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Internal stray radiation is a key factor that influences infrared imaging systems, and its suppression level is an
important criterion to evaluate system performance, especially for cryogenic infrared imaging systems, which are
highly sensitive to thermal sources. In order to achieve accurate measurement for internal stray radiation, an
approach is proposed, which is based on radiometric calibration using a spherical mirror. First of all, the theory
of spherical mirror design is introduced. Then, the calibration formula considering the integration time is pre-
sented. Following this, the details regarding the measurement method are presented. By placing a spherical mirror
in front of the infrared detector, the influence of internal factors of the detector on system output can be obtained.
According to the calibration results of the infrared imaging system, the output caused by internal stray radiation
can be acquired. Finally, several experiments are performed in a chamber with controllable inside temperatures to
validate the theory proposed in this paper. Experimental results show that the measurement results are in good
accordance with the theoretical analysis, and demonstrate that the proposed theories are valid and can be em-
ployed in practical applications. The proposed method can achieve accurate measurement for internal stray ra-
diation at arbitrary integration time and ambient temperatures. The measurement result can be used to evaluate

whether the suppression level meets the system requirement. ~© 2017 Optical Society of America

OCIS codes: (120.5630) Radiometry; (290.2648) Stray light; (110.3080) Infrared imaging; (040.2480) FLIR, forward-looking infrared.
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1. INTRODUCTION

Stray radiation denotes the undesired radiation that reaches the
image plane. It can degrade the image quality, affect system di-
rectivity, and reduce the signal-to-noise ratio (SNR) of a system
[1-4]. For visible imaging systems, only the external stray light
is necessary to be analyzed and suppressed, whereas, for infrared
imaging systems, the self-radiation of a system, namely the in-
ternal stray radiation, must be considered and suppressed as
well [5]. With the increasing requirement for high-performance
infrared imaging systems, the stray radiation suppression level
may dominate system performance [6]. Consequently, efficient
control of stray radiation is required for all imaging systems. In
order to detect small temperature differences, high-sensitivity
infrared imaging systems generally employ cryogenic infrared
detectors, which are extremely sensitive to thermal sources.
Therefore, the internal stray radiation will have a significant
influence on system performance. In order to evaluate whether
the suppression level meets the system requirement or to guide
the suppression design, the flux and the system output due to
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stray radiation must be quantified. However, the internal stray
radiation measurement has attracted few investigations.

A number of methods have been put forward to achieve
measurement of internal stray radiation. Nevertheless, those
methods can be briefly divided into two categories. (1)
With the development of computer technology, many pro-
grams and calculation methods have been developed to analyze
internal stray radiation quantitatively by simulation. Typical
methods are the ray-tracing method, Monte Carlo method,
etc., [7-9]. The programs are TracePro, FRED, Lighttools,
ASAP, and so on [10-12]. The simulation method does not
need experimental conditions and is low cost. However, it
has a significant drawback in that the simulation result may
lead to huge errors, due to the deviations from the optical
and mechanical geometry, as well as the optical properties.
(2) When the system has been finished, the stray radiation sup-
pression performance must be tested [13—16], whereas, for in-
frared imaging systems, the measurement result contains both
internal and external stray radiation, which means we are
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unable to obtain the internal stray radiation alone. Besides, ex-
pensive and complicated equipment is required to perform the
measurement.

To overcome those drawbacks, some methods have been put
forward. For example, Tian ez al. [17] performed the radiomet-
ric calibration at two ambient temperatures to acquire the
quantitative relation between the ambient temperature and
the internal stray radiation. Then the internal stray radiation
at various ambient temperatures can be calculated instead of
conducting the measurement frequently. However, its draw-
back lies in the fact that it is hard to control large-aperture infra-
red imaging systems at two ambient temperatures, which
means this method is inapplicable for large-aperture infrared
systems. Chang ez al. [18] calibrated the infrared detector to
remove the influence of internal factors of infrared detectors
on system output. By combing the calibration result of the in-
frared system at an integration time, the internal stray radiation
can be acquired, whereas, the internal factors of the infrared
detector will change as time goes on. As a result, the detector
must be disassembled from the whole system and calibrated
periodically to maintain measurement precision, which may re-
sult in high cost. In addition, the residual scatter of blackbody
will lead to a measurement error for the detector internal
factors.

In this paper, we propose a method to achieve the measure-
ment of internal stray radiation of cryogenic infrared imaging
systems using a spherical mirror. A short outline is presented as
follows: in Section 2, the theory concerning the spherical mir-
ror design is introduced. In Section 3, the calibration formula is
deduced considering the integration time, and the details with
regard to the measurement method are presented. Several ex-
periments are performed to verify the theory described above in
Section 4. The conclusion is given in Section 5.

2. SPHERICAL MIRROR DESIGN

The fundamental principle of the spherical mirror design is to
prevent external thermal radiation from directly reaching the
infrared focal plane array (IRFPA). According to the reversibil-
ity principle of ray path, all the rays traced from the IRFPA are
completely reflected back to the cryogenic dewar by the spheri-
cal mirror. Meanwhile, the reflecting surface is polished and
coated with high-reflection film, which has extraordinarily
low emissivity.

The pertinent parameters required for the spherical mirror
design are shown in Fig. 1. The x axis denotes the optical axis
and the IRFPA is located at the point O(0,0), which is the ori-
gin of the coordinate. The radius and height of the spherical
mirror are denoted as R and H, respectively. L denotes the dis-
tance from the reflecting surface to the IRFPA, O;(x;, 0) is the
coordinate of the center of the spherical mirror, / denotes the
length of the cryogenic dewar, 4 is the semidiameter of the en-
trance pupil of the detector, and 2 denotes the half-length of the
detector diagonal line.

The aim is to obtain the radius R and the height A of the
spherical mirror. Because of the rotational symmetry of optical
systems, only the detector diagonal line is considered during
the whole analysis process. Furthermore, we only need to ana-
lyze the rays propagating to the -y direction, and the rays
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Fig. 1. Optical layout defining parameters of spherical mirror.

propagating to the +y direction are similar due to the axial
symmetry of the detector diagonal line. The critical rays that
determine the spherical mirror range are ray AB and ray
AC. The quadratic equation of the spherical mirror is given by

[x-(L-BP+y* =R (1)

As shown in Fig. 2, the critical ray AB originates from the
positive edge of the detector diagonal line and passes at the neg-
ative edge of the entrance pupil. It strikes at Q(xp, y5) on the
reflecting surface, and after reflection it goes back in the same
way it propagates outwards. The critical ray AB can be ex-
pressed in the form of a straight line equation as

y=ki-x+0b, 2
where £y = -(a+ b)/[ and b, = a.

According to the law of reflection, the center of a spherical
mirror is located at the intersection point of the critical ray AB
and the optical axis, namely the zero point of Eq. (2). The
maximum radius is denoted by R, and can be obtained
by Eq. (2). The minimum height, denoted as H ;,, equals
to |2yg| and can be obtained by substituting Eq. (2)
into Eq. (1).

The critical ray AC originates from the positive edge of the
detector diagonal line and goes through the positive edge of
the entrance pupil. It intersects at P(x¢, y-) on the reflecting
surface. After reflection, it passes through the negative edge of
the entrance pupil, as shown in Fig. 3. The critical ray AC can
be written in the form of a straight line equation as

)/=/€2'x+52, (3)
where k) = (b-a)// and b, = a.
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Fig. 2. Optical layout of the critical ray AB.
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The reflected ray PB can be written in the linear form as

_}/sz'X+é3, (4)

where k3= (yo+6)/(xc-1) and by=-1-(yo+b6)/(xc-1)-b.

The center of the spherical mirror is assumed to locate at
point O, (x5, 0), which can be acquired by

ks - x) + b3 _ [y - x) + by
VE+1 NCES

The minimum radius is denoted by R, and can be ob-
tained by submitting O, (x5, 0) to Eq. (1).

For now, we have acquired the parameter range of the
spherical mirror, which can be expressed as

R < R
R 2 Rmin . (6)
H>H

(5)

As shown in Fig. 1, the spherical mirror is placed at the position
where it is L away from the IRFPA. The distance between the
spherical mirror and the IRFPA should be appropriate consid-
ering the characteristics of optics and the detector, not too long
or too close. Theoretically, external thermal radiation cannot
directly reach the IRFPA, as long as R is in range [Rp,,
Rox)- In practical applications, we recommend choosing the
median value as the radius value in consideration of the align-
ment error. When the radius R is determined, the minimum
height A ;, can be calculated according to Eq. (1). In sum-
mary, if Eq. (6) is satisfied, external thermal radiation cannot
reach the IRFPA. Moreover, the self-radiation of the spherical

mirror is extremely low, which can be ignored.

3. THEORY OF INTERNAL STRAY RADIATION
MEASUREMENT

In order to acquire the response and offset of the infrared im-
aging system, the radiometric calibration must be conducted.
Besides, a spherical mirror is required to remove the influence
of internal factors of infrared detector on system output. In this
section, the calibration model considering the integration time
is deduced, and the details with regard to the proposed mea-
surement method are presented.

A. Radiometric Calibration Considering the
Integration Time

In this paper, the near-extended-source method is employed to
achieve the radiometric calibration, as shown in Fig. 4. The
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Fig. 4. Schematic of near-extended-source method.

blackbody, namely the reference source, is put close to the op-
tics and covers the field of view (FOV) and the aperture of op-
tics. As a result, the atmospheric effect can be ignored [19].

To achieve high dynamic range imaging as well as radiomet-
ric applications, typical infrared imaging systems are generally
calibrated at several integration times [20,21]. The system out-
put exhibits a linear relation to the incident radiance and the
integration time within the linear response range of a cryogenic
infrared detector. The linear relation at a preselected integration
time can be expressed as [22]

h(t, Ty,) =G-L,+ B
=t GO : Lt + bstray(t) Tamb) + /Jdet(t)) (7)

where G is the response of a detector pixel on the IRFPA; B
denotes the offset, which is caused by the self-radiation of the
infrared optical system, namely, the internal stray radiation and
the internal factors of cryogenic infrared detector such as the
dark current; # is the integration time in units of ms; Gy is
the response of a detector pixel at unit integration time;
Ditray (£, T amp) denotes the output gray value caused by internal
stray radiation at a given integration time under the ambient
temperature 7,15 Ay (#) refers to the internal factors of the
cryogenic infrared detector at the given integration time. , de-
notes the incident radiance of the reference source, and can be

obtained by [23]
e (4
L =¢-L(T, = ;A M@, T,)d4, (8)

where L(7',)) is the radiance of an ideal blackbody at the tem-
perature 7, € is the emissivity of the reference source,
M(A, T,) is the spectral radiant excitance calculated by
Planck’s formula, 4, ~ 4, is the integration spectral range.
For a detector pixel on the IRFPA, the incident radiation flux
that it receives can be calculated by [24]

. . 2
o, =" 2 T(?) Ay L(T) =K, -L(T), (9)

where 7 is the transmissivity of optics, A, is the detector pixel
area, D is the diameter of optics, and [ is the focal length of
optics. As a result, the response of a detector pixel to the in-
cident radiation flux can be written as G’ = G/K,.
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B. Method to Measure Internal Stray Radiation
According to Eq. (7), the output gray value caused by internal
stray radiation can be calculated by

hstray(t) Tamb) =B- lydc((t)' (1 0)

Equation (10) implies that if the internal factors of the infrared
detector are known, the output gray value caused by internal
stray radiation can be acquired. The internal factors of the in-
frared detector are mainly caused by various kinds of noises,
such as the dark current. Experiments have demonstrated that
the internal factors have a linear connection with the integra-
tion time within the linear response range, which can be
expressed as [18]

bder(t) =1 hderl + bdetZ’ (11)

where /4., denotes the noise that has a linear connection with
the integration time, and Ay, refers to the noise that is inde-
pendent of the integration time.

In order to acquire the internal factors, the spherical mirror
designed above is positioned in front of the infrared detector at
the right position, as shown in Fig. 5. According to the funda-
mental principle of the spherical mirror design, we can learn
that external thermal radiation cannot reach the IRFPA right
now. Furthermore, the self-radiation of the spherical mirror is
extremely low and can be ignored. Therefore, the detector out-
put now is the internal factors.

Assume that the infrared detector has collected two infrared
images at two different integration times, namely #; and #,. The
detector output can be presented as follows:

hdet(tl) =1 bderl + })detZ) (12)

hiee(£2) = 13+ hiert + hiecr- (13)

Thereupon, the internal factors can be calculated by Egs. (12)
and (13), which can be expressed as

bdet (tZ) - bdet (tl)

= 14
g = 2 (14
haee(£1) - 12 = Daee(22) - 1
Dby = . 1
det2 -1, ( 5)

By substituting Egs. (14) and (15) into Eq. (10), the output
gray value caused by internal stray radiation at an arbitrary in-
tegration time and ambient temperatures, namely /e ( 7 ymb )
can be calculated by

}}stray(t’ Tomb) = B=1 - hyet = hge2
| haalts) = haale)

= B -
-1
B haee(t1) - 12 = haee(£2) - 1 (16)
-1 ’

As shown in Eq. (16), the output gray value caused by in-
ternal stray radiation is in linear connection with the integra-
tion time when the ambient temperature is constant. According
to Eq. (9), the flux resulting from internal stray radiation can be
expressed as

bs(ray(t’ Tamb) _ K[
G' t-Gy

(I)stray ( Tamb) = : bstray (t’ Tamb )’ (1 7)
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Fig. 5. Schematic of acquiring internal factors of infrared detector.

where @, (7',,) denotes the flux due to the internal stray
radiation.

Equation (17) exhibits that for a given infrared imaging sys-
tem, the flux originating from internal stray radiation is a func-
tion of the ambient temperature and independent of the
integration time. Besides, the internal stray radiation flux is di-
rectly proportional to the radiance of an ideal blackbody at the
ambient temperature, and can be presented as [25]

(Dstray ( Tamb) = Kstray . L( Tamb)' (1 8)

The system output and flux resulting from internal stray
radiation at arbitrary ambient temperatures and integration
time can be acquired according to Egs. (16) and (17).
When the measurement is performed, the spherical mirror de-
signed above is placed in front of the detector at the right posi-
tion, and the influence of internal factors of the infrared
detector on system output can be acquired. Then only a general
radiometric calibration is required to obtain the internal stray
radiation. The proposed approach has many advantages, such
as low demand for experimental conditions, ease of implemen-
tation and easy adoption by any cryogenic infrared imaging sys-
tem. The measurement result can be used to evaluate whether
the internal stray radiation suppression level meets the system
requirement. Furthermore, the approach can be adopted to
monitor the internal stray radiation in real time to detect sur-
face contamination, structural distortion, or heat.

4. EXPERIMENTAL RESULTS AND ANALYSIS

A. Experimental Setup

To validate the theories introduced above experimentally, sev-
eral experiments have been carried out with a mid-wave infra-
red (MWIR) optical system. The focal length of the MWIR
optical system is 100 mm, and the aperture is 50 mm. The
cryogenic MWIR detector manufactured by forward-looking
infrared (FLIR) systems operates in a 3.7—4.8 pm wave band
with a 14-bit digital output. And the IRFPA has a large scale of
640 pixels x 512 pixels, with an output noise of about 20 DN.
The extended area blackbody of SR-800-4A, which is manu-
factured by CI systems, has a size of 100 mm x 100 mm and
exhibits a high effective emissivity about 0.97 over the wave
band from 3.7 to 4.8 pm. Its temperature accuracy can be con-
trolled within £0.01°C over the operating temperature range
from 0°C to 125°C.

B. Internal Factors Measurement for MWIR Detector
In order to measure internal stray radiation, the internal
factors of the cooled MWIR detector must be acquired. The
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Fig. 6. Photo and parameter of the designed spherical mirror.
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Fig. 7. Experimental setup for acquiring internal factors of the
MWIR detector.

semidiameter of the entrance pupil of the MWIR detector is
5 mm, the length of the cryogenic dewar is 20 mm, and
the half-length of the detector diagonal line is 6.147 mm.
For typical infrared imaging systems, the rear working distance
should be appropriate, not too close or too long. After consid-
eration, the spherical mirror is placed 32 mm away from the
IRFPA, which means L equals 32 mm. We get the radius range
14.415 mm < R < 21.349 mm on the basis of the theory de-
scribed in Section 2. Considering the alignment error, we
choose 18 mm as the radius; the height is 25 mm. The photo
and parameter of the designed spherical mirror are displayed in
detail in Fig. 6. The experimental setup is sketched in Fig. 7.

In order to acquire the internal factors of the MWIR detec-
tor, the integration time was set to 1 ms and 1.5 ms, and the
detector output is 321 DN and 385 DN, respectively.
According to Egs. (14) and (15), the internal factors of the
MWIR detector can be presented as Ay = 128DN and
haws = 193DN.

C. Measurement Results and Analysis
Since the internal factors of the MWIR detector have been ob-
tained, only a typical radiometric calibration is required to mea-
sure the internal stray radiation. The near-extended-source
method is adopted to perform the calibration. Additionally,
in order to ensure good performance, the whole experimental
setup was put into a chamber with stable and controllable in-
side temperatures, as shown in Fig. 8. Experiments have im-
plied that the inside temperature accuracy can be controlled
within £0.5°C as long as the temperature is set in several
minutes. An extra temperature sensor was put into the chamber
to measure the actual temperature due to the temperature
fluctuation inside the chamber.

The chamber temperature was set to 30°C, and the ambient
temperatures last at least for 40 min to ensure that all parts
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Fig. 8. Experimental setup for calibration.

of the infrared imaging system are at an equal temperature.
The temperature of the reference source was set to 30°C,
40°C, 50°C, and 60°C, and the integration time was chosen
as 0.2 ms, 0.5 ms, 0.8 ms, 1 ms, 1.2 ms, 1.5 ms, 1.8 ms,
and 2 ms. According to Eq. (16), the output gray values caused
by internal stray radiation can be obtained. The measurement
results as a function of the integration time at 30°C are exhib-
ited in Fig. 9. The curve of original data refers to the experi-
mental values, and the curve of linear fitting is the linearly fitted
result.

As we can see from Fig. 9, the output caused by internal
stray radiation is in linear connection with the integration
time, which is coincident with Eq. (16) and proves that the
measurement results are valid. The quantitative relation
between the output and the integration time is fitted as
hyeray (£, 30°C) = 353.983 x r + 17.0295. Theoretically, when
the integration time is 0 ms, the output gray value caused
by internal stray radiation should be zero as well. According
to the fitted linear equation, the output is 17.0295 DN when
the integration time is 0 ms, which agrees with the theoretical
analysis.
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Fig. 9. Internal stray radiation as a function of integration time

at 30°C.
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Fig. 10. Output gray values caused by internal stray radiation at
several ambient temperatures and integration times.

To further validate the proposed theory at various ambient
temperatures, the temperature inside the chamber was changed,
varying from 0°C to 50°C, with 5°C as the interval. Similarly,
each of the ambient temperatures last at least 40 min to make
sure that all components of the infrared imaging system are at
the same temperature, namely, the ambient temperature. The
temperature of the blackbody was chosen as 30°C, 40°C, 50°C,
and 60°C, and the integration time was set to 0.5 ms, 0.8 ms,
1 ms, 1.2 ms, and 1.5 ms. According to Egs. (16) and (17), the
internal stray radiation can be calculated. The measurement
results are shown in Figs. 10 and 11.

As displayed in Fig. 10, with the ambient temperature ris-
ing, the output gray value caused by internal stray radiation
grows rapidly and has a nonlinear relation to the ambient tem-
perature. The curves are similar to the curve of blackbody ra-
diation, which is consistent with theoretical analysis.
Furthermore, the output gray values caused by internal stray
radiation are in approximate proportion to the integration time
under a certain ambient temperature, which proves that the
measurement results are valid. It is illustrated in Fig. 11 that
the flux originating from internal stray radiation at different
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Fig. 11. Flux resulting from internal stray radiation at several am-
bient temperatures and integration times.
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integration times agrees well with each other, which means
the internal stray radiation flux is independent of the integra-
tion time. Figure 12 shows the internal stray radiation flux as a
function of the radiance at the ambient temperature at several
integration times.

Figure 12 illustrates that the internal stray radiation flux is
approximately proportional to the radiance at the ambient tem-
perature. The fitted lines are listed in Table 1. Table 1 indicates
that the slopes of different lines are approximately equal, and
the intercepts are nearly zero, which proves that the measure-
ment results are convincing.

In theory, the output gray values caused by internal stray
radiation should be in direct proportion to the integration time
and the radiance of an ideal blackbody at the ambient temper-
ature [25]. Figure 13 demonstrates that the measurement re-
sults coincide well with the theory, which further proves
that the measurement results are correct. The fitted linear equa-
tions are listed in Table 2.

As shown in Table 2, the slopes of different lines are propor-
tional to the integration time, which is consistent with the theo-
retical analysis. Theoretically, when the ambient temperature is
0 K, the internal stray radiation should be zero as well. Table 1
indicates that when the radiance at ambient temperature is zero,
the intercepts of different lines are nearly zero, which accord
well with the theory. As for the residual deviations, they are
mainly caused by the detector output noise, which is about
20 DN.

Table 1. Fitted Equations Between Internal Stray
Radiation Flux and Radiance at the Ambient Temperature

Integration

Time/ms Fitted Linear Equation

0.5 Dy, (0.5ms, L) =5.7460x% 1072 x Ly -1.1754x10713
0.8 D10 (0.8ms, L) =5.7337x 10712 x L, -1.3792x1071
1 Dy (1mS, L)) =5.7132x 1072 x Ly, -2.2551x 10714
1.2 Dy (1.2m5, L) =5.6569x 1072 x Ly 4+9.0720x 10714
1.5 Doy (1.5m5, L) =5.7357x10712x L, 1, -3.8254x 1014
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Fig. 13. Output gray values caused by internal stray radiation as a
function of radiance at the ambient temperature.

Table 2. Linear Equations Between Internal Stray
Radiation and Radiance at the Ambient Temperature

Integration

Time/ms Fitted Linear Equation

0.5 Prarag (0.5 ms, Lypyy) = 135.9842 x L, - 2.6386
0.8 Prgrag (0.8 M, L) = 216.7795 x Ly, - 5.1327
1 Py (1 5, Lyy) = 269.5870 x Loy — 0.9968
1.2 Prgag (1.2 0, Lypy) = 320.1529 x Loy, + 4.9322
15 Prray (1.5 M, L) = 405.1466 x Ly, - 2.7432

In summary, the measurement results are consistent with
the theoretical analysis, which demonstrates that the theories
introduced in this paper are valid, and the proposed method
is applicable in practical applications. Besides, only a spherical
mirror and a general radiometric calibration are required to
achieve the measurement for internal stray radiation, which
is simple to implement and has a low demand for experimental
setup.

5. CONCLUSIONS

This paper has introduced a method based on radiometric cal-
ibration and a spherical mirror to measure the internal stray
radiation of cryogenic infrared imaging systems. The validity
of the method has been verified by experiments. On the basis
of the principle that external thermal radiation cannot directly
reach the infrared detector, the theory of spherical mirror design
is presented. The calibration model is deduced considering the
integration time. By positioning the spherical mirror in front of
the infrared detector in the right place, the internal factors of
the infrared detector can be obtained. Then, the internal stray
radiation can be acquired by comparing the internal factors
with the calibration result of the infrared imaging system at
an integration time. Experiments have been performed in a
chamber with controlled inside temperatures to validate the
theories introduced in this paper. Experimental results indicate
that the measurement results are in good agreement with the
theoretical analysis, which demonstrates that the proposed
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theories and method are valid and can be used in engineering
applications.

Only a spherical mirror and a typical radiometric calibration
are required to achieve the internal stray radiation measure-
ment, which has a low demand for experimental setup, and
the proposed method can achieve accurate measurement for
internal stray radiation. The measurement results can be used
to evaluate whether the internal stray radiation suppression
level meets the system requirement and to validate, as much
as possible, the result of internal stray radiation analysis.
What is more, the structure distortion or surface contamination
can be detected in a timely way by monitoring the internal stray
radiation in real time.
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