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canning total internal reflection fluorescence
icroscopy under one-photon and two-photon

xcitation: image formation

ames W. M. Chon and Min Gu

We propose a new type of total internal reflection fluorescence microscopy �TIRFM� called scanning
TIRFM �STIRFM� that uses a focused ring-beam illumination and a high-numerical-aperture objective
�NA � 1.65�. The evanescent field produced by the STIRFM is focused laterally, producing a small
excitation volume that can induce a nonlinear effect such as two-photon absorption. Experimental
images of CdSe quantum dot nanocrystals and Rhodamine 6G–doped microbeads show that good lateral
and axial resolutions are achieved with the current setup. The theoretical simulation of the focal spot
produced in STIRFM geometry shows that the focused evanescent field is split into two peaks because of
the depolarization effect of a high numerical-aperture objective lens. However, the point-spread func-
tion analysis of both one-photon and two-photon excitation cases shows that the detection of the focus-
splitting effect is dependent on the detection pinhole size. The effect of pinhole size on image formation
is theoretically investigated and confirmed experimentally with the nanocrystal images. © 2004 Optical
Society of America

OCIS codes: 110.0180, 180.2520, 180.5810, 190.4180.
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. Introduction

n the field of fluorescence microscopy, total internal
eflection fluorescence microscopy �TIRFM� and spec-
roscopy have been major techniques in many appli-
ations, such as fluorescence kinetic studies of
uorophores at solid–liquid interfaces,1,2 fluorescence

ifetime imaging of living cells,3,4 and single molecu-
ar detections.5–12 The ability to strongly reduce
ackground fluorescence from aqueous solutions has
een their major contribution. Such suppression of
ackground fluorescence is achieved by a totally in-
ernally reflected laser beam at the interface between
he cover glass surface and the aqueous solution, pro-
ucing a nonpropagating evanescent field just beyond
he interface, with a penetration depth of less than
00 nm. In this way only the fluorescent molecules
ear the interface are excited, creating an extremely
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hin optical section that leads to images of high con-
rast.

At present, there are two types of TIRFM, the
rism type1–6,8–12 and the objective type.5–7 In a
rism-type TIRFM, an evanescent field is generated
t the interface between the prism and a sample by
irection of a laser beam at an angle larger than the
ritical angle, and the fluorescence is collected by an
bjective. In an objective-type TIRFM, a high-
umerical-aperture �NA� objective of �1.3–1.4 is
sed to both excite an evanescent field and to collect
he fluorescence, thereby eliminating the placement
f a prism. The inherent disadvantage of the
bjective-type TIRFM is that only a small portion of
he objective is utilized in generating an evanescent
eld; consequently, positioning and focusing the laser
eam onto the objective is difficult and tedious.
In this paper we propose a new type of TIRFM

alled scanning TIRFM �henceforth abbreviated
TIRFM�, using a high-NA objective of 1.65 illumi-
ated by a ring beam. In STIRFM the generation of
n evanescent field is achieved by focusing the ring-
eam illumination at the interface. The ring-beam
llumination is produced by blocking a central portion
f a circular beam with an obstruction disk, whose
aximum convergence angle is equal to or larger

han the critical angle �see Fig. 1�. Subsequently, all
10 February 2004 � Vol. 43, No. 5 � APPLIED OPTICS 1063
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f the ring-beam illumination is totally internally re-
ected to produce an evanescent field at the interface.
lthough ring-beam illumination with a high-NA ob-

ective lens has been previously used in studying the
rientation of single molecules,13–15 the obstruction
isk used in these studies opens the propagating com-
onents, and therefore the geometry is not that of a
IRFM in a strict sense.
The geometry of STIRFM has several advantages

ver other types of TIRFM. First, with a high-NA
bjective, the portion of the objective that can be uti-
ized to produce an evanescent field is significantly
ncreased. Second, penetration depth control of the
vanescent field is made possible by adjustment of
he obstruction disk diameter. Third, because the
ing beam is focused at the interface, the resulting
vanescent field is localized in a very small volume.
his small volume can induce fluorescence in a small

ig. 1. Concept of STIRFM. The focused evanescent field is pro-
uced by focusing the ring-beam illumination at the interface be-
ween a coverslip glass and a sample medium by a high-NA �1.65�
bjective. The ring beam is produced by centrally obstructing the
eam with a circular disk.
0 1 2
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rea without exciting the neighboring molecules,
hich consequently enhances the signal-to-
ackground ratio and increases the resolution. Fur-
hermore, with a highly focused beam, it would also be
ossible to induce a nonlinear effect such as two-
hoton absorption at the focus.
The aim of this paper is to characterize the single-
064 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
nd two-photon imaging performance of STIRFM and
o compare it with the point-spread function �PSF�
nalysis. In Section 2 we present the theoretical
imulation of the evanescent focal shape produced by
he geometry of STIRFM, and in Section 3 we discuss
he single- and two-photon image formation in
TIRFM. In Section 4 the experimental setup and
he experimental results of STIRFM are presented to
erify the imaging capabilities of the current setup.
n particular, we present the images of CdSe quan-
um dots and Rhodamine 6G–doped microbeads to
haracterize the imaging resolution, the focal shape,
nd the evanescent field depth of STIRFM. Finally,
e present our conclusions in Section 5.

. Theoretical Simulation of Focus Produced
y STIRFM

n STIRFM, shown in Fig. 1, focusing with a
igh-NA objective induces the depolarization of the

nput beam. To account for the depolarization ef-
ect in simulations of the focus produced by
TIRFM, the vectorial Debye theory is em-
loyed.16,17 When a linearly polarized coherent
onochromatic plane light wave is focused through

n index-mismatched interface by a high-NA objec-
ive, the electric field in the focal region of the ob-
ective16,17 can be expressed as

E�r2, �, z2� �
�i
�

�	I0 � cos�2��I2
i � sin�2��I2j

� 2i cos �I1k�, (1)

here i, j, and k are the unit vectors in the x, y, and
directions, respectively. The incident polarization

s assumed in the x direction. It is clear that E is
epolarized and has three components Ex, Ey, and Ez.
ariables r2, �, and z2 are the cylindrical coordinates
f an observation point. Here the definition of three
ariables I , I , and I is given by
here J0�x�, J1�x�, and J2�x� are the zero-, first-,
nd second-order Bessel functions of the first kind,
espectively; � and  are the convergence angles of
he waves corresponding to the outer and inner
adii of a ring beam, respectively; and ts and tp are
he Fresnel amplitude transmission coefficients for
ifferent polarization states. The aberration cor-
I0 � �


�

�cos �1�
1�2 sin �1�ts � tp cos �2�exp	�ik0���1�
J0�k1 r2 sin �1�exp��ik2 z2 cos �2�d�1, (2)

I1 � �


�

�cos �1�
1�2 sin �1�tp sin �2�exp	�ik0���1�
J1�k1 r2 sin �1�exp��ik2 z2 cos �2�d�1, (3)

I2 � �


�

�cos �1�
1�2 sin �1�ts � tp cos �2�exp	�ik0���1�
J2�k1 r2 sin �1�exp��ik2 z2 cos �2�d�1, (4)
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ection function ���1� is given by

���1� � �d�n1 cos �1 � n2 cos �2�, (5)

here d is the distance between the interface and the
ocal point of the objective. The intensity is propor-
ional to the modulus squared of Eq. �1�.

Figure 2 gives the contour plots ��x � kx sin � and
y � ky sin �� of the normalized intensity �E�2 and its
omponents �Ex�2, �Ey�2, and �Ez�

2 in the x, y, and z
irections near the focal region at the coverslip glass
n � 1.78� and air interface �d � 0�, when an objective
f NA � 1.65 is illuminated by a ring beam 	ε, ob-
truction radius normalized by the radius of the ob-
ective aperture; εc, obstruction radius corresponding
o the critical angle; εouter � 1 �i.e., � � 68°� and εinner

εc �i.e.,  � 35°�
. Because the inner radius of the
ing beam is calculated to be equal to the critical
adius �εc�, the produced focus is evanescent in na-
ure. As expected, because of the factors cos�2��,
in�2��, and cos��� in Eq. �1� and because of the rel-
tive strength of the Bessel functions, J0�x�, J1�x�,
nd J2�x�, the patterns of �Ex�2, �Ey�2, and �Ez�

2 exhibit
ne, four, and two lobes, respectively. The splitting
f the focus in the direction of polarization �x direc-
ion� is visibly clear in the �E�2 distribution 	see Fig.
�d�
, and it is induced by the contribution from �Ez�

2.
imilar to the free-space splitting, the relative
trength or the weighting of the �Ez�

2 to the �Ex�2
omponent governs the overall shape of the focus.18

To quantify the relative strength of the �Ez�
2 and

Ex�2 components with respect to the inner radius ε of
ring beam, the peak intensity ratio of �Ez�

2��Ex�2 as
function of the obstruction radius ε is presented in
ig. 3�a�, where the NA � 1.65. Three cases of the

ndex-mismatch geometry are assumed: immersion

ig. 2. Contour plots of intensity near the evanescent focus of an
bjective �NA � 1.65� illuminated by a ring beam �ε � 0.6�: �a�
Ex�2, �b� �Ey�2, �c� �Ez�2, �d� �E�2. Peak intensities of �E�2 have been
ormalized to 100, and the incident polarization is parallel to the
axis. The NA is assumed to be 1.65.
il �n � 1.78� to glass �n � 1.52�, oil to water �n �
.33�, and oil to air. It is seen that �Ez�

2��Ex�2 ratios
ncrease as the obstruction radius becomes large,
eak at the critical radius εc, and then start to de-
rease. This indicates that the depolarization in the

ig. 3. Plots of �a� the peak intensity ratio of �Ez�2��Ex�2, �b� the
eak separation ��x, and �c� the normalized dip depth � with
espect to the normalized obstruction radius ε. The NA of the
bjective is 1.65. Plots �a�, �b�, and �c� correspond to the interfaces
etween immersion oil �n � 1.78� and air, between immersion oil
nd water, and between immersion oil and glass �n � 1.52�, re-
pectively.
10 February 2004 � Vol. 43, No. 5 � APPLIED OPTICS 1065
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direction is greatest when the convergence angle is
ear the critical angle. The decrease in the �Ez�

2�
Ex�2 ratio after the critical angle is due to the fact
hat, for p-polarization case, the �Ez�

2 component of
n evanescent field decreases faster than the �Ex�2
omponent as the incident angle further increases
rom the critical angle.6 For an s-polarized evanes-
ent field, the �Ez�

2 component is obviously absent.
herefore, in our geometry the integration over the
zimuthal angle includes both cases of p- and
-polarization, resulting in a stronger �Ex�2 compo-
ent.
The characteristic shape of the two-peak focus

an be described by the peak-to-peak separation
istance expressed by the optical coordinate �� and
he normalized dip depth � �defined as the ratio of
he dip depth between the two peaks to the peak
ntensity�. The separation �� and the normalized
ip depth � versus the normalized obstruction ra-
ius ε are presented in Figs. 3�b� and 3�c�, respec-
ively. Similarly, the peak-to-peak separation and
ip depth are increased until the obstruction radius
eaches the critical radius, and then they are de-
reased.
In the two-peak separation plot 	Fig. 3�b�
 we note

hat focus splitting starts at a certain threshold
alue of the obstruction radius and that this thresh-
ld obstruction radius is different for each interface.
nterestingly, for the interface between the special
overslip glass and the water, there is a focus-
plitting effect present even when there is no ob-
truction 	dashed line in Fig. 3�b�
. However, the
orresponding dip depth is less than 0.1%, indicat-
ng that the focus-splitting effect is barely detect-
ble in this case. The threshold value of the
bstruction radius for the focus-splitting effect is
etermined by the complicated coupling between
he �Ez�

2 and the �Ex�2 focal shapes; however, their
orresponding dip-depth ratios generally are negli-
ibly small.
Comparing the three different cases of the index-
ismatched interface, one can observe that focus

plitting is most pronounced in the case of the special
overslip glass �n � 1.78�–glass �n � 1.52� interface,
here the dip-depth ratio � reaches 0.4. In contrast,

he interface between the special coverslip glass and
he air shows the weakest focus-splitting effect.
rom these observations, it can be concluded that the

ocus-splitting effect is stronger for the interface be-
ween the two materials with a smaller index differ-
nce, provided the obstruction radius is chosen
orrectly. To see how the change in the NA of an
bjective affects focus splitting, similar calculations
the peak intensity ratio of �Ez�

2��Ex�2, the two-peak
eparation ��, and the dip-depth ratio � versus the
ormalized obstruction radius ε� were conducted for
wo other NA values that are available commercially
NA � 1.2 for a water-immersion objective and NA �
.4 for an oil-immersion objective� and are presented
n Fig. 4. Air is assumed to be the second material
hroughout the calculations. The corresponding re-
ractive indices of the immersion media are n � 1.33
066 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
water� and n � 1.52 �oil� for objectives of NA � 1.2
nd NA � 1.4. For the case of NA � 1.2, we did not
onsider the effect of the interface between water and
coverslip because water-immersion objectives are

orrected for coverslip aberration. The detailed cal-
ulation on focal shape after a beam passes through
ultiple interfaces can be found elsewhere.17 It is

lear from the Fig. 4 that the strongest focus-splitting

ig. 4. Plots of �a� the peak intensity ratio of �Ez�2��Ex�2, �b� the
eak separation ��x, and �c� the normalized dip depth � with
espect to the normalized obstruction radius ε. The normalized
ransmitted beam intensity through the index-mismatched inter-
ace is shown with respect to the obstruction radius.
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ffect is observed for the NA-1.2 objective, where the
ifference between the indices of the two materials
water to air� is the smallest, thus confirming our
revious conclusion.

. Effect of a Detection Pinhole on Image Formation
f STIRFM

n Section 2 the detailed theoretical studies predict
hat the evanescent focus of STIRFM is split into two
eaks. However, whether such focus splitting can
e directly observed in fluorescence images depends
n the detection system and the placement of the
inhole. For one-photon excitation, it is necessary
o put a finite-sized pinhole in front of the detection
ystem to reduce the background scattered signal.
onsequently, the detection path is confocal in na-

ure, and the effective PSF �denoted by H1p�19 in this
ase is given by

H1p � hillhdet � D���, (6)

here hill is the PSF for illumination and hdet is the
SF for detection. The expression for hill takes the
ame form as the expression for �E�2, which is given by

hill � �E�2 � �I0�2 � 4�I1�2 cos2 �

� �I2�2 � 2 cos 2�Re�I0 I2*� (7)

or linearly polarized illumination light �� � 532 nm�.
he expression for hdet is given by

hdet � �I0�2 � 2�I1�2 � �I2�2 (8)

or randomly polarized fluorescence light �� � 600
m�. D��� is the detector �pinhole� function

D��� � �1 � � �d

0 otherwise , (9)

nd R is the two-dimensional convolution operation
n a vertical plane. Here �d is the normalized radius
f the detector �pinhole� and is given by

�d �
2�

�f
rd sin �d, (10)

here sin �d is the NA of the collector lens in the
etection space, �f is the fluorescence emission wave-
ength, and rd is the radius of the detector.19 Gen-
rally, if the value of �d is close to zero �a point
etector�, the detector function D��� can be taken as
he Dirac delta function, and therefore the effective
SF H1p is

H1p � hillhdet. (11)

imilarly, if the detector function is infinitely large,
he PSF takes the form

H1p � hill, (12)

wing to the convolution relation.19

The contour plot of the PSF H1p for STIRFM with
n infinitely large detector �no pinhole� takes the
ame form as that shown in Fig. 2�d�, whereas the
TIRFM with a point detector �pinhole� is shown in
ig. 5. One notices that the focus-splitting effect
hat was previously present in the contour plot of hill
see Fig. 2�d�
 has disappeared. This PSF analysis of
TIRFM shows us that the detection of the split focus

n a one-photon fluorescence image depends on the
ize of the pinhole in front of the detector.
To see the effect of a finite-sized pinhole on the

hape of the PSF H1p of STIRFM and to identify the
hreshold value of �d for disappearance of the split
ocus, we calculated the convolution relation in Eq.
6� explicitly. The result is shown in Fig. 6, where
he dip-depth ratio � of the split focus is plotted
gainst �d size. One can see that for �d � 4, the

ig. 5. Contour plot of the effective PSF of the STIRFM 	Eq. �10�
,
ith a point detector �pinhole� under one-photon excitation. The

ncident polarization is from parallel to the x axis. The NA is
ssumed to be 1.65. The excitation wavelength is 532 nm, and the
uorescence wavelength is 600 nm.

ig. 6. Plots of the normalized dip depth � with respect to the
ormalized detector pinhole radius �d. The actual pinhole sizes
sed in our experiments are indicated by the two arrows.
10 February 2004 � Vol. 43, No. 5 � APPLIED OPTICS 1067
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ip-depth ratio � of the split focus is less than 0.008,
aking the split focus barely detectable. For �d �

4, the dip-depth ratio � reaches �0.1, which is close
o the value for the infinitely large detector case 	Fig.
�d�
. Thus �d � 4 can be approximated to be a point
etector, whereas �d � 14 can be approximated to be
n infinitely large detector. This prediction is vali-
ated in Section 4.
For the two-photon excitation case, the pinhole is

emoved because optical sectioning is intrinsic to two-
hoton excitation. As a result, the two-photon PSF
s

H2p � hill
2. (13)

or linearly polarized illumination light �� � 800
m�, the contour plot of the two-photon PSF H2p is
hown in Fig. 7. One observes that the focus-
plitting effect is more discernible because the inten-
ity is squared.
In general, image formation in STIRFM is given by

he convolution of the fluorescence intensity of a sam-
le with the PSF of the system. As we shall see in
ection 4, CdSe quantum dot nanocrystals can be
reated as point emitters because their diameter ��6
m� is much smaller than the Airy function of the

ocus �0.5 �m in full width at half-maximum�.
herefore the image of quantum dots can be used as

he approximate effective PSF for STIRFM and be
sed to characterize the focal spot.

. Experimental Characterization of STIRFM

he experimental configuration of STIRFM is shown
n Fig. 8. We used a 532-nm diode-pumped cw laser
Spectra-Physics Millenia II� as a one-photon excita-
ion light source, and a Ti:sapphire ultrashort-pulsed

ig. 7. Contour plot of the effective PSF of the STIRFM under
wo-photon excitation. The incident polarization is parallel to the

axis. The NA is assumed to be 1.65. The excitation wave-
ength is 800 nm.
068 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
aser �Spectra-Physics Tsunami�, operating at a
avelength of 800 nm, as a two-photon light source.
he laser beam was expanded and focused at the
lass–air interface by an objective �NA � 1.65; Olym-
us�. A central obstruction disk �diameter � 4.3
m, εc � 0.62� was inserted just before the reflection

t the dichroic beamsplitter, producing a ring-beam
llumination. An evanescent field was produced at
he focus by obstruction of all the beams with a con-
ergence angle smaller than the critical angle of in-
idence. Fluorescence produced from the focus was
hen collected by the same objective and refocused at
photomultiplier tube �Oriel PMT Model 70680� to

etect its intensity. For one-photon imaging, a 20
m diameter ��d � 3� and a 200 �m diameter ��d �
0� pinholes were placed in front of the PMT to test
he image formation predictions from section III.
or two-photon imaging, a 200 �m diameter pinhole

�d � 30� was used mainly to reduce the background
cattered light. For collecting the fluorescence in-
ensity, the sample was scanned in the x and y direc-
ions by a scanning stage �Physik Instrumente Model
-517.3CL� to build up a two-dimensional fluores-
ence image. A special coverslip glass and immer-
ion oil for the NA-1.65 objective had a refractive
ndex of 1.78. The high refractive index of the im-

ersion oil and the coverslip glass increases the por-
ion of the objective exit pupil in producing an
vanescent field. For comparison, Table 1 shows the
otal internal reflection angles and the maximum
onvergence angles of three different high-NA objec-
ives, as well as the ratio of the critical obstruction
adius to the exit pupil radius �εc� for the total inter-
al reflection. It is clear from the table that the

ig. 8. Experimental setup. Ring-beam illumination is pro-
uced by centrally obstructing the circular beam with an opaque
isk just before the dichroic beam splitter. QWP, quarter-wave
late; GTP, Glan–Thompson polarizer; OD, obstruction disk; SS,
canning stage; DB, dichroic beam splitter; NC, nanocrystal sam-
le; OL, objective lens �NA � 1.65�; PH, pinhole; PC, personal
omputer.



c
1
j
p
p
e
s
w
t
e
i
p
t

c
fl
c
c
t
i
s
s
t
t
a
fl
r
l

c
d
c
o
�
d
R
w
a
c
p
m
i
t
i
A
t
t

F
a

F
�
t
t
�

rad
ritical angle for the total internal reflection for NA �
.65 is significantly lower than that of the other ob-
ectives, increasing the portion of the objective exit
upil for producing an evanescent field. This large
ortion provides more freedom in manipulating the
vanescent field properties such as field depth and
trength. It should be noted that a similar geometry
as proposed for scattering surface plasmon polari-

ons for a thin metal film coated at the interface to
xcite the surface plasmons.20 However, the heat-
ng of the metal film associated with this geometry
oses a significant problem for biological applica-
ions.

To characterize the focal spot shape and evanes-
ent field depth control of the STIRFM, two different
uorescent samples were utilized. For the focal spot
haracterization, CdSe quantum dot nanocrystals
apped with trioctylphosphine oxide and trioc-
ylphosphine were used. The quantum dots are
deal for characterizing the focal spot because of their
mall size and their negligible excitation polarization
election, which makes them the isotropic absorber of
he field. The method of the nanocrystal prepara-
ion has been published elsewhere.21 The mean di-
meter of the nanocrystals was �6 nm, and the peak
uorescence wavelength was at 600 nm. The nanoc-
ystals were diluted in chloroform, and a small drop-
et of the solution was dried onto a cleaned special

ig. 9. Cross-section view of the microbeads excited with an ev-
nescent field. ε is the obstruction radius.

Table 1. Comparison of the Cutoff Angle fo

Objective Type NA

Refractive
Index of

Immersion
Medium

Maximum
Angle o

Convergen
�deg�

Water immersion 1.2 1.52 64
Oil immersion 1.4 1.52 67
Special oil immersion 1.65 1.78 68

aεc refers to the critical obstruction radius ratio �ε � obstruction
overslip glass. The average density of the quantum
ots on the coverslip was calculated from the solution
oncentration, the droplet volume, and the dried area
n the coverslip and was found to be 1 quantum dot�
m2. For the measurements of the evanescent field
epth with respect to the obstruction disk radius,
hodamine 6G–doped microbeads of 6-�m diameter
ere used. Because the evanescent field only prop-
gates �200 nm into the second medium, the mi-
robeads could not be imaged at their equatorial
lane, and only the caps of the beads that were im-
ersed in an evanescent field were imaged. As we

ncreased the obstruction disk diameter, the diame-
er of the bead caps in the image was decreased,
ndicating a decrease in the evanescent field depth.

schematic depiction of beads being excited only at
heir caps is shown in Fig. 9. Using simple geome-
ry, the following approximate relation between the

ig. 10. Images of Rhodamine 6G microbead images �20 �m � 20
m, excitation at 532 nm�: �a� confocal image around the equa-

orial plane of the beads, �b� confocal image at the interface be-
ween coverslip glass and air, �c� STIRFM image with ε � 0.65
ε � 0.6�, �d� STIRFM image with ε � 0.79.

al Internal Reflection in Various Objectivesa

Cutoff Angle
for TIR in

Water �deg�
εc in

Water

Cutoff Angle
for TIR in
Air �deg� εc in Air

61 0.97 41 0.73
61 0.92 41 0.71
48 0.80 34 0.60

ius�exit pupil radius�.
r Tot

f
ce
c
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iameter a of the cap image and the evanescent field
epth d may be derived

d � r � 	r2 � �a�2�2
1�2, (14)

here r is the radius of the bead. Here the diameter
of the cap image is defined by the full width at

alf-maximum of the bead image. With Eq. �14� the
elative evanescent field depths were measured with
espect to the obstruction disk size.

Figure 10 shows the one-photon fluorescence im-
ges of Rhodamine 6G microbeads in confocal micros-
opy and STIRFM. Figs. 10�a� and 10�b� are
onfocal images of the microbeads around the equa-
orial plane and at the interface, respectively. The
mage at the interface 	see Fig. 10�b�
 shows that

any of the beads are still clearly visible because of
he propagating light �� � �c�. In comparison, the
TIRFM images with two values of obstruction 	Figs.
0�c� and 10�d�
 clearly show that only the bead caps
re visible, demonstrating the capability of the back-
round fluorescence suppression of STIRFM. From
he images we can calculate the evanescent field
epths according to Eq. �14� and as a function of the
bstruction radius �Fig. 11�. As predicted, the eva-
escent field depth decreases with increasing ob-
truction radius. The theoretical simulation results
f the evanescent field depth with Eq. �1� are also
lotted in the same figure. A comparison between
he theoretical predictions and the experimental re-
ults show good agreement, indicating that the eva-
escent field depth can be controlled with STIRFM.
The images of CdSe quantum dots in one-photon

nd two-photon STIRFM modes are shown in Fig. 12.
ecause of the small size of the evanescent focus,

here may be more than one quantum dot present
nd, for that reason, the emission dark axis of a single
uantum dot22 was not considered in the image for-
ation. For one-photon excitation, images are

aken with two pinhole sizes �20 and 200 �m�. One
otices that the focus-splitting effect is absent for the

mage with a small pinhole detector 	see Fig. 12�a�
,
hereas it is clearly present for a large-pinhole de-

ig. 11. Evanescent field depth as a function of the central ob-
truction size.
070 APPLIED OPTICS � Vol. 43, No. 5 � 10 February 2004
ector 	see Fig. 12�b�
. The theoretical PSFs for each
ase are also shown. The small-pinhole image was
pproximated with the point detector function,
hereas the large-pinhole image was approximated
ith the infinitely large detector function. Each

ase shows good agreement with the experimental
ocal shapes. Optical resolution of the system was
aken from the full width at half-maximum of the
ocal profile in the direction perpendicular to the po-
arization direction. The measured value in the
mall-pinhole case is �150 nm, whereas the theoret-
cal value is 140 nm. This demonstrates a good
ransverse resolution of the system. The two-
hoton image of CdSe quantum dots is also shown in
ig. 12. It is clear that the focus splitting is larger
nd more distinctive here than in the one-photon
ase, and it shows good agreement with the theoret-
cal simulation. This demonstrates that the highly
ocused evanescent field of STIRFM and its image
ormation under one-photon and two-photon excita-
ion can be accurately predicted.

. Conclusions

n this paper a new type of total internal reflection
uorescence microscopy called STIRFM, which uti-

izes ring-beam illumination and a high-NA objective,
as been proposed. The focused evanescent field in
TIRFM can confine the excitation in a small volume,
hus effectively shunning the background noise from
oth lateral and axial directions. The experimental
mages of CdSe quantum dot nanocrystals and dye-
oped microbeads have been presented and show
hat the lateral resolution and the depth of the fo-

ig. 12. �a�–�c� Experimental images �1 �m � 1 �m� of CdSe
uantum dot nanocrystals in STIRFM. �d�–�f � Theoretical simu-
ations of the focal spot image in STIRFM. �a� One-photon fluo-
escence image with 20-�m pinhole detection. �b� One-photon
mage with 200-�m pinhole detection, with excitation at 532 nm
nd power of 0.2 kW�cm2. �c� Two-photon fluorescence image
ith 200-�m pinhole detection, with excitation at 800 nm and
ower of 0.2 MW�cm2. �d� Theoretical one-photon fluorescence
mage with a point detector. �e� Theoretical one-photon fluores-
ence image with an infinitely large area detector. �f � Theoretical
wo-photon fluorescence image with an infinitely large area detec-
or. Conditions are assumed to be identical to the experimental
ases. The arrow indicates the direction of the incident polariza-
ion.
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used evanescent field of STIRFM can be well char-
cterized and controlled. A rigorous theoretical
nvestigation of the electric field structure near the
ocus in STIRFM has shown focus splitting due to
epolarization. An appropriate PSF analysis of the
ystem has been provided for the interpretation of the
uantum dot images and the focus-splitting effect.
o increase the transverse resolution and to remove

he elongation of the focal spot in STIRFM, one can
se the apodization method for a lens of the future.23

It is expected that STIRFM will play an important
ole in the area of single molecular detection; near-
nterface fluorescence kinetic studies; fluorescence
ifetime imaging; and near-field applications, such as
ear-field trapping, near-field fabrication, and two-
hoton near-field microscopy.
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