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Fig. 4. Four beam remote focusing microscope layout. A/2: Half Wave-plate,
PBS: Polarizing Beam-splitter, A /4: Quarter Wave-plate, AS: Asphere, PM: Piezoelectric
Mirror, L1: 400 mm Lens, L2: 100 mm Lens, L3: 40 mm Lens, L4: 40 mm Lens, L5: 35 mm
Lens, L6: 200 mm Lens, NDW: Neutral Density Wheel, SM: Scan Mirror, OBJ: Objective

6 ns relative to one another. Such large delays are a result of the extended cavity design. In
contrast, standard oscillators produce only a single beam with energies on the order of 10-20 nJ,
and the pulses are spaced by 10 to 12 ns. Thus, splitting a beam from a standard oscillator
to create six individual beams would decrease the inter-pulse spacing to 1.6-2ns and, as a
result of losses in the external beam-splitter array, the per beam energy would also decrease.
Optimistically assuming 90% throughput of the beam splitter / delay line array, such a system
would result in 1.5 to 3 nJ per beam. Notably, a tight inter-pulse spacing would negate the use of
most fluorophores, as the fluorescence lifetimes would exceed the inter-pulse spacing and make
single-element detection impossible. Therefore, a standard oscillator design limits the practical
scalability of our multifocal approach and necessitates a custom-built oscillator.

As shown on the left half of the system schematic (Fig. 4), we have implemented remote
focusing on three of four excitation beams. The four beams are then angularly multiplexed to
the back of the excitation objective using the optical system described by Sheetz et al [16]. This
technique is commonly employed for beam combining in multi-focal microscopy [2-14, 16].

Each of the three adjustable beams uses a 0.65 NA asphere (New Focus 5721-H-B) focused
onto a zero-degree, high reflector (CVI Melles Griot TLM-1053-0-0643) that is attached to a
piezoelectric actuator (Thorlabs PAS100). Each actuator is connected to a separate channel of
a three axis open-loop piezo controller (Thorlabs MDT693A), which is adjusted manually. The
excitation objective is a 0.65 NA Zeiss A-Plan (40x/0.65).

3.2. Imaging results

Fig. 5 illustrates the acquisition of four two photon excitation fluorescence (TPEF) images all
acquired simultaneously using the system shown in Fig. 4. The maize specimen used in these
images has been engineered to express the Citrine variant of yellow fluorescent protein (YFP),
which is efficiently excited by the 1038 nm wavelength provided by the Yb:KGW laser. The
four focal planes are uniformly separated in the axial direction by approximately 7 um. The
angular multiplexing necessitates that each focal plane is offset laterally relative to one another,
with the green circle shown in each image serving as a guide for the relative lateral offset
between any two images. Each of the individual excitation beams measured 14 mW average
power (18.6 MHz repetition rate), as measured after the excitation objective, for all the images
acquired in this and the following image series. This beam power and pixel dwell time was
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Fig. 5. Single-scan excerpt from a video illustrating simultaneous acquisition of four focal
planes, the x and y axes are in microns and the intensity map is in photon counts. This
video (Media 1) demonstrates how the focal planes can be programmatically adjusted by
sweeping one of the focal planes through the range of the other three. A large dynamic

range is achieved by using a frame exposure time of 40 seconds, with an average per-beam
power of 14 mW in order to avoid damaging the specimen.
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adopted in order to be below the damage threshold of the specimen and achieve a reasonable
dynamic range in each frame. For this sample, and these exposure conditions, we typically
have a background of 2-3 photons per pixel with a maximum signal of up to ~ 800 photons
in a pixel. To date we have achieved pixel dwell times with this multifocal imaging system as
short as 0.9 us (~ 60 frames/s for a 128x128 scan region). An important feature of our imaging
system is that the pixel dwell time can be conveniently changed to produce optimized images
based on the damage threshold of the specimen and the efficiency of the optical nonlinearity
being employed to generate image contrast.

To demonstrate the utility and simplicity of remote focusing, a single focal plane is varied
(upper left image) relative to the fixed focal position of the other three planes, Fig. 5 (Media 1).
By tracking a key feature in the frame (such as that shown in the green circle) it is clear that the
axial position shifts into (and then out of) the same focal plane of each of the other images as
the focus is continuously varied.

Fig. 6 (Media 2) is, once again, a four image series that is acquired simultaneously with the
focal planes uniformly offset by approximately 7 um. In this series the offset is not varied, but
rather a time series is taken revealing dynamic behavior at four different levels. The time steps
in this series is ~40 seconds, an example of four-dimensional imaging.



120 120
100 100
80 80
60 60
40 40
20 20
0 0
120 120
100 100
80 80
60 60
40 40
20 20
0 0

0 14 28 42 56 70

Fig. 6. Single-scan excerpt from a movie of a living corn maize specimen demonstrating
the simultaneous acquisition of four focal planes, the x and y axes are in microns and the
intensity map is in photon counts. In this video (Media 2) the focal planes are adjusted
to a static ~ 7 um offset and a live sample is imaged over time. Each frame is captured
with a 40 second exposure time, for a 14 mW per-beam average power, in order to produce
significant image contrast without harming the sample.

A limitation of the four beam system is the programmable depth. In this case we have coupled
the remote focusing system to a pre-existing optical system which optically multiplexes the
beams together at the back of the excitation objective. As a result we had to employ imaging
systems with non-unity magnification, which results in limiting the maximum excursions that
we can achieve to approximately 20 micrometers. In order to achieve the full excursion depth
(as demonstrated in our dual focus system, Section 2) it will be necessary to redesign the optical
multiplexer in conjunction with the remote focusing system to ensure 1:1 image conditions
throughout, thereby maximizing our axial scan depth.

4. Conclusion

Differential microscopy facilitates volumetric visualization by mitigating scattering ambiguities
common to traditional multifocal multiphoton imaging systems. The marriage of differential
microscopy with remote focusing, as demonstrated in this work, extends the utility of both of
these technologies by enabling three-dimensional volumes to be explored with programmable
control of the lateral and axial scan directions. For example, by synchronizing the remote
focusing direction with the x-scan direction we have demonstrated the acquisition of image
planes orthogonal to the traditional lateral scan plane. To date we have scaled remote focusing



to a four beam system, enabling the simultaneous capture of entire image volumes as a function
of time — the first realization of fully programmable 4-D multiphoton imaging. It is also possible
to further generalize these conditions, such as by adding focal planes or by rotating the scan
planes to selectively target interesting features. Consequently, this technology holds significant
promise as being an important new imaging tool for the efficient exploration of biological
phenomena.
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