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Abstract

In this paper we analyze the effect of high numerical aperture (NA) on the depletion beam’s intensity distribution in stimulated
emission depletion (STED) microscopy. Based on the Debye vector diffraction integral formula, we analyze the STED depletion
beam which passes through a vortex 0/2rn phase plate and then through a high NA lens in the STED microscopy. The research
shows that the full width half maximum (FWHM) of the depletion beam decreases when the NA increases; however, the FWHM
remains unchanged when the NA varies from 1.15 to 1.30; on the contrary, it increases unexpectedly when NA is 1.35 and 1.4.
These results suggest that the resolution in STED microscopy increases when the NA increases generally, but it is not true that the
larger the NA is, the higher the resolution will preliminarily be.

Keywords: stimulated emission depletion microscopy; resolution; intensity distribution; numerical aperture; full width half

maximum

S HUBETLER STED 43 B MR R H AR HIZM

Wik, BAE, K&, BFKR
AEAC TR, 100124

i B AAF, RO T FEBKELESZHELAHRAE (STED) BHCF AN LR H ¥ H. KA Debye X
ETABRA AR, HMITET STED EAURMGY, MAELLH0/2nd R, FLEHHMEILE (NA) BHEH R
BN, NEEBRNTUER, YRELEH AR, FHELHEEE (FWHM) K28/, EEY NA M 1.15 % 3|
130 Bf, ¥ FEEELE, % NASL35, 14 thet, LEHEHE LM%, SREH: — K%Y NA A,
STED Bty o s REEM, HRTHSHEMM, KELEAKA, STED EMEHN 2 HFERAK.

RETF: THAABARRM; 2HE; KBRLA; HEAE; FEHE

1l

it

F T 32 BURTI BRI BR A, AR 5 IEE R A AR G010 A R L BT 200nm 41 28 py 245 1.
T8 FE B AL M B AL S FERTIN) Stefan Hell 20352 5 W A 32 SR R 1M S AR SR 1 AT SR A PR, AT AU
BURTSS RSN OGP EAE o S PO RGBT ARG AT VS A AR, mlIE BRSOt IRE 2, XS
POCPRMR R FEIRD, e dr Rl B MBI, Bk, #%2K0E.

S8R BRE S SRR BB 5N — SRARRE ' LA SZ ORI ) T 2RI INAT RROE I RO AR, BOREBUR
B B9 EE B BN SCHLBE, BOFE 6 AR Bl 2 7R 11 T Pl 410 ) 32 LB A L P 9O s P, AR AT 2
P SRR SRS A A B R AR BE TR ISR BE R ST esE , Rtk, /£ STED &M,
JR 45 F RSB ) 23 150K L (PSF) RN 1 4 1 56 1) B 3 0L,

1999 4 Stefan Hell /NI HAFE I (112 (L A58 RE D ARAE N S 20 5 Gl B -2 m AN OR e R TR

-1-
http://www.ivypub.org/bf



B AN ) SRS, AT A A3 A RE O IR 8 R Y B SR A S 1) S B IR L I R S B 2 TA) T B — A A 1)
fir, XFMITVEEM A FIMN A EEEE —E iR, 2001 45 SCHE SR A — 8 0 /i AR B EE G R
BEATRICL ], X RO E TR E W AREE S, SE L, METEME. BT, 97 IR T P T 3R
BOLBE, SEPL T R AE U FLAR R AP 0/ 202 e A S0 BORE N 6 e 3 4T AR A g B B0, — B RE O 200
0/2miZ eI G, FIFEIC AR R A oA, f e 40 K v B e 38 4 SR AR T A ' P8, 01 ALAR AE T 1T
B R R S EAE M, [ 1959 4 R BATHIAR S A ST EOE R 4 5d Bl FLR B B R A HEAT B T LK,
VP2 2 0 BB FLAR B R IO FE AN RE 72 2R T ) 2 i 428 fR s el 7o v, 33 B 1 1 20 v i
FLAE X B FE N TR A B A AT IS

TEARSCH, AV T mBUESLAE T, TFEeBEmE S (FWHM) Ko, 7ERMREGHEA, LA
FWHM KR B> 93, KA STED WAEs AR 7 Hk% BH: i1 R A BE BT UK 125 6 R BE R~ T ik
o SRR —HORULY NA KR, STED R mm, (R, HUEfLAK,
STED W48 1 7 3k ok
1 IBRHES

ZWOR SR FE BB IE T 5N — RBFE G LA SZ O G I 7 sl /INE B0 I R OBTAR, BUROGEOK
FE b I 968 T R — AN BLBE,  FRE e AE i 2 28 %) i B o o) S E B L PR e e B, (R RN 2
HC R, ZESCI STED BB 2 HERR, W20 {d eI 215 6 b ¥ STED Je i TR I SR ARk,
A1 S B 7 5 72 RSB AL R A S 8 B S R R N S 6 HEAT A R ) Se B M), A LAR
AR Y B8 2 G RE TR SR 7T LA Richard and Wolf 5 BATH 5 3T HHE M. B 1 KRB IR

- y
T » 00 @,. 2,
e{ eT - ..(OCD,Z;)
()

Lq

TR ns :
fae . ’l

B 1 RFER A0/ 2nig I AR S S E L R 2R E
@IS FIH Richard and Wolf e BEATATERIE J7id:, 754 Q BB LBk rT LAIBIE Debye B4y 35431

P,
Ht, A0,¢) R— N EBUREE SN 3*3 HiFE, [px,py,pzlie5 NG S mdnt B2 B A 56 FE,

A, (9, go) =+cos0.v(8, @), a(B)=+cosb, z,=0,
1+(Cosd—1)Cos’p (Cosd—1)CospSing -SindCosep

(Cos0—1)CosgSing 1+ (Cosd—1)Sin’p  —SindCosep
Sin6Coso Sin6Cosg Coso

Pa 1
py| = |0
P 0
. o 1+ (cos&—1)cos? ¢
E(fy, 90, 20) = ic|[ sin @/cos 9e'7e s 50 0e-) | (cos 9 —1) cos gsing |dad g (2-2)
Q sindcos ¢

— Py | . . .
E(r0,¢0, ZO) — ICJ’J'SIn 9&(9,¢)A2(9, ¢)[ p;:|elkn(20 COSHJrf'0 sin 9005((07%))6@(1 Hd(D (2_1)

V(0.9)=

PN iy 2 JUR LS A o BHGE] (2-2) 2o

-2-
http://www.ivypub.org/bf



— LR AR SR 1S ) x,y 77 18] bR 7 B E, ME,, .

E, —ﬂcjo sm@«\/cosecosed@[ J5(t)cos3p - EJl(t)COS(0+2J3(I)SIn3(0—EJ1(t)SIn(0]

(2-3)
+7ch0 sin 9+/cos 9d O[— —Jl(t)COS(p+—Jl(t)SIn(p——J3(t)Sln3(p—£J3(t)COS3(p]
E, = ﬁcj:sin 9«/0056’(0059—1)d6’[%J3(t)sin 3¢—%J1(t)sin¢+%.]3(t) cos3¢+é\]l(t)003(p] (2-4)

Ht=k*r*n*sin0,k =27 /2,0 fLIEME, ¢ NHAIERFF . J,(0) £ —FKn P ZE/Rk%L, ZER
BRECE R R R, R Rt

2 HERS0H

(a) Intensity

(c) Intensity

1 1
QOAB E-O.S
2 2
206 206
iel Eel
1) 7
=04 =04
£ £
202 202

s 0 05 095 0 05 1

Radial length Radial length

(e) Intensity
1 -

208

1)

3

€06

T

8

= 0.4

E

202

& 05 0 05 1
Radial length
Intensity (i) Intensity
(g) ; (h) ;
208 208
2 2
£06 £06
° T
o o
=04 S04
E E
202 202
0 05 0 05 1 o 05 0 05 1
Radial length Radial length

(@)

=1 0 1

& 2. (), (c), (e), (g), and ()2 NA=0.8, 1.0, 1.1, 1.2, 14F}, IRFENBRELHMMESEIHE.
(b), (d), (), (h), and )2 NA=0.8, 1.0, 1.1, 1.2, 140, FENRBELEMNIT—LNEBESHE.

N T 0T R B LR FEE AR B 7 AT B2, Fl Matlab Xof b ad 57 (10 O B T S o A A g
IR, THER, ATy 1518, 7E NA=0.7-1.4 Z 0], “EMIFRIER 15 MUEFLE, 1SR

-3-
http://www.ivypub.org/bf



Frema A, NAKO0.8, 1.0, 1.1, 1.2, 1AWRFERE LA, WK 2 Fin.
NT RN BRI FE N R AP e 2 B R, 1HE T iR 15 N EEUEFLAGT B2 &
W, GERIME LR, BUEFLERNE 5 AR L ZE, W 3 Fiar.

T I1AEHEARTHESEE
NA 070 075 080 085 090 095 1.00 105 110 115 120 125 130 1.35 1.40
FWHM 035 033 031 030 029 028 027 026 025 025 025 025 025 026 027

FWHM
0.4

0.35

0.3
0.25
0.2

0.15

T
0.5 1 NA 1.5
3. STED #iFfEXHIE =T EHE NA BT (L fhik

— RV, MEUESLAEIEINN, e BB PR m N, MWK 3 STED #AE G2 = 58 FERE NA 1
AT LA, EEUEFLARE 0.7-1.1 B, FFEs A RBE 12 w98 A BUE AR I3 KA 4, STED
FI o HER N, “EEFLAMN 115 WinF 1.30 B, P RNMEREAZS, HEBERZ, LHEALR
NA=1.35, 140}, &% A m b3 r s
3 #ig

M2, W BER AR EOE R A S s E AR E SRS, BUEALAER /NS FE L R A
BERE50 5040 o AN A O BUE FLAR S 00 R s B A Y B o o0 A AN 2 v 5 BE = AR AN [ e, B BUE FLAR Y
WK, K EREAN, REBETHEM. —BoRIE2 NA 8 KF, STED S aHER 2= Emn, EHEAN
Re Ak i id, BUEFLAHRK, STED SimAsir o ik .

REFERENCES

[1] S. W. Hell, J. Wichmann. Breaking the diffraction resolution limit by stimulated emission: stimulated-emission-depletion
fluorescence microscopy[J]. Opt.Lett., 1994, 19(11): 780-782.

[2] Huang Bo, Babcock Hazen, Zhuang Xiaowei. Breaking the diffraction barrier: super-resolution imaging of cells[J].Cell, 2010,
143(7): 1047-1058.

[3] Hao Xiang, Kuang Cuifang, Wang Tingting. Effects of polarization on the de-excitation dark focal spot in STED microscopy[J].
Journal Of Optics, 2010, 12(11).

[4] 1. Testa, N. T. Urban, S. Jakobs, et al. Nanoscopy of Living Brain Slices with Low Light Levels[J]. Neuron, 2012, 75(6): 992-1000.

[5] S.W. Hell, Breaking Abbe’s barrier: diffraction-unlimited resolution in far-field microscopy[J]. Cytometry Part A, 2007, 71A(9):
742-742.

[6] G. Moneron, S. W. Hell. Two-photon excitation STED microscopy[J]. Opt.Express, 2009, 17(17): 14567-14573.

-4 -
http://www.ivypub.org/bf



(7]
(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Klar T A, Hell S W. Subdiffraction resolution in far-field fluorescence microscopy[J]. Opt Lett, 1999, 24(14) : 954-956.

T. A. Klar, E. Engel, S. W. Hell. Breaking Abbe’s diffraction resolution limit in fluorescence microscopy with stimulated emission
depletion beams of various shapes [J]. Physical Review E, 2001, 64(6): 066613.

V. Westphal, C. M. Blanca, M. Dyba, et al,Laser-diode-stimulated emission depletion microscopy[J]. Applied Physics Letters,
2003, 82(18): 3125-3127.

V. Westphal, L. Kastrup, S. W. Hell. Lateral resolution of 28 nm (A/25) in far-field fluorescence microscopy[J]. Appl. Phys, 2003,
77(4): 377-380.

D. Wildanger, J. Buckers, VV.Westphal, et al, A STED microscope aligned by design[J]. Optics Express, 2009, 17(18): 16100-
16110.

G.M. Lerman, U. Levy. Tight focusing of spatially variant vector optical fields with elliptical symmetry of linear polarization[J].
Opt. Lett., 2007, 32(15): 2194-2196.

J. W. M. Chon, X. Gan, M. Gu. Splitting of the focal spot of a high numerical-aperture objective in free space[J]. Appl.Phys.Lett.,
2002, 81(9): 1576-1578.

Chen Baosuan, Pu Jixiong. Focusing of elliptically polarized vortex beams through a high numerical-aperture objective[J].Chinese
Physics B, 2010, (7): 249-254.

Hao Xiang, Kuang Cuifang, Wang Tingting, et al. Phase encoding for sharper focus of the azimuthally polarized beam [J]. Opt.
Lett., 2010, 35( 23): 3928-3930.

Kuang Cuifang, Hao Xiang, Liu Xu, et al. Formation of sub-half-wavelength focal spot with ultra long depth of focus [J]. Optics
Communications, 2011, 284(7): 1766-1769.

Xue Yi, Kuang Cuifang, Li Shuai., et al. Sharper fluorescent super-resolution spot generated by azimuthally polarized beam in
STED microscopy [J]. Optics Express, 2012, 20(16) : 17653-17666.

[EERIAN]

VakaEL (1990-) , Az, W, WREFFCAE,  YakAR (19900 , B, W, @i-EWF7TAL, PCR OGHIAR,
R H B M, 2013-£4, db 2014-24, Jbi oK%,

Tk K2, Email: zhangsen@emails.bjut.edu.cn

Email: zhanghong16@emails.bjut.edu.cn SEER (1991-) 5 dr, W, BiEWRSEAE, PCR JGHU,
gk (1965-) , 5, W, WRAES 2015-F4, dbm Tk,

i, BIRFFER, AVEFETHEMUEE,  Email: gaoxinwei@emails.bjut.edu.cn

Email: jhfeng@ bjut.edu.cn

-5-
http://www.ivypub.org/bf



	Analysis of Effect of High Numerical Aperture on the Resolution in STED Microscopy
	1 理论推导
	2 结果与分析
	3 结论

