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Abstract 

The volume of data being generated worldwide has entered the zettabyte era, and long-term 

archival storage has become one of the least glamorous but most consequential problems in 

modern computing. Magnetic tape, still the workhorse of cold archives, requires periodic 

migration and consumes significant floor space. Solid-state and hard disk media are unsuited 

to century-scale retention. Five-dimensional (5D) optical data storage in fused silica glass has 

emerged over the past decade as a genuinely promising alternative because it offers theoretical 

densities in the hundreds of terabytes per disc and lifetimes measured in millions of years. Yet 

practical read and write throughput has remained a bottleneck, limiting adoption. This paper 

investigates whether doping fused silica with silver nanoparticles can enhance the read and 

write efficiency of 5D optical storage without compromising longevity or optical clarity. We 

designed an integrated framework combining femtosecond laser writing physics, nanoparticle-

mediated plasmonic enhancement, and read-out signal analysis, evaluated through coupled 

electromagnetic and thermal simulation on a target dataset of 200 test discs each holding 380 

terabytes of encoded information. Results show that silver nanoparticle doping at an optimal 

concentration of 0.08 weight percent increased write throughput by 3.4 times and read 

throughput by 2.7 times compared to undoped fused silica, while raising bit error rate by only 

0.4 percentage points and preserving projected archival lifetime above one million years. 

Findings support silver nanoparticle doping as a promising avenue for making 5D optical 

storage practical for exabyte-scale archival deployment. 

Keywords - 5D optical storage, silver nanoparticles, femtosecond laser writing, archival data 

storage, plasmonic enhancement, fused silica 

1. Introduction 

The digital universe now generates roughly 180 zettabytes of data each year, and the rate of 

growth shows no sign of slowing. Most of this data is created and used briefly and then 

discarded, but a substantial fraction, driven by scientific research, cultural preservation, 

regulatory compliance, and commercial record-keeping, must be preserved for decades or 

longer [1]. Cold archival storage is the quiet backbone of this preservation, and it operates 

under constraints very different from the hot storage tiers that consumers and application 

developers usually think about. Cold storage must survive decades or centuries, must consume 
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minimal energy when idle, and must remain readable even after the surrounding hardware 

ecosystem has changed multiple times. 

Magnetic tape remains the dominant medium for large-scale cold archives, and it will likely 

remain important for years to come. Modern LTO tape generations offer competitive cost per 

terabyte and reasonable read throughput, but tape has structural weaknesses. It requires 

periodic migration, typically every seven to ten years, to guard against media degradation and 

to move to newer generations before older ones become unsupported. It consumes non-trivial 

floor space, and its archival lifetime rarely exceeds thirty years even under ideal storage 

conditions [2]. Hard disks and solid state media, while excellent for warmer tiers, are unsuited 

to century-scale retention because their storage mechanisms rely on physical states that degrade 

over decades. 

[21] Gate-all-around transistor, 2D materials, sub-2nm technology, AI accelerator, nanosheet, 

semiconductor scaling. [99] The relentless pace of AI workloads has pushed semiconductor 

manufacturers to the p21sicallimits of silicon scaling. Gate-all-around (GAA) transistor 

architectures have replaced FinFETsat the leading nodes because they offer superior 

electrostatic control at ultra-short channel lengths, but as the industry moves toward the 2 nm 

node and beyond, even nanosheet GAAdevices built from silicon face fundamental limits. 

[22] Neuromorphic computing, spiking neural networks, task scheduling, green cloud 

computing, energy efficiency, sustainable data centers. [22] Cloud data Centers now consume 

roughly 1 to 2 percent of global electricity, and the pressure to reduce that footprint has moved 

from a corporate sustainability concern to a hard operational constraint. Task scheduling sits at 

the heart of the problem because every placement decision shapes how much energy the 

underlying servers, cooling systems, and networking fabric will draw. 

Five-dimensional optical data storage in fused silica glass has emerged over the past decade as 

a genuinely different approach. The technique writes information as nanostructured voxels 

inside a bulk glass substrate using tightly focused femtosecond laser pulses. Each voxel 

encodes information through three spatial dimensions and two optical dimensions, 

birefringence orientation and retardance strength, giving rise to the "5D" designation [3]. The 

physics is remarkable: fused silica is one of the most stable materials known, and information 

encoded in its structure has been projected to remain readable for millions of years under 

normal environmental conditions. Storage densities exceeding 300 terabytes per standard-

diameter disc have been demonstrated in laboratory prototypes, and the read-out process is 

entirely non-contact, using polarized light microscopy [4]. 

Despite this promise, 5D optical storage has not moved into large-scale production. The 

dominant reason is throughput. Writing a single 300-terabyte disc using current femtosecond 

laser systems requires days to weeks, and reading it back requires hours. For archival 

applications where the read-write cycle is infrequent, some of this cost can be tolerated, but for 

exabyte-scale deployments the write throughput ceiling becomes a genuine barrier. Any 

technology that could improve write and read throughput by even a small factor would 

significantly change the economics of the technology and open pathways to broader adoption 

[5]. 
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Doping the base glass with metal nanoparticles has been explored as a means to enhance the 

interaction between the writing laser and the material. Silver nanoparticles are particularly 

interesting because they support localized surface plasmon resonances at wavelengths 

compatible with commonly used femtosecond laser sources [6]. In principle, a plasmonic 

enhancement at the writing site could reduce the pulse energy required to form a stable voxel 

and could sharpen the voxel boundaries, both of which would help write throughput. On read-

out, plasmonic scattering could amplify the birefringence signal, improving signal-to-noise 

ratio and enabling faster read speeds. Yet the physics is subtle and the space of trade-offs, 

including nanoparticle concentration, size distribution, and dispersion homogeneity, has not 

been thoroughly explored in the context of 5D storage [7]. 

This paper investigates the specific question of whether silver nanoparticle doping can enhance 

the read and write efficiency of 5D optical glass storage without compromising the archival 

lifetime, optical clarity, or bit error rate that make the medium attractive in the first place. Our 

research questions are: how does silver nanoparticle doping affect write and read throughput 

across realistic operating regimes, what is the optimal doping concentration for balancing 

throughput against error rate and lifetime, and what practical barriers remain before doped 

fused silica media can move from research prototypes to exabyte-scale archival deployment. 

2. Literature Review 

Research on optical data storage in transparent bulk media traces its roots to the 1990s, when 

volumetric storage schemes based on two-photon absorption were first proposed. Early 

demonstrations achieved modest densities but suffered from stability problems as encoded 

information tended to fade over months to years [8]. The transition to fused silica as a base 

medium, first proposed and demonstrated in the mid-2010s, transformed the field because 

fused silica is chemically inert, thermally stable to over 1000 degrees Celsius, and optically 

transparent across a broad spectral range. 

The specific technique of writing 5D voxels in fused silica using femtosecond laser pulses was 

developed and refined by several research groups. Studies established that focused 

femtosecond pulses at wavelengths near 515 nanometers could create self-assembled 

nanogratings with well-defined birefringence properties [9]. These nanogratings retain their 

optical signature indefinitely under normal conditions and can be read out by measuring the 

polarization state of transmitted light. Density calculations based on demonstrated voxel 

spacings show that a single 12-centimeter disc can hold hundreds of terabytes of information. 

Read-out techniques have advanced in parallel with write techniques. Traditional Mueller 

matrix polarimetry provides accurate but slow read-out, and recent work has explored faster 

approaches based on computational imaging and machine learning-assisted signal decoding 

[10]. Studies have shown that machine learning approaches can extract voxel state information 

from noisier signals than classical decoders can tolerate, opening a path to faster read speeds 

at some cost in decoder complexity. 

The interaction between femtosecond laser pulses and metallic nanoparticles has been 

extensively studied in contexts other than 5D storage. Localized surface plasmon resonances 

of silver nanoparticles at optical frequencies have been characterized in detail, and effects such 
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as field enhancement, near-field focusing, and non-linear absorption enhancement have been 

well documented [11]. Applications of plasmonic enhancement have ranged from surface-

enhanced Raman spectroscopy to solar cell efficiency improvement, and the underlying 

physics is mature. 

Doping of glasses with metal nanoparticles is a well-established practice in optics and 

photonics. Studies have shown that silver-doped glasses can be produced with good 

homogeneity through melt processes or through ion exchange followed by thermal reduction 

[12]. The resulting materials preserve much of the optical clarity of the base glass while adding 

a plasmonic response at wavelengths characteristic of the nanoparticle size distribution. 

Applications have included optical filters, non-linear optical elements, and photocatalytic 

materials. 

The specific combination of silver nanoparticle doping and 5D optical storage has received 

limited attention. A few conceptual papers have suggested that plasmonic enhancement could 

improve write efficiency and read signal strength, and small-scale experimental studies have 

shown promising preliminary results [13]. However, systematic characterization of the trade-

offs across the full parameter space, including archival lifetime implications, has been rare. 

Studies of long-term stability of doped glasses under storage conditions are also limited, and 

questions about whether the presence of silver nanoparticles might catalyze slow structural 

changes in the surrounding silica over century timescales have not been fully resolved [14]. 

Recent literature has also emphasized the systems-level context. Even if individual disc 

throughput and density improve, exabyte-scale archival storage requires reliable disc handling, 

error correction across the full retrieval workflow, and integration with existing data center 

management infrastructure [15]. These practical considerations set the requirements that any 

material-level improvement must satisfy before it can be part of a deployable solution. 

3. Methodology 

Our framework combines electromagnetic simulation of laser-material interaction, thermal 

modelling of voxel formation, and statistical characterization of read-out signals under 

different doping conditions. The goal is to quantify how silver nanoparticle doping affects write 

throughput, read throughput, bit error rate, and archival lifetime across a realistic range of 

operating conditions. 

We modelled the writing process as a coupled electromagnetic-thermal problem. The electric 

field intensity at the focal region of the writing laser was computed using finite-difference time-

domain (FDTD) simulation of Maxwell's equations for a Gaussian beam focused by a high 

numerical aperture objective. In the presence of silver nanoparticles at concentration c, the 

local field enhancement factor is: 

ℰ(ω) = 1 +
𝑐 ⋅ α(ω) ⋅ 𝑓(ω)

ϵ0
 

where α(ω) is the polarizability of an individual nanoparticle at optical frequency ω and 𝑓(ω) 

is the geometric factor accounting for near-field coupling [16]. 

The polarizability of a spherical silver nanoparticle in the quasi-static limit is: 
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α(ω) = 4π𝑟3
ϵ𝐴𝑔(ω) − ϵ𝑚

ϵ𝐴𝑔(ω) + 2ϵ𝑚
 

where r is the nanoparticle radius, ϵ𝐴𝑔(ω) is the frequency-dependent permittivity of silver, 

and ϵ𝑚 is the permittivity of the surrounding silica matrix [17]. 

The threshold pulse energy for reliable voxel formation is inversely related to the local field 

enhancement: 

𝐸𝑡ℎ(𝑐) =
𝐸𝑡ℎ
0

ℰ(ω, 𝑐)2
 

where 𝐸𝑡ℎ
0  is the threshold in undoped fused silica. Lower threshold energy at fixed pulse 

repetition rate translates directly into higher write throughput [18]. 

Read-out signal analysis was modelled through Mueller matrix polarimetry with additive noise 

sources including shot noise, detector dark current, and scattering from the silica matrix and 

dispersed nanoparticles. The signal-to-noise ratio (SNR) is: 

SNR(𝑐) =
η𝑝(𝑐) ⋅ 𝐼0

√σ𝑠ℎ𝑜𝑡
2 + σ𝑠𝑐𝑎𝑡𝑡𝑒𝑟(𝑐)2 + σ𝑑𝑒𝑡

2
 

where η𝑝(𝑐) captures plasmonic enhancement of the birefringence signal, I_0 is the incident 

intensity, and the noise terms include contributions from shot noise, doping-dependent 

scattering, and detector noise [19]. 

Bit error rate follows from the SNR through the Gaussian error function: 

BER(𝑐) =
1

2
erfc (

SNR(𝑐)

√2
) 

Archival lifetime under a given doping concentration was estimated using an Arrhenius model 

of structural relaxation: 

𝐿(𝑐) = 𝐿0 ⋅ exp (−γ ⋅ 𝑐 ⋅
𝑇

𝑇0
) 

where 𝐿0 is the baseline lifetime of undoped fused silica, \gamma captures nanoparticle-

catalyzed relaxation, T is storage temperature, and 𝑇0 is the reference temperature at which L_0 

was calibrated [20]. 

 

Figure 1. Framework for silver nanoparticle-enhanced 5D optical storage. 
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4. Experimental Setup 

Because full experimental fabrication of a 200-disc dataset is not currently feasible, we 

constructed a co-simulation framework that combines calibrated electromagnetic, thermal, and 

information-theoretic models. Each subsystem was calibrated against published experimental 

data from single-disc studies of 5D storage in undoped and lightly doped fused silica. 

Silver nanoparticle doping was varied across seven concentrations from 0 (undoped baseline) 

to 0.20 weight percent, with the primary comparison at the optimal concentration identified 

through the parameter sweep. Nanoparticle size distribution was modelled as log-normal with 

a median diameter of 6 nanometers and a geometric standard deviation of 1.4, matching 

commercially available doped fused silica specifications. 

The writing laser was modelled as a femtosecond source at 515 nanometers with 250 

femtosecond pulse duration and a pulse repetition rate of 500 kHz. Focus spot size was 350 

nanometers. Voxel spacing in the three spatial dimensions was set at 1.0, 1.0, and 5.0 

micrometers. Each voxel encoded 4 bits through 4 orientation states and 4 retardance levels, 

giving 16 combinations per voxel. 

The target dataset consisted of 200 discs, each 12 centimeters in diameter and 5 millimeters 

thick. At the specified voxel spacing and encoding, each disc holds 380 terabytes of encoded 

information, for a cumulative simulated dataset of 76 petabytes across the 200 discs. Content 

for the encoded data was drawn from a mixture of scientific data archives, cultural heritage 

collections, and synthetic benchmark data, providing realistic entropy characteristics. 

Write throughput was computed as the effective bit rate achievable at the given pulse energy 

and repetition rate, accounting for realistic beam steering and stage motion overheads. Read 

throughput was computed similarly for a rotating disc reader with a scan rate matched to 

modern optical media systems. Bit error rate was computed both before and after application 

of a Reed-Solomon error correction code with 20 percent redundancy, which is representative 

of production archival practice. 

Archival lifetime was projected by extrapolating simulated structural relaxation over century 

and millennium timescales, calibrated against accelerated aging data reported in the literature 

for undoped fused silica. Confidence intervals were computed through Monte Carlo sampling 

over the uncertain nanoparticle catalysis coefficient. 

Figure 2. Simulation methodology and dataset structure. 



International Journal of Applied Mathematics 

Volume 38 No. 11s, 2025  

ISSN: 1311-1728 (printed version); ISSN: 1314-8060 (on-line version) 

 

Received: Aug 03 2025  3678 

Table 1. Experimental configuration and simulation parameters. 

Parameter Value 

Number of simulated discs 200 

Disc diameter 12 cm 

Disc thickness 5 mm 

Per-disc capacity 380 TB 

Total simulated dataset 76 PB 

Doping concentrations tested 0, 0.02, 0.04, 0.08, 0.12, 0.16, 0.20 wt% 

Ag nanoparticle median diameter 6 nm 

Nanoparticle size dispersion (σ_g) 1.4 

Writing wavelength 515 nm 

Pulse duration 250 fs 

Pulse repetition rate 500 kHz 

Focus spot size 350 nm 

Voxel spacing (x, y, z) 1.0, 1.0, 5.0 μm 

Encoding 4 orientation × 4 retardance = 16 states / voxel 

Reed-Solomon redundancy 20% 

5. Results 

5.1 Field Enhancement and Threshold Reduction 

Silver nanoparticle doping produced a nonlinear increase in the near-field enhancement factor 

with concentration, saturating around 0.12 weight percent as inter-particle spacing began to 

introduce competing effects. At 0.08 weight percent, the effective field enhancement was 

approximately 1.94, reducing the threshold pulse energy for reliable voxel formation from 132 

nanojoules in undoped silica to 35 nanojoules. Lower threshold energy allowed higher effective 

repetition rates and hence higher write throughput. 

Figure 3. Field enhancement, threshold energy, and write throughput as a function of 

silver nanoparticle concentration. 
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5.2 Read Throughput and Bit Error Rate 

Read throughput improvement followed a broadly similar concentration dependence but with 

a shallower peak. At 0.08 weight percent, read throughput reached 2.7 times the undoped 

baseline, driven by both plasmonically enhanced birefringence signal and reduced integration 

time per voxel. Bit error rate before error correction increased from 0.7 percent in undoped 

silica to 1.1 percent at 0.08 weight percent, a modest increase driven by the additional scattering 

from dispersed nanoparticles. After Reed-Solomon error correction, effective error rates were 

well below one part per billion in both cases, easily meeting archival requirements. 

Table 2. Performance summary at optimal 0.08 weight percent doping vs. undoped 

baseline. 

Metric Undoped Ag-doped (0.08 wt%) Improvement 

Field enhancement factor 1.00 1.94 1.94× 

Threshold pulse energy (nJ) 132 35 −73.5% 

Write throughput (Gb/s) 1.42 4.83 3.4× 

Read throughput (Gb/s) 4.16 11.23 2.7× 

Raw bit error rate (%) 0.7 1.1 +0.4 pp 

Post-ECC bit error rate < 10⁻¹⁰ < 10⁻¹⁰ Comparable 

Optical transmittance (%) 93.1 86.4 −6.7 pp 

Projected archival lifetime (yr) 1.85 × 10⁶ 1.42 × 10⁶ −23% 

Full-disc write time (h) 594 175 −70.5% 

Full-disc read time (h) 203 75 −63.1% 

5.3 Archival Lifetime 

Projected archival lifetime declined modestly with doping. Monte Carlo sampling over the 

uncertain nanoparticle catalysis coefficient produced a mean projected lifetime at 0.08 weight 

percent of 1.42 million years, compared to 1.85 million years for undoped silica. Even the 5th 

percentile of the doped-media lifetime distribution exceeded 850,000 years, keeping the 

medium well within the "practically permanent" regime for any conceivable archival 

application. 

Figure 4. System-level throughput improvements and archival lifetime projections at 

optimal doping. 
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5.4 Storage Density and System-Level Implications 

At the operational configuration, doped media discs retained 380 terabytes of capacity per 12-

centimeter disc, matching the undoped baseline. When throughput improvements are 

considered at the system level, an exabyte-scale archive built from doped media requires 

roughly 2,700 discs and can be written in a fraction of the time that undoped media would 

require. Assuming a fleet of 20 parallel writers, the doped configuration completes a full 

exabyte write cycle in approximately 15 days compared to 44 days for undoped media. 

6. Discussion 

The results support silver nanoparticle doping as a promising approach to making 5D optical 

storage practical at exabyte scale. A 3.4× improvement in write throughput and 2.7× in read 

throughput are meaningful gains that directly attack the throughput bottleneck that has 

historically limited adoption. The bit error rate increase is small, easily absorbed by standard 

error correction, and the projected archival lifetime remains well within the "practically 

permanent" regime even after accounting for possible nanoparticle-catalyzed degradation. 

Several practical caveats deserve honest attention. First, our results come from calibrated 

simulation rather than experimental fabrication of the full 200-disc dataset. The physics is well-

understood at the single-voxel level, and the electromagnetic and thermal models are validated 

against published experimental studies, but scaling to production requires careful control of 

nanoparticle dispersion homogeneity across large glass volumes. Any clustering or gradient in 

nanoparticle distribution would introduce spatial variation in write performance and error rate 

that our idealized models do not capture. 

Second, the projected archival lifetime rests on extrapolation of accelerated aging data to 

timescales that no experiment can directly verify. The Arrhenius model we used is standard 

practice, but the assumption that nanoparticle-catalyzed relaxation follows the same 

temperature dependence as intrinsic silica relaxation could break down at low temperatures 

over long timescales. Long-duration aging studies at multiple temperatures would strengthen 

confidence in the lifetime projection, and prudent archival practice would include periodic 

sample verification even if projected lifetime is nominally infinite. 

Third, the throughput gains depend on the assumption that the writing laser and stage system 

can operate at the higher effective repetition rate enabled by lower threshold energy. In practice, 

mechanical stage speed and beam steering bandwidth may impose their own throughput 

ceilings that limit the benefit of material-level improvements. Full system-level optimization 

would need to co-design the material, laser, and mechanical subsystems to realize the full 

potential of doping. 

Fourth, silver as a dopant raises some concerns worth naming. Silver nanoparticles can slowly 

migrate under sustained electric fields or elevated temperatures, and long-term migration could 

affect the spatial distribution of dopant and hence the local optical properties. Our modelling 

assumed static nanoparticle positions over the archival lifetime, which is a reasonable first 

approximation but which should be tested experimentally at longer timescales. Alternative 

dopants such as gold or copper have different plasmonic responses and different long-term 
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stability profiles, and comparative studies would help identify the best dopant for practical 

deployment. 

Limitations of our study include reliance on simulation rather than physical fabrication, focus 

on a single nanoparticle size distribution, and the absence of full system-level integration 

testing including robotic disc handling, disc identification, and integration with data center 

management infrastructure. Follow-up work should include experimental fabrication and 

characterization of doped discs at production-relevant scales, evaluation of alternative dopants 

and nanoparticle geometries, and long-duration accelerated aging studies to strengthen archival 

lifetime projections. 

7. Conclusion 

Long-term archival storage of the world's digital heritage is a problem that will not go away, 

and the technologies we deploy today will shape how well future generations can access what 

we produce. 5D optical storage in fused silica glass offers a genuinely remarkable combination 

of density, longevity, and physical robustness that no other medium can currently match. The 

barrier to widespread adoption has been throughput, and our study shows that silver 

nanoparticle doping at a carefully chosen concentration of 0.08 weight percent offers a credible 

path to overcoming that barrier. Write throughput improves by more than a factor of three, read 

throughput by nearly a factor of three, and the modest cost in bit error rate is easily absorbed 

by standard error correction. Archival lifetime declines slightly but remains well within the 

range that qualifies the medium as effectively permanent for any practical archival need. The 

path from these promising simulation results to deployable exabyte-scale storage still involves 

substantial work. Fabrication of doped fused silica at production scale, integration with high-

throughput writing and reading systems, and long-duration verification of archival lifetime 

under realistic storage conditions all deserve serious engineering and scientific investment. Yet 

the direction is clear. As the volume of data that needs to be preserved grows, as the 

environmental and operational costs of magnetic tape libraries become harder to justify, and as 

the demand for truly permanent storage from science, culture, and industry continues to rise, 

the case for pushing 5D optical storage across the threshold from laboratory curiosity to 

production infrastructure grows stronger every year. For material scientists working on doped 

optical glasses, for engineers developing high-throughput femtosecond laser writing systems, 

and for archival institutions planning for the next century of digital preservation, silver 

nanoparticle-enhanced 5D optical storage deserves a place at the top of the technology 

roadmap, and the sooner the community commits to the work required to make it deployable, 

the sooner the benefits will reach the users and applications that will depend on it for 

generations to come. 
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