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Fig. 1 Hypothetical ideal lens model
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Fig. 2 Relationship between bidirectional attenuation of front

and rear surfaces of lens and incident angle

2) i AT £ 5 1) S R AR S 2 A

Chipman H %5 T2 PS5 18, x4 3k & ih ik #
P e S A A S R SO R AR SR B ST E Y
Pl ek i R T ik o D B SRIE A A O
A FH EDUL AR AR A 4 Sk s o R R A e e R
AN @ EAR BRI AT R AR

A BT N B IE AT AR A R ) R DG £ A
J£ 45 EUOULEE A L 0 AN R BB R R o) AR AR BT
PAAS SCECT) T 3480 1m0 52 06 A EOUL 98 AR 2 18] /Y
HRAR o

PR HTIEL 17 78 A R ip J 2 1T 459 A O JBE A B
AT 3t D7 NS 5 e R R 4 RO(E G AR ol 9 A A
QSIS o R B A K 22 R 23 5l LA S A R
S O R A R 2 o AR RS el 0 i e BT A0 3
e ot s i Pk e n] LA B 18T 3 (a) F 3 (d) T £k
JEE AR, K 3(b) M 3(c) Mk dBiEE AR . hukal L
MBI, i Je 2 i L2 A 18] J 7 A 4% B0 B A9 1) 3
RNFRTD 62 B I 7 5 T4 A vp AT L 5 4 Dl
2 B £ R 47 ) B Sk B 5 B 1) BB R /N

65 BT I AR BT 45 Sk A 1 2l 1T 2 F kg Rt
HEATBC G R P45 22 DR 0 o R AN T 9T S R
Fi 8 B B A R g g el A AR A [ A G B OG R .
P 4 2 AN TR 47 55 3R A S5t rp e 0 AT A 55 1) el 1Y
KR

Bl4rp S RO AN AT T R = 1.5 89
£ 8 Dl U R B2 3 DN AR N RS 2 AR )
] 7 5 R n = 1.6 A BCE )™ AR A 1) S0l R /) 5 S i
S IE RS I T B R on = 1.7 BB AR
T 6 U6k K /0N 5 5 B Y R D 2 I S I 1 3 2 R =
1.8 119 B3 7™ A 1) ) S 0K /D 5 T A T 2RO Z
235 S ) 3 5 A n = 1.95 B9 BiCBG 7 A B9 1) R
o B4 H R LU RV IR A ST 99 BT S R
AN TR AR AR A 1] 56 2 i 7 i 7= 22 1) 1) 3 R/

2122001-2

https://www. cnki. net



A [ e

544 % %21 81/2024 £ 11 B/ 2R

P35 i B i 5 2T A S\ A A R OC A () BT R TG A 5 (D) BT R T 1 5 5 (o) )5 R WA A5 (d)J5 R W 3

Fig. 3 Relationship between bidirectional attenuation and incident/exiting angles of front and back surfaces of lens. (a) Front incident

angle; (b) front exiting angle; (c) back incident angle; (d) back exiting angle
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Fig. 4 Relationship between bidirectional attenuation and

deflection angle of lenses with different refractive indexes
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Table 1 Relationship between light angle and bidirectional

attenuation

Incident Exiting Deflection Bidirectional
angle /() angle /(%) angle /() attenuation / %

0 0 0 0

1 0.67 0.33 <2X10°°

2 1.33 0.67 <7X10°°

3 2.00 1.00 0.02

10 6.65 3.35 0.17

15 9.94 5.06 0.39

20 13.18 6.82 0.71

25 16.37 8.63 1.14

30 19.47 10.53 1.70

35 22.49 12.51 2.40

40 25.38 14.62 3.29

45 28.13 16.87 4.40

50 30.72 19.28 5.77
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Fig. 5 Curve relationship between light deflection angle and

bidirectional attenuation data
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Fig. 6 Fitting diagram of light deflection angle and bidirectional

attenuation
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Fig. 7 Fitting residual diagram of light deflection angle and

bidirectional attenuation
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Table 2 Optical system design index

Index Value
Fomber 1

Effective focal length /mm <20
Wavelength /nm 266
Field of view /mm 3.7

Magnification —11.4X

Bidirectional attenuation of optical system /% <10

Bidirectional attenuation of single lens /% <1
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Fig. 8 Object incident angle model. (a) Bending to object form;
(b) Not bending to object form
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Fig. 9 Initial structural selection
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Fig. 10  First half of initial structure
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Table 3 Initial data of first half of initial structure

Radius of .
Surface Thickness /mm
curvature /mm
Front surface of lens 1 —80 —
Rear surface of lens 1 —34.275 0
Front surface of lens 2 29.984 —
Rear surface of lens 2 Infinity —
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Fig. 11 Symmetric lens structure
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Fig. 12 Saidel diagram of symmetric lens structure

TR AR AR ESR W O 2 B N o I SR Ol £
o AT LU IS F 2 B D AT o R N B E
JE o o BT E SRR A — 114> Wl K E0kE i

i ZOLRIE TR ), B

f{mm

=11, (12)
ﬁ)ack

§0hack:11’ (13)
gphom

I o N AT I B BRI 5 fr 9 )5 L0 B AR B 5 0
AT I B ICREE 5 @ M TR LN Y DEFR T

Wi i e 2 0 ) $E B 2 BC 7 1), 38 5 245 E R AK
Y20 << 20 mmo B H B 3E B 1) £ -5 18] R Y
o BE A JCBOM 7 52, B LA TR BEO6 28 BT AROPE R B
RN

i i Petzval i f8 22 28 %50n] JRL b AN A2 B 1 B

2122001-6

https://www. cnki. net



B3 ik 3T

Ir 5k AT i g ith 22O R EE R W, BT LA T IH
bR i 5 21k 45 A dE B O R Z M T & [
XD B o KB B FREFT B, 2 2 5] AR
REEZE . GRS B IS 3 W 5 22 AR AT LU i D't bR
SRS A AR LA (15) FroR Jo ki AR P 4 e
451 7 125 B T 22 (0 O AR BRI A7 R EOR W U7 iE B
7 A AR 2 TR, W' TR 16 90 7 % Bl X5 22 T IE R
PR A1 I

L? ;
W22<)P:(4)2i{a (14)

S;[[:S[[[+2QS[1+QZSM (15)

544 % %21 81/2024 £ 11 B/ 2R
FHT s W 42 Petzval P18 25 R L 2P0l AR &
S A& 6 W V- #% J5 15 L0 B 7 IR FR B 5 Sy S Ok B P
B8 W A% 00 B8 75 IR 85 Sy S O BT 75 A ER 25 1 7%
TEIRRZE S R RG R ZEFEIRFRZL; QR WL
3) ek i K 4k
Pl 2k B v 5 30 0 7 G O 9 35 55 0 ) AT R AL )
Yo7 FAZ 5, A T b Ta) Y 385 455 AR 5 Jm 3 % M 1 T
T ARV RAS L& . HEA T FR i AR e
AT B g i g AR W AT R R AT R . R IR
PR 4PN .

R4 SRR IE BT AR
Table 4 Design process that breaks symmetry

Magnification Layout Wi/ Wois/ Wopo/ Woyee/ Wy, (in wavelength units)
—1X 0.007/0/23.755/—6.591/0
—1.34 X 30.238/3.107/8.967/—6.584/1.833
—1.4X 28.198/3.098/10.629/—6.915/2.2
—2X 63.567/14.617/10.793/—8.87/5.615
—3.2X 19.28/—13.247/—0.616/—6.82/15.79
—4.2X —2.093/6.259/6.716/—5.271/9.786
—5.5X 11.234/—0.755/2.11/—1.568/6.888
—5.5X 2.191/—1.513/1.656/—0.391/5.515
—6.8X 0.434/0.032/0.679/—0.005/3.345
—8.2X 0.654/—0.073/0.956/—0.219/2.444
—9.85X 1.591/—0.434/1.168/—0.094/8.508
—11.1X 0.738/—0.954/0.089/1.092/8.299
—11.4X 1.144/—0.241/—0.332/0.368/7.530

Notes: W, is wavefront spherical aberration coefficient; W, is wavefront coma coefficient; W, 1s wavelront astigmatism coefficient;

W .00 1s wavefront field curvature coefficient; Wy, is wavefront distortion coefficient.
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Fig. 13 Final lens structure
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Table 5 Final lens structure data

Radius of )
Surface Type curvature / Th1:ln<rr;ess / Glass
mm
Object Standard Infinity 149.323 —
1 Standard —87.920 10.000 C79-80
2 Even asphere 60.617 4.464 —
3 Standard —32.876 14.000 C79-80
4 Standard —37.844 154.976 —
5 Standard —598.216 13.000 C79-80
6 Standard —216.027 71.548 —
7 Standard 308.507 14.000 C79-80
8 Standard —429.693 0.100 —
9 Standard 137.218 14.000 C79-80
10 Standard 107.894 50.000 —
11 Standard 115.920 8.000 €79 80 B 14 il A 22
12 Standard 114.638 40.170 o Fig. 14 Field curvature and distortion
13 Standard —108.917 18.701 C79-80
14 Standard —187.698 40.000 —
15 Standard 222.415 14.000 C79-80
16 Standard —352.728 24.717 —
Stop Standard Infinity 63.224 —
18 Standard 242.455 8.618 C79-80
19 Standard —442.415 0.100 —
20 Standard 122.157 14.261 C79-80
21 Standard 517.718 0.100 — BI15 #5004 i i 14 7 AR M
29 Standard 65.027 7.999 C79-80 Fig. 15 RMS of wavefront in each field of view
23 Standard 114.107 0.100 — AR SR B R AR B e N T 100 1
24 Standard 53.164 20599 C79-80 W TBEARALMECR MR YT A NN T 817, B 16 Fn
95 Standard 67.821 33 999 _ R AT A R & 45 7 R B A f R/ (AR
Image  Standard Infinity - o TER M, DO R b O PR R X FRVESS M e85 1 12 Fr
B BB R S PR R AH A G T A L 8L 1TEE /N B LA B
3.3 MEBESHT L3 BN 1 R 1026 /1o
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Fig. 16 Light deflection angle of each lens
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Table 6 Accurate bidirectional attenuation data

Field Mean bidirectional Maximum bidirectional

Number
" of view  attenuation /% attenuation / %
1 0 1.2215 3.9619
2 0.707 1.2174 4.0202
3 1 1.2132 4.0237
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Abstract

Objective Advanced manufacturing is often limited by detection accuracy, with commonly used high-precision detection
methods including optical detection, electron beam detection, and thermal imaging. Among these, optical detection offers
advantages such as high efficiency, high sensitivity, and non-destructive testing. However, the accuracy of optical
detection remains a challenge that restricts its broader application. By leveraging the polarization characteristics of light, an
additional dimension of effective information can be introduced to improve detection accuracy. The polarization
characteristics of light are widely used in semiconductor detection. For example, horizontal and vertical line-space patterns
on wafer surfaces exhibit different sensitivities to light polarization, leading to varying detection sensitivity for the same
type of defects. Optical lenses are critical devices in optical detection, but research shows that lenses can affect the
polarization characteristics of light, which in turn affects detection accuracy. While previous studies have attempted to
reduce the influence of lens polarization through coatings, no quantitative method exists to control the effect of lenses on
polarization characteristics during the optical design process. Therefore, developing a simple and effective design method
for controlling bidirectional attenuation in lenses to improve detection accuracy holds scientific significance. In typical lens
designs, bare lenses are often used, and ideally, bare lenses only affect bidirectional attenuation in polarization

characteristics. In this paper, we explore a method to control bidirectional attenuation through light deflection angle.

Methods Using Fresnel equation simulations, we verified Chipman’s conclusion that bidirectional attenuation is
primarily influenced by the back surface of the lens. Since bidirectional attenuation is not a primary design criterion in
optical systems, we attempted to represent it with a more intuitive index. By modeling an ideal lens and evaluating the
influence of various optical incident and exiting angles on bidirectional attenuation, we discovered that the bidirectional
attenuation caused by both the front and back surfaces of the lens is equivalent when the light deflection angle is the same.
This led to the development of a strategy to control bidirectional attenuation in optical design using the light deflection

angle. Given that different lens materials are used in optical design, we also evaluated the refractive index of the ideal lens
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model and found that the bidirectional attenuation values remained consistent across different refractive indexes for the
same deflection angle, eliminating refractive index as a factor. We established the functional relationship between
deflection angle and bidirectional attenuation through data fitting, arriving at a quadratic equation. The fitting accuracy and
adjusted R-squared values confirmed the high precision of the fit. In addition, we analyzed the cumulative bidirectional

attenuation in a multi-lens system using a cumulative multiplication approach.

Results and Discussions  An ultraviolet microscope detection lens (Fig. 16) is designed using the bidirectional attenuation-
light deflection angle (B-1.) formula. Its initial structure is determined by the B-L formula and primary aberration theory,
resulting in the design of a three-element lens. The first lens is curved toward the object side, while the third lens is curved
toward the image side (Fig. 9). Maintaining symmetry in the design helps correct for coma, astigmatism, and distortion.
During optimization, the B-L formula is used to effectively control the light deflection angle, ensuring that the lens meets
the expected bidirectional attenuation performance. However, a fully symmetrical structure cannot achieve the required
magnification, leading to the application of the Stop-Shift theory to break the lens symmetry and finalize the design. The
resulting design meets the required imaging performance, with the root mean square (RMS) radius of the full field of view
exceeding the diffraction limit. Field curvature is controlled within +0.8 pm, and distortion is kept below 0.25%. The
actual bidirectional attenuation performance, as traced through ray simulations, closely matched the predictions from the

system bidirectional attenuation-light deflection angle (S-B-1.) formula, fulfilling the performance expectations.

Conclusions In this study, we propose a method for controlling bidirectional attenuation based on light deflection angle.
Through analysis using Fresnel equations, we identify the intrinsic relationship between light deflection angle and
bidirectional attenuation. By employing statistical methods, the theoretical derivation is simplified, leading to the
formulation of the B-L equation for the relationship between deflection angle and bidirectional attenuation. In addition, an
S-B-L formula for evaluating the cumulative bidirectional attenuation in multi-lens systems is developed. The ultraviolet
microscope designed using this approach demonstrates the expected bidirectional attenuation performance. The results
indicate that light deflection angle can be used to effectively characterize bidirectional attenuation. Simplifying control
metrics in this way facilitates lens designs that meet expected bidirectional attenuation performance while also reducing

design time.

Key words bidirectional attenuation control; light deflection angle; data fitting; optical design
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