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A narcissus-compensation method is proposed based on a mathematical model that connects the spherical aber-
ration and the narcissus-induced temperature difference (NITD). Through non-sequential ray tracing analysis
in ZEMAX, we simulate a compact, five-lens, long-wave infrared (LWIR) optical system with NITD as low as

0.7 mK. © 2023 Optica Publishing Group

https://doi.org/10.1364/A0.502095

1. INTRODUCTION

For cooled infrared imaging systems, narcissus is generated by
the temperature difference between a cold detector and a warm
environment, and the radiation from the detector is reflected
back to the detector from the surface of the lens in the optical
system. Narcissus causes the radiation emitted from the detector
to overlap with the radiation from the scene incident on the
detector, appearing as a black shadow at the center of the raw
image, reducing the quality of the image or obscuring impor-
tant targets in the field of view; hence the need for narcissus
suppression [1-4]. There are currently two main methods to
suppress narcissus. The first approach is to design the optical
system to minimize the narcissus reaching the detector. The
second approach is to treat narcissus as a form of low-frequency
image noise and eliminate it from the raw image through image
processing techniques [5,6].

In the process of narcissus optimization, the magnitude of the
narcissus is now commonly measured by the paraxial parameter
yni, which indicates the degree of defocusing of the reflected
light from the center of the field of view and is limited to control
narcissus in the optimization of the optical system. This method
allows for a quick and easy optimization of narcissus, but notan
accurate representation [7]. After the optimization of narcissus,
the exact representation of narcissus is divided into two main
methods. In the sequential ray tracing method, the light travels
sequentially from one surface to the next, and only polished
lens surfaces can be modeled, while rough mechanical surfaces
cannot be modeled. Therefore, this allows for a relatively fast
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and accurate representation of narcissus. In the non-sequential
ray tracing method, the rays are not required to follow any par-
ticular sequence, but they are emitted from the detector and are
refracted or reflected according to the properties of the optical
surfaces in their path until they return to the detector, and the
number of rays reflected back to the detector is counted, and
then the narcissus-induced temperature difference (NITD)
is calculated. This method provides a more accurate represen-
tation of narcissus but is very time-consuming and cannot be
implemented in the system optimization process [8—12]. The
narcissus optimization method can only reduce the magnitude
of the narcissus under the premise of meeting the imaging qual-
ity requirements, and the optimized narcissus is still large. In
the process of narcissus elimination, variations in image quality
caused by narcissus can be seen as a result of the non-uniformity
of the detector response. Therefore, narcissus can theoretically
be eliminated by non-uniformity correction [13,14]. Current
low-frequency non-uniform image noise calibration algo-
rithms mainly include iterative optimization algorithms for
low-frequency fixed-pattern noise, algorithms based on deep
learning, and noise estimation algorithms for fixed patterns
[15-17], all of which are used to eliminate narcissus through
image processing, and the use of optical system optimization to
eliminate non-uniformity has not been investigated.

In this paper, a mathematical model of the relationship
between spherical aberration and y#7 is first established from
the spherical aberration model of the optical system. After that,
the definition of spherical aberration shows that the spherical
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aberration varies quadratically with the incident height, so the
relationship between the spherical aberration and the NITD is
obtained. Optimization of the spherical aberration can obtain
a system with NITD close to zero and achieve non-uniformity
correction, and this method is defined as the narcissus compen-
sation method. Finally, this paper chooses the non-sequential
ray tracing method to represent the narcissus, and the macro
analysis in ZEMAX can accurately calculate the NITD of each
surface of the optical system. The effectiveness and superior-
ity of the narcissus suppression method are demonstrated by
analyzing the narcissus.

2. THEORY OF NARCISSUS COMPENSATION

A. Relationship Between Spherical Aberration and
yni

The narcissus is generated by the detector imaging itself through
the reflection of the lens. The height of the light emitted from
the center of the detector, reflected by the lens and imaged on the
detector y/, can be expressed as

¥, =—4ynif#, (1

where y is the height of the light from the edge of the central field
of view incident on the reflective surface, 7 is the refractive index
at the reflective surface, 7 is the angle of reflection, and f# is the
ratio of the focal length to the aperture of the optical system.
Fora defined system, f# isa fixed value, so the magnitude of the
narcissus is measured by y#i. For an infrared imaging system,
the mathematical model for the spherical aberration of the front
surface of the lens SPHA| can be expressed as [18]

SPHA, = (%) (w1 —)/Cl)z(u'1 — nuy). (2)

The mathematical model for the spherical aberration on the
rear surface of the lens SPHA, can be expressed as [18]

SPHA, = — (%) (uy — y C2)*(ua — nuth), 3)

where # is the angle of incidence on the front surface of the lens,
u) is the angle of refraction on the front surface of the lens, C;
is the curvature of the front surface of the lens, #; is the angle
of incidence on the rear surface of the lens, #) is the angle of
refraction on the rear surface of the lens, and C, is the curvature
of the rear surface of the lens, and the spherical aberration of the
lens is modified to obtain the relationship between the spherical
aberration of the front surface of the lens and y#::

SPHA, = (%) (w1 — yC)2(, — nur)
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Similarly, the relationship between the spherical aberration of
the rear surface of the lens and y i is

SPHA, = — (%) (i — y Gy’ (ua — nb)

== (L) # [ +it =i = (o = )]

n
—— (1) 2 [(1 —m)yCs+ <n - l) i;:|
n n
<7 \2 /\3
= -2 ();/:2[;22)
= ) (ynib)? <yni2 - u2> . ()
ny ny

From the above model, we can see thatz — 1, (y ni)?, and ny
are positive, and #; and #; are constants, so the magnitude of the
spherical aberration of the front and rear surfaces of the lens is
proportional to the magnitude of y 77, from which the narcissus
islinked to the spherical aberration of the optical system.

B. Relationship Between Spherical Aberration and
Narcissus

After that, it is known from the definition of spherical aberration
that on-axis spherical aberration is the deviation of the intersec-
tion of light rays of different incident heights with the optical
axis relative to the near-axis image point, i.e., § L. The on-axis
spherical aberration is illustrated in Fig. 1.

Assuming that the optical system consists of # surfaces, the
on-axis spherical aberration can be expressed as

k
1
SL =— E S, 6
Zn;uf N ! (6)

where 7), is the refractive index of the 4 th surface, ), is the angle
of emergence of the kth surface, Sy is the spherical aberration of
the optical system, and the total spherical aberration of the opti-
cal system can be expressed as
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Fig.1.

Schematic diagram of the on-axis spherical aberration.

Therefore, the on-axis spherical aberration can be modified as
1< 1

S =—— Y hQ*A—, 8

20,1} zl: Q nl (®)

where 4 is the incident height, Q is the Abbe invariant. From the
above model, it can be seen that 7}, /;, Q, and A~; do not vary
with the incident height, and the on-axis spherical aberration
will vary with the incident height quadratic with the increase of
the incident height. Therefore, there is a radiometric difference
between the center and the edge of the image plane, and the
spherical aberration can be reasonably distributed to compen-
sate for the narcissus. After that, the non-sequential ray tracing
method is chosen to accurately represent the narcissus, and
the macro analysis in ZEMAX can accurately calculate NITD
for each surface of the optical system. The narcissus-induced
temperature difference NITD is

P ING, Ti) = NG Tp)) RiG)5(0” R 0
f/\z ONG-Ti) 4() Ry (A) 2 (A)dA

Al oT

)
where A1, A, is the operating band of the system, 7} is the tem-
perature inside the lens barrel, 7p is the detector temperature,
N is the blackbody radiation intensity, # is the spectral trans-
mittance of the whole system, #; is the average transmittance
from the lens surface j to the detector, R, is the detector spectral
response, R; is the reflectance of the lens surface ;, and 0y is the
narcissus of the lens surface ;.

The narcissus is generated by the radiation from the detector
reflecting back to the detector through the optical system, and
the on-axis spherical aberration model after reflection can be
expressed as

k
1
8L = —— E Sy. 10
2n;u22 - ! (10)

From the above model, it can be seen that 7}, and u’kz are posi-

tive. Therefore, when the optical system Z/f S1 <0, the center
of the image plane receives more radiation than the edges of the
image plane at this time, and the corresponding NITD > 0;
when the optical system Z/f S; >0, the center of the image
plane receives less radiation than the edges of the image plane at
this time, and the corresponding NITD < 0. It can be seen that
the positive and negative of the spherical aberration determines
the positive and negative of the NITD, and the optimization
of the spherical aberration can obtain a system where NITD is
close to zero to achieve the non-uniformity correction, and the
macro analysis in the narcissus compensation process can accu-
rately obtain the NITD for each surface. The most important
aspect of narcissus compensation is to ensure that the optical
system can produce both positive and negative NITD. The flow

Research Article

p
determine the specifications of
L the long-wave infrared system )

|

determine the initial
system that generates both
L positive and negative NITD )

|

s N
calculate the surface and the

number of surfaces <

generating positive NITD

l

e N
calculate the surface and the
number of surfaces
L generating negative NITD

l

use spherical aberration
optimization to ensure that
positive and negative N/TD
\_ are approximately equal

|

-
calculate the total NI7D of the
optical system

\

~

|

no

less than 0.001K?

l yes

complete the narcissus
compensation

Fig. 2.

Flow chart of the narcissus compensation method.

chart of the narcissus compensation method is illustrated in
Fig. 2.

3. NARCISSUS OPTIMIZATION METHOD
A. Specifications and Optical System Design

LWIR cameras have good environmental adaptability, good
penetration, and can detect targets that are difficult to be
detected by visible light systems, so in this paper we chose to
design a LIWIR optical system with a large field of view and large
relative aperture. The optical specifications are given in Table 1.
The optical system is designed based on the optical specifica-
tions, and the optical design parameters are given in Table 2. The
optical layout is illustrated in Fig. 3(a), where it can be seen that
the optical system consists of five lenses with a compact design,
and the total length of the system is less than 60 mm. To ensure
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Table 1. Specifications of the LWIR System

Parameter Value
Focal Length (mm) 24
F-number 1.2
Full-field of View (°) 30 x 30
Spectral Bandwidth (im) 7.5-13.5
Pixel Size of the Detector (1m) 25
MTE (20 lp - mm™") >0.55
Table 2. Lens Data of the LWIR System

Surface Type Radius Thickness Material
OB]J Standard - 00

1 Standard 23.802 6 Germanium
2 Aspherical 20.488 8.8

3 Standard —22.276 5 IRG201

4 Standard —116.397 0.5

5 Standard 38.688 5 IRG206
6 Standard 70.906 0.5

7 Standard 57.719 5 ZincSulfide
8 Standard 44.209 0.5

9 Aspherical 35.546 5 IRG206
10 Standard —76.682 1

11 Standard 00 1 Germanium
12 Standard 00 2

STO Standard () 15

IMA Standard - 0

Modulation transfer function

| —0°,15"tangential

0 2 4 6 8

10 12 14 16

Spatial frequency in cyeles per mm

Fig. 3.

(b)

18

20

layout diagram; (b) modulation transfer function.

—0°.0°tangential
0°,6°-tangential

---0°.0°-sagittal

LWIR system and the image quality evaluation. (a) System

that the imaging quality meets the requirements, two aspherical
surfaces are introduced in the design, and the MTF is illustrated

in Fig. 3(b).
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Fig. 4. Narcissus analysis results after the narcissus optimization.

(a) NITD for each surface of the system; (b) the total NITD of the
system.

B. Narcissus Optimization and Analysis

The magnitude of the narcissus of the optical system is mea-
sured by the yzi. Optimization of narcissus for surfaces with
smaller yni was carried out to minimize the narcissus while
meeting imaging quality requirements. First, the optical system
is flipped; the detector is in the object plane and the diaphragm
isin surface 1. After that, the lens transmittance is set to 0.99, the
detector temperature is set to 77 K, and the temperature of the
mechanical structure and the ambient is set to 300 K. Finally,
ZEMAX macros are used to analyze NITD. The narcissus
analysis results are illustrated in Fig. 4.

From Fig. 4(a), we can see that the total narcissus of the sys-
tem is composed of the narcissus of several surfaces, where the
NITD of surface 6is 0.051 K, the NI'TD of surface 7 is 0.035 K,
the NITD of surface 9 is 0.0028 K, and the NITD of surface 11
is 0.0015 K. The narcissus of the system is mainly generated by
surfaces 6 and 7. From Fig. 4(b), we can see that the total NITD
of the system is 0.0903 K, and the narcissus after the narcissus
optimization isstill large.
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4. NARCISSUS COMPENSATION METHOD
A. Initial System Design and Narcissus Analysis

The initial system is designed based on the same specifications,
and then the design parameters are calculated. First, the optical
system is flipped, the surface of the optical system is set as a
reflective surface, and the total spherical aberration of the light
emitted from the detector reflected back to the detector after
passing through the various surfaces is calculated. After that,
the /7 of each surface of the optical system is calculated, and the
SPHA as well as the /7 of the initial system are given in Table 3.
The flip layout of the initial system is illustrated in Fig. 5.

The optimization of the narcissus was completed in the
previous section, and at this time the total NITD of the optical
system is 0.0903 K. Continuing to optimize the narcissus of the
optical system will lead to a reduction in the imaging quality. To
further suppress the narcissus, this section proposes a spherical
aberration-based compensation method for narcissus. The
narcissus analysis results of the initial system are illustrated in
Fig. 6.

From the theory of narcissus compensation, it can be seen
that the positive and negative of the spherical aberration deter-
mine the positive and negative of the NITD. As long as the total
spherical aberration reflected back to the detector is greater than
zero, it is guaranteed that the surface produces a negative NITD.
The /7 indicates the variation of the narcissus across the detec-
tor; the larger the 7/, the smaller the variation of the narcissus
across the detector. As can be seen from Fig. 6, only surface 12
produces a negative NITD. Therefore, a negative NITD can
only be generated when the total spherical aberration is greater
than zero and the value of 7 /7 is sufficiently large.

Table 3. Initial System Design Parameters

Surface SPHA if;

2 0 1.007255
3 —0.014119 1.006897
4 —0.350688 1.163359
5 —4.170552 0.985266
6 —2.461832 0.578354
7 1.505474 0.586450
8 1.655512 0.577262
9 —2.158699 0.691477
10 4.392740 0.579832
11 5.531589 0.587648
12 1.294981 65.654428
13 0.518746 7.256894

20 mm

Fig.5. Flip layout of the initial system.
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Fig.6. Narcissusanalysis results of the initial system.

Table 4. Lens Data of the Final Optical System
Surface Type Radius Thickness Material
OB]J Standard - o0

1 Standard 25.994 6 Germanium
2 Aspherical 21.842 9.3

3 Standard —18.847 5.8 ZincSulfide
4 Standard —26.598 1.8

5 Standard 35.402 5.1 ZincSulfide
6 Standard —594.565 0.7

7 Standard —248.527 4 ZincSulfide
8 Standard 29.922 1.2

9 Aspherical 37.102 5 IRG206
10 Standard —115.205 1

11 Standard 00 1 Germanium
12 Standard 00 2

STO Standard o0 15

IMA Standard - 0

B. Optical System Design and Narcissus
Compensation

After the initial system design, the optical system is optimized to
meet specifications and provide good image quality. The optical
design parameters are given in Table 4. The optical layout is
illustrated in Fig. 7(a), where it can be seen that the design is also
compact and the total length of the system is less than 60 mm.
The imaging quality meets the requirements, and the MTF is
illustrated in Fig. 7(b).

The optimization of the narcissus can only reduce the mag-
nitude of the narcissus, and this optimization has an impact
on image quality. In this paper, we propose the narcissus com-
pensation method, which does not need to reduce the NITD
for each surface of the optical system but only needs to ensure
that the positive and negative NITD of the optical system are
approximately equal in magnitude so that the total NITD of the
optical system is close to zero. Finally, the same macro analysis
in ZEMAX is used to analyze the magnitude of the NITD.
The narcissus analysis results after narcissus compensation are
illustrated in Fig. 8.

To achieve narcissus compensation, the optical system is
ensured to be able to produce both positive and negative NITD
as can be seen from Fig. 8(a): surface 5 to surface 11 produces
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Fig. 7.  Final optical system and the image quality evaluation.

(a) System layout diagram; (b) modulation transfer function.

positive NITD, and surfaces 12 and 13 produce negative NITD.
It can be known that the number of surfaces producing positive
NITD is more, so in the process of optical system optimiza-
tion, the total amount of the negative NITD is first changed to
roughly match the total amount of the positive NITD, and then
the surfaces producing positive NITD are carefully optimized
to match the total amount of negative NITD. This process
uses spherical aberration optimization to change the NITD.
The narcissus compensation analysis results are illustrated in
Fig. 8(b), where the total NITD generated by all surfaces of the
optical system is less than 0.7 mK. Compared to the narcissus
optimization method, the narcissus compensation method has
less impact on image quality because the narcissus compensation
process does not need to limit the narcissus for each surface of
the optical system too much. The residual narcissus fluctuates
with increasing the field of view, and the fluctuations are caused
by the compensation errors.

5. CONCLUSION

This paper investigates methods of narcissus suppression
and proposes a spherical aberration-based compensation
method for narcissus. A mathematical model of the relation-
ship between spherical aberration and yni is first established
from the spherical aberration model of the optical system.
After that, the definition of spherical aberration shows that
the spherical aberration varies quadratically with the incident
height, so the relationship between the spherical aberration
and the NITD is obtained, and optimization of the spherical
aberration can obtain a system with NITD close to zero and
achieve non-uniformity correction. Finally, the total NITD is
reduced to 0.7 mK after narcissus compensation, which shows
that the spherical aberration-based compensation method can
effectively suppress narcissus.
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Fig. 8. Narcissus analysis results after the narcissus compensation.

(a) NITD for each surface of the system; (b) the total NITD of the

system.
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