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Abstract: Temporal focusing allows for optically sectioned wide-field
microscopy. The optical sectioning arises because this method takes a
pulsed input beam, stretches the pulses by diffracting off a grating, and
focuses the stretched pulses such that only at the focal plane are the pulses
re-compressed. This approach generates nonlinear optical processes at the
focal plane and results in depth discrimination. Prior theoretical models of
temporal focusing processes approximate the contributions of the different
spectral components by their mean. This is valid for longer pulses that have
narrower spectral bandwidth but results in a systematic deviation when
broad spectrum, femtosecond pulses are used. Further, prior model takes the
paraxial approximation but since these pulses are focused with high
numerical aperture (NA) objectives, the effects of the vectorial nature of
light should be considered. In this paper we present a paraxial and a vector
theory of temporal focusing that takes into account the finite spread of the
spectrum. Using paraxial theory we arrive at an analytical solution to the
electric field at the focus for temporally focused wide-field two-photon
(TF2p) microscopy as well as in the case of a spectrally chirped input beam.
We find that using paraxial theory while accounting for the broad spectral
spread gives results almost twice vector theory. Experiment results agree
with predictions of the vector theory giving an axial full-width half
maximum (FWHM) of 2.1m and 1.8 m respectively as long as spectral
spread is taken into account. Using our system parameters, the optical
sectioning of the TF2p microscope is found to be 8 m . The optical
transfer function (OTF) of a TF2p microscope is also derived and is found
to pass a significantly more limited band of axial frequencies than a point
scanning two-photon (2p) microscope or a single photon (1p) confocal
microscope.
© 2013 Optical Society of America
OCIS codes: (170.0180) Microscopy; (180.2520) Fluorescence microscopy; (180.4315)
Nonlinear microscopy; (180.6900) Three-dimensional microscopy; (190.7110) Ultrafast
nonlinear optics.
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1. Introduction
Temporally focused wide-field two-photon (TF2p) microscopy was introduced by Oron and
Silberberg [1] and also by Zhu and associates [2]. It has been successfully implemented to
image biological samples [3, 4], cellular dynamics [5, 6], as well as for microfabrication [7–
9]. TF2p microscopy is, in essence, simply a 4-f pulse shaper proposed by Froehly,
Colombeau, and Vampouille [10] and Martinez, Gordon, and Fork [11] with the exception
that there is no second grating to recombine the pulse. TF2p microscopy works because of the
time-bandwidth product which states that the product of the pulse width and the spectral
content is a constant. In a typical experimental setup (Fig. 1), an ultrafast pulse is incident
upon a grating. This approach separates the pulse into its constituent wavelengths each
diffracting at an angle governed by the grating equation. A focusing lens converts the
wavelength dependent angular separation of the spectrum into a wavelength dependent
positional offset at the back focal plane of the objective. The objective collimates and
recombines the various spectral components only within the focus of the objective. It is clear
that with the exception of the grating and the focus, the pulse width is broadened substantially
everywhere in between as a result of the constancy of the time-bandwidth product. This
reduces the photon flux everywhere between the grating and the focus. It is only at the focal
plane where the spectral components of the pulse overlap and are recombined. As a result of
this recombination, the time-bandwidth product dictates that the pulse width is once again
minimum everywhere across the plane and photon flux is high enough for nonlinear optical
processes to occur.
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An interesting point of the similarities between a TF2p microscope and a 4-f pulse shaper
is that both positive and negative dispersion may be achieved [11]. This property has been
exploited in temporal focusing to shift the position of the focal plane along the z-axis
effectively creating an axial scan through optical means [12, 13]. This is done by deliberately
up-chirping or down-chirping the beam. The design of a temporal focusing microscope is
such that it is a ‘zero-dispersion’ line and the focal plane will shift to compensate for the chirp
of the input beam.
At present the analysis of TF2p microscopy has been restricted to a pulse that is relatively
long [2, 12, 14, 15] in which the spectrum of the pulse is taken to be small such that k k0 ,
where k is the wave number of the spectral components of the pulse while k0 is the mean
wave wavenumber. At the same time, the paraxial approximation assumes a pencil of rays
and the sines of the angles involved are small and may be approximated to the angle itself.
This is clearly not the case for ultrafast pulses and high NA objectives. We find that it is more
important to maintain the assumption that k k0 whereas the diffracted angle can be assumed
to be small. This is in contrast to previous literature [2, 12]. In this paper, we will present
TF2p microscopy using the paraxial and vectorial approaches and compare the validity of
both approaches through experiment. We will also present the 3D OTF of a TF2p microscopy
obtained from numerical calculation and experiment that has not been previously considered
in detail.
G

q
qin

Fig. 1. The excitation beam is incident on the grating (G) at some angle qin such that the
central wavelength l

0

propagates along the optical axis after the grating. The grating

disperses the spectrum of the pulse at some angle qd , l which is dependent on the wavelength.
The focusing tube lens (TL) focuses the spectrum at the back focal plane (BFP) of the
objective (Obj). The function of the objective is to form an image of the grating in the object
space. It is here that all the colors overlap thereby creating a plane of high photon flux
necessary for nonlinear optical phenomenon.

2. Temporal focusing: Paraxial case
We define F ( n ) [ ] as the n-th dimensional spatial Fourier transform and F [ ] as the
temporal Fourier transform. For simplicity, we present the analysis in a single dimension ( x )
although we analyze it in both x and y . In a full 2D analysis, we find that the final result is
similar except for a few higher order terms that are negligible.
We use the subscript G to denote the plane at the grating. For a beam incident on a
grating, the electric field EG just after the grating can be written as [16]:
EG ( xG ; Dk ) = bG exp igcDkxG -
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where bG is some constant factor. For simplicity, the various variables in Eq. (1) has been
tabulated in Table 1. We also assume space-time independence [14, 15].
Table 1. List of variables used
Variable
name

Definition

c

=

Speed of light.

g

=

2mp

( k cd cos q ) where m
0

d ,l

grating frequency; k 0 = 2p l

is the diffraction order; d is the

is the wavenumber at the central

0

wavelength l 0 ; and qd , l is the angle of diffraction and is
dependent on the wavelength l .

k

=

Dw

=

2p l , the wave number for which k = Dk + k0 and
Dk = Dw c .
The shift of the angular frequency from the central (carrier)
frequency

w0 .

sG

=

The size of the beam incident on the grating.

sBFP

=

qin
y

=

Size of the beam at the back focal plane of the objective and is given
by sG = 4l 0 f TL (p s0 )
The incidence angle of the beam on the grating.

=

cos qin cos qd ,l

, and is a measure of the eccentricity of the beam

cross-section due to diffraction.

qd ,l

=

sin

-1

[ 2mp { d ( k + k )} - sin q ] , and is the diffraction angle
0

in

and is dependent on the wavelength.

t

=

The pulse width.

a

=

The chirp parameter.

fTL

=

The focal length of the focusing tube lens.

fO

=

The focal length of the objective.

M

=

h

=

fTL f o , the magnification.

{ e ( il z )} exp ik ( x
ikz

2

+ y2

) (2z )

In general, the ultrafast pulse from the laser can be expressed as

A ( Dw ) =

t

2

1 - ia

exp -

it 2 Dw2
.
4 (i + a )

(2)

Here, t is the pulse width and a, the chirp parameter, indicates that the pulse has a linear
frequency chirp (i.e. quadratic time dependent phase f ( t ) = at 2 t 2 ). For small values of a,
the pulse width is nearly constant and will have an effect on the shifting of the focal plane
which we will discuss later in this paper.
Following Fig. 1, the beam at the back focal plane (BFP) of the objective is focused by an
achromatic doublet of focal length fTL . In practice the f-number at this point is large and we
may assume that the electric field in the BFP is adequately described using paraxial theory.
For some particular wavenumber k = Dk + k0 we may write the electric field ( E BFP ) at the
BFP of the objective as
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E BFP ( xBFP ; Dk ) = A ( Dw )

EG ( xG ; Dk )

= bBFP A ( Dw ) exp -

( xBFP s

x0 )

2

2
BFP

.

(3)

In this case x0 = fTL g Dw k simply represents the offset of the wavelength from the optical
axis at the BFP and is related to the angle that light at some wavelength diffracts off the
grating qd ,l . The central wavelength l 0 diffracts at an angle qd ,l = 0 . Since we assume
paraxial rays, there is a direct relationship between the wavelength and the spatial offset at the
BFP of the objective. From Eq. (3) we have sBFP as being the radius of the focused spot at the
BFP. We will first consider the paraxial case where the angles involved are small with the
paraxial approximation and cos qd ,l 1 . With this approximation and the relation
M = f o f TL the electric field at the focus of an objective of focal length f o is just the
Fourier transform of E BFP . We differ from most previous literature [2, 12] as we have made
the approximation of cos qd ,l 1 but we do not make the assumption that k k0 . Temporal
focusing with a finite bandwidth in the paraxial approximation was treated by Oron and
Silberberg [17] but we further extend their work by considering the effects of a chirped input
beam. The resultant electric field ETF ,0 at the temporal focus is:

ETF ,0 ( xTF ; Dk ) = bTF A ( Dw ) exp -

y 2 xT2F
2 2
G

M s

-

icDkg xTF
.
M

(4)

At some distance dz away from the focal plane, the electric field ETF is given by convolving
ETF ,0 with the free-space propagation kernel h. We can expand Eq. (4) to find that the chirp is
compensated by a corresponding axial shift in the location of the focus as given in Eq. (5).

ETF ( dz, Dw ) = bTF exp -

bTF exp -

ig 2 dz
it 2
2
D
Dw2
w
8dz 2y 2
4 (i + a )
2
2k0 M +
k0 M 2 sG4

(5)

ig 2 dz
it 2
Dw 2 Dw2 .
2
2k0 M
4 (i + a )

Equation (5) tells us that for a given input chirp, the TF2p microscope shifts the temporal
focus to compensate for the input chirp. This shift generates a group velocity dispersion
(GVD) of equal magnitude ( ig 2 dz { 2k0 M 2 } ) and opposite sign to the chirp. ETF is taken as a
contribution over all k and is given by the temporal Fourier transform of Eq. (5) while Eq. (6)
describes I TF 2 p ( z ) . The latter equation is valid even with a 2D analysis and we have dropped
negligible terms from the final answer. Given similar inputs but different system
magnifications, the axial shift will vary by 1 M 2 . The extent of the shift (and the smallest
amount of shift possible) is determined in part by the system magnification M. This may
provide an extra degree of freedom or a constraint, especially since M is often fixed after
taking into consideration factors such as the effective utilization of the NA.
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I TF 2 p ( dz ) =

ETF ,0

h

4

1
4 (1 + a 2 ) g 4 2
4ag
dz
1 + 2 2 dz +
M k0t
M 4 k02t 4
2

1
1+ a +

For small values of chirp, G= 2g 2

G(1 + a 2 )
M2

2

(6)

.

dz

( k t ) of Eq. (6) is a constant. The axial shift is linear
2

0

for a given input chirp since a 2 0 . At larger values of chirp, the shift becomes nonlinear
through the term (1 + a 2 ) , which is associated with dz. We note that in general, chirp
broadens the pulse so G is no longer constant through t . For a transform limited pulse, this
broadens the pulse. At the same time, the time-bandwidth product remains constant except
that it is now scaled by the chirp parameter and is given by Dv = 0.44 1 + a 2 t FWHM . The
TF2p setup compensates for this chirp by shifting the temporal focus to a position where the
dispersion accumulated in the system negates the input chirp. Taking how the pulse broadens
with chirp we can rewrite Eq. (6) as
1

I TF 2 p ( dz )

(7)
.
2
Dn 2
dz
1+ a + c
M2
In the paraxial limit, TF2p microscopy is therefore dependent on the frequency bandwidth
and the system magnification as seen from Eq. (7) where c = g 2 log 2 ( 0.222 k0 ) . The axial
FWHM according to Eq. (7) is given by 2M 2 ( c Dv 2 ) and is independent of the chirp. As we
shall see later, this may come in useful as the paraxial approximation yields results that are
close to a vector formulation.
3. Temporal focusing: Vectorial case

In general we use a high NA objective to improve the axial resolution at the focus. It is
known that for values of NA above 0.5 the paraxial approximation is no longer valid and a
vector theory of diffraction needs to be considered. We begin with a vectorized pupil as
previously described [18]. In the focal plane the electric field can be written as
E ( x, y , z ) =

Q (x ,h ) exp ( ikq r )

d x dh

V

,

(8)

with r = xi + yj + zk at the focus and q = x i + h j + Vk in the pupil. We recognize Q (x ,h ) V
as the pupil function
P ( x ,h ) =

Q ( x ,h )

V

.

(9)

For incident light that is linearly polarized, we can describe a strength function [19, 20]
that is given by
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(x V + h )
2

2

l2

a (x ,h , V) = - xh (1 - V) l 2 ,
-x

(10)

where l = x 2 + h 2 and V = 1 - l 2 . With this we can express the projected pupil function
(in Cartesian coordinates) as
P (x ,h ) = a (x ,h ) S (x ,h ) F (x ,h ) ,

(11)

where S (x ,h ) is the apodization function and for lenses designed to meet the sine condition
it is cos q and for the Herschel condition it is 1. The function F (x ,h ) accounts for arbitrary
transmission factors such as aberrations or a mask.
The electric field at the focus is taken over the limits of the pupil and is given by Eq. (8).
We find the electric field at the BFP of the objective from Eq. (3) and for our vector
formulation it is
2

E BFP ( x BFP , y BFP , z BFP ; Dk ) = A ( Dk )

(2)

exp ( igDw x ) exp -

= A ( Dk ) exp -

2

2

y BFP +y x BFP
2
G

s

2
y 2 y BFP
+ ( xBFP - x0 )

(12)

2

,

2

sBFP

and the variables have the same meaning as in Eq. (3) except for x0 , which is given by
2mp fTL k

x0 =

2mp
- sin qin
( k + k0 ) d 1 d ( k + k0 )

2

(13)

.

From Eq. (5) we can express the electric field at some point near the focus in terms of the
projected vectorial pupil multiplied by a defocus term exp [ ikz cos q ] .
ETF ,0 ( x, y , z , Dk ; z ) =

(2)

P (x ,h , V, Dk ) exp ik z z -

it 2 c 2 Dk 2
4 (i + a )

.

(14)

Equation (14) is easy to evaluate with FFT algorithms and lends itself to sequential
processing. The time varying electric field is therefore the temporal Fourier transform of Eq.
(14).
Dk

ETF ,0 ( x, y , Dk ; z ) exp ( ick0t ) d ( Dk )

ETF ( x, y , z, t ) =
- Dk

=

(15)

ETF ,0 ( x, y , Dk ; z ) .

The instantaneous intensity is thus I = E E * and for two-photon excitation it is the square of
the intensity I TF 2 p = I 2 .
4. Optical transfer function (OTF)

The optical transfer function is a useful way of characterizing the performance of a
microscope. In general we can express the OTF of an imaging system with a point detector as
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C ( m, n, s ) = F (3) hex

b

hdet

2

where

= 2 for single photon and

= 4 for a two-photon

microscope. A measure of the optical sectioning capability of a microscope is given by the
response to an infinitely thin layer of fluorescence being scanned through the axis. As an
alternative a thick layer of fluorescence may be scanned through the focus and the derivative
of the axial response is a measure of the optical sectioning capability. This optical sectioning
capability may be found from the OTF by taking the projection of the 3D OTF along s to give
the integrated intensity. This may be expressed as
I TF 2 p ( z ) =

-

C ( 0, 0, s ) exp ( izs ) ds.

(16)

5. Results

A typical setup of a TF2p microscope is illustrated in Fig. 1. We used a Chameleon
Ti:Sapphire (Coherent) operating at 790 nm. The repetition rate is 80 MHz and the output
pulse was measured at 158 fs. The grating (Richardson Gratings) has a period of 600
lines/mm and the focusing tube lens is a 250 mm doublet. The Fluar 40x NA 1.3 Oil was used
in all figures. In order to fully utilize the NA of the objective, we included a 2:1 beam
expander (not shown in Fig. 1) after the grating and before the focusing tube lens. Fluorescent
beads of 0.2 m diameter (Polysciences) were used to measure the axial resolution. A dilute
solution (1:500 v/v) of beads was dried on a coverslip and the coverslip attached to a glass
slide.
A drop of Rhodamine B was diluted in water and 0.4 L was placed on a clean coverslip
and spread evenly over the surface to give a thin film of fluorescence that is 0.8 m thick on
average. The fluorescent beads and thin film of fluorescence were fixed to glass slides. A
special holder was made to mount the slides onto a nano-positioning stage (nanoMIPOS400,
Piezosystem Jena). This stage allowed repeatable movements of 100 nm resolution. For all
experiments the fluorescence signal was captured in epi-fluorescence mode and imaged with
a Zeiss tube lens and captured on a CCD (GE680, Allied Vision). The data was stored on a
PC for post-processing with Matlab.
Figure 2 illustrates the difference between the FWHM of I TF 2 p ( z ) as calculated from
paraxial and vectorial theory. It is clear that the paraxial form and vector theory give similar
results, although the drop-off is slower for the vector theory. Paraxial theory gives a larger
axial FWHM of 15.6 m compared to 7.6 m from vector theory. This is attributable to the
fact that in the vector theory we account for factors such as the high NA, apodization, and that
the wavefront after the objective is spherical and not parabolic. We note that up to the back
focal plane of the objective, paraxial optics may be used since even for 100 fs pulses the angle
of diffraction at the 1 e2 wavelength is small enough such that cos qd 1 . We choose to use
the vector form in the rest of our paper as the computation time and resources is not
significant and more importantly, it better approximates the data obtained.
We now consider the OTF of a TF2p microscope. The optical transfer function is an
important concept because, as a single measure, it tells us much more about the performance
of the microscope than other measures combined. Figure 3 shows the cross-sections of the 3D
OTF i.e C ( 0, n, s ) of the 1p wide-field microscope, the 1p confocal microscope with a point
detector, the 2p microscope, and the TF2p microscope. In Fig. 3(a), it is observed that the 1p
wide-field microscope has a missing cone which means that it does not transmit any axial
frequencies and the optical sectioning effect is non-existent. In Figs. 3(b) to 3(c), we find that
the inclusion of a confocal pinhole or the use of 2p excitation results in optical sectioning.
The OTF for a temporally focused wide-field 2p microscope is thus a mix between a widefield and a 2p microscope. The transverse frequency support is similar to that of a 2p
microscope. This missing cone is not truly missing as shown in Fig. 4.
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(open blue circles) and that calculated from vector theory (red line). The FWHM for the
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Fig. 3. (a) Slice view of the OTF for a 1p fluorescence wide-field microscope. The missing
cone indicates that no axial information is transmitted. On the other hand, (b) is the slice of the
1p confocal microscope. The missing cone has been filled in and has optical sectioning. A
similar OTF is found for (c) a conventional 2p microscope. (d) is the slice OTF of a TF2p
microscope. The approximate extent of the OTF has been outlined in white as a visual aid.

Figure 4 shows a graph concerning C ( 0,0, s ) from the 3D OTF. The axial frequency
support for a 2p microscope is given by n (1 - cos a ) . Given that the point spread function of
a TF2p microscope has a FWHM of 1.8 m, which is about twice that of a conventional 2p
microscope at 0.8 m, we expect the support for a TF2p microscope to be close to half that of
the conventional 2p transfer function in the axial direction. Indeed Fig. 4 shows that the
frequency supports for both microscopes are close to the values given above. Another
interesting observation is that the drop-off is much quicker for a TF2p microscope.
This means that we lose axial information much quicker than compared to conventional
2p or 1p confocal microscopes. The axial resolution is therefore much poorer for a TF2p
microscope. While this may be disadvantageous to some extent, this loss of resolution relative
to 2p or 1p confocal microscopes may be overcome by the use of structured illumination
methods.
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Fig. 4. Plotting the transfer function along the s-axis indicates that the frequency support for
TF2p is close to half that of the conventional 2p transfer function. The 1p confocal has a
frequency support twice that of conventional 2p. The cut-off frequency for the 2p microscope
is about twice as large as that of a TF2p microscope. In all cases, the excitation wavelength
was 790 nm and the emission wavelength of 395 nm.
s
l

Fig. 5. Comparison between the numerically calculated OTF and that obtained experimentally.
(a) The cross-section of the numerically calculated OTF and (b) experimentally obtained OTF.
In both cases, the excitation wavelength was 790 nm and the emission wavelength was taken
as 485 nm for (a).

We next compared the validity of our high aperture formulation of TF2p microscopy to
that obtained experimentally. We obtained the 3D OTF by taking the 3D Fourier transform of
the image of a single bead and Fig. 5 shows the cross-section through the numerically
calculated and experimentally recorded OTF. Since the beads have a peak emission of
fluorescence at 485 nm we normalized the spatial frequencies by 485 nm for both cases. It is
clear that the theoretically derived OTF is validated by experiment. In both cases we find the
same figure-of-eight shape and similar frequency support in both the l and the s directions.
A two-photon microscope is worth the complexity and expense because it is able to
deliver optically sectioned images among other things. A TF2p microscope is able to provide
the necessary spatial confinement for the two-photon process but the optical sectioning effect
is poorer than that of a 1p confocal or a 2p microscope. We imaged a 0.2 m fluorescent
bead. We summed the image over a region equivalent to 2 Airy Units (A.U) and find that the
FWHM of the imaged bead is 2.1 m compared to 1.8 m from theory while Fig. 6 shows the
fit.
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Fig. 6. Axial intensity of the image of a bead. Excitation and imaging was done with the same
objective, a Zeiss 40x NA 1.3 oil immersion objective. The experiment (blue open circles)
yielded a FWHM of 2.1 m whereas numerical calculations (red solid line) gave a FWHM of
1.8 m.
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Fig. 7. A thick layer of Rhodamine was scanned through the temporal focus and the recorded
signal (blue, solid line) is plotted. The first derivative of the signal was obtained and a curve
fitted to it (red, dashed line). Both are measures of the optical sectioning property of the TF2p
microscope.

Although the image of a single fluorescent bead provides a good estimate of the imaging
properties of a microscope, a more common scenario found in imaging is to discriminate
between signal that emanates from the in-focus plane and out-of-focus planes. For this
purpose, the optical sectioning has been defined to be the response of the microscope to a
plane of fluorescence with no transverse variations. Alternatively, it is the steepness of the
gradient of the response due to a sea of fluorescence scanned through the focus. The signal of
such an experiment was recorded and graphed in Fig. 7. The first derivative of the recorded
signal, a measure of the optical sectioning capability of a microscope, was obtained and is
also presented in the same figure. From the data, we find that the FWHM of the optical
response to a sea of fluorescence (given by the dotted red curve) to be 7.6 m. What this
means is that we are only able to locate the interface of an axially extended object with no
axial variation to within 7.6 m.
We compared the optical response to a sea of fluorescence by measuring the optical
sectioning effect, which is obtained by scanning a thin film of fluorescence through the focus.
Figure 8 illustrates the response of the TF2p microscope due to a thin layer of fluorescence.
The measured response has a FWHM of 8 m and is in good agreement with the derived
optical sectioning response from a sea of fluorescence as well as the response calculated

#183262 - $15.00 USD
(C) 2013 OSA

Received 14 Jan 2013; revised 24 Apr 2013; accepted 26 Apr 2013; published 17 May 2013
20 May 2013 | Vol. 21, No. 10 | DOI:10.1364/OE.21.012951 | OPTICS EXPRESS 12961

numerically. At this point, we note that the image of a thin plane of fluorescence (Fig. 8) is
poorer than that of a sub-resolution bead because the former has mostly the DC term (zero
frequency) in the Fourier space whereas the latter, being effectively a point, possesses higher
spatial frequencies. This being the case, the effect of the OTF is such that the non-DC
frequencies attenuate with defocus for the image of a bead whereas the DC term is always
present and does not attenuate with defocus for the image of a thin plane.
Data
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Fig. 8. A thin layer of fluorescence (red open circles) was scanned through the temporal focus
and the captured image was summed over an area corresponding to around 2 Airy Units (AU).
This experiment is equivalent to taking the first derivative of the optical response to a sea of
fluorescence. The data is compared to vector theory (blue line) and a good fit is obtained
between experiment and theory.

It has been demonstrated [12, 13] that the plane can be scanned along the optical axis
simply through the introduction of a chirp to the excitation beam. Since paraxial theory
indicates dependence upon 1 M 2 (see Eq. (7)), we set up an experiment to test the validity of
this dependence under conditions of high NA.
Table 2. Shift of temporal focus with chirp
Nos.
A
B
C
D
E
F
G
H

Measured
Pulsewidth (fs)
169.4
181.3
244.6
326.6
404.3
497.2
706.3
851.9
Mean

M1 = 37.89
(1) z shift (µm)
3.39
3.47
3.5
3.57
3.71
3.62
3.69
3.62
3.57

M2 = 60.61
(2) z shift (µm)
1.34
1.35
1.45
1.32
1.15
1.43
1.37
1.54
1.37

(M1/M2)2 = 2.56
(1)/(2)
2.53
2.57
2.41
2.70
3.22
2.53
2.69
2.35
2.63

Columns 2 and 3 represents the shift of the temporal focusing plane, relative to the previous position attained.

We introduced a prism-based compensator [21] before the grating to vary the chirp of the
input beam. The amount of chirp imparted to the beam was accomplished through translating
the retroreflector as described in the reference [21]. A separate line fed the beam to an
autocorrelator for measuring the pulsewidth. For each position of the retroreflector, we
scanned a thin layer of Rhodamine 6G axially through the temporal focus and recorded the
fluorescence signal with a CCD. This was repeated for two objectives, a Zeiss 25x NA 0.8
and a Zeiss 40x NA 1.3 Oil. The system magnification for both objectives is 37.89 and 60.61
respectively. Based on the recorded fluorescence signal for each scan, we fitted a Lorentzian
function to the data and, by determining the axial position where a maximum signal was
recorded, determined the axial position of the temporal focusing plane with position of the
retroreflector (i.e chirp). We subsequently found the amount of shift that occurred between
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each shifted plane. This was repeated for the various magnifications and entered in columns 2
and 3 in Table 2. From Table 2 the average shift in z between planes for the 25x objective is
3.57 m. The 40x objective results in a system magnification that is 1.6 times larger than with
the 25x objective. The change in the axial shift between planes is thus expected to be
3.57 1.62 = 1.39 m . Indeed we find that the experimental shift of 1.37 m agrees well with
the expected result from our derivation. We can conclude that even in a high NA vector
approach, the relative axial shift is still well approximated by the paraxial form where it was
derived to be proportional to 1 M 2 .
6. Conclusion

We have analyzed temporal focusing using paraxial and vector theory. For the paraxial
theory, we find that even for 100 fs pulses, we are justified in making the approximation
cos qd ,l 1 . On the other hand, keeping k = Dk + k0 in the paraxial approximation still allows
us to analyze temporal focusing using Fourier optics and derive an analytical solution for
I TF 2 p ( z ) . The analytic solution of the paraxial approximation gives an axial FWHM almost
twice that of the vector case. The vector case was found to fit experiment better and, by
recasting the problem as a projected pupil function, we were able to apply standard FFT
algorithms and the chirp z-transform to minimize the computational process. Given our
system parameters, we found a close fit between the numerical calculations and data obtained
from experiment.
We also examined the 3D OTF of the TF2p microscope. We found that it is similar to the
conventional wide-field microscope, the exception being that the missing cone is not exactly
‘missing’ but is slightly filled in as a result of the confinement due to the two-photon effect
arising from temporal focusing. The frequency support for a TF2p microscope is half that of a
conventional 2p microscope and this is reflected in the FWHM of the point spread function
being almost twice that of a conventional 2p microscope. The transfer function for a TF2p
also drops off much quicker than those of a conventional 2p or 1p confocal microscopes. The
transverse frequency support is expanded and is similar to that of a 2p microscope. It is also
interesting to consider the alternative, which is to consider the 3D pupil function [19, 22] to
generate the 3D OTF of a temporally focused wide-field 2p microscope through the
autocorrelation of the 3D pupil function.
Finally we examined how application of chirp to the input beam affects the axial shift of
the temporal focus. Based on paraxial theory, we found that this shift is inversely proportional
to the square of the system magnification. Our experiments show that the scaling factor
predicted with paraxial theory is applicable even for high NA objectives. Since the utilization
of the NA– which is to say the filling the BFP with the spectral bandwidth– is important for
good axial resolution, the fixed bandwidth of the source and the finite size of the BFP often
eventually dictates the overall system magnification. This has implications for the final fieldof-view as well as the amount of axial scanning available.
The long tail of temporal focusing has an effect on the optical sectioning of the TF2p
microscope. This may affect the imaging quality when the sample is highly scattering or the
fluorophores are not sparsely distributed through the sample. It is conceivable that the TF2p
microscope can also benefit from other background suppressing measures such as structured
illumination. The extended drop-off will also have implications for microfabrication
processes that rely on temporal focusing.
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