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(57) ABSTRACT

An ofl-axis three-mirror optical system with freeform sur-
faces comprised an aperture, a primary mirror, a secondary
mirror, a tertiary mirror, and a detector. The aperture 1s
located on an incident light path. The primary mirror is
located on an aperture side. The secondary mirror 1s located
on a primary mirror reflected light path. The tertiary mirror
1s located on a secondary mirror reflected light path. The
detector located on a tertiary mirror retlected light path. The
primary mirror and the tertiary mirror have a same fifth-
order polynomial freeform surface expression. The primary
mirror retlected light path, the secondary mirror reflected
light path and the tertiary mirror reflected light path overlap

with each other.
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OFF-AXIS THREE-MIRROR OPTICAL
SYSTEM WITH FREEFORM SURFACES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims all benefits accruing under
35 U.S.C. §119 from China Patent Application No.
201610199016.9, field on Apr. 1, 2016 1n the China Intel-
lectual Property Oflice, disclosure of which 1s incorporated
herein by reference.

FIELD

[0002]
system.

The present disclosure relates to an off-axis optical

BACKGROUND

[0003] Off-axis three-mirror imaging system 1s a kind of
ofl-axis retlective system. If freeform surfaces are used 1n
ofl-axis three-mirror imaging systems, the aberrations of the
system can be significantly reduced, while the system speci-
fications can be greatly 1mproved

[0004] In conventional off-axis three-mirror optical sys-
tem with freeform surfaces, the three mirrors are separated
in space and they have different freeform surface analytical
expressions. If the primary and tertiary mirrors share a same
freeform surface expression and are fabricated on a single
substrate, the difliculty of system alignment and fabrication
as well as the cost for the testing of the system can be
reduced.

[0005] However, since the primary mirror and the tertiary
mirror are located generally far away from each other on a
single element 1n this kind of system, a size of the conven-
tional ofl-axis three-mirror optical system with freeform
surfaces 1s large, and a structure of the conventional off-axis
three-mirror optical system with freeform surfaces 1s not
compact. In addition, a volume of the single element 1s large,
therefore the surface sag at the edge of the surface 1s large,
which increases the difficulty for fabrication and testing.

BRIEF DESCRIPTION OF THE

[0006] Implementations of the present technology will
now be described, by way of example only, with reference
to the attached figures.

[0007] FIG. 1 1s a schematic view of a light path of an
ofl-axis three-mirror optical system with freeform surfaces
according to one embodiment.

[0008] FIG. 2 1s a schematic view of a configuration of an
ofl-axis three-mirror optical system with freeform surfaces
according to one embodiment.

[0009] FIG. 3 1s a graph showing modulation transfer
function curves in long-wave inirared band of partial field
angles of an off-axis three-mirror optical system with
freeform surfaces according to one embodiment.

DRAWINGS

DETAILED DESCRIPTION

[0010] It wall be appreciated that for stmplicity and clarity
of 1llustration, where appropnate, reference numerals have
been repeated among the different figures to indicate corre-
sponding or analogous elements. In addition, numerous
specific details are set forth 1n order to provide a thorough
understanding of the embodiments described herein. How-
ever, 1t will be understood by those of ordinary skill 1n the
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art that the embodiments described herein can be practiced
without these specific details. In other instances, methods,
procedures, and components have not been described in
detail so as not to obscure the related relevant feature being
described. Also, the description 1s not to be considered as
limiting the scope of the embodiments described herein. The
drawings are not necessarily to scale and the proportions of
certain parts have been exaggerated to better 1illustrate
details and features of the present disclosure.

[0011] Several defimtions that apply throughout this dis-
closure will now be presented.

[0012] The term “substantially” 1s defined to be essentially
conforming to the particular dimension, shape, or other
teature that the term modifies, such that the component need
not be exact. For example, “substantially cylindrical” means
that the object resembles a cylinder, but can have one or
more deviations from a true cylinder. The term “compris-
ing,” when utilized, means “including, but not necessarily
limited to™’; 1t specifically indicates open-ended inclusion or

membership in the so-described combination, group, series
and the like.

[0013] FIGS. 1 and 2 illustrate one embodiment of an
ofl-axis three-mirror optical system with freeform surfaces
100 includes an aperture 102, a primary mirror 104, a
secondary mirror 106, a tertiary mirror 108, and a detector
110. The aperture 102 1s used to control a diameter of
incident lights. The primary mirror 104 1s located on an
aperture side that 1s away from an object space. The sec-
ondary mirror 106 1s located on a primary mirror reflected
light path. The tertiary mirror 108 1s located on a secondary
mirror reflected light path. The detector 110 1s located on a
tertiary mirror retlected light path. A primary mirror reflec-
tive surface, a secondary mirror reflective surface and a
tertiary mirror retlective surface are all freeform surfaces.

[0014] A light path of the off-axis three-mirror optical
system with freeform surfaces 100 can be depicted as
tollows. Firstly, incident light transmits through the aperture
102 and reach the primary mirror 104, and 1s retlected by the
primary mirror 104 to form a first reflected light R,. Sec-
ondly, the first reflected light R, reaches the secondary
mirror 106, and 1s retlected by the secondary mirror 106 to
form a second reflected light R,. Thirdly, the second
reflected light R, reaches the tertiary mirror 108, and 1s
reflected by the tertiary mirror 108 to form a third reflected
light R,. Finally, the third reflected light R, i1s received by
the detector 110 and imaging. The primary mirror retlected
light path, the secondary mirror reflected light path and the
tertiary mirror retlected light path overlap with each other.
Therefore, a volume of the off-axis three-mirror optical
system with freeform surfaces 100 1s small, and a structure
of the off-axis three-mirror optical system with freeform
surfaces 100 1s compact.

[0015] A first three-dimensional rectangular coordinates
system (X,, V,, Z,) 1s defined. A center of the aperture 102 1s
a {irst origin of the first three-dimensional rectangular coor-
dinates system (X,, v,, Z,). A horizontal line passing through
the center of the aperture 102 1s defined as a z,-axis, in the
z,-axi1s, to the left 1s negative, and to the right 1s positive. A
y,-axis 1s 1 a plane shown in FIG. 2, 1n the y,-axis, 1n a
direction substantially perpendicular to the z,-axis, to the
upward 1s positive, and to the downward i1s negative. An
X,-axi1s 1s perpendicular to a y,z, plane, in the x,-axis, 1n a
direction substantially perpendicular to the y,z, plane, to the
inside 1s positive, and to the outside 1s negative. A second
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three-dimensional rectangular coordinates system (X,, Vv,
7Z-) 1s defined for a primary mirror location and a tertiary
mirror location. A third three-dimensional rectangular coor-
dinates system (X,, V,, Z;) 1s defined for a secondary mirror
location. A fourth three-dimensional rectangular coordinates
system (X,, V., Z,) 1s defined for a detector location.

[0016] A second origin of the second three-dimensional
rectangular coordinates system (x_, yv_, z_) 1s 1n (0, 88.59727,
198.07169) position of the first three-dimensional rectangu-
lar coordinates system (X,, v,, Z, ), whose unit 1s millimeter.
A z,-axis positive direction rotates about 27.84258 degrees
along a counterclockwise direction relative to a z,-axis
positive direction.

[0017] A third origin of the third three-dimensional rect-
angular coordinates system (X5, V5, Z3) 1s 1n (0, =159.26851,
—-22.49695) position of the first three-dimensional rectangu-
lar coordinates system (Xx,, v,, Z, ), whose unit 1s millimeter.
A z,-axis positive direction rotates about 10.80811 degrees
along a clockwise direction relative to the z,-axis positive
direction.

[0018] A fourth origin of the fourth three-dimensional
rectangular coordinates system (X;, V3, Z5) 15 1n (0, —44.
59531, -47.02867) position of the first three-dimensional
rectangular coordinates system (X, v,, Z,;), whose unit 1s
millimeter. A z,-axis positive direction rotates about
16.28528 degrees along the counterclockwise direction rela-
tive to the z,-axis positive direction.

[0019] In the second three-dimensional rectangular coor-
dinates system (X,, V., Z,), €ach of the primary mirror
reflective surface and the tertiary mirror retlective surface 1s
a fifth-order polynomial of x,y,. The fifth-order polynomaial
of X,y, can be expressed as follows:

ZZ(XZ:' y2) —

c(x5 + y3)

L4/ 1= (1 +k)c2(x3 +y3)

+ Aryy + A3xs + Asys + A7y, +

3 4 2 2 4 4 2 3 5
Agyy + A1oXs + A12X5V5 + Aay, + AeXp¥o + A1gX3 v, + Ao ys.

[0020] In the fifth-order polynomial of X,y,, z represents
surface sag, ¢ represents surface curvature, k represents
conic constant, while A, represents the 1th term coetlicient.
Since the off-axis three-mirror optical system with freeform
surfaces 100 1s symmetrical about y,z, plane, even-order
terms of X, can be only remained. In one embodiment, the
values of ¢, k, and A, m the equation of the fifth-order
polynomial of X,y, are listed in TABLE 1. However, the
values of c, k, and A, 1n the fifth-order polynomial of x,y,

are not limited to TABLE 1.

TABLE 1
C —-3.27428849555454FE-03
k —-3.05409862740466F+02
A5 —-1.61056781473286L-02
A, 1.77940950627604E-05
As —1.77940950627604E-05
Ao —-4.97702713232211E-07
Ag —4.30829450386771E-07
Ao 7.37848373012176FE-11
A —2.76033854073487E-09
A —-1.52054141847422E-09
Alg —-1.46969502769919E-12
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TABLE 1-continued
Ag —7.85854145063803E-12
Asg —3.08644833572915E-12

[0021] In the third three-dimensional rectangular coordi-
nates system (X5, Vi, Z;), the secondary mirror reflective
surface 1s a fifth-order polynomial of x,y;. The fifth-order
polynomial of x,y, can be expressed as follows:

Z?J'(x?)!' y?}) —

2 2
olxs +
o+ ) + Ay ys + A3 + Asys + A7x5ys +

L+~/1— (1 +K)c2(3 + D)

3 4 2 2 4 4 2 3 5
Aoys + Aroxs + A12x3y3 + A1ays + Arexz y3 + A1sx3y3 + A2 y3.

[0022] In the fifth-order polynomial of x,v;, z; represents
surface sag, ¢ represents surface curvature, k represents
conic constant, while A, represents the 1th term coeflicient.
Since the ofl-axis three-mirror optical system with freeform
surfaces 100 1s symmetrical about y,z, plane, even-order
terms of X, can be only remained. In one embodiment, the
values of c, k, and A, in the fifth-order polynomial of x,vy,
are listed in TABLE 2. However, the values of ¢, k, and A,
in the fifth-order polynomial of x,y; are not limited to

TABLE 2.

TABLE 2
C —6.00151426486546E-03
k —-1.66624614366791E+02
A5 —9.00757350823094E-01
Aj 1.53297133632194E-03
Aj —1.53297133632194E-03
Ao 1.11944340338599E-05
Ag 1.75716927381476E-05
Alg —-6.21792185006774E-08%
Als 6.60508108627770E-08
Aa 4.11464902821164E-09
Alg 2.02500935896665E-10
Alg —7.66867334384602E-10
Asg —-1.54693948011218E~10

[0023] A center of the detector 110 1s the fourth origin of
the fourth three-dimensional rectangular coordinates system
(X5, Y3, Z3). the detector 110 1s 1n a plane of the fourth
three-dimensional rectangular coordinates system (X, Y,
7.,).

[0024] The matenals of the primary mirror 104, the sec-
ondary mirror 106 and the tertiary mirror 108 can be
aluminum, beryllium or other metals. The materials of the
primary mirror 104, the secondary mirror 106 and the
tertiary mirror 108 can also be silicon carbide, quartz or
other inorganic materals. A reflection enhancing coating can
also be coated on the metals or inorganic materials to
enhance the reflectivity performance of the three mirrors. In
one embodiment, the retlection enhancing coating 1s a gold

film

[0025] An eflective entrance pupil diameter of the off-axis
three-mirror optical system with freeform surfaces 1s about
40 mm.

[0026] The off-axis three-mirror optical system with
freeform surfaces 100 adopts an off-axis field of view 1n a
vertical direction. A field angle of the off-axis three-mirror
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optical system with freeform surfaces 100 1s about 4°x3°,
wherein an angle 1n a horizontal direction 1s in a range from
about -2° to about 2°, and an angle 1n the vertical direction
1s 1n a range from about 10.5° to about 13.5°.

[0027] A wavelength of the off-axis three-mirror optical
system with freeform surfaces 100 is not limited, in one
embodiment, the wavelength of the off-axis three-mirror
optical system with freeform surfaces 100 1s 1n a range from
about 8 um to about 12 um.
[0028] An effective focal length (EFL) of the off-axis
three-mirror optical system with freeform surfaces 100 1s
about 100 mm.
[0029] Arelative aperture (D/1) of the ofl-axis three-mirror
optical system with freeform surfaces 100 1s about 0.4; and
a F-number of the ofl-axis three-mirror optical system with
freeform surfaces 100 1s a relative aperture(DD/T) reciprocal,
the F-number 1s about 2.3.
[0030] FIG. 3 illustrates ofl-axis three-mirror optical sys-
tem with freeform surfaces modulation transfer functions
(MTF) 1n long-wave inirared band of partial field angles are
close to the diffraction limit. It shows that an off-axis
three-mirror optical system with freeform surfaces imaging,
quality 1s high.
[0031] The off-axis three-mirror optical system with
freeform surfaces 100 has advantages as follows:
[0032] The off-axis three-mirror optical system with
freeform surfaces 100 has larger field angle compared with
coaxial three-mirror optical systems, the field angle 1s about
4°%x3°; thereby enabling the off-axis three-mirror optical
system with freeform surfaces 100 has larger rectangular
field of view, and larger 1maging range.
[0033] The primary mirror reflective surface, the second-
ary mirror reflective surface and the tertiary mirror reflective
surface are all freeform surfaces, compared with spherical or
aspherical system, the off-axis three-mirror optical system
with freeform surfaces 100 has more variables, which 1s
beneficial for correcting aberrations, and obtaiming better
imaging quality.
[0034] The off-axis three-mirror optical system with
freeform surfaces 100 has smaller F-number and larger
relative aperture, which allows more lights to enter the
ofl-axis three-mirror optical system with freeform surfaces
00, and enables the off-axis three-mirror optical system
with freeform surfaces 100 has higher mput energy and
limiting resolution.
[0035] Since the primary mirror surface and the tertiary
mirror surface use the same freeform surface equation, it 1s
no need to transform coordinate system and surface expres-
sions when fabrication the off-axis three-mirror optical
system with freeform surfaces 100, and the primary mirror
and the tertiary mirror can be fabricated on a single element;
thereby reducing fabrication difficulty.
[0036] A space position of the primary mirror 1s close to
a space position of the tertiary mirror, a volume of a primary
mirror-tertiary mirror element 1s small, and thus, the sag at
the edge of the 1s small, which can reduce the fabrication
difficulty.
[0037] Testing of the primary mirror and the tertiary
mirror can only use a computer-generated hologram (CGH)
component, which can simplify a testing process and reduce
COsSts.
[0038] The primary mirror reflected light path, the sec-
ondary mirror reflected light path and the tertiary mirror
reflected light path overlap with each other. Theretfore, the
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volume of the off-axis three-mirror optical system with
freeform surfaces 100 1s small, and the structure of the
ofl-axis three-mirror optical system with freeform surfaces
100 1s compact.

[0039] It 1s to be understood that the above-described
embodiments are mtended to 1llustrate rather than limit the
present disclosure. Variations may be made to the embodi-
ments without departing from the spirit of the present
disclosure as claimed. Elements associated with any of the
above embodiments are envisioned to be associated with any
other embodiments. The above-described embodiments
illustrate the scope of the present disclosure but do not
restrict the scope of the present disclosure.

What 1s claimed 1s:

1. An off-axis three-mirror optical system with freeform
surfaces comprising:

an aperture located on an incident light path, and the
aperture defining an aperture center;

a primary mirror located on an aperture side that 1s away
from an object space and configured to reflect an
incident light to form a first reflected light, and the first
reflected light defining a first retlected light path;

a secondary mirror located on the first reflected light path
and configured to reflect the first reflected light to form
a second reflected light, and the second reflected light
defining a second reflected light path;

a tertiary mirror located on the second reflected light path
and configured to reflect the second reflected light to
form a third reflected light, and the third reflected light
defining a third reflected light path; and

a detector located on the third reflected light path and
configured to receive the third reflected light;

wherein a first three-dimensional rectangular coordinates
system (X,, V,, Z,) 1s defined, and the aperture center 1s
a first three-dimensional rectangular coordinates sys-
tem (X,, v,, Z,) origin; a second three-dimensional
rectangular coordinates system (x_, v, Z,) 1s defined for
a primary mirror location and a tertiary mirror location;
a third three-dimensional rectangular coordinates sys-
tem (X,, Vi, Z3) 15 defined for a secondary mirror
location; and a fourth three-dimensional rectangular
coordinates system (X, V., Z,) 1s defined for a detector
location:

a primary mirror retlective surface and a tertiary mirror
reflective surface have a same freeform surface ana-
lytical expression, and the freeform surface equation 1s
a fifth-order polynomial of x,y,; a secondary mirror
reflective surtface 1s a fifth-order polynomial of x,y,;
and the first reflected light path, the second retlected
light path and the third reflected light path overlap with
cach other.

2. The system as claimed 1n claim 1, wherein a second
three-dimensional rectangular coordinates system (X,, V.,
7Z-) origin 1s 1n (0, 88.59727, 198.07169) position of the first
three-dimensional rectangular coordinates system (X,, V,,
Z:).

3. The system as claimed 1n claim 1, wherein a z,-axis
positive direction rotates 27.84238 degrees along a counter-
clockwise direction relative to a z,-axis positive direction.

4. The system as claimed in claim 1, wherein a third
three-dimensional rectangular coordinates system (X,, Vi,
7,) origin 1s 1n (0, —=159.26851, -22.49693) position of the
first three-dimensional rectangular coordinates system (x;,

Y1: Zl)'
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5. The system as claimed 1n claim 1, wherein a z-axis
positive direction rotates 10.80811 degrees along a clock-
wise direction relative to a z,-axis positive direction.

6. The system as claimed in claim 1, wherein a fourth
three-dimensional rectangular coordinates system (X, V.,
z,) origin 1s in (0, -44.59531, -47.02867) position of the

first three-dimensional rectangular coordinates system (x;,
Y1is Zy)-

7. The system as claimed 1n claim 1, wherein a z,-axis
positive direction rotates 16.28528 degrees along a counter-
clockwise direction relative to a z,-axis positive direction.

8. The system as claimed in claim 1, wherein the fifth-
order polynomial of x.,y, 1s:

ZZ(XZ-; yZ) —

c(x5 + y3)

+ Azys + Asxj + Asys + A7x5y) +
L+~ 1= (1 +K)c2(3 +y3)

3 4 2 2 4 4 2 3 5
Agyr + A1oXy + A12X3Y5 + A1ays + AleXa V2 + A1g X3y, + Azs,

wherein, z represents surface sag, ¢ represents surface
curvature, k represents conic constant, while A, repre-
sents the 1th term coetlicient.

9. The system as claamed i claim 8, wherein ¢=-3.

27428849555454E-03, k=-3.05409862740466E+02, A,——
1.61056781473286E-02, A,=1.77940950627604E-05,
A=—1.77940950627604E-05, A,=-4.97702713232211E-
07, A,=—4.30829450386771E-07, A, =T
37848373012176E-11,  A,,=-2.76033854073487E-09,
A,,=-1.52054141847 422E-09, A, =1
46969502769919E-12, A, ,=-7.85854145063803E-12, and
A,,=-3.08644833572915E-12.

10. The system as claimed in claim 1, wherein the
fifth-order polynomial of x5v; 1s:

Z3(x3a y3) —

2 2
olxs +
o+ ) + Arys + A3xi + Asyi + A7x5ys +

L++/ 1= (1 +h)c2(2 + )

3 4 2.2 4 4 2.3 5
Agyg + Am)ﬁg + A12X3y3 + A14y3 + A15X3y3 + A13X3y3 + AZ{jyg,
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wherein, z, represents surface sag, ¢ represents surface
curvature, k represents conic constant, while A, repre-
sents the 1th term coeflicient.

11. The system as claimed in claim 10, wherein ¢=-6.
00151426486546E-03, k=1.66624614366791E+02, A=
9.00757350823094E-01, A3=1.53297133632194E-03,
A.=-1.53297133632194E-03, A,=1.11944340338599E-03,
A,=1.75716927381476E-05, A,,=—6.21792185006774E-
08 : A, ,=6.60508108627770E-08, A, ,=4.
11464902821164E-09, A, =2.025009358966635E-10,
A, =7.66867334384602E-10, and A,=1.
54693948011218E-10.

12. The system as claimed 1n claim 1, wherein a field
angle ol the off-axis three-mirror optical system with
freeform surfaces 1s about 4°x30°.

13. The system as claimed in claim 12, wherein an angle
in a horizontal direction 1s 1n a range from —-2° to 2°.

14. The system as claimed in claim 12, wherein an angle
in a vertical direction 1s 1n a range from 10.5° to 13.5°.

15. The system as claimed in claim 1, wherein a relative

aperture of the ofl-axis three-mirror optical system with
freeform surfaces 1s 0.4; and an F-number 1s 2.5.

16. The system as claimed in claim 1, wherein an effective
entrance pupil diameter of the off-axis three-mirror optical
system with freeform surfaces 1s 40 mm.

17. The system as claimed in claim 1, wherein an effective

tocal length of the off-axis three-mirror optical system with
freeform surfaces 1s about 100 mm.

18. An ofl-axis three-mirror optical system with freeform
surfaces comprising:

an aperture located on an i1ncident light path;

a primary mirror located on an aperture side that 1s away
from an object space;

a secondary mirror located on a primary mirror reflected
light path;

a tertiary mirror located on a secondary mirror reflected
light path; and

a detector located on a tertiary mirror reflected light path;

wherein a primary mirror surface and a tertiary mirror
surface have a same freeform surface analytical expres-
stion; and the primary mirror reflected light path, the
secondary mirror reflected light path and the tertiary
mirror reflected light path overlap with each other.
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