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Abstract 

In this paper, we report on the generation of high-quality Debye diffraction-limited 

volumetric multifocal arrays. The multifocal arrays with a uniformity of 0.99 over the 

entire focal region of a high numerical-aperture objective are volumetrically generated 

by using the vectorial Debye-based three-dimensional Fourier transform method 

through the accurate phase modulation on an Ewald cap. Thus, this method is capable 

of dynamic spherical aberration compensation. Applying this feature into three-

dimensional parallel aberration-free optical recording reveals a significant increase in 

the throughput by two orders of magnitude. 
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The ever-increasing demand for high storage capacity has compelled the technique revolution 

of three-dimensional (3D) optical data storage where information can be stored in the volume 

of a disc [1]. Even though an ultra-high storage density can be achieved by focusing a pulsed 

laser beam with a high numerical aperture (NA) objective [2], the associated bit-sequential 

recording is intrinsically slow, representing a fundamental bottleneck for ultra-high 

throughputs, which are equally important for the next generation ultra-high capacity 3D 

optical storage devices. 

On the other hand, computer-addressed spatial light modulators (SLMs) with phase-only 

modulation have opened the perspective to generate multifocal arrays for fast and parallel 

laser processing [3]. As such, the vectorial Debye-based two-dimensional Fourier transform 

(2D-FT) method for considering the depolarization effect by a high NA objective, which is a 

necessity for ultra-high capacity volumetric optical storage, has facilitated the generation of 

diffraction-limited planar multifocal arrays through the accurate phase modulation [4,5]. Even 

though superposing phase patterns of light fields from multiple discrete focal planes [6-9] 

provides the possibility to create volumetric multifocal arrays without considering the light 

fields within the entire focal region, the 2D-FT method accompanied with interlayer cross 

talks fails to generate diffraction-limited volumetric multifocal arrays with a high uniformity. 

However, a diffraction-limited volumetric multifocal array based on a high NA objective is 

essential for ultra-high throughput in 3D optical storage, but has never been achieved yet. 



In this paper, we report on the generation of diffraction-limited volumetric multifocal 

arrays using the vectorial Debye-based 3D-FT method. Unlike the 2D-FT method [4,5], the 

proposed vectorial Debye-based 3D-FT method generates the accurate phase modulation on 

an Ewald cap by numerically considering the multilayered light fields and thus allows for 

diffraction-limited volumetric multifocal arrays with diminished cross talks and hence a high 

uniformity. By implementing the accurate phase modulation into the laser beam through an 

SLM, diffraction-limited volumetric multifocal arrays with arbitrary intensity configurations 

can be simultaneously recorded in the volume of the recording media in a single laser shot. 

Moreover, the proposed method allows for the integration with aberration compensation 

methods for 3D parallel aberration-free recording with an increased throughput by two orders 

of magnitude. 

The experimental configuration and the principle of the accurate phase retrieval process 

are depicted in Fig. 1. The key physical step is to obtain the phase distribution on the Ewald 

cap by the inverse 3D-FT [11-14] of the entity fields and to calculate the volumetric intensity 

distribution in the focal region by using the vectorial Debye theory [15, 16]. A 3D entity field 

can be written as
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distribution in a volumetric multifocal array, where n is the iteration number. Finally, the 2D 



phase modulation at the back aperture of the high NA objective can be obtained by a parallel 

projection from the 3D Ewald cap, as shown in Fig. 1. 

Instead of superposing phase patterns of light fields from multiple discrete focal planes 

separated by corresponding lens phase factors [6-9], the vectorial Debye-based 3D-FT 

method allows for considering the entire focal region as an entity. As such, the interlayer 

cross talks can be minimized. To quantity this, a uniformity factor is defined as 
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 [17], where maxI and minI are the maximum and minimum intensities in foci. 

Figure 2 shows the comparison between the vectorial Debye-based 3D-FT and 2D-FT 

methods with NA=1.4 and wavelength of 800nm  for an x-linearly polarized light. The 3D-

FT method is superior to the 2D-FT method as the complexity of the volumetric multifocal 

arrays is increased. Fig. 2(a) shows that the uniformity of the 2D-FT method tends to drop 

obviously as the foci number in each plane is increased up to 10, however, the uniformity of 

the 3D-FT method remains unaffected with a value of 0.99. More importantly, Fig. 2(b) 

demonstrates that the 3D-FT approach performs better with different axially separated 

distances, owing to the fact that it considers the volumetric multifocal arrays as an entity field 

rather than multiple discrete focal planes. When the axial distance between multilayered focal 

arrays reduces, the interlayer cross talks appear more significantly and degrade the uniformity 

by the conventional 2D-FT methods. The 3D-FT method can eliminate the cross talks from 

intermediate planes. As a result, a high uniformity can be remained. As an example, the 



superior performance of 3D-FT can be clearly seen in the simulated results with an interlayer 

distance of 3 mµ  as shown in Figs. 2(c) and 2(d).  

Applying the proposed method for fast parallel optical recording in two-photon (2P) 

induced multilayer optical data storage in a photoreduction polymer can lead to two orders of 

magnitude increase in throughput. To this purpose, we used a linearly polarized femtosecond 

pulsed beam at the wavelength of 800nm  from an amplified Ti-sapphire system (Spitfire, 

Newport/Spectra Physics, 100 fs  pulse duration, 1kHz repetition rate) to illuminate a 

refractive SLM (Holoeye Pluto, 1080× 1920 pixels, 256 gray levels). The phase modulation 

displayed on the SLM was relayed to the back aperture of a high NA objective (Olympus, 

100× , UPLSAPO, 1.40 NA) through a 4f telescope composed of lens L1 (500mm ) and L2 

(300mm ). A photoreduction polymer (refractive index of 1.50 at 800 nm ) consisting of 16 

mg of HAuCl4, 0.67 mg of R6G, and 570 mg of Poly (methyl methacrylate) (PMMA) was 

prepared as the recording sample [18]. An enhanced fluorescence emission from R6G dye 

molecules in the focal spot can be employed as the mechanism for recording and readout 

[18]. A volumetric multifocal array consisting of three layered patterns of “1”, 2” and “3” in 

focal region with z=-3 mµ , z=0 and z=3 mµ  were recorded in a single slight deviation might 

be attributed to the spatially inhomogeneous response of the recording sample. The 

demonstrated method can potentially increase the throughput of 3D optical storage by two-

order of magnitude compared with the traditional bit-sequential approach. 

The vectorial Debye-based 3D-FT method offers not only the accurate phase for 

volumetric multifocal arrays with a high uniformity but also the capability of dynamic 

aberration compensation in the recording medium. Spherical aberration (SA) caused by the 

refractive-index mismatch which can significantly degrade the recording performance [8, 19-



22], can now be dynamically compensated for the entire focal region. To this purpose, a 

volumetric compensation factor
1
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2 2 1 1( ) ( cos cos )SA i iz kz n nθ θΦ = − denotes the SA term of the focal position ( iz z= ) by assuming 

that the origin of the coordinates is at the interface between the immersion oil and the sample, 

k denotes the wave-number, 1θ and 2θ are the converging angles in the immersion and 

recording media of refractive indices of 1n and 2n , respectively. To experimentally confirm 

the SA compensation capability, a photochromic polymer sample (refractive index of 1.69 at 

800 nm ) with dark focal spots due to the fluorescence emission reduction was prepared [23]. 

Three layered patterns located at 1 , 6 , 11z m z m z mµ µ µ= = =  with and without the SA 

compensation were recorded and retrieved, respectively, as shown in Figs.4. In the absence of 

the SA compensation, only the first layer ( 1z mµ= ) information which suffers negligible SA 

can be retrieved, while patterns in the other two layers were severely degraded and cannot be 

retrieved, as shown in Fig. 4(a). On the other hand, the volumetric layered information can be 

clearly retrieved provided the SA can be compensated in the 3D-FT methods as shown in Fig. 

4(c). The axial point spread functions (PSFs) of the recorded foci in three layers were 

obtained by scanning the fluorescence intensity along the axial direction. It is clearly seen that 

significant aberration is present before the SA compensation, and the recorded bits suffer 

from peak intensity drop, axial elongation and focusing shift, as shown in Fig. 4(b). In 



contrast, the disruptive aberration effects observed above can be removed through integrating 

the SA compensation, as shown in Fig. 4(d).  

In conclusion, we have developed an accurate phase modulation method for the 

diffraction-limited volumetric multifocal arrays under high NA objectives. The proposed 

vectorial Debye-based 3D-FT methods allow for the generation of volumetric multifocal 

arrays with diminished interlayer cross talks and aberration free with integrated aberration 

compensation approaches. In principle, the maximal lateral and axial sizes of a volumetric 

multifocal array are determined by the field of view and the working distance of a high NA 

objective using the vectorial Debye-based 3D-FT method. The computation speed of the 

proposed method is also very fast. For a comparison, a volumetric multifocal array consisted 

of a stack of discrete layers, the computation time are almost identical to the conventional 2D-

FT method. Even for a planar multifocal array, 3D-FT method takes only seven times longer 

than the 2D-FT method. The demonstrated diffraction-limited and aberration-free volumetric 

multifocal arrays may open the new perspective for wide applications in ultra-high density 

optical storage [24, 25], parallel imaging microscopy [5], direct laser writing [26, 27] and 

optical tweezers [28]. 
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Figure 1. Schematic diagram of generating a volumetric multifocal array through an 

SLM. Vectorial Debye-based 3D-FT imposing on the 3D Ewald cap located in the 

aperture space provides a volumetric intensity distribution in the focal region. Phase 

pattern displayed on the SLM can be obtained by a parallel projection of the 3D 

Ewald cap. L1, L2 are telescope lenses.   

Figure 2. Comparison of the uniformity of volumetric multifocal arrays derived from the 

vectorial Debye-based 3D-FT and 2D-FT methods. Volumetric multifocal arrays are 

arranged in three focal planes. (a) Comparison with different foci number in each plane (axial 

separation is set to 5 mµ ). (b) Comparison with different axial separated distances (total foci 

number is kept at 108). An example of intensity distribution of three foci within the xz-plane 

achieved by (c) the 2D-FT method and (d) the 3D-FT method. 

Figure 3. Simulated (a)-(c) and experimental (d)-(f) results of a volumetric multifocal array in 

a recording media. (g) and (h) Enlarged single foci images labeled as “1” and “2” in (b) and 

(e). (i)-(j) The intensity plot along the x and the y directions of (g) and (h), respectively. 

Figure 4. Experimental results of a volumetric multifocal array recorded in three focal planes 

of (a) before and (c) after the SA compensation. Axial PSFs of three recorded foci in three 

layers (b) without and (d) with the SA compensation are obtained from the fluorescence 

intensity variations. 
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