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In infrared systems, the stray radiation from optical elements and mechanical structures is an important factor
affecting quantitative measurements because the irradiance on detectors due to stray radiation depends on the
operating temperature of the optical system. Without correcting for this effect, the accuracy of quantitative mea-
surements made with such systems is degraded. To better understand this phenomenon, we derive herein a math-
ematical model that describes stray radiation as a function of temperature and use the model to quantitatively
analyze the stray radiation of an infrared system at different operating temperatures. To test the theory, we use it
to calculate the stray radiation from an experimental infrared system comprising a Cassegrain reflector in the first
stage and a transmission mirror in the second stage. The maximum relative error between theory and experiment
was 8.72%. At the same time, a corrective measure of stray radiation is provided to account for the effect of stray
radiation on quantitative measurements. The relative error of quantitative measurements decreases from 2.16% to

0.31%. The measurement accuracy of the infrared system has been improved effectively.
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1. INTRODUCTION

“Stray light” is the general term for all abnormal radiation in an
optical system. Four main types of stray-light sources are pos-
sible in an optical system. The first type is external stray light,
which comes from strong external light sources, such as the sun
or the moon, and is reflected or scattered into the pupil of the
optical system and then transmitted to the detector. The second
type is stray light from a bright background in the field of view,
and this type of stray light cannot be avoided in optical systems.
The third type is stray light from multiple reflections and scat-
tering of the target light in the field of view as it passes through
the optical elements on its way to the detector. The fourth cat-
egory is the stray light generated by thermal radiation from the
infrared optical system itself, which is called internal stray ra-
diation. The first type of stray light produces bright spots on
the image, which are usually suppressed by the shades and
shield rings. The second type of stray light is usually eliminated
in the signal-processing stage. The third type of stray light
forms “ghost images” on the image plane and may be reduced
by applying antireflection coatings on the lens surface and by
using an appropriate optical design. The fourth type of
stray light affects the accuracy of quantitative measurements
made by infrared optical systems and therefore must be
eliminated [1-4].
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In order to reduce the influence of stray light on optical
system imaging and measurement, a series of in-depth studies
have been carried out. Breault studied stray light transmitting
theory and led the development of stray light analysis software
ASAP [5]. Sheng and Mangzuo gave the test method of stray
light evaluation index point source transmission (PST) for
optical systems and established a device for PST testing [6].
Hahlweg and Rothe used a hemispheric spectroradiometer
to measure the bi-directional reflectance distribution function
of the material surface in the visible and near-infrared bands
[7]. Pompeaa et al. studied the stray light suppression method
of a ground-based astronomical telescope system and guided
the structure design by stray light analysis [8]. Montanaro ef /.
studied stray radiation of the thermal Infrared sensor in Landsat
8 and proposed the correction method [9]. Shuai analyzed stray
radiation of optical elements and mechanical structures in a
Cassegrain infrared optical system and proposed a thermal con-
trol design [10]. However, at present, the research on stray light
in optical systems mainly focuses on the influence of stray light
on imaging and the measures to suppress stray light.

To make measurements with infrared radiation, an infrared
optical system must first be accurately calibrated. However, the
operating environment of such systems is complex and change-
able, and the innumerable working conditions cannot all be
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simulated. Even if the optical system is calibrated prior to
experimentation, the operating temperature, which directly af-
fects the stray radiation in the system, changes over time, which
changes the irradiance impinging on the detector. If the
calibration data are obtained at an operating temperature that
differs from the actual temperature, then an error will be in-
troduced into measurements made with infrared radiation.
Therefore, stray radiation must be analyzed as a function of
operating temperature to determine how stray radiation affects
measurements made with infrared radiation [11,12].

In this paper, a stray-radiation model based on operating
temperature is established. The stray radiation of an infrared
system at different operating temperatures is analyzed quanti-
tatively. The accuracy of stray radiation analysis is verified by
experiments. With correction for stray radiation in the calibra-
tion and measurement processes, the accuracy of measurements
made with infrared radiation is guaranteed.

2. MATHEMATICAL MODEL

A. Stray-Radiation Model Based on Operating
Temperature

The stray radiation received by the detector of an infrared op-
tical system is mainly composed of radiation from the surface of
optical elements and from the surface of the mechanical struc-
tures of the optical system. Because infrared measurement sys-
tems are mainly used to image distant targets, images of optical
elements and of the mechanical structure take the form of de-
focused spots. In addition, infrared radiation from each micro-
facet on the surface of the mechanical structure can fully fill the
detector over a certain stereo angle and thereby form a uniform
radiation background.

As shown in Fig. 1, we consider as an object the surface of a
source of stray radiation with radiance L. The optical lens group
between the object and the detector is considered as a new im-
aging optical system, and the detector is considered as an aper-
ture. The position and size of the pupil in the imaging optical
system can be calculated by using geometrical optics: the
position of the pupil center is set to (0, ye, 0), and the pupil
diameter is set to D.

The equation describing the surface of the radiation source
is F(x,y,2z) = 0. An arbitrary point p(x, y, ) is selected on the
radiation surface, and a differential plane 43 is selected near the
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point. The pupil surface is divided into many small area ele-
ments. The angle between the y axis and the connecting line
of point p(x, y,z) and the area element center is 7. The angle
between the z axis and the connecting line of point ¢(0, ye, 0)
and the area element center is @. 4i and d¢ are differential
variables of 7 and ¢. The normal unit vector for the radiation
surface at point p(x, y,2z) is V(ay, Py, ¥n), whose arguments
are

ay = Fy/Ayn, By = Fy[Ay.yn = F,/Ap, (1)

where
Ay =[(F)* + (Fp)* + (F)7> @
The unit vector /_‘i(a, B,v) of the principal ray that passes
through the pupil center ¢(0, ye, 0) from the point p(x, y, z) is
a=-x/B4 0=y, -9)/Bay =-2/Ay @)

where
Ay=[+(-y) + 2% @)

The cosine of the angle y between the principal ray and normal
line of the radiation surface at point p(x, y, z) is

s

N
cos Y = —

=— = aay + ffy + rrN- (5)
|||V

According to the definition of a solid angle, the solid angle »
subtended by the area element of the pupil with respect to

point p(x,y, 2) is
w = [/ sin zdide. (6)

Then the radiation energy coming from the radiation surface
that is received by the detector is

o= /L cos(i - yw)dSdw

= L/(cos i cos y + sin i sin y) sin ididpdS.  (7)

Let the transmittance of the optical system from the stray-
radiation source to the detector be 7,, and let the area of
the radiation detector be A ; then the irradiance by stray radi-
ation on the detector is

D
z ds

dL dS -1
o QR

= 9(0.9.0) b
/ Py 2l L

* Now B i)

The surface of the The surface of
stray radiation the detector

source
The entrance

pupil

Fig. 1. Schematic diagram of the surface for analyzing stray radiation.
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where o is the dimensionless irradiance on the detector’s target
plane coming from the radiation of the optical elements and
from the surfaces of the mechanical structure through multiple
reflections and scatterings.

Once the opto-mechanical structure and related parameters
of the infrared measuring system are determined, part of the
expression for the opto-mechanical structure and the surface

properties can be regarded as constant, which we call C.
Thus, Eq. (8) can be written as [13,14]

LC 1 [ 1
Equation (9) shows that, once the detection wave band is de-
termined, the variation in irradiance due to stray radiation on
the detector depends only on the emissivity of the material sur-
face and on the operating temperature of the system. Once the
emissivity of the material surface is determined, this irradiance
depends only on the operating temperature of the system.

B. Error Correction Model for Quantitative
Measurement

In this work we use the concept of equivalent radiance to de-
scribe stray radiation energy, which means that the radiance of
the standard blackbody-radiation source on the condition that
the irradiance on the detector’s target plane due to stray
radiation is the same as that resulting from a standard black-
body-radiation source placed at the entrance pupil.

Assume that the irradiance on the detector’s target plane due
to all stray radiation is £,; the equivalent radiance of the total
stray radiation at the entrance pupil of the infrared system is
then [15,16]

F2
‘Az’
where F and 7 are the focal length and transmissivity of the
infrared system, respectively; A, is the area of the entrance
pupil.

Before the infrared system may be used to make quantitative
measurements, it must be calibrated. According to the theory of
infrared-radiation calibration, the calibration curve in the linear
region is given by [17,18]

DN = kL + b, (11)

where L is the equivalent radiance at the entrance pupil of the
system being calibrated and DN is the response of the system.
The constants £ and & are the degree of calibration response and
the background, respectively. The degree of calibration re-
sponse £ reflects the system’s capacity to transmit radiation
and the capacity of the detector to convert the optical signal
into an electrical signal. The background & is the response
of the detector to its voltage bias. The radiance L has two parts:
the radiance L, of a blackbody-radiation source at the pupil
and the equivalent radiance L, of stray radiation at the pupil
from the system being calibrated. Thus,

L. =E (10)

c

e
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DN = k(L + L,) + b. (12)

When measuring the characteristics of the target radiation, the
equivalent radiance of the stray radiation at the pupil of the
infrared measurement system is Z.. Thus,

DN’ = k(L, + L) + b. (13)

By comparing Eq. (12) with Eq. (13), we see that the use of the
laboratory calibration data and the DN measured under a
different operating temperatures to calculate the radiance of
the target would produce errors of size

AL=|L,-L] (14)

To avoid the error due to the quantitative analysis of the target’s
radiation characteristics, we make the following correction:
First, we quantitatively analyze the equivalent radiance L, at
the entrance pupil caused by the stray radiation of the system
being calibrated. We place low- and high-temperature black-
body-radiation sources at the pupil of the infrared system in
turn and record the radiance of the blackbody and the response
value of the detector. The degree of calibration response 4 and
the background & can be determined by using

{ DN, = k(L, + L) + b,

DN, = k(L, + L) + b, (15)

where L is the radiance of the low-temperature blackbody at
the pupil, and DN is the corresponding response value; L, is
the radiance of the high-temperature blackbody at the pupil,
and DN, is the corresponding response value.

Next, we quantitatively analyze the equivalent radiance L, at
the entrance pupil due to the stray radiation of the system used
to measure the target’s radiation, which gives DN for the actual
measurement. Finally, the actual radiance of the target L can be

obtained by using [19,20]
DN’ - kL - b
Li=——""— ‘. (16)

3. SIMULATION AND EXPERIMENT

A. Simulation of Stray Radiation

A typical infrared measurement system uses a Cassegrain reflec-
tor system as the first stage and a transmission mirror group as
the second stage. The infrared thermal imager receives parallel
light rays from the transmission mirror group to the image and
quantitatively measures the target’s radiation. The main param-
eters are the aperture D = 600 mm, the system focal length
F = 1200 mm, the diagonal view 2@ = 0.435°, and the de-
tection band of 8-9 um. Figure 2 shows the theoretical model.
The main sources of stray radiation are the optical elements,
such as the primary mirror, secondary mirror, dichroic mirror,
compensating mirror, and focusing lens, and the mechanical
structures, such as the support frames for the secondary mirror,
the dichroic mirror, and the compensating mirror.

The infrared optical system is sensitive to thermal radiation.
When mirror surfaces are in the light path, radiation from these
surfaces travels through the optical system and reaches the de-
tector. In contrast, radiation from the mechanical structure
reaches the detector via reflection or scattering. Figure 3 shows
the distribution of irradiance on the detector’s target plane;
this radiation is from the primary mirror at an operating
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Fig. 2. Theoretical model of infrared optical system and stray-
radiation source.
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RMS:0.01601, Tatal Flux:3.82088-006 ¥ 85981 Incident Rays
Fig. 3. Irradiance distribution on the detector target plane due to
radiation from the primary mirror at an operating temperature of
300 K.

temperature of 300 K. Table 1 lists the irradiance statistics for
the detector’s target plane, where the radiation is from the sur-
faces of the optical elements and from the mechanical structures
at various operating temperatures.

From the results of the analysis, we obtain the curve shown
in Fig. 4, which gives the irradiance on the detector’s target
plane due to stray radiation as a function of operating
temperature.
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The results given in Table 1 show that the irradiance of the
stray radiation of the infrared system increases gradually with
increasing operating temperature. As the temperature increases
from 220 to 320 K, the irradiance on the detector’s target plane
due to stray radiation increases by an order of magnitude.
Figure 4 shows the irradiance due to stray radiation as a
function of operating temperature.

B. Verification Experiment with Stray Radiation
To verify the validity of the quantitative analysis of stray radi-
ation and the accuracy of its calculation, we measured the ir-
radiance of the stray radiation. Here, we fully exploit the
characteristics of the quantitative infrared thermal imager posi-
tioned at the back end of the infrared measurement system.
Recall that, if a blackbody emitting radiance Z, fills the pupil,
then the radiance detected by the thermal imager is also Z,.
Figure 5 explains the situation in a schematic diagram of
the experiment.

According to infrared radiometric calibration theory [21,22],
the equivalent radiance of stray radiation at the entrance pupil
of an infrared measurement system is

A/,FZ Ty

L. =L,———-L, 17
¢ bAgFiT 5 ( )

where L, is the measured radiance of the system, A, is the pupil
area of the thermal imager, 4, is the pupil area of the system,
F is the focal length of the system, F, is the focal length of the
thermal imager, 7 is the transmittance of the system, 7, is the
transmittance of the thermal imager, and Z; is the radiance of a
standard blackbody at the pupil of the system [23,24].

We thus positioned a standard blackbody-radiation source
at the pupil of the infrared measurement system operated at
various temperatures. The temperatures measured by the sys-
tem were then converted to radiance. The equivalent radiance
L, due to stray radiation at the pupil entrance of the system can
be calculated by using Eq. (17).

P
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0.01

Irradiance[

o
r//

0.00
220 230 240 250 260 270 280 290 300 310 320

Temperature[K]

Fig. 4. Irradiance on the detector surface due to stray radiation as a
function of operating temperature.

Table 1. Irradiance Due to Stray Radiation Impinging on the Detector Surface under Various Operating Temperatures

Operating Temperature [K] 220 240 260 280 300 320
From optical element [W/mz] 3.50 x 1072 6.48 x 1072 1.09 x 107! 1.71 x 107! 2.52 x 107! 3.55x 107!
From mechanical structure [W/m?] 1.17 x 1072 2.17 x 1072 3.65x 1072 5.73 x 1072 8.50 x 1072 1.19 x 107!

Total irradiance [W/m?] 4.67 x 1072 8.66x 1073

1.46 x 1072 2.28 x 1072 3.37 x 1072 4.74 x 1072
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Fig. 5. Schematic diagram of validation experiment.

Table 2. Experimental Results of Stray Radiation Verification

Equivalent Radiance

Blackbody Environment Blackbody Radiance =~ Measured Display =~ Measured Radiance  of Stray Radiation L,
Temperature [K] Temperature [K] L, [W/Sr-m?] Temperature [K] L,/[W/Sr-m?] [W/Sr . m?]
278.15 267.15 5.92 268.45 4.90 1.38

283.15 265.15 6.59 272.75 5.41 1.47

293.15 265.15 8.09 280.45 6.41 1.49

313.15 264.15 11.71 296.95 8.98 1.42

333.15 264.15 16.24 311.65 11.76 1.40

Table 3. Theoretical Results and Experimental Measurement of Stray Radiation

Blackbody Temperature [K] 278.15 283.15 293.15 313.15 333.15
Equivalent radiance measured experimentally [W/Sr - m?] 1.47 1.49 1.42 1.40
Equivalent radiance by theoretical analysis [W/Sr - m?] 1.36 1.36 1.33 1.33
Relative error 3.60% 7.48% 8.72% 6.34% 5.00%

Table 2 lists the experimental results of measured stray ra-
diation in the infrared measurement system.

At the same time, according to the actual operating temper-
ature, the equivalent radiance of stray radiation from the infra-
red measurement system was analyzed and calculated
theoretically. Finally, the errors of the equivalent radiance of
stray radiation between the theoretical analysis and experimen-
tal measurement under the same working environment are
obtained as shown in Table 3 and Fig. 6.

By comparing the experimental measurements with the
theoretical results, we see that the stray radiation calculated
theoretically is basically consistent with the experimental data.
The maximum relative error is less than 8.72%. The experi-
mental error is restricted to within a certain range, which veri-
fies the accuracy of the theoretical calculation of stray radiation.

C. Revision Experiment of Quantitative
Measurements

To simulate a long-distance target, a standard blackbody at
253.15 K was placed at the pupil of the infrared measurement
system; it produced a radiance of 3.24 W/Sr-m?. The

calibration blackbody with different temperatures was placed
at the pupil of the infrared measurement system, and the op-
erating temperature was varied while recording the DN value

3.00

2.50

2.00

1.50

s . 2 =

1.00

re-cxperimentaj measurement

0.50
re-theotetical ahalysis

The equivalent radiance[ W/Sr-m?]

0.00
276.15 286.15 296.15 306.15 316.15 326.15 336.15
Blackbody temperature[K]

Fig. 6. Equivalent radiance due to stray radiation as a function of
blackbody temperature. Radiance was calculated from theory and
measured experimentally for each operating temperature.
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Table 4. Experimental Results of Quantitative Measurement Revision

Blackbody Blackbody Operating Equivalent Radiance of Stray
Temperature [K] ~ Radiance [W/Sr-m?]  Temperature [K] DN Radiation [W/Sr - m?]
Equivalent target blackbody 253.15 3.24 265.15 2301 1.36
Calibration blackbody 293.15 8.09 267.15 3993 1.43
303.15 9.79 267.15 4579 1.43

Table 5. Comparison of Radiance of Modified and Unmodified Equivalent Target Blackbody

Actual Value of Equivalent Revised Calculated Value of Unrevised Calculated Value of
Target Blackbody Equivalent Target Blackbody Equivalent Target Blackbody
Radiance/(W/Sr - m?) 3.24 3.23 3.17
Relative error 0% 0.31% 2.16%
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