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This document provides supplementary information to “Multifocal optical nanoscopy for big data recording at 30 TB
capacity and gigabits/second data rate,” http://dx.doi.org/10.1364 /optica.2.000567. We describe the phase retrieval

method for in-plane and three-dimensional multifocal arrays, details of our experiments, and characterization of

multifocal nanoscopy. © 2015 Optical Society of America
http://dx.doi.org/10.1364/optica.2.000567.s001

1. ACCURATE PHASE MODULATION FOR IN-PLANE
MULTIFOCAL ARRAYS

In contrast to the scalar diffraction, the three orthogonal field

components E,, E,, E,, are calculated separately by the vectorial

Debye integral [1, 2]. Thus the overall intensity of the kth focal spot

in the array equals to the modular square of the three components,

given by

k _ |pk|? k|? k|2

I = |EY" + |E¥|" + |E¥| (S1)

To enable uniform and diffraction-limited feature, an individual

controlling factor M¥ is introduced to correct the intensity of each
of the focal spot in the multifocal array [3]:

Mk = Mk, 52)
where I% is the normalized intensity of the kth focal spot in the
design, I¥ is the intensity of the kth focal spot in the nth loop
normalized by the average intensity. A high uniformity (u >
99%) of focal spots with the desired binary value of “1”, which is
crucial in the super-resolution recording, can be achieved through
the iteration process [3]:

u= 1 _ Imax—Imin (53)

Imax+Imin
where I,,,,, and I,,;,, are the maximum and minimum intensities
of the foci with the desired binary value of “1” in the array.

Fig. S1 shows the examples of retrieved phase patterns for 2 by
2 multifocal arrays for the induction and inhibition beam,
respectively.
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Fig S1. (a) The accurate phase modulation of the induction beam
displayed on the SLM and the calculated 2 by 2 multifocal array in the
focal plane. (b) The accurate phase modulation of the inhibition beam
displayed on the SLM and the calculated 2 by 2 multifocal array with a
doughnut-shaped focal spot. (c) The prediction of the recorded bit size
as well as the equivalent capacity by increasing the inhibition intensity
over the saturation intensity of the optical material.
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Fig. S2. CCD acquired images of the 2 by 2 multifocal array of the
induction (a) and inhibition (b) beams. The insets show the
characterization of the point spread function of each focal spot in the
array by the raster scanning of fluorescent quantum dots. (c) The cross
section plots of point spread functions of the induction and inhibition
beams confirm the diffraction limited features and the spatial
overlapping.

Fig. S2 shows the characterization of the point spread functions
of multifocal arrays of the induction and inhibition beams,
respectively, through the fluorescence imaging of single CdSe
quantum dots. A photopolymerizable medium was prepared
consisting of polymerization agents of SR 444 monomers and
photoinitiators. A femtosecond pulsed laser beam at the
wavelength of 800 nm was employed as the induction beam, while
a continuous wave laser beam at the wavelength of 532 nm was
employed as the inhibition beam. A high NA objective (NA = 1.4)
was used to focus the two beams in the focal plane. The scanning
electron microscopic (SEM) images of feature sizes of the recorded
bits and the separation between neighboring bits, at a variety of
inhibition powers are shown in Fig. S3 and plotted in Fig.S4,
respectively.
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Fig. S3. SEM images of the feature size (a) and separation (b) of parallel
recorded bits at a variety of the inhibition power of the multifocal
array. Each subsection of the square is recorded by one of the focal
spots in the 2 by 2 multifocal array. The scale bars are 500 nm.

Another photopolymerizable sample consisting of 2,5-bis(p-
dimethylaminocinn = amylidene)-  cyclopentanone (BDMA),
tetraethylthiuram disulfide (TED), SR 444 was prepared for high
inhibition efficiency. Fig. S5 depicts the feature size as a function of
the inhibition power in the new medium. The reduced inhibition
power enables fast parallelism through 10 by 10 multifocal arrays,
as shown in Fig. S6.
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Fig. S4. The plot of the feature size (blue circles) and resolution (red
squares) as a function of the inhibition power of the multifocal array.
The power of the multifocal array of the induction beam is fixed at 36
mW. The exposure time is 5 ms.
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Fig. S5. Recorded bit size of the radical-quenching-based composites
with the enhanced photoinhibition efficiency to the inhibition beam as
a function of the inhibition power. The inset shows SEM images of the
bit size obtained at various inhibition powers. The power of the
induction beam is 8 mW. The exposure time is 10 ms. The fitting [5]
gives the saturation power for the inhibition of 1.2 uW, corresponding
to a three-order-of-magnitude reduction compared with that in the
triplet-state-depletion-based photoresin.
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Fig. S6. (a) SEM image of the recorded pattern by a 10 by 10 super-
resolved multifocal array. The bit separation is 200 nm. (b) The
projected data rate by the parallelism through increasing the total
number of focal spots in the multifocal array based on the data rate of
Blu-ray at 36 Megabits/second.



2. ACCURATE PHASE MODULATION FOR THREE-
DIMENSIONAL MULTIFOCAL ARRAYS

In the case of three-dimensional (3D) parallel recording, a 3D
entity field can be written as YN_, IX8(xy, i, z), where N
denotes the total foci number and IX denotes the desired peak
intensity of kth focal spot. The accurate phase is obtained through
the vectorial Debye-based 3D-FT method on an Ewald cap and
then projected to the back aperture plane [4].

(d)

Fig. S7. The accurate phase modulations for the volumetric multifocal
arrays for the induction beam (a) and inhibition beam (b). The
multifocal array consists of three layers with 6 by 6 focal spots in each
layer. A section of the axial plot of the calculated intensity distribution
of the multifocal array for the induction beam (c) and the inhibition
beam (d) with a layer separation of 1.5 um.

Examples of retrieved phase modulations of volumetric
multifocal arrays for the induction and inhibition beams, as well as
the calculated axial intensity distribution of such three-
dimensional focal array are shown in Fig. S7.
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