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Gold nanorods have been identified to be useful contrast agents as they exhibit pronounced

two-photon photoluminescence under laser illumination of appropriate intensity and polarization

configurations. In this paper, the two-photon photoluminescence imaging of three-dimensionally

randomly oriented gold nanorods under linear and radial polarization illumination is investigated

through a concentric energy analysis based on the Debye diffraction theory. Consequently, the

effect of the numerical aperture and the apodization function of an objective on the polarization

distribution in the focal region can be analyzed to form an important part in the understanding on

the efficient excitation of gold nanorods. It is demonstrated that the radially polarized beam is an

effective laser mode in generating strong two-photon imaging of nanorods in the presence of

objectives with high numerical aperture and large annular obstruction sizes. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4759259]

I. INTRODUCTION

Gold nanoparticles are well known to generate strong

two-photon photoluminescence (TPL) due to the enhanced

surface plasmon resonance.1 Distinct from other shaped gold

nanoparticles, gold nanorods have a weak transverse and a

strong longitudinal absorption bands, which correspond to

the electron oscillation along the transverse and the longitu-

dinal axes of a nanorod. Moreover, they possess a larger

local field enhancement factor than other nanoparticles.2 As

a result, gold nanorods have been considered to be a promis-

ing contrast agent in a number of applications.3–8 In particu-

lar, the unique size-dependent strong longitudinal absorption

band is attractive in biomedical imaging, where the near-

infrared (NIR) light source is used to minimize the scattering

from skin and tissue.4–7

Intensive studies have been directed to the effect of the

incident polarization direction on the excitation of a gold

nanorod.6–9 It has been revealed that the maximum excitation

efficiency can be realized only when the incident polarization

direction and the longitudinal axis of a nanorod are parallel

with each other. As a result, a focal field of the x, y, and z
components with the similar maximum intensity is preferred

in gold nanorod enabled applications, where gold nanorods

are three-dimensionally randomly oriented. It has been

theoretically demonstrated that radially polarized beams are

advantageous over linearly polarized beams when the polar-

ization state in the focal region is manipulated.10 Although

strong TPL under radial polarization illumination has been

experimentally observed for biological samples with a water-

immersion objective in Ref. 7, only the polarization distribu-

tion in the focal region was investigated and no quantitative

analysis of the orientations of the electromagnetic (EM) field

vectors was undertaken. Furthermore, the influence of the

orientations of the excited nanorods originating from the

polarization distribution on the photoluminescence collection

process, which is similar to the collection of fluorescence

from dipoles, is yet revealed.

In addition to the effect of the polarization distribution

the energy distribution in the focal region is an indispensable

factor in the excitation of gold nanorods. The excitation effi-

ciency of gold nanorods can be increased with the average

power density (APD). However, the energy irradiance at the

focal plane calculated based on the scalar diffraction

theory11,12 is insufficient to accurately evaluate the energy

distribution in the presence of objectives with high numerical

aperture (NA). Therefore, it is highly desirable to employ the

vectorial Debye diffraction theory to investigate the energy

distribution at the focal plane.13

In this paper, the vectorial Debye diffraction theory is

adopted to calculate the concentric energy and the polariza-

tion distribution in the focal region of the high NA objectives.

The method is used to analyze the TPL imaging of three-

dimensionally randomly orientated gold nanorods for different

values of the NA, the incident power and the apodization of

objectives under linear and radial polarization illumination

from both the excitation and the collection perspectives. Sec-

tion II presents the definitions of the Debye-diffraction-based

concentric energy and the polarization polar diagram. Sec-

tions III and IV are a comparative study on TPL imaging of

gold nanorods in polyvinyl alcohol (PVA) under radial and

linear polarization illumination. The analysis of the experi-

mental results with a water-immersion objective (NA¼ 1.2)

in Ref. 7 for practical applications is also carried out in

Section V. A final finding of this study is given in Section VI.
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II. CONCENTRIC ENERGY ANALYSIS BASED ON THE
DEBYE DIFFRACTION THEORY

The detail of the vectorial Debye diffraction theory has

been well documented.13,14 Based on this, we can calculate

the vectorial light distributions in the focal region as well as

the concentric energy.

For the investigation on the energy distribution at the

focal plane, the total energy passing through the aperture is

given by the aperture integral

F ¼
ð1

e
½TðrÞ�22rdr; (1)

where T(r) is a transmission function of the aperture and e is

the size of the obstruction size for an annular aperture. Given

the same amount of the incident energy at the focal plane,

the total energy distributed over a given image radius r can

be expressed by the image integral of the irradiance I(r0)
over r0, normalized by the factor F

EnergyðrÞ ¼ ð1=FÞ
ðr

0

Iðr0Þ2pr0dr0: (2)

In order to quantitatively analyze the polarization distri-

bution in the focal region, a newly defined approach with po-

lar diagrams is employed. The orientation of this EM field

vector projected on a given plane is determined by the angle

between its direction and the þx axis. The orientation range

of 360� is split into 36 sections with each section having an

angle range of 10�. The strength of the projected EM field

vectors is hence included into a sole section according to its

orientation rather than its spatial position in the plane. Thus,

an equation is defined as follows:

Percentage ¼

X
i

jEj

X360�

0�

X
i

jEj
; (3)

where |E| is the strength of the projected EM field vector and

the index i ranging from 0 to 35 denotes a section in the

plane. For a specific i, the top of Eq. (3) is the sum of the

strength of the projected EM field vectors with the orienta-

tion represented by i and the bottom is the sum of the

strength of the total EM field vectors projected in the plane.

III. EXPERIMENTAL SETUP AND SAMPLES

Gold nanorods, which had an average length of 45 nm

and an average width of 11 nm with an overall concentration

of 0.5� 10�10 mol/L, were prepared using the seeded syn-

thetic method.15 They had a weak transverse absorption peak

at wavelength 520 nm and a strong longitudinal absorption

peak at wavelength 780 nm. Prior to applying gold nanorods

in practical devices, solid matrices are considered as a neces-

sary bridge to study the optical properties of gold nanorods.

In our experiment, PVA served as a suitable matrix to

accommodate gold nanorods because of the demonstrated

stability under pulsed laser irradiation.16,17 To avoid the

aggregation, the gold nanorods were dispersed into a 10%

PVA solution at a volume ratio of 1:1. The thickness of the

gold nanorod doped PVA film was approximately 10 lm.

Fig. 1 is the experimental setup for the TPL imaging of

gold nanorod-PVA nanocomposite films. A linearly polar-

ized femtosecond pulsed laser beam with a pulse width of 80

fs and a repetition rate of 80 MHz was generated by a

Ti:Sapphire laser (Spectra-Physics: Mai-Tai). The linearly

polarized beam was converted to a radially polarized beam

by fulfilling the back aperture of a radial polarization con-

verter (RPC) (Arcoptix S. A.) with a beam expansion system.

The produced radially polarized beam consequently went

through a focusing objective to excite the gold nanorods.

The TPL generated by gold nanorods was collected by the

same objective and separated from the excitation laser beam

by a dichroic mirror before coupled to a photomultiplier tube

(PMT). The incident power was controlled by a variable neu-

tral density (ND) filter and measured in the focal spot. The

good angular polarization uniformity of the converted radi-

ally polarized beam was demonstrated in Ref. 7.

IV. EFFECT OF AVERAGE POWER DENSITY AND
POLARIZATION DISTRIBUTION

The effects of the APD and the polarization distribution

in the focal region on the TPL of gold nanorods can be

FIG. 1. Experimental setup for the TPL imaging of gold nanorods in PVA

films. ND: neutral density filter; RPC: radial polarization converter; DM:

dichroic mirror; OBJ: objective; PMT: photomultiplier tube.

FIG. 2. Measured TPL intensity versus NA at 1.1 mW in the focal region

under linear and radial polarization illumination.
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investigated by the variation of the NA, the incident power,

and the apodization of the objective.

A. Dependence of the two-photon photoluminescence
imaging on numerical aperture

Fig. 2 shows the TPL imaging of gold nanorods at 1.1

mW in the focal region of objectives with different values of

NA under linear and radial polarization illumination using

the experimental setup shown in Fig. 1. The weaker TPL

imaging was produced with the illumination of the radially

polarized beam than that associated with the linear polariza-

tion illumination for NA¼ 0.6. However, the strong photolu-

minescence under radially polarized beam illumination was

observed for objectives with NA¼ 0.85 and 0.95. Further-

more, the TPL intensity ratios between radial and linear

polarization illumination rose from 1.15 to 1.35 when NA

was increased from 0.85 to 0.95.

The calculated polar diagrams of the polarization distri-

butions in the focal region of NA¼ 0.6, 0.85, and 0.95 under

linear and radial polarization beam illumination are shown in

Fig. 3. Assuming the incident linearly polarized beam is x
polarized, it is obvious that the EM field vectors possess the

main polarization direction along the x axis in the focal region

for the three values of NA under linear polarization illumina-

tion. In contrast, the orientations of the EM field vectors pro-

jected in the x-y plane display a radial pattern with the radial

polarization illumination regardless of NA. Moreover, the

angle orientation ranges of the EM field vectors projected in

the x-z (y-z) plane are wider than that under linear polarization

illumination for these three objectives. For NA¼ 0.85 and

0.95, the longitudinal component becomes dominant in the

focal region. These findings indicate that the more uniform

polarization distributions are achieved under radial polariza-

tion illumination, which enhances the possibility of the effi-

cient excitation of gold nanorods.

FIG. 3. Theoretical calculation on polar

diagrams of the orientations of the EM

field vectors in the focal region under lin-

ear (left) and radial (right) polarization

illumination for NA¼ 0.6, 0.85, and 0.95

with e¼ 0 in the focal volume. (a)-(c) and

(d)-(f) are for the EM field vectors pro-

jected in the x-y, x-z, and y-z planes,

respectively.
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Fig. 4 presents the dependences of the calculated con-

centric energy on the image radius at the focal plane under

linear and radial polarization illumination for objectives

with NA¼ 0.6, 0.85, and 0.95. The concentric energy and

the corresponding APD in the image radius of a full width at

the half maximum (FWHM) under both polarization illumi-

nation are summarized in Table I. The APD ratios between

linear and radial polarization illumination for NA¼ 0.6,

0.85, and 0.95 are 3.35, 2.15, and 1.40, respectively, indicat-

ing that more energy is acting on the nanorods under linear

polarization illumination but the difference of the energy

effect on the excitation of gold nanorods between these two

polarization illumination experiences a rapid decrease with

the rising of NA.

Now let us turn to the collection of TPL. Assume that

the nanorod emission process is similar to that of dipoles.

For a dipole situated at the central position, the geometrical

collection efficiency of the power emitted by the dipole is

described as18

Cd ¼
1

8
f4� 3coshmax � cos3hmax

þ 3ðcos3hmax � coshmaxÞcos2Hg; (4)

where hmax is the maximum converging angle of an objective

and H is the angle between the dipole orientation and the op-

tical axis (the z axis). It is noted that the maximum collection

efficiency is achieved at H¼ 90�, where the collection of the

dipole oriented in the x-y plane occurs. Equation (4) can be

employed to refer to the case of the dipole collection of a

gold nanorod. The radiation emitted by a gold nanorod is

symmetrically perpendicular to the dipole orientation. As the

longitudinal absorption peak is much stronger than the trans-

verse absorption peak, only the dipole excited by the longitu-

dinal absorption band is considered. In this paper, an excited

dipole from a gold nanorod with the longitudinal axis along

the z direction is called a vertical dipole. For a gold nanorod

with the longitudinal axis parallel to the x-y plane, the

excited dipole is named a horizontal dipole.

The collection efficiency ratios between the vertical and

the horizontal dipoles (Cvertical/Chorizontal) for objectives with

NA¼ 0.6, 0.85, and 0.95 under full aperture beam illumina-

tion (e¼ 0) are also presented in Table I. It is revealed that

the value of Cvertical is 20.6% of that of Chorizontal for

NA¼ 0.6, which demonstrates that the collection of the ver-

tical dipoles is negligible compared with that of the horizon-

tal dipoles. As shown in Fig. 3, the fact that the EM field

vectors in the focal region are mainly polarized along the x
direction under linear polarization illumination makes the

collection of the photoluminescence mostly produced by the

horizontal dipoles efficient due to the high value of Chorizon-

tal. However, the negligible value of Cvertical is a disadvantage

in collecting the total photoluminescence under radial polar-

ization illumination because the longitudinal polarization

component has the similar maximum strength as the trans-

verse component. As a result, the combination of the low

APDradial and the negligible Cvertical leads to the weak

TPL imaging of gold nanorods under radial polarization

illumination.

For NA¼ 0.85, the value of Cvertical is approximately

50% of that of Chorizontal, showing that the collection of the

vertical dipoles cannot be ignored. When NA goes up to

0.95, the collection efficiency ratio between the vertical and

the horizontal dipoles is further increased to 72.5%. The

increased value of Cvertical enhances the collection efficiency

of the vertical dipoles excited by the dominating longitudinal

component in the case of radial polarization illumination.

Given the conditions of the excitation of gold nanorods and

the photoluminescence collection, we can make a conclusion

that brighter TPL imaging should be produced under radial

polarization beam illumination for NA¼ 0.85 and 0.95

owing to the more uniform polarization distribution in the

focal region and the rising of Cvertical as well as the increased

ratio between APDradial and APDlinear.

FIG. 4. Theoretical calculation on concentric energy as a function of image radius for objectives with NA¼ 0.6 (a), 0.85 (b), and 0.95 (c) under linear and ra-

dial polarization illumination.

TABLE I. Analysis of the calculated concentric energy (CE) and APD in

the image radius of the FWHM at the focal plane as well as collection effi-

ciency ratios between the vertical and the horizontal dipoles for objectives

with NA¼ 0.6, 0.85, and 0.95 under linear and radial polarization

illumination.

0.6 0.85 0.95

Linear Radial Linear Radial Linear Radial

CE APD CE APD CE APD CE APD CE APD CE APD

0.51 1.24 0.72 0.37 0.52 2.00 0.41 0.93 0.54 2.12 0.28 1.51

Cvertical/Chorizontal Cvertical/Chorizontal Cvertical/Chorizontal

20.6% 49.6% 72.4%
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Compared with NA¼ 0.85, the collection of the vertical

dipoles excited by the stronger dominating longitudinal com-

ponent for NA¼ 0.95 under radial polarization illumination

is facilitated by the higher collection efficiency ratio between

the vertical and the horizontal dipoles. In addition, the high

APDradial enhances the excitation of gold nanorods for

NA¼ 0.95. Thus, the ratio of the TPL intensity between

radial and linear polarizations beam becomes larger when

NA is increased from 0.85 to 0.95.

B. Dependence of the two-photon photoluminescence
imaging on incident power

Fig. 5 presents the measured TPL intensity as a function

of the incident power with an objective of NA¼ 0.85 under

linear and radial polarization illumination. There are two

common findings for both polarization illumination condi-

tions: (1) the slopes of approximately 2 on the fitting lines

demonstrate the two-photon excitation process for both

polarization conditions and (2) stronger photoluminescence

is observed with the increased power because the TPL inten-

sity is proportional to |E|4. A comparison of the TPL imaging

under linear and radial polarization illumination can be

determined by the intercept on the fitting lines. The intercept

of 2.12 associated with radial polarization illumination is

higher than 2.03 under linear polarization illumination, indi-

cating that the bright TPL imaging is observed when the

radially polarized beam is focused. One of the reasons for

the generation of the stronger TPL imaging results from the

more uniform polarization distribution in the focal region.

Furthermore, the value of Cvertical, which is increased to 50%

of that of Chorizontal, enhances the collection of the vertical

dipole excited by the dominating longitudinal component.

As a consequence, the use of radial polarization illumination

is advantageous in producing bright TPL imaging for

NA¼ 0.85.

C. Dependence of the two-photon photoluminescence
imaging on annular beam illumination

Annular beam illumination is appealing not only in the

improvement of the image resolution but also in the manipu-

lation of the energy and polarization distributions in the focal

region.10,12,13,19,20 In this section, a thorough investigation

on the relationships between TPL imaging and e for low and

high NA objectives is carried out.

Based on the previous experiments on the TPL imaging

for NA¼ 0.6 under full aperture illumination (e¼ 0), the

dependences of the measured TPL intensity on e under linear

and radial polarization illumination are presented (Fig. 6). It

can be seen that the TPL intensity remained almost

unchanged for both polarization conditions when e became

larger.

According to Fig. 7, it is obvious that there is a small

change in the orientations of the EM field vectors in the focal

region with the rising of e under both polarization conditions

implying that the polarization uniformity cannot be greatly

improved for the efficient excitation of gold nanorods.

From the dependence of the calculated concentric energy

on the image radius at the focal plane (Fig. 8), the concentric

energy and the APD in the image radius of the FWHM are

shown in Table II. The APDlinear ratio and the APDradial ratio

between e¼ 0, 0.36, and 0.7 are 1.94:1.55:1 and 1.42:1.41:1,

respectively, which shows that the APD is decreased with the

rising of e for both polarization illumination and hence makes

the excitation of gold nanorods less efficient from the point

view of the energy effect.

In order to understand the photoluminescence collection,

the collection efficiency ratios between the vertical and hori-

zontal dipoles for NA¼ 0.6 with e¼ 0, 0.36, and 0.7 are

calculated (Table II). Although the ratio between Cvertical and

Chorizontal is increased with the increased value of e, it is only

30.8% for e¼ 0.7 showing that the collection of the vertical

dipoles is still too weak compared with that of the horizontal

dipoles. Moreover, the approximately unchanged maximum

FIG. 5. Measured TPL intensity versus power on a logarithmic scale in the

focal region of NA¼ 0.85 under linear and radial polarization illumination.

FIG. 6. Measured TPL intensity versus e with NA¼ 0.6 under linear and ra-

dial polarization illumination.
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percentages of the longitudinal component for all the EM

field vectors projected in the x-z plane under both linear and

radial polarization illumination with the rising of e indicate

that the collection efficiency of the vertical dipoles can only

be slightly improved with the moderate rising of Cvertical,

thus making the total photoluminescence collection

enhanced to a small extent. As a result, the decreased APD

and the increased value of Cvertical result in the unvaried TPL

intensity for NA¼ 0.6 with different values of e under both

polarization illumination.

FIG. 7. Theoretical calculation on polar

diagrams of the orientations of the EM

field vectors in the focal region under lin-

ear (left) and radial (right) polarization

illumination for NA¼ 0.6 with e¼ 0, 0.36,

and 0.7 in the focal volume. (a)-(c) and

(d)-(f) are for the EM field vectors pro-

jected in the x-y, x-z, and y-z planes,

respectively.

FIG. 8. Theoretical calculation on concentric

energy as a function of image radius at the focal

plane for a NA¼ 0.6 objective with e¼ 0, 0.36, and

0.7 under linear (a) and radial (b) polarization beam

illumination.
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Fig. 9 illustrates the dependence of the measured TPL

intensity on e at 1.1 mW in the focal region under linear and

radial polarization illumination when NA was 0.85. The TPL

intensity under linear polarization illumination was kept

almost constant regardless of e. In comparison with the low

NA case, the TPL intensity exhibited a distinct dependence

on e under radial polarization illumination. A sharp rise

started from e¼ 0.5 and the TPL intensity for e¼ 0.75 was

increased to twice that for e¼ 0. The analysis of the excita-

tion and collection conditions is shown as follows.

The theoretical analysis on the polarization distributions

in the focal region of NA¼ 0.85 for e¼ 0, 0.5, and 0.75 illus-

trates that the dominant x component appears making the

EM field vectors mainly parallel with the x direction under

linear polarization illumination (Fig. 10). In comparison,

under radial polarization illumination, the EM field vectors

are preferably aligned at a small angle with respect to the z
axis owing to the dominating longitudinal component and

the angle orientation range becomes smaller with the larger

value of e.
The relationships between the calculated concentric

energy and the image radius in the focal plane for NA¼ 0.85

with e¼ 0, 0.5, and 0.75 under linear and radial polarization

illumination are shown in Fig. 11 to study the energy effect

on the gold nanorod excitation. As the pronounced depolari-

zation effect appears in the focal region for high NA objec-

tives with large values of e, the high side-lobes containing

the high energy cannot be neglected. Therefore, the concen-

tric energy and the APD in the image radii of the FWHM

and 1.5�FWHM are shown in Table III. In terms of linear

polarization illumination, the APDlinear ratios between e¼ 0,

0.5, and 0.75 in the image radii of the FWHM and

1.5� FWHM are 1:0.69:0.37 and 1:0.67:0.36, respectively,

indicating that the APDlinear in the image radii of either the

FWHM or 1.5�FWHM can be used to evaluate the energy

fluence on the excitation of gold nanorods. It can be seen

that the APDlinear is decreased with the rising of e. The APD-

linear for e¼ 0.7 drops to 36% for e¼ 0, which means that the

efficiency of the energy interaction with gold nanorods is

greatly reduced when e becomes large. For radial polariza-

tion illumination, the APDradial ratio between e¼ 0, 0.5, and

0.75 in the image radius of the FWHM (1:1:0.79) is also

approximately the same as that in the image radius of

1.5� FWHM (1:1:0.77). No obvious change in the APDradial

is found for e up to 0.5, achieving the same effect of the

energy on the excitation of gold nanorods. When e further

increases to 0.75, the APDradial is decreased by only 22%

compared with that for e¼ 0, which means that the interac-

tion of the energy with gold nanorods becomes slightly

inefficient.

According to the collection efficiency ratios between the

vertical and the horizontal dipoles for NA¼ 0.85 with e¼ 0,

0.5, and 0.75 (Table III), it is obvious that the value of Cvertical

is approaching the value of Chorizontal with the rising of e, real-

izing the efficient collection of the vertical dipoles. It is

revealed that the maximum percentage of the longitudinal

component for all sections of the EM field vectors projected

in the x-z plane remains the same under linear polarization

illumination, which indicates that the collection efficiency can

be improved to a small extent with the increased value of

Cvertical. Combined with the decreased APDlinear, we can make

a conclusion that the TPL intensity stays the same independ-

ent of e.
Compared with the case of e¼ 0, the maximum percen-

tages of the longitudinal component for all sections of the EM

field vectors projected in the x-z (y-z) plane for e¼ 0.5 under

radial polarization illumination are increased by 20%. With

the unchanged APDradial, the high value of Cvertical enables the

vertical dipoles with the slightly increased strength to be more

efficiently collected, resulting in a moderate increase in the

TPL intensity. For e¼ 0.75, the peak percentage of the longi-

tudinal component for all sections of the EM field vectors pro-

jected in the x-z plan is 1.53 times that for e¼ 0, which

indicates that the dominating vertical dipoles can be remark-

ably collected by the increased value of Cvertical. As a conse-

quence, despite the slightly decreased APDradial, the TPL

intensity for e¼ 0.75 experiences a dramatic rise.

V. EFFECT OF A WATER-IMMERSION OBJECTIVE

Based on the above analysis of the TPL imaging of

gold nanorods distributed in the PVA, the methods devel-

oped in the paper can be applied to understand the TPL

TABLE II. Analysis of the calculated CE and APD in the image radius of

the FWHM at the focal plane as well as collection efficiency ratios between

the vertical and the horizontal dipoles for a NA¼ 0.6 objective with e¼ 0,

0.36, and 0.7 under linear and radial polarization illumination.

0 0.36 0.7

Linear Radial Linear Radial Linear Radial

CE APD CE APD CE APD CE APD CE APD CE APD

0.51 1.24 0.72 0.37 0.45 0.99 0.66 0.37 0.19 0.64 0.34 0.26

Cvertical/Chorizontal Cvertical/Chorizontal Cvertical/Chorizontal

20.6% 23.3% 30.8%

FIG. 9. Dependence of the measured TPL intensity on e with NA of 0.85 at

1.1 mW in the focal region under linear and radial polarization illumination.
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imaging of gold nanorods in practical applications, includ-

ing the detection of cancer cells.4–7 In particular, in Ref. 7,

a water-immersion objective with NA¼ 1.2 is utilized to

minimize the image aberration. For this case, the theoretical

investigations on the effects of the polarization distribution

in the focal region, the concentric energy, and the collection

efficiency of dipoles with different orientations are under-

taken as follows.

FIG. 10. Theoretical calculation on polar

diagrams of the orientations of the EM

field vectors in the focal region under lin-

ear (left) and radial (right) polarization

illumination with NA¼ 0.85 and e¼ 0,

0.5, and 0.75 in the focal volume. (a)-(c)

and (d)-(f) are for the EM field vectors

projected in the x-y, x-z, and y-z planes,

respectively.

FIG. 11. Theoretical calculation on con-

centric energy as a function of image ra-

dius at the focal plane for a NA¼ 0.85

objective with e¼ 0, 0.5, and 0.75 under

linear (a) and radial (b) polarization beam

illumination.
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Fig. 12 illustrates the quantitative analysis of EM field

vectors projected in the x-y, x-z, and y-z planes in the focal

region of a NA¼ 1.2 objective at a coverglass/water inter-

face (n1/n2¼ 1.515/1.33) under linear and radial polarization

illumination, respectively. In terms of linear polarization

beam illumination, it is clearly seen that most of the EM field

vectors projected in the x-y plane are aligned with the x
direction. The EM field vectors projected in the x-z plane are

located with a maximum angle of 30� with respect to the x
direction and a majority of the EM field vectors are projected

parallel with the z axis in the y-z plane. These polar diagrams

show the x component is much stronger than the y and z
components. On the contrary, for radial polarization illumi-

nation, the EM field vectors projected in the x-y plane are

uniformly distributed in a radial pattern. The EM field vec-

tors projected in the x-z and y-z planes are confined within a

TABLE III. Analysis of the calculated CE and APD in the image radii of the FWHM and 1.5�FWHM at the focal plane as well as collection efficiency ratios

between the vertical and the horizontal dipoles for a NA¼ 0.85 objective with e¼ 0, 0.5, and 0.75 under linear and radial polarization illumination.

0 0.5 0.75

Linear Radial Linear Radial Linear Radial

Image radius (FWHM) CE APD CE APD CE APD CE APD CE APD CE APD

1 0.53 2.00 0.41 0.93 0.33 1.38 0.29 0.94 0.18 0.73 0.13 0.74

1.5 0.75 1.26 0.68 0.69 0.46 0.85 0.47 0.69 0.24 0.45 0.21 0.53

Cvertical/Chorizontal Cvertical/Chorizontal Cvertical/Chorizontal

49.4% 62.1% 81.3%

FIG. 12. Theoretical calculation on polar

diagrams of the orientations of the EM

field vectors in the focal region with a

NA¼ 1.2 objective at a coverglass/water

interface (n1/n2¼ 1.515/1.33) under linear

(left) and radial (right) polarization illumi-

nation. (a)-(c) and (d)-(f) are for the EM

field vectors projected in the x-y, x-z, and

y-z planes, respectively.
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maximum angle orientation of 30� with respect to the z axis,

which indicates the longitudinal component is dominating in

the focal region. Given the enhanced strength of the y and z
polarization components compared to those produced under

linear polarization illumination, it is expected that a radially

polarized beam is advantageous in generating strong TPL

imaging from the point view of the polarization distribution.

The energy effect on the TPL imaging is studied by calcu-

lating the concentric energy as a function of the image radius

under linear and radial polarization illumination (Fig. 13). Con-

sidering the appearance of strong side-lobes with high energy in

the presence of high NA, both the corresponding concentric

energy and the APD in the image radii of the FWHM and

1.5�FWHM are summarized in Table IV to investigate the

energy distribution. It can be seen that the APDradial is approxi-

mately 58% of the APDlinear in the image radius of the FWHM

and is increased to 69% of the APDlinear when the image radius

is expanded to 1.5� FWHM. This finding indicates that the dif-

ference of the energy effects between linear and radial polariza-

tion illumination becomes smaller with the rising of the image

radius.

From Table IV, it can be seen that the collection effi-

ciency ratio of the vertical dipole to the horizontal dipole

achieves 60% denoting that the horizontal dipoles excited by

the dominating x component associated with linear polarization

illumination can be efficiently collected and the low value

of Cvertical is a hurdle for the efficient collection of the dipoles

by the dominant longitudinal component generated under ra-

dial polarization illumination. However, the more uniform

polarization distribution associated with radial polarization

illumination plays a major role in the enhancement of the

excitation of the gold nanorods and hence the stronger TPL

imaging was observed compared with linear polarization

illumination.7

VI. CONCLUSION

In conclusion, the concentric energy analysis based on

the Debye diffraction theory has been demonstrated to be a

useful tool to understand the TPL images from three-

dimensionally oriented gold nanorods. Our investigation into

the effect of the NA, the incident power, and e has been thor-

oughly studied under linear and radial polarization illumina-

tion, which revealed that concentric energy is essential to

evaluate the light interaction with nanorods. A radially polar-

ized beam has shown its capability of generating strong TPL

imaging for objectives with high NA and large values of e,
which is promising in tight-focusing applications. It has been

demonstrated that the TPL intensity under radial polarization

illumination can be enhanced to be approximately twice that

under linear polarization illumination for NA¼ 0.85 with

e¼ 0.75. The methodology developed in the paper has also

been applied to further understand the TPL imaging and pho-

tothermal therapy in biological applications.
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