Dstray (Tamp) = L(Tamp) = 5.20 x 1072 x L(Tgmp). (17)

-1
16 x 10 ‘

14}  =O- Method One

B Proposed Method
121

o6f .

-----

Y —- o 1

Internal Stray Radiation (W)

0.2} 1

10 15 20 25 30 35 40 45 50
Ambient Temperature (°C)

Fig. 4. Measurement results of internal stray radiation at 1 ms.
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Measurement Error (%)
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Fig. 5. Measurement errors of internal stray radiation at 1 ms.
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Fig. 6. Flux originating from internal stray radiation at several integration times.

As shown in Fig. 4, the flux originating from internal stray radi-
ation increases rapidly with ambient temperature rising, and the
measurement results of the proposed method are coincident well
with the results of Method One, which demonstrate that the pro-
posed method is valid for the our infrared imaging system. Fig. 5
shows that the maximum measurement error between the two
methods reaches only —6.17%, which is acceptable for infrared
imaging systems. Furthermore, there is no tendency for the mea-
surement error to rise or decrease with the ambient temperatures
variation, which means the proposed method is stable. The mea-
surement errors are mainly caused by the fluctuation of tempera-
tures inside the chamber. For example, the temperature inside the
chamber is set to 20 °C, the actual temperature inside the chamber
however may be a little higher or lower than 20°C. But the
temperature fluctuation has a moderate impact on the whole
measurement.

To further evaluate the proposed approach, the integration time
is set to 0.5ms, 0.8 ms, 1.2 ms and 1.5 ms, and Method One is
adopted to measure the output gray value and the flux resulting
from internal stray radiation. As a comparison, the output gray
value and the flux, originating from internal stray radiation at var-
ious integration times and ambient temperatures, can be directly
calculated according to Eqs. (16) and (17), instead of performing
the measurement repeatedly. All the measurement results are
shown in Figs. 6 and 7, and Fig. 8 shows the output gray values
as a function of the radiance at the ambient temperature. The mea-
surement errors are shown in Fig. 9.

1200

Method One at 0.5ms
<7 Method One at 0.8ms
1000 Method One at 1.2ms
Method One at 1.5ms
800 B Proposed Method at 0.5ms
O Proposed Method at 0.8ms
P Proposed Method at 1.2ms
600 | O Proposed Method at 1.5ms
o

400

Internal Stray Radiation (DN)

Ambient Temperature (°C)

Fig. 7. Output gray value caused by internal stray radiation at several integration
times.
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"g 800 | - Proposed Method at 0.8ms gL e D> 4
'-6 P Proposed Method at 1.2ms -4 (o b “““““
© --©-+ Proposed Method at 1.5ms s e
¥ 600 O ; |
> "
2
o 400 J
©
IS
o 200 ]
=
£

O ! ! ! !

0.5 1 1.5 2 25 3

Radiance at the Ambient Temperature(W-m'2-sr'1)

Fig. 8. Internal stray radiation as a function of the radiance at the ambient
temperature.

B 0.5ms
20 e 0.8ms

Measurement Error (%)

-50 : : : : : : :
0 15 20 25 30 35 40 45 50

Ambient Temperature (°C)

Fig. 9. Measurement errors of internal stray radiation at several integration times.

It is illustrated in Figs. 6 and 7 that the internal stray radiation
increases rapidly with the rising of ambient temperature. The flux
acquired at different integration times is in good agreement with
each other, which demonstrates that the flux resulting from inter-
nal stray radiation is independent of the integration time. And the
output gray value caused by internal stray radiation is in direct
proportion to the integration time, which is in accordance with
the theoretical analysis. Besides, the results of the proposed
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approach are consistent well with the results of Method One at
several integration times, which proves that the proposed method
can achieve high precious measurement of internal stray radiation
under various integration times and ambient temperatures. It is
illustrated in Fig. 8 that the output gray values exhibit a linear rela-
tion to the radiance at the ambient temperature, which is consis-
tent with the theoretical analysis. And the lines at the same
integration time agree well with each other, which further proves
that the measurement results of the proposed method are correct.
There is still no tendency for the measurement error to rise or
decrease with the variation of integration time and ambient tem-
perature. The maximum measurement error is 11.41%, which is
mainly caused by the temperature fluctuation inside the chamber
as before.

In summary, the approach proposed in this paper can yield
high-precision measurement of internal stray radiation at various
integration times and ambient temperatures. Moreover, only two
calibration results at two ambient temperatures is needed to
acquire the internal stray radiation at arbitrary integration times
and ambient temperatures. The complexity and time that the mea-
surement requires can be naturally shortened.

5. Conclusions

This paper has introduced a measurement method, which is
based on radiometric calibration, to measure the internal stray
radiation of cryogenic infrared imaging systems under various
ambient temperatures. And the effectiveness of the proposed
method has been verified by experiments. By calibrating the cryo-
genic infrared imaging system under two ambient temperatures,
the quantitative relation between the internal stray radiation and
the ambient temperature can be obtained, and then the internal
stray radiation under various ambient temperatures can be calcu-
lated instead of performing the measurement repeatedly. Experi-
ments were conducted in a chamber with controllable inside
temperatures. And experimental results show that when the ambi-
ent temperature rises from 10 °C to 50 °C, the maximum measure-
ment error is only 11.41%, which demonstrates that the proposed
method can achieve high-precision measurement of internal stray
radiation at various integration times and ambient temperatures.
Moreover, there is no tendency for the measurement error to rise
or decrease with the variation of ambient temperature and integra-
tion time, which proves that the presented approach is stable. The
measurement error is mainly caused by the temperature fluctua-
tion inside the chamber, whose effect on the measurement is
moderate.

The proposed method can accurately measure the internal stray
radiation under various ambient temperatures by calibrating the
system at two ambient temperatures, instead of performing the
measurement under every ambient temperature. The complexity

and time that the measurement requires is naturally reduced.
The proposed method can be used to evaluate whether the sup-
pression performance of internal stray radiation satisfies the sys-
tem’s requirement or not.
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