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Purpose: Contact lenses directly contact the ocular surface; therefore, surface microbial contamination should be
reduced during manufacturing and transport. In this study, we designed and evaluated a uniform 266-nm laser area-
irradiation optical system as a non-contact, short-duration irradiation platform for potential bioburden reduction
applications in contact lens production lines. Methods: Four 1-W, 266-nm CW lasers were used as light sources. Each
laser beam was expanded using a 9x beam expander and then combined with a homogenizer composed of cylindrical lens
arrays and a field lens system. Optical design and ray-tracing analysis were performed using Code V and LightTools. The
target irradiation area was 50 mm x 50 mm, and the target beam uniformity was set to greater than 90%. Results: The
final optical system consisted of four laser sources, four beam expanders, one homogenizer, and one field lens set.
LightTools analysis showed a flat-top, uniform beam distribution over the target irradiation area. Based on a 21-chromatic
contour evaluation chart, the beam uniformity exceeded 90.4%. Assuming 62.5% optical efficiency, the calculated
irradiance was approximately 100 mW/cm? at the target irradiation area. Conclusions: This optical system may be
effective as a UV irradiation optical platform for short-duration UV-based bioburden reduction research and process
development. However, additional material stability testing, verification of microbiological efficacy, safety shielding, and

process validation are required.

Key words: Contact lens, 266 nm laser, Bioburden reduction, Uniform area-irradiation, Optical system design
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ZYEZo| thgh zpe)id At 7Fs A 71E ATellA
= BIEAY Lonnen 52 A4 7|HE FREH= Ak
A2 7} acanthamoeba cystol] T3 3 log )42l A
T 4 -8 HA3H O™, 130 ml/em? o442 UV
AbF Z2700A ol st B8l aE AASHATE R
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mx50 mm FAPANA 90% o)) #dd F= B
sk FHAIE AAlstkaAl st
7leS Y ENZ ALl 2 H ©HAl, AL
olF T AW A W v HET Ed A ANE
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Table 1. Design specifications required by the user

expander 2 homogenizers 0]-8-5F 50 mmx50 mm HZ
o 12 oJZ dd3 ZAFES 7T 5 = AL
& EH Aol o] &% ¢ e T WERAF FIAE A
Al E L 545 M3 ool A W A% (intensity) 273
S Hrlatdth AAI9F H7h= CodeVIO$} LightTools =
Zl8y ot

Chat 2

1. Bioburden Reduction2 Z&tAH MA 7=A

Table 12] A7 87=719] &3 ZANFO] 100 mW/em?
ol FA}F WA o] 25 cm>|EE AlgW 7|& oF 2.5W9
F=go] dQsity. AA| Bl A= beam expander,
homogenizer, R 2 HAdT R IAA $=2o] vt
Aoz oFx7F AAISE glo]A 89 x| &8-S
62.5%= H3tH Lask Hojx 282 4W A=t H
o}, whepA] ARE-A17) A8 SE Coherent Azure NX 266-1000
glo]Ale] Z82 1 Wo|EE 4§ ARE-3loof g}

2. Beam expander A#|

Table 12] 2A Q@FF719] lasers 3]0 HEA})
Coherent Azure NX 266-1000 Z=1E] M7} 1.3 o|3t=
Hlo] 2 ulgle 7Re-AIRE Hlof] 7172 AS R FeE
=8d9] Aol °F 2 mmo|Y homogenizer &8 =9]
7] 18I = o] 34 beam homogenizerol 23}
=5 @ 497} Qo

Z7] 2mm A79] 7FAIRE Fol AR o= Hx 8
A E homogenizersS 7ASHE A@A =] S o
rhg 7FeA 7 S deAe] e sAbe] T EE Tt
TAET. AA] =Rk ARGAL T S|Atol| A 71 A e}
3 AU 7FE 7Fssk Ay "=z £ 4 26 mm

Model

Coherent Azure NX 266-1000 x4

wavelength / power 266nm / 1 W
Laser Spec. Beam waist diameter 2+0.3 mm
Beam divergence <0.3 mrad full angle
M? <13
Beam ellipticity 0.9-1.1
User-required optical system performance (by using 4 lasers)
Input total power 4W
Uniform illumination region (V) 50.0 mm = 1% x (H) 50 mm + 1%
[lumination uniformity >90%
Target irradiation energy amount > 100 mW/em*+2 %
Optical system light efficiency suggested by the user >62.5%
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Table 2. Design data for the designed beam expander

Surface # Radius Thickness Glass Semi-Aperture
1 10 1.0
2 10.4675 2 SILICA_SPECIAL 2.5
3 3.6043 90 2.5
4 396.2336 5 SILICA_SPECIAL 10
5 —59.7592 20 10
Image 10 9
Ty e AR Fe 29 e
-
“‘“‘“—“—%U— 3. Homogenizer AA|

Fig. 1. Ray tracing drawing of a beam expander designed
for 9X magnification.

7HA Al st o] & 3
2.6 mmZ AAIAT 2 729 vlS
dr] =25 AW st o] ddEE /AT AUA
S ARl o} sh=t ol AAIRIe] A HFPl Bol ¢
Sttt 2= dlolA e M<1.3 o]lBE AL ZF-AIQE

19] et AR B @4 Aoldte A3 7HeAIRE
o] 7~87l o]de] Adrjalze] £& Aol ddE
90% ©1ds FAE F AS slolete APA AA A
% simulation S/W 8 HHO Z beam expander] Hl-&
< A5k

2.6 mmE 770 ARSSHE 182 mm7t HAL, ©]E 2 mm |
oj- W Fo=F L 9.10] H7] wfiZel 9= beam
expander®] &S oul= ARSIt vi&o] o7} =H
Table 10A412] ¥ ¥AFZEe 0.3 mradoll 4] beam expander
2 AYAA 0.033 mrado- = vHAA Ho laser W] A&k
AL o Folx]A Frt. o|ZA| sl|A HAIE beam expander
9] Hlo]Ej= Table 29} 2t} AA|E beam expander®] |
a8 BALo] BHAFATE Fig. 19] BJR|aL, LightTools

sl AAT dAdUze) L
b A

A AT

d

Fig. 2. Ray fracing drawing of the designed beam expander
as shown in LightTools.

Vol. 31, No. 2, June 2026

T2 homogenizers T/33h= AUHAZ arrays A
Alstarat ghot. AASaAt s AYTA= array Hal=
= 7)(A mmxA mm)e Table 19] A&} glo]A] 4te] H
F&alofF a17] wiEell 22| # oA beam®] IHAES
mm= 3}, o8 FoiE HolA WS 8 5 A= 7
FZr] 3 W] dol= 25+18=43 mmo|th. S 12 mm
a3 55 mm7} HaL o] & 8 A= J)
= 21700]a wEh A=54.6 mm7} FT
A AAgalze 26 mm W ZL A EH 7L W =
AP (mask H)OlA 50 mmz g Fojof it} o] =
o @A AAIR] field lens AA|9} A-EE o] A E ook
gt A 8= 2.6 mm WES TAE AArRl=] F
Zohol| M9 $24:712] Tangko] 0.05208°] =3l BFL(back
focal lengthy> 42 AAY ZFNA= 10.6572 mm, -4
AU Z3OAE 14.6576 mmO] 22 H gk 12,6574 mm
£ BFLE AFE3IA Y. o] T3 7 Field Lens A A9l
o|-g-Hr}.

olgA HdAE MNE AAGAN=e] Ho|EE Table 37}
2o AAIE /i Az f8 fdse] FAFH
ST Fig. 390 AAEo] 2101, LightToolsel A ¢] F45
HZ== Fig. 49 YJERFRITE. Table 3914 P-Windows X
T8 959 FAE 2 mmE Y EE F3 5
A 4= Wk AAY array? WlEE homogenizers: T35}
A} = Fig. 30014 B a), by7} 3350] S| o),
dyt F5o] R Ay d=E Yehdn

Fig. 45 ©|& 78 280 A=2E 49K(54.6 mm x 54.6 mm)
9] A9y arrayB OS2 THE9] homogenizerE 1733}
LightToolsE &3I4 7d3 JAFAEE HoFal Q).
o 7] A protecting window+= homogenizers /J3}=

259 wEs] 95 s Aol
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4. Field Lens MA|
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Table 3. Design data for a vertical-horizontal axis cylindrical lens with a 2.6 mm beam width

Surface # Radius Thickness Glass Semi-Aperture
P-Window 2 SILICA_SPECIAL 1.3

2 5 1.3
V-Cylinder 31.44854 3 SILICA_SPECIAL 1.3

4 2 1.259023
H-Cylinder 31.44854 3 SILICA_SPECIAL 1.21768

6 15 1.176333
V-Cylinder 13.80879 3 SILICA_SPECIAL 0.865698

8 2 0.762532
H-Cylinder 13.80879 3 SILICA_SPECIAL 0.658369

10 (V)10.6572 )

(H)14.6576
11 0 0.000786
e = - { ___________ ]
— a) <) b) d)

Fig. 3. Ray ftracing of individual cylindrical lenses with a
beam width of 26 mm (ab and c—d are combi-
nations of cylindrical lenses with vertical and hori-
zontal axes; e is a protective window).

Protecting window

Fig. 4. A ray tracing diagram produced by LightTools and
a homogenizer (with protective windows on the front
and back), consisting of a cylindrical array plate
(54.6 mmx54.6 mm) comprising 21x4 individual
cylindrical lenses, with a width of 2.6 mm.

2t 2zl A7 o] AAE|olo} gk, A A 7=
o] HEoM 9] F4:74) tanghko] 0.052080] HA7] W
o field lense ©] Z+o.2 YA FXA o] ZFHol A
50mmE WAE AXEE A oFFT o714 Field

Lens®] 7] 28AY £& 28T F d=dl
_ 50mm _
N1 =53005208 48003 mm 1)
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Fig. 5. Ray tracing of an optical system with a focal length of
480.03 mm, designed as an early field lens (composed of
two plano-convex lenses).

2 AR89t A7IM 2& 579 tangko] wHo|lBE
50 mmE 22 Uroof 7)ol ARE-HETE o] Fhe 23}
HGoll N MAE F5 Ut

27| Field Lens AAI= 2vl9] HEE W22 AL
7} 480.03 mm7} H =% sto] A= AAE =
2 53 PHFHE7} Fig. 50 Yeof ok

5 S& &&AIe = 24 9 X35

A F7VA] AAAIE 266 nm #|o]A 3 47, beam expander
47}, homogenizer 17}, field lens 3+ AIES Z3}slo] 38}
AE F431aL, ©]5 LightToolsoll HolH {&sle] g1
sk WX =+ Fig. 67 2°] HZHt) Fig. 69 2% &
o = Mask 19] receiver’} H.o]=t] o]= 7|4 U=

388581 520021 26.9091] ‘

Fig. 6. Appearance of the initial optical system configured
by arranging four designed 266-nm laser sources,
four beam expanders, one homogenizer, and one
field lens set.
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Table 4. Design data for the final designed field lens

Surface # Radius Thickness Glass
1 17.1906
2 2 SILICA_SPECIAL
1
FL1 640.5962 13 SILICA_SPECIAL
5 550
FL2 260.2499 13 SILICA_SPECIAL
6 0
Image 337.9242

o Ushels A7 S)zAe] 278 837 s8] 245
A= s}, wepq edze) 2hAe) wass &
APRiEo] AAH ] W) ZHADNE 9% 450.03 mm —
571.46 mm7} H =5 == IEREI AZE scale
updtal =T 55 B3t ab7] el S5 A
T2 F7F HH3sh o] HZskE A= Table 49}
2t} Field lens®] A= 570.8600 mmE F AL
Field PFA|% WA U Z2AME < (mask 1 receiver)7}A]
o] Azl 337.9242 mm7} E ST}

Table 42] 21 == Fig. 4] 5 HA| homogenizere] X
S Boltk. o] BEF o] 11 WHe] FA| 17.1906 mm
£ 9] Field lens®] FFL(front focal lengthyS YERHTE

o|ZA4 Fig. 39] (d)HllA F A homogenizere] H&
ANA Y] ATE 12.6574+17.1906=29.8480 mmE 24 H
o2 A FA e FERE 9T F UA Fot o]
T30l 3t field lensE F3F FAFHE=E LightToolsoll A
TS RAN Fig 73} 7ho] Yehdt)

ZA BEA Y F2E WIS FIAC] 93 LightTools
£ 53 BAFAETT Fig. 89l vEh Stk o] FEHAIE
AR BAHERINA AME-EE7] fIsliA= BEHA St 45
% HRAL H|2] BSHAE wiA]Eke] folding TE2E 48P
a3t I3t wiAE 4= S Aolth

Fig. 7. Ray tracing through the final determined field lens set.

Fig. 8. Ray tracing through the final designed optical system.
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Fig. 9. Beam uniformity evaluation chart of the final
designed optical system for bioburden reduction
using LightTools.

00012
0000999

0000799

10

35 30 26 20 % T xmm

Fig. 10. A 21-chromatic contour evaluation chart of the
finally designed optical system for bioburden
reduction by LightTools.

23 9 D

A F7HA] AAAIE 266 nm #|o]A] B 47}, beam expander
47}, homogenizer 171, field lens 3+ HMEES 35}
bioburden reduction§ F3AE A FASAL, °lE
LightToolsll Y&ate] gt ¥l d% AR 4 2}
E7} Fig. 990, 214 5314 H7} XE7} Fig. 109 e}
AT
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=l E—‘%‘— -4 1 EOIE 20017 SOl
23 = AHoE B uf HAZE Aksi
195 %ol _19_
ST %o 5 0.904 ()

90.4% ©]/3<] uniformityZ ©]F3L -2 Felgh 4= gl
A A LightToolsol| A A& intensity 53] fﬂ o] E}(mesh
data?}al $hHollMe= F3E x=11.628 mm, y=23.023 mmoi| 4]
max=1.4143908e-3, F3E x=24.884 mm, y=24.884 mmoi|A]
max=1.3068242E-3 o] &

Uny’ormlty(]}‘\/[/[ ) 0.923949 3)

Z A= 92.4%2] =213 uniformityS ©]FIL A2
913 & 9o,

k] ool AAIE FsHAl= AR a7z
Q1 ©90% ©]/¢2] beam uniformityE 50 mmx50 mm 3 <ol
AHAIE B E B Tske 3o s ddEn

o) BEAE AHBATE AT BERO] €2.5%E 24
al7] 9slixe therel Alte] Besitt A= 1Y F3t
& 0992 7H8gtHA B3AE o)F = F 2009 ¥ F
&2 0.81797F Hr}. FEHEA a8

Faua = 50% 50 mm®
e x A EEASF =" x1.0=0.769 (4
ENTEN 57x57 mm’ @

Z Ak, (A7 HEEE ASFE 12 F AL
HZ 9 oA D=9} H-FEHA ] UALEEE 2A
The Aolth AR BIfFEHA S yA] "WEr}t fFaHs
9] oUiR] WErT} 7] ufjiFof 4 o] A= 18k A

A "ot

M ol

0.99¢ 2] 207¢2] FFA-E 081799 (4)2)S 34
0.6297} Fo] AFEA7} QeE BES 62.5%= TS}

A See 1T S v
4 B

266-279 nm UV LED ZEAF A7ollA BYA A<l
escherichia coli O157:H7, salmonella spp., listeria monocy~
togenes, staphylococcus aureus % &) T]dh AL 5
7P7) mAE ] BEELE F71A17)9, DNA 48 F 55
o] F8 Eg3} Alo] HiL dFo] HRuHUT P o
of ¥ A7ellM AR-8laLAl 3h= 266 nm v 71E
A HAE Edsldl fast o Hele sigsith=s

—

e A
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+s & Qo
o213t ol whel, AA QA 8FEAS W F
YEN= §F Aite] A8 YEHF3} # 7 (bioburden

reduction) X FAE AASHA HAL, 266 nm ]
A 34 471, beam expander 47, homogenizer 17, field
lens 3+ A EZS AA %35t bioburden reductiond 48+
AE T3t

AA AI}E LightTools S/IWE
50 mmx50 mme] FAFF T 90% ©)Fe] W dUE
Zate BE 7Y F oS 1A T3 o]
B 9] FaEo] 62.5%Y 745 AAERIGNIA 50 mmx
50 mm A} GG Ajo]o] MEE 5 cm/sec -—’,—EF_E o]
SAZIThE 100 mW/em22] olUx] U= o] FAES 714
Al Aot

olfgt FIAl= o2 FHEN= FHH AFHT of
Uz}l 98-8 48 Eeky F4E, P A= B K3 8
AE 871, MR e, vhe| ] | mlo| A2 EFo|Y
7IEYA] T oheFgh QA e AakERle = Sl A
29 F JSs o= e
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SRR MARIOIZ 266 nm 0K 7 HZAF ZSPHI0] AT % D}
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A A, H3E FAF FHoNA flat-top FENS] TS B2 rt FAAHUAL, 214 T HUF AE VFSE oF
90.4% o]’de] ¥ Hd=r} SRIFATE T3 FEES 62.5%F 7T A, H3E A FGA 2F 100 mW/em?
o] AIEE AFste AR ALEUTE AE: £ FT A2 AT A9 7 nAE Fal A AT 9
3 NS 9Agk Uv 24} 338 FPE o2 &8F o o oyl AE P4 AR, mAESHE 8% A5, o
28 227 dlgldlo) o] FH= dasitt

FHlo]: ZHEHNZ, 266 nm Ho|A, AEF3} A7, TdL HFRAL, FsHA] A

[e]
P
T
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