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Laser writing in glass for dense, fast and 
efficient archival data storage

Microsoft Research Project Silica Team* ✉

Long-term preservation of digital information is vital for safeguarding the 
knowledge of humanity for future generations. Existing archival storage solutions, 
such as magnetic tapes and hard disk drives, suffer from limited media lifespans  
that render them unsuitable for long-term data retention1–3. Optical storage 
approaches, particularly laser writing in robust media such as glass, have emerged  
as promising alternatives with the potential for increased longevity. Previous 
work4–16 has predominantly optimized individual aspects such as data density  
but has not demonstrated an end-to-end system, including writing, storing and 
retrieving information. Here we report an optical archival storage technology  
based on femtosecond laser direct writing in glass that addresses the practical 
demands of archival storage, which we call Silica. We achieve a data density of 
1.59 Gbit mm−3 in 301 layers for a capacity of 4.8 TB in a 120 mm square, 2 mm  
thick piece of glass. The demonstrated write regimes enable a write throughput of 
25.6 Mbit s−1 per beam, limited by the laser repetition rate, with an energy efficiency  
of 10.1 nJ per bit. Moreover, we extend the storage ability to borosilicate glass,  
offering a lower-cost medium and reduced writing and reading complexity. 
Accelerated ageing tests on written voxels in borosilicate suggest data lifetimes 
exceeding 10,000 years.

Humanity is generating data at an exponential rate, doubling approxi-
mately every 3 years (ref. 17). Much of these data hold notable personal, 
commercial or legal value and must be preserved for decades or centu-
ries. Most digital archive systems rely on media that degrade within a 
few years1–3. As a result, data must be regularly migrated to new media18, 
a process that is costly in time, equipment and energy.

It is, therefore, essential to find an alternative technology for the 
long-term preservation of digital data. Optical storage based on laser 
writing in glass or other durable media, termed femtosecond laser 
direct writing, is a promising candidate to disrupt the incumbent tech-
nologies. This is because the medium itself is thermally and chemically 
stable and is resistant to moisture ingress, temperature fluctuations 
and electromagnetic interference19–21.

Here, we present Silica, a comprehensive archival digital data stor-
age technology built on femtosecond laser direct writing in glass. Our 
technology guarantees data integrity (stored data are retrieved with-
out errors), and a storage system using this technology18 guarantees 
high data durability (data are not lost due to failures). Silica is the first 
glass-based data storage that meets all the requirements of a produc-
tion storage system.

Our work advances the field because we consider all main system 
metrics defined in section ‘Key metrics’. Our comparison with known 
previous work4–16,22 (Supplementary Information) shows that, to our 
knowledge, Silica is the first published storage technology using 
glass that performs across all these key storage metrics and is the 
first to demonstrate reliable operation across writing, reading and  
decoding.

Our work is based on several key innovations:
•	 Two efficient regimes of volume pixel (voxel) writing in glass: we use 

phase voxels relying on isotropic refractive index (RI) changes and 
birefringent voxels based on anisotropic changes (see section ‘Writing 
data’). We demonstrate high-quality voxels, each storing more than 
one bit, using a minimum number of pulses.

•	 High-throughput, stable writing: we demonstrate writing at high 
throughput using multiple beams per laser (Extended Data Fig. 4). We 
use a closed-loop feedback system to actively monitor and optimize 
the laser power, providing precise energy stability during writing and 
enabling predictability and reliability across different writers at scale 
(see section ‘Emissions-based control of voxel writing’).

•	 Data retention characterization: we develop a methodology to char-
acterize the lifetime of the data stored in glass separately from the 
lifetime of the glass media (see section ‘Lifetime’).

•	 Machine learning decode: building on our previous work23, here we 
apply machine-learning-based decode (see section ‘Reading and 
decoding data’) to account for noise and inter-voxel cross-talk.

The high-level organization of Silica is shown in Fig. 1. User data is 
received as a stream of bits, to which additional bits are added using for-
ward error correction (FEC) (Fig. 1a). This ensures data integrity despite 
stochastic errors during writing and reading. Bits are then grouped into 
symbols (Fig. 1b). Each symbol corresponds to a voxel and stores more 
than one bit. The laser energy or polarization is modulated as the beam 
is moved relative to the glass sample (Fig. 1c, platter). Voxels are written 
in two-dimensional (2D) planes and stacked into three-dimensional 
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(3D) volumes (Fig. 1d). In each plane, voxels are organized into sectors 
based on the field of view (FOV) of the read system. Sectors are stacked 
vertically into tracks. We read using wide-field microscopy (Fig. 1f). 
Symbols are inferred from images using convolutional neural networks 
(CNNs; see section ‘Reading and decoding data’) and then decoded 
into user bits (Fig. 1g).

All steps, including writing, reading and decoding, are fully auto-
mated, supporting robust, low-effort operation. This automation allows 
us to characterize the stability of the technology at scale, using repeated 
writes and reads of billions of bits of data. We demonstrate longevity 
of the written data using accelerated ageing experiments. We project 
that the data are stable for more than 10,000 years at room tempera-
ture (Fig. 1e), demonstrating the archival potential of the medium. 
We demonstrate data integrity (see section ‘Silica system analysis’) 
by verifying that all the written data are decoded back without errors, 
whereas data durability is enabled by cross-track and cross-platter 
data redundancy18.

This whole-system approach enables a rigorous and comprehensive 
evaluation of an archival storage technology based on glass, establish-
ing Silica as a future-proof archival solution for the digital age.

 
Writing data
In this section, we introduce the innovations in femtosecond laser 
writing that underpin Silica. Existing works are limited in through-
put and efficiency, in part because many rely on multiple laser pulses 
per voxel10,24–26. To overcome these limitations, we developed two 
advanced regimes: pseudo-single-pulse writing of birefringent voxels 
and single-pulse writing of phase voxels. These approaches maximize 
energy efficiency and enable write throughput to reach the laser repeti-
tion rate. The resulting weak modifications allow us to improve density 
substantially beyond reported approaches because they exhibit low 
scattering and cross-talk and so enable data writing and reading from 
more than 300 layers10,25,27 (see section ‘Reading and decoding data’).

The write subsystem shown in Fig. 2a contains a femtosecond 
laser source, polarization or amplitude modulators for data encod-
ing (Fig. 2b), opto-mechanical beam scanning elements and a high- 
precision focusing objective with an adjustable collar for spherical 
aberration correction. Any component of this subsystem can introduce 
spatial and temporal energy fluctuations, degrading voxel quality. 
We compensate for spatial inhomogeneities by using the results of 
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Fig. 1 | The system of Silica. We compare Silica with other storage technologies 
in the Supplementary Information. a, Data are received from a user. These are 
prepared as a stream of bits, for example, using compression, encryption and 
FEC. b, The bits are encoded as symbols. One symbol corresponds to a modulator 
configuration. c,d, The glass sample is loaded into a write subsystem and the 
modulator settings are changed in time as the laser beam is moved relative to 

the glass. The symbols are written layer by layer, from the bottom up, to fill the 
full thickness of the glass. e, The data can be stored securely in the glass for 
more than 10,000 years. f, To read, we use an automated microscope with a 
camera to capture images of each 2D layer of voxels. g, Images are passed to a 
decoder to recover user data.
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an offline calibration to adjust the symbol modulation (see section 
‘Emissions-based control of voxel writing’). We compensate for tem-
poral fluctuations (Fig. 2c) using a closed-loop control system that 
dynamically adjusts pulse energy to maintain a target level of plasma 
emissions28 (see section ‘Emissions-based control of voxel writing’).

Pseudo-single-pulse writing of birefringent voxels
Birefringent voxels are composed of optically anisotropic sub- 
diffraction modifications, the in-plane orientation of which is determi
ned by the polarization of the writing pulse. Varying this orientation 
encodes different data symbols5–7,9,10, which we read using polarization- 
resolved imaging (see section ‘Reading and decoding data’). Three 

types of birefringent voxels have been observed in fused silica glass. 
Our preferred type is elongated nanovoids10, which we discuss in detail 
below. Alternatively, we can use either (1) nanogratings5–7,29 or (2) ensem-
bles of elongated nanopores9. The first option is not desirable because 
nanogratings exhibit high scattering and induced residual stress. We 
explored the second option with a continuous writing regime (Extended 
Data Fig. 1), but here a large writing energy is required and throughput 
is limited due to thermal accumulation.

Our new pseudo-single-pulse regime shows the formation of elon-
gated nanovoids with just two pulses, improving on previous work11. 
We split each pulse into two: one that forms a void (seed pulse) and 
the other that elongates a previously formed void (data pulse).  
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Fig. 2 | Schematics of high-throughput write. a,b, Setup (a) and modulation 
methods (b) for birefringent and phase voxels. c, Emissions monitoring to 
enable consistent data writing. d, Schematic of pseudo-single-pulse writing of 
birefringent voxels and scanning electron microscopy (SEM) top-view image  
of elongated nanovoids in fused silica, e,f, Schematics of single beam (e)  
and multibeam (f) single-pulse writing of phase voxels. In e, the SEM and 

phase-contrast microscopy (PCM) images show top-view and side-view 
profiles, respectively, of the different phase voxel symbols written in 
borosilicate glass. EOM, electro-optic modulator; AOM, acousto-optic 
modulator; RF, radiofrequency. a.u., arbitrary units. Scale bars, 200 nm  
(d, top); 2 μm (d, bottom; e, middle and bottom; f, bottom); 500 nm (e, top).
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These are separated along the beam scanning direction, typically by two 
to three times the voxel pitch. We split the pulses using a tunable beam 
splitter (see section ‘Writing birefringent voxels by pseudo-single-pulse 
regime’). In this way, a single laser pulse simultaneously initiates the 
formation of a new seed structure and converts an existing seed struc-
ture into a data voxel, so voxels are written at the laser repetition rate of 
10 MHz (Extended Data Fig. 2). We modulate the pulses before splitting 
because we discovered that the voxel azimuth is determined only by 
the polarization of the data pulse. We write with elliptical polarization 
to reduce modulator driving voltage24.

Phase voxels by single-pulse writing
Phase voxels are femtosecond-laser-induced isotropic modifications 
with locally altered RI and minimal optical scattering. The pulse energy 
is modulated to encode the symbol. These modifications have been 
observed in various types of transparent materials21,30–32. In our work, 
we write in borosilicate glass (Fig. 2e–f). Each voxel is written with a 
single pulse, so voxels are written at the laser repetition rate of 10 MHz.  
We modulate the beam energy using an acousto-optic modulator (AOM; 
see section ‘Writing phase voxels’). Different symbols correspond to 
distinct RI changes that can be read using Zernike phase-contrast 
microscopy33 (Extended Data Fig. 3; see section ‘Phase read’).

Furthermore, we demonstrate a throughput of 65.9 Mbit s−1 by split-
ting the laser into 4 independently modulated beams. We scan all beams 
with the same scanner and objective (Fig. 2f and Extended Data Fig. 4). 
The written, read and decoded results show that throughput can be 
scaled in this way without damaging the media.

Reading and decoding data
After writing, we perform reading and decoding to recover the original 
data. We read using wide-field transmission optical microscopy, which 
allows us to read the voxels in parallel (see section ‘Read hardware’).  
A detection numerical aperture (NA) of 0.6 is used; lower NA values do 
not sufficiently resolve signals from adjacent voxels, whereas higher NA 
values introduce more significant spherical aberration with depth34–36. 
We read a track of data by translating the glass in z while adjusting the 
spherical aberration correction collar of the objective, and then move 
in xy to the next track. We use an autofocus algorithm to acquire images 
of each sector at the correct focal position.

For birefringent voxels, the in-focus images corresponding to a sin-
gle sector are acquired from a single z plane at different polarization 
states (Fig. 3a). For phase voxels, the phase-contrast pupil-plane filters 
elongate the point-spread function in the axial direction. To mitigate 
this effect, we acquire images from multiple z positions to decode each 
sector (Fig. 3b; see sections ‘Phase read’ and ‘Machine learning model’).

After acquisition, images are passed to our decode pipeline, con-
sisting of four steps: pre-processing, symbol inference, symbol-to-bit 
mapping and error correction (Fig. 3c; see section ‘Machine learning 
model’). For symbol inference, we use a CNN trained on experimen-
tal data (see section ‘Machine learning model’). This outputs symbol 
probabilities for each voxel. For debugging and working with small 
quantities of data, for example, in calibration experiments, we can 
decode without a CNN (Supplementary Information).

The symbol probabilities are converted to bit probabilities by a 
predetermined mapping (see section ‘Extending binary Gray codes’).  
A low-density parity-check (LDPC) code37 is used to correct errors in 
each sector. To evaluate how hardware changes affect the quality factor 
and therefore all key metrics (see section ‘Key metrics’), we develo
ped a method for selecting the LDPC code rate (useful bits divided by  
total bits) to trade-off redundancy within sectors (to correct bit errors) 
and across sectors (to recover from sector loss) (see section ‘Redun-
dancy optimization and error correction’). The best code rate achieves 
the highest possible quality factor and corresponds to the peak of the 
curve in Fig. 3d. The quality factor gives a more accurate measure of 

decoding performance than raw bit error rate (BER) or symbol error 
rate (SER) because it indicates how much redundancy is needed to 
faithfully recover all the user data.

Figure 3e shows a heatmap of the maximum code rate across depth 
and tracks. The results of this plot have two important implications for 
estimating the voxel quality of a whole platter: first, as the variation 
between tracks is not significant, we can obtain a reasonable estimate 
by reading and decoding a subset of the written tracks; second, as the 
variation within each track is significant, we must read every sector in 
each track in the subset. The plot also shows that layers 200–250 see a 
slightly worse code rate than others. We know this is a read-side effect 
because when reading the glass upside down, this code rate trend is 
reversed. We use billions of voxels in each experiment: these come 
from more than 200 tracks, each containing more than 250 sectors, 
and each sector consists of more than 20,000 voxels.

Silica system analysis
Having described how we write, read and decode data, we now present 
a full system analysis of the Silica platform. In Extended Data Table 1, 
we summarize the key properties of both the birefringent and phase 
voxel regimes and include results from the multibeam writing system 
for phase voxels.

Using birefringent voxels, in fused silica glass, we achieve 1.59 Gbit  
mm−3 data density (usable capacity of 4.84 TB per platter, 0.500 μm ×  
0.485 μm voxel pitch and 6 μm layer spacing, 301 layers, 8 azimuth 
levels at 0.85 quality factor), a write throughput of 25.6 Mbit s−1, and a 
write efficiency of 10.1 nJ per bit.

Using phase voxels, in borosilicate glass we achieve 0.678 Gbit mm−3 
data density (usable capacity 2.02 TB per platter, 0.5 μm × 0.7 μm voxel 
pitch, 7 μm layer spacing, and 258 layers, 4 energy levels at 0.92 quality 
factor), a write throughput of 18.4 Mbit s−1, and a write efficiency of 
8.85 nJ per bit. Furthermore, our multibeam system achieves a through-
put of 65.9 Mbit s−1 through parallel writing with four beams without 
inducing thermal damage. Thermal simulations indicate that writing 
with 16 or more beams should be possible (Extended Data Fig. 5).

Although the metrics achieved with birefringent voxels are higher, 
phase voxels present other advantages (see section ‘Future scaling 
and conclusion’).

Optimizing parameters at each pitch
To choose the best operating parameters for phase Silica, we consider 
data density, write efficiency, and write throughput per laser beam. 
All metrics are dependent on voxel quality (see section ‘Key metrics’). 
Density is proportional to the number of voxels per unit volume, write 
efficiency to laser pulse energy, and write throughput to laser repetition 
rate and number of beams. Therefore, given a fixed laser repetition rate 
and number of beams, we account for all key metrics by jointly optimizing 
density and voxel quality. The former is desirable because it reduces both 
per-bit cost of the media and mechanical overheads, whereas the latter 
affects all the metrics, making it key to overall system performance. This 
joint optimization is a trade-off because voxel quality is low at the highest 
density points. Figure 4a shows an example of voxel pitch optimization  
(x, y and z spacing). This plot shows just a few key points selected from 
hundreds of pieces of glass at different pitches. The dashed grey line 
shows the Pareto front: points on the line offer efficient trade-offs, 
whereas points below and to the left of the line are dominated by others 
and may be ignored. The point 0.5 μm × 0.7 μm × 7 μm delivers 2.02 TB per 
platter of usable capacity, at a voxel quality of 1.84 bits (for phase voxels).

The optimal operating parameters for Silica are expected to vary with 
glass composition21 because the intrinsic material properties influence 
voxel formation behaviour. This work should be repeated in order to 
evaluate alternative glasses.

For each voxel pitch experiment, we optimize across the photo- 
induced emission used for closed-loop feedback control (see section 
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‘Emissions-based control of voxel writing’), the number of bits per 
voxel, and the energy modulation for each symbol. We optimize at a 
given pitch by sweeping only the emission parameter on a single glass 
sample. We need an experimental method to optimize the number 
of symbols and the energy modulation per symbol because the appar-
ent voxel intensity in the image is a nonlinear function of the energy 
modulation, and the system exhibits symbol-dependent noise (see 
section ‘Symbol selection optimization’). Figure 4b shows a predic-
tion of the energy modulation ( ̂Y , vertical axis) as a function of the 
known energy modulation (Y, horizontal axis). The energy modula-
tions are normalized relative to the energy corresponding to the 
emission used in the experiment. At low Y, no voxels are formed, so 

̂Y  is flat here. As Y increases, there is a region of unpredictable and 
unusable modification. At higher Y is the region of predictable and 
useful modulation.

Figure 4c shows, for just one example pitch, the write efficiency 
for each set of optimized symbols on the vertical axis (lower values 
preferred) against number of symbols on the horizontal axis, and the 
swept emissions value in colour. With too few symbols, the channel 
is underused; with too many symbols, more redundancy is needed, 
which results in low code rates and, therefore, poor write efficiency.

 
Experimental repeatability
To evaluate the robustness of the Silica system, we wrote the same data 
into three pieces of glass and read each one 11 or more times for a total 
of 37 reads (over several months) (Fig. 4d). For each read, we decoded 
the data and found the best operating point on the LDPC curve to get 
a quality factor and corresponding data density. We plot each read as a 
dot, coloured by the corresponding written glass sample. We overlay a 
box-and-whisker plot for each glass sample giving the median (red line), 
interquartile range (IQR, box), and minimum and maximum (whiskers) 
of the quality factor. The data show that the variability across reads is 
small: averaged across the three glass samples, the quality factor IQR is 
0.00230, leading to an IQR of 1.69 Mbit mm−3 in density (that is, 0.25% 
of the median density). The quoted headline figure of 0.678 Gbit mm−3 
corresponds to the best read (that is, maximum density) of glass sample 
B in Fig. 4d.

Lifetime
To assess the thermal stability of phase voxels, we perform accelerated 
ageing experiments based on the Arrhenius law, using visible light 
diffraction measurements to track the decay of written structures 
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(see section ‘Lifetime conditions’). Figure 4e shows an Arrhenius plot 
relating the characteristic 1/e decay time τ to temperature T. Extrapola-
tion from the measurement points at elevated temperatures suggests 
exceptional long-term stability, indicating a modification lifetime that 
exceeds 10,000 years at 290 °C and therefore even longer at room 
temperature. This lifetime reflects the thermal stability of phase voxels 
under isolated conditions and does not account for external influences, 
such as mechanical stress or chemical corrosion, which are beyond the 
scope of this study.

Future scaling and conclusion
A key system choice for a future Silica system is whether to use birefrin-
gent or phase voxels. We have shown that birefringent voxels achieve 
higher key metrics than phase voxels. However, efficient formation of 
birefringent voxels can be achieved only in high-purity silica glasses, 
whereas phase voxels can be written in potentially any durable transpar-
ent media, for example, borosilicate glass as demonstrated here. For 
phase voxels, the writing and reading hardware are simpler, requiring 
only one modulator per beamline and only one camera per reader, 
respectively. Both regimes can match the maximum laser repetition 
rate of 10 MHz or higher.

In future, Silica can take advantage of continued advancements in 
write, read, decode hardware, machine learning models and the com-
moditization of key components. Progress in any of the underlying 
technologies, but especially femtosecond lasers, will improve the 
technology.

Increasing the writing NA from 0.6 to 0.85 could halve the write 
energy and reduce the voxel volume by four times, assuming that write 
energy, voxels per unit lateral area and layers per unit axial length are 
proportional to NA2. Alternative glass compositions could allow higher 
voxel quality and write efficiency, for example, if they have a lower 

threshold for energy modification. Write throughput can also be scaled 
using off-the-shelf femtosecond lasers operating at 50 MHz or higher, 
combined with spatial multiplexing across hundreds of beams.

Read throughput is dependent mostly on camera specifications and 
large FOV high-resolution optics. The absolute read throughput was 
not considered in this paper as it is not a significant cost component 
of the system18.

A full archival system in the cloud would require consideration of 
many other computer system design aspects18. There, glass handling 
between write and read subsystems would be automated by a robotic 
glass library18,38.

In conclusion, we have demonstrated Silica, an optical archival stor-
age system that uses femtosecond laser writing in glass. We show two 
new regimes for writing data in glass based on birefringent voxels and 
phase voxels. Both regimes make best use of the laser by minimizing 
the number of pulses required to write each voxel, achieving high write 
throughput and energy efficiency as well as high density. The fully 
automated nature of our write hardware, read hardware and decode 
pipeline allows us to show the robustness of our key results across many 
billions of voxels. We demonstrate that Silica is a viable storage system 
by fully recovering user data using FEC, and show through accelerated 
ageing experiments that our modifications last more than 10,000 years 
at room temperature. In short, our results demonstrate that Silica could 
become the archival storage solution for the digital age.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
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scale shows the model’s estimate of the likelihood of each output value given 
the input. c, Finding the best symbol count and write target emission for a given 
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(inset actual, outer extrapolated) suggesting a voxel lifetime that exceeds 
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Methods

Key metrics
We evaluate the Silica storage system against the following metrics:
•	 Voxel quality, Q = B/nV, is an average (bit per voxel) calculated from the 

number of user bits, B, stored in a large number of voxels, nV. Q < Qw, 
where Qw is total number of bits per voxel, because redundant bits are 
added to correct for errors. We define q = Q/Qw as the quality factor 
(see section ‘Redundancy optimization and error correction’). All 
other metrics except lifetime are dependent on Q.

•	 Data density, ρ = Q/V is the voxel quality that can be stored in a volume 
V of glass (Gbit mm−3), where V is computed as the product of the x 
pitch, y pitch and the effective z pitch (that is, the total 2 mm thickness 
of glass divided by the number of layers written).

•	 Usable capacity is the total number of user bits that can be stored in 
a single glass platter 120 mm square and 2 mm thick, reduced by a 
factor of 0.747 to account for engineering overheads, measured in 
TB per platter.

•	 Write throughput, θ = fNLQ, where f is the laser repetition rate and NL 
is the number of beam lines, is the speed at which data can be written 
to the glass, measured in bit s−1. It is defined as a peak throughput.

•	 Write efficiency, η = E/Q measures the energy consumed to write 
each user bit (nJ per bit). E is measured after the objective. A lower η 
represents better write efficiency and so is preferred as it allows more 
bits to be written in parallel for the same laser pulse energy.

•	 Lifetime is an experimental estimate of the lifetime of the data stored 
in the glass (see section ‘Lifetime’).

Write
Figure 2a shows the key building components of the data writing sys-
tem. The source is an amplified femtosecond laser (Amplitude Systems, 
Satsuma HP3 with harmonic generation, 516 nm central wavelength 
(second harmonic), and tunable pulse duration from 300 fs to 1,000 fs). 
We measured the pulse duration before the objective lens using a Gauss-
ian fit of the autocorrelator signal (APE, Carpe). The output laser pulse 
train at 10 MHz passes through a tunable attenuator, quartz half-wave 
plate on a motorized rotary stage and Glan linear polarizer.

After the attenuator, the optical configuration depends on the type 
of voxel being written. Birefringent voxel writing requires polarization 
modulation and beam splitting, the latter to generate seed and data 
pulses. Phase voxel writing requires only amplitude modulation.

The modulated laser pulses are collimated and incident on a 
self-air-bearing polygon scanner (Novanta, SA24) with 24 facets spin-
ning at 10,000–50,000 rpm. The scanned laser pulses are directed 
through a custom-made f-theta scan lens (focal length = 63 mm) fol-
lowed by a relay lens. This optical arrangement ensures that the pulses 
consistently enter the objective pupil, regardless of the scan angle.

The objective (Olympus, LUCPLFLN40X) focuses the scanned laser 
pulses inside the glass platter (2 mm thickness), which is mounted on 
an xy translation stage (PI, V-551.7D and 551.4D). The translation stage 
moves at a constant velocity along the x-axis, whereas the pulses are 
scanned along the y-axis so that we write a plane of voxels at constant 
depth. We choose the velocity of the stage and the spinning rate of the 
polygon so that the laser pulses are focused at the intended pitch, for 
example, about 3.57 mm s−1 and 17,000 rpm for an intended pitch of 
0.5 μm × 0.7 μm in glass. The relation between the velocity, the spinning 
rate and the pitch is given by the repetition rate of the laser pulses, the 
magnification from the polygon facet to the objective lens, the number 
of polygon facets per rotation and the focal length of the objective lens 
(Supplementary Information).

The writing depth in the glass is changed by translating the objective 
lens in z while using an in-house-designed, motorized actuator to adjust 
the spherical aberration correction collar of the objective. The CMOS 
(complementary metal-oxide semiconductor) sensor (FLIR, GS3-U3-
41C6M) captures the photoemission images during writing through 

the same objective as the write laser beam. The images are used for the 
closed-loop control to stabilize the voxel writing (for more details, see 
section ‘Emissions-based control of voxel writing’).

We stabilized the rotational speed of the polygon using a photodiode 
that detects a fixed continuous wave laser beam (632 nm, Thorlabs, 
PL202) reflected off the polygon facets. The beam, on a separate path 
from the writing laser, sweeps across the photodiode once per facet, 
generating 24 spikes per revolution. These spikes provide feedback 
to control the polygon motor speed. To account for the difference in 
polygon facet reflectivity, we measured the photoemission intensity 
from a line of voxels written with each polygon facet and use this as a 
calibration signal to feed in to the AOM (for more details, see section 
‘Emissions-based control of voxel writing’).

The energy per voxel (EPV) is determined by measuring the aver-
age laser power after the objective lens with a thermal power meter 
(Thorlabs, PM101A). EPV is measured only for the strongest symbol; 
therefore, it represents the energy requirement before amplitude 
modulation. This value is used to estimate write efficiency, excluding 
losses from optical bench components.

Birefringent voxels are written in fused silica glass (Heraeus, Spec-
trosil 2000). Phase voxels are written in borosilicate glass (Schott, 
BOROFLOAT 33).

Writing birefringent voxels by pseudo-single-pulse regime. Between 
the tunable attenuator and polygon scanner, there are two key modules 
required for writing birefringent voxels with the pseudo-single-pulse 
regime: a tunable beam splitter and a polarization modulator.
Tunable beam splitter. The attenuated laser beam is split into two 
beams (seed and data) with either an acousto-optic deflector (AOD) 
(G&H, AODF 4140) or polarization grating (PG) beam splitter. The AOD 
splits the laser beam at an arbitrary angle and power ratio by tuning the 
radiofrequency signal. We typically use an energy ratio of 100:60–70 for 
the seed:data pulses. The PG beam splitter, consisting of a pair of PGs, 
splits a laser beam into two, the angle and power ratio of which can be 
tuned by changing the relative angle of the PGs and the polarization of 
the input beam (Supplementary Information). We tune the split angle 
between the seed and data beams to make the distance between the 
seed and data pulses inside the glass equal to a multiple of the voxel 
pitch, so that the data pulse hits the seed structure created by the seed 
pulse. Our best density was achieved using a spacing between seed and 
data beams of three voxel pitches at a voxel pitch of 0.485 μm.
Polarization modulator. After splitting, the two beams pass through a 
relay lens and are directed into two sequentially arranged Pockels cells 
(ADP, Leysop, EM200A-HHT-AR515), with a relative crystal orientation 
of 45°. The two Pockels cells modulate the polarization of each pair 
of pulses (both seed and data beams simultaneously). We write with 
elliptical polarization (ellipticity = 0.5) to reduce the Pockels driving 
voltages. We use our own custom-made high-voltage modulators to 
modulate the Pockels cells (200 V peak-to-peak amplitude with 10 MHz 
bandwidth). The polarization is unintentionally modified by some of 
the optical components after the Pockels cells. We compensate for this 
modification using a pair of wave plates after the Pockels cells, tuned 
so that the polarization at the objective pupil is circular when both 
modulators are set to 0 V.

Writing phase voxels. Between the tunable attenuator and the polygon 
scanner, the beam passes through a module responsible for amplitude 
modulation. After passing through a tunable attenuator, the beam is 
reduced to a diameter of 0.5 mm or less and directed through a quartz 
AOM (G&H, I-M110-2C10B6-3-GH26) for beam deflection and amplitude 
modulation. This spot size ensures the modulation rise and fall time is 
less than 100 ns. The AOM is modulated with a radiofrequency signal 
that is frequency-locked to the laser. The radiofrequency signal encodes 
the data and modulates the diffraction efficiency of each pulse. We use 
the first diffracted order for writing.
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For multibeam writing, we split a laser beam from the same source 

(Coherent, Monaco 517-20-20, 10 MHz repetition rate and 517 nm cen-
tral wavelength, 310 fs pulse duration) into four beams, each of which is 
modulated with its own AOM and made to propagate closely together 
by a beam position controller with edge mirrors. The beams are scanned 
with the same polygon facet and incident on a single objective lens at 
slightly different angles perpendicular to the scanning direction. The 
objective lens focuses the four pulses at different locations inside the 
glass. More detail on the multibeam setup is provided in Extended 
Data Fig. 4, and the thermal simulation methodology is described in 
Supplementary Information.

Emissions-based control of voxel writing. White light emission arises 
during writing from the generation of a dense and hot plasma during 
voxel formation28. The write objective is used to collect this emission in 
a back-reflection configuration. The emission is transmitted through 
a dielectric mirror (the same mirror that deflects the writing beam in 
the forward pass) and imaged using a tube lens and relay optics onto a 
camera sensor (2,048 × 2,048 pixels, 8-bit FLIR, Grasshopper3, GS3-U3-
41C6M-C). The scanning line (length up to 300 μm) is magnified on the 
camera sensor to ensure at least 3 pixels per 0.5 μm inside the glass. A 
notch wavelength filter is installed to remove scattered laser light. The 
emission profile along the scan line is obtained by first integrating the 
pixel intensities vertically and then binning horizontally to obtain a 
128-point signal. The sensor is rotated about the optical axis to avoid 
interference effects between the sensor rows and the emissions line.

The emission-based control has two aspects: offline flattening and 
closed-loop control. Offline flattening compensates static differences 
at different points in the scanning space, for example, caused by reflec-
tivity of the polygon facets. Closed-loop control compensates dynamic 
differences during the writing process, for example, temperature fluc-
tuation, by controlling the laser power with the AOM to reach a specified 
emission target.

The offline calibration of the non-linearity in the electronics and 
AOM, the spatial variation in the polygon and scan optics, and the 
depth-dependent variation in the objective are done by a combined 
procedure. The laser is set to a fixed energy just below the damage 
threshold, and the AOM modulation is swept from the modification 
threshold to maximum, forming voxels at multiple depths in the glass. 
Hence, for every element in depths × facets × scan angles, we have a 
mapping from modulation to emission. We invert this mapping using 
quadratic fits to obtain the dynamic modulation required to achieve 
a flat target emission. This is stored and then superimposed with the 
symbol modulation during subsequent data writing.

In closed-loop control, a target emission value is defined for each 
sample. This value is relative and may vary between experiments and 
writing systems. Writing proceeds along the x-axis in sequences called 
supersectors. Each supersector begins with a few pad sectors, written 
using only the highest amplitude symbols. These pad sectors allow the 
writer to measure the initial emission profile and adjust the laser power 
using the AOM. After each supersector is written, the writer uses the 
pad sectors to iteratively tune the AOM modulation until the emission 
aligns with the target value. This tuning process is repeated as needed. 
Closed-loop control resets at the start of each layer, and the camera 
shutter time is configured to integrate over at least one full polygon 
revolution to ensure consistent emission measurement.

After writing the final supersector of each layer, we measure the EPV 
to track the absolute energy metric, as described in the section ‘Write’. 
For more details on emissions-based control, see Extended Data Fig. 6.

Write conditions of data samples. Phase voxels. The write condi-
tions for data samples are as follows: about 16–19 nJ at 1.9–0.1 mm glass 
depth, respectively, measured after objective; 400 fs pulse duration 
before the objective; 0.5 μm × 0.7 μm voxel pitch, 7 μm layer spacing 
and 258 layers; borosilicate glass (BOROFLOAT 33, Schott); phase voxels 

regime (isotropic RI change); 516 nm wavelength; NA 0.6 (40×) focus-
ing objective (Olympus, LUCPLFLN40XRC); single-pulse per voxel 
at 10 MHz laser repetition rate (Satsuma, Amplitude); four levels of 
amplitude modulation; synchronized polygon scanning (Novanta, 
SA24) and XYZ (PI) media and objective translation.
Phase voxels for symbol count and modulation optimization. The 
conditions for symbol count and modulation optimization are as fol-
lows: about 16 nJ–20 nJ to about 19 nJ–23 nJ at 1.9–0.1 mm glass depth, 
respectively, measured after objective; 400 fs pulse duration before 
the objective; 0.5 μm × 0.7 μm voxel pitch, 7 μm layer spacing and 258 
layers; borosilicate glass (BOROFLOAT 33, Schott); phase voxels regime 
(isotropic RI change); 516 nm wavelength; NA 0.6 (40×) focusing objec-
tive (Olympus, LUCPLFLN40XRC); single-pulse per voxel at 10 MHz 
laser repetition rate (Satsuma, Amplitude); 31 levels of amplitude modu-
lation; synchronized polygon scanning (Novanta, SA24) and XYZ (PI) 
media and objective translation.
Phase voxels for multibeam analysis. The conditions for multibeam 
analysis are as follows: about 17–19 nJ at 1.9–0.1 mm glass depth, respec-
tively, measured after objective; 310 fs pulse duration after the objec-
tive; 0.5 μm × 0.7 μm voxel pitch, 7 μm layer spacing, and 258 layers; 
borosilicate glass (BOROFLOAT 33, Schott); phase voxels regime (iso-
tropic RI change); 517 nm wavelength; NA 0.6 (40x) focusing objective 
(Olympus, LUCPLFLN40XRC); single-pulse per voxel at 10 MHz laser 
repetition rate (Monaco 517-20-20, Coherent); four levels of amplitude 
modulation; synchronized polygon scanning (Novanta, SA24) and XYZ 
(PI) media and objective translation.
Birefringent voxels written by pseudo-single-pulse regime. The 
write conditions for birefringent voxels written by pseudo-single-pulse 
regime are as follows: about 22–26 nJ at 1.9–0.1 mm glass depth, respec-
tively, measured after objective; 300 fs pulse duration before the 
objective; 0.500 μm × 0.485 μm voxel pitch, 6 μm layer spacing and 
301 layers; fused silica glass (Spectrosil 2000, Heraeus); elongated 
single nanovoid voxels regime (birefringent modification); 516 nm 
wavelength; NA 0.6 (40×) focusing objective (Olympus, LUCPLFL-
N40XRC); pseudo-single-pulse per voxel at 10 MHz laser repetition 
rate (Satsuma, Amplitude); eight levels of polarization modulation; 
synchronized polygon scanning (Novanta, SA24) and XYZ (PI) media 
and objective translation.

Read hardware
For both birefringent and phase voxels, we read using a wide-field 
microscope with an sCMOS (scientific CMOS) camera (Hamamatsu 
ORCA Flash4 v.3.0, 2,048 × 2,048 pixels, 6.5 μm pixel size) and LED 
illumination. The glass is mounted in a custom-made sample holder 
that is mounted on a mechanical xyz stage.

The illumination, mechanical motion of the sample and the camera 
are all controlled by custom software developed in-house.

At write time, several fiducial markers are written into the glass at 
predetermined locations, and the data location is known relative to 
these markers. The read subsystem finds these fiducial markers and 
uses them to calibrate the glass position so that any track or sector can 
be located automatically.

To record all images for sectors in a track, we first need to find the 
in-focus positions of each sector. To do this, the sample is first continu-
ously moved in the z-direction with the camera running at a fixed frame 
rate. We adjust the frame rate and the z velocity so that we record about 
10 frames per sector, and for each frame, we compute a variance-based 
sharpness metric. The peaks in the sharpness metric are used to find 
the in-focus positions of each sector. The sample is then moved to the 
in-focus position for each sector in turn, and the camera is triggered 
to record one or more images at that position. This process is fully 
automated so that a user can request to read several tracks with one 
command. The acquired images are then uploaded to a persistent stor-
age for post-processing and decoding. The remaining elements of the 
read hardware are different for phase and birefringent voxels.



Birefringent read. Our birefringent read subsystem is a custom-built 
wide-field polarization microscope. The light source is a Thorlabs 
Solis-525C LED with a central wavelength of 525 nm. The principle of 
reading is based on previous work39. We use a fixed linear polarizer and 
wave plate to generate circularly polarized light in the illumination 
path. The illumination light is focused onto the sample using Köhler 
illumination. The condenser is a 50× Mitutoyo long-working-distance 
objective with NA 0.55 (MY50X-805). The objective is a 40× Olympus NA 
0.6 objective (LUCPLFLN40X). It has a spherical aberration correction 
collar that is adjusted automatically as we move in the z-direction by a 
custom-built motorized unit mounted on the outside of the objective. 
The tube lens is a Thorlabs TL180-A with focal length 180 mm. We have 
two liquid crystal variable retarders (LCR-200-VIS, Meadowlark Optics) 
in the detection path. We adjust the voltage on these retarders to set 
the polarization detection state.

In previous work, a fixed number of configurations of polarization 
states were described39. For Gaussian noise, the angular uncertainty 
(measured by the Cramer-Rao bound) is minimized when the states are 
evenly distributed around the Poincaré sphere. Therefore, we improve 
over previous work by arranging three polarization states at 120° inter-
vals around the Poincaré sphere, rather than at 0°, 90° and 180°.

To read and decode voxels, we are not trying to count how many 
voxels are in an image; this is already known. Rather, we are trying to 
distinguish the symbol levels from each other. Higher NA leads to less 
overlap between the signals from nearby voxels and, therefore, in the 
presence of noise, better decoding quality.

Phase read. We use a custom-made Zernike phase-contrast microscope 
to read phase voxels. The light source is a Thorlabs Solis-445C LED 
with a central wavelength of 445 nm. As our aim is solely to distinguish 
between different written symbols, rather than extract quantitative 
phase information, we use Zernike phase-contrast microscopy33, a 
simple and robust qualitative method that is sufficient to render voxels 
clearly visible against the unmodified glass background.

A known limitation of Zernike phase contrast is its inherently poor 
optical sectioning, which introduces increased axial cross-talk between 
adjacent data layers compared with birefringent voxel readout, in which 
no phase masks or apertures are placed in the objective or condenser 
pupils. We mitigate this effect by capturing two images per data layer. 
This method exploits the fact that, using this imaging modality, voxels 
exhibit intensity oscillations and contrast inversion when scanned 
through the focus, on the length scale of a few μm. Background features 
from out-of-focus regions, in contrast, remain largely unchanged within 
this range. We, therefore, acquire one image at the z position at which 
voxel contrast is maximal, and a second image several μm deeper in the 
glass, at which voxel contrast is both reduced and inverted. The rela-
tive strength and sign of the two peaks depend on focusing conditions 
and can be adjusted using the correction collar. Using this dual-image 
approach, we were able to reduce the BER by a factor of two compared 
with using a single image per layer.

The illumination objective is a Thorlabs MY20X-804 with an annu-
lar amplitude mask. The objective lens (Olympus, LUCPLFLN40XPH) 
has NA 0.6 and a working distance of 2 mm with a phase ring. It has a 
spherical aberration correction collar that is adjusted automatically as 
we move in z by a custom-built motorized unit mounted on the outside 
of the objective.

Lifetime conditions
We used a macroscopic measurement approach to evaluate the dura-
bility of phase voxels, tracking their thermal erasure in representative 
platters containing hundreds of data-carrying tracks. This method 
exploits the 3D periodicity of the written structures: when a collimated 
light beam traverses the modified glass, it undergoes diffraction at 
discrete angles, providing a clear and unambiguous optical signature 
of voxel presence. We found in numerical simulations that, for phase 

voxels, the diffraction efficiency at a given order is a periodic function of 
the average RI modulation, and approximately quadratic in our regime 
of small index changes. This means the diffraction efficiency serves as 
a convenient proxy that we can monitor to probe the thermal erasure 
of voxels during annealing experiments.

Samples were annealed in a furnace (Carbolite GERO, LHT 6/30) at 
four elevated temperatures (440 °C, 460 °C, 480 °C and 500 °C), each 
in four successive 1-h steps. At each annealing step, we measured the 
absolute diffraction efficiency of a 405-nm laser beam (HÜBNER Pho-
tonics, Cobolt 06-MLD 405) passing through modified glass, using a 
pair of photodiode power sensors (Thorlabs, S121C) to record the inci-
dent and diffracted power. The measured decay curves of diffraction 
efficiency η compared with time t were then normalized and fitted with 
a stretched exponential of the form η a t τ= exp(−( / ) )β , where a is a 
dimensionless scaling factor, β is a dimensionless stretching factor 
and τ corresponds to the characteristic 1/e decay time for the dif
fraction signal. A single value of β was used to fit data for all tempera-
tures. The best value was found to be 0.427. The fitted time constants 
were then used to determine the activation energy using the Arrhenius 
equation τ A E k T1/ = exp(− / )a B , where A is the pre-exponential factor,  
Ea is the activation energy and kB is the Boltzmann constant. The best 
fit for the activation energy was found to be 3.28 eV.

Machine learning model
We use machine learning to infer symbols from sector images. The 
decoding pipeline contains four steps: pre-processing, symbol 
inference, symbol-to-bit mapping and error correction (Fig. 3c). For 
pre-processing, we find the boundaries of each sector within each 
image by using a small amount of known data written at the edge of 
the sector (Extended Data Fig. 7a).

Our model is a CNN that decodes one sector at a time. It is trained 
on large quantities of sector images and their corresponding ground 
truth symbols. The use of a CNN leverages our ability to generate large 
quantities of training data by writing and reading known data patterns. 
It takes as input a stack of images that contain information about a sec-
tor and outputs a 2D array of symbol probabilities for each voxel in that 
sector. The symbol probabilities are then mapped to bit probabilities 
according to the modulation scheme used during writing. This design 
allows us to account for contextual spatial information through optical 
scattering, out-of-focus light on the reader, and interference within and 
across layers. We also provide two additional 2D positional encoding 
channels to account for possible xy-dependent image aberrations 
(for example, vignetting and depth-of-focus variations). Each sector 
image provides at least 4 × 6 pixels per voxel. The CNN applies a series 
of convolutions, nonlinear activations and downsampling operations 
to extract features relevant to symbol classification from the input 
image at different resolutions. Extended Data Fig. 7 shows the model 
architecture used for the phase voxel results in section ‘Silica system 
analysis’. Although we explored other model variants, all architectures 
remained convolution-based.

As mentioned in the section ‘Reading and decoding data’, for phase 
voxels, the optical PSF is elongated and therefore information is dis-
tributed across images acquired from multiple z positions in the glass. 
We, therefore, feed in images acquired above and below the sector 
of interest to the neural network to decode that sector. We call the 
additional images context images. Including more context images 
can improve decode quality, although the impact diminishes with an 
increasing number of context images and is dependent on the z pitch 
between voxel layers. This effect is shown in Extended Data Fig. 7d.

With our current model configuration, the receptive field of a given 
voxel prediction is approximately 32 voxels × 32 voxels × 3 voxels, or 
16 μm × 22 μm × 21 μm in (x, y, z) around the voxel.

We split the dataset into training and validation sets, and process 
the training data in non-overlapping batches (typically 16 sectors). 
For each batch, we perform a forward pass to obtain predictions, then 
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compute the categorical cross-entropy loss between the predicted 
symbol probabilities and the ground truth symbols, averaged across 
all voxels in all sectors in the batch.

This scalar loss is backpropagated to compute gradients, which are 
used to update the model parameters according to the optimizer set-
tings. Each update is a training step. We repeat the training steps until 
all the sectors in the training set has been used, which we count as one 
epoch. We use Adam optimizer40 with a learning rate of 3 × 10−4, which 
decays by 10% every 50 epochs.

At the end of each epoch, we evaluate the model on the validation set 
using mutual information, averaged across all voxels. Training contin-
ues for 150 epochs, and we retain for inference the model that achieves 
the highest validation mutual information.

Redundancy optimization and error correction
Silica, similar to all data storage systems, requires error correction 
to ensure data integrity despite raw bit errors. We wish to measure 
the density of user data that can be stored once error correction is 
allowed for, and to choose error correction parameters that maximize 
this effective density.

It is not adequate to estimate density using raw BER because bit errors 
are not perfectly uniformly distributed and the overhead needed to 
correct bit errors is substantially larger than the fraction of bit errors 
themselves37. We now describe how we estimate the density of user 
data using an error correction scheme.

We choose LDPC codes37 for error correction within sectors and an 
erasure code that spreads k sectors of data over n sectors so that as long 
as any k of the n sectors are perfectly decoded, the user data can be repro-
duced18. The density of user data is then the raw data density, multip
lied by the product of the LDPC code rate and the erasure code rate k/n.

We use the bit probabilities coming from the CNN decoder as input to 
the belief propagation algorithm used in LDPC decoding37. This is a form 
of soft-decision decoding, which is more efficient than hard-decision 
decoding, and it allows us to use the full information available from 
the symbol inference algorithm.

We chose the 5G wireless telephony standard LDPC error correcting 
code41 because it is designed to work with a wide range of coding rates. 
In the telephony application, transmitters can send either a very few 
or very many redundant bits at code word generation time depending 
on their estimate of the channel quality. At the receiver, redundant bits 
that are not present are entered into the belief propagation network 
with exactly balanced probability between one and zero (no informa-
tion), and the error recovery code is designed to proceed to a solution, 
if possible.

The variable LDPC code rate and consequent erasure code rate 
together form a Pareto front. The point that maximizes the recover-
able information stored, the useful density of the media and the cost 
efficiency of the writer is the maximum of the product of the two met-
rics, and we use this metric for our experimental workflow, and for our 
definition of quality factor. For product design, engineering margins 
would be included, and a different point on the Pareto front may be 
chosen based, for example, on the desirability of reading the n sec-
tors of a redundancy group; the details are not provided in this paper.

We now describe our procedures for determining the Pareto front. 
First, we write a piece of glass with all sectors containing random test 
data at a 0.5 rate, that is, half data bits and half redundant bits in each 
sector. On reading, for each sector, we obtain the bit probabilities from 
the machine learning symbol inference, and then iteratively attempt 
an LDPC decode with fewer and fewer of the redundant bits, until we 
find the minimum number of redundant bits that allows successful 
recovery of that sector. This value gives the highest code rate at which 
this sector could have been reliably written and read. The error rate, 
and hence code rate, varies over the sectors in the platter, and we can 
plot the code rate against the fraction of sectors that were recovered 
at that code rate, forming a Pareto front.

An example is shown in Extended Data Fig. 1g. However, for simplicity, 
we sometimes plot the quality factor against code rate, as in Fig. 3d, 
in which case the optimal point is the one with the largest vertical axis 
value.

Extending binary Gray codes
It is common in coding to use a binary Gray code42 to map user data bits 
into symbols, in which each symbol is represented by a binary code 
word that differs from the previous one by only one bit. This minimizes 
the BER in noisy channels, as adjacent symbols are most likely to be 
confused due to noise. Binary Gray codes are typically defined only 
for powers-of-two symbol counts (for example, assigning the two-bit 
sequences 00, 01, 11, 10 to four consecutive symbols, respectively). 
Gray codes also exist for non-binary encodings43.

However, to maximize the capacity of the Silica channel and simul-
taneously use binary LDPC error correction, we sometimes need to 
consider non-powers-of-two symbol counts, yielding a binary encod-
ing. We call an encoding method (A, v, b)-encoding, if it adopts an 
alphabet with A symbols per voxel, and assigns b-bit sequences  
to groups of v voxels. An (A, v, b) scheme assigns b bits (2b patterns) 
into v voxels (Av patterns), where Av = 2b + Δ, with Δ as small as possible, 
ideally 0. The goal is to maximize the channel use by transmitting at a 
rate A Δ vlog ( − )/v

2  close to the channel capacity. A small A underuses 
the channel, whereas a large A increases the SER, requiring significantly 
more FEC overheads for practical decoders. If possible, we also like to 
maintain the Gray property: if we mistake a single symbol for its neigh-
bour, then this flips only one bit.

Consider, for example, a Silica channel with a capacity of 1.5 bits per 
voxel. A naive (4, 1, 2)-encoding uses a four-symbol alphabet with one 
symbol per voxel, allowing each voxel to transmit two bits, but with 
a high SER. A better approach is the (3, 2, 3)-encoding, which uses a 
three-symbol alphabet and assigns 3-bit sequences to pairs of voxels. 
This means each voxel on average transmits 1.5 bits, which is at the 
channel capacity. For this encoding, Δ = 1: of the nine possible pairs of 
symbols, we are using only eight.

We identified a perfect Gray coding for alphabet sizes of A = 3 × 2i, 
and a near perfect coding for A = 5.

Symbol selection optimization
The need to optimize the number of symbols and their energy modula-
tion was motivated in the section ‘Optimizing parameters at each pitch’. 
Our method for symbol selection models the glass storage system as 
a communication channel whose task is to transmit a modulation, 
denoted as Y, for each voxel, through the processes of writing, reading 
and decoding. The goal is to identify an optimal set of modulations 
that maximizes the amount of information we can transmit through 
this channel.

We begin by determining the initial range of modulations by identify-
ing the minimum modulation required to modify the glass, Ymod, and 
the maximum modulation for a target emissions value (and which does 
not damage the glass), Ymax.

Next, we define a set of M candidate modulations, uniformly spaced 
across Ymin to Ymax, where M is high enough to sufficiently sample the 
modulation space. In typical experiments, M = 31.

A training sample is then written, in which each voxel is assigned a 
modulation randomly selected from the M candidates. The sample 
comprises thousands of sectors to ensure sufficient data diversity 
for model training.

A regression model is trained to predict the modulation for each 
voxel. We call the predicted modulation ̂Y . At inference time, the model 
outputs a probability distribution over ̂Y  for each voxel, say ̂P Y( )v . This 
probability distribution represents the estimate of the modulation of 
the model that was used to write each voxel.

We then group together the P Y( )v
̂  distributions by their modulation 

Y, giving us P Y Y( )̂ . ̂P Y Y( ) represents the model’s estimate of the  



modulation that was used to write all voxels of a given known modula-
tion Y. This captures the model’s representation of the channel. These 
distributions are shown in Fig. 4b.

Finally, we perform an optimization (using Sequential Least Squares 
Quadratic Programming) over the aggregated distributions to select 
a subset N out of M of modulations. This involves simulating decoder 
performance, including LDPC error correction, for subsets of modula-
tion (varying both the number of symbols in the set and the modulation 
chosen for each symbol in a set) and estimating the mutual information 
between decoded and transmitted data. The optimal subset is chosen 
to maximize this mutual information. We can then use this optimal 
subset of N symbols to write user data.
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Extended Data Fig. 1 | Continuous writing. (a) Schematic of voxel writing 
geometry. The pulse train from the laser is gated such that isolated voxels are 
formed from pristine material. (b) Azimuth (left) and retardance (right) images 
of experimentally written voxels. Voxels spacing is 2 μm. (c) Schematic of 
continuous line writing geometry. The pulse train from the laser is not gated 
and instead a continuous line is written. Here, previously modified material 
acts as a seed amplifying the retardance signal. (d) Azimuth (left) and retardance 
(right) images of experimentally written lines. Line spacing is 2 μm. Note that 
the birefringence signal is far stronger when compared with isolated voxels.  
(e) Experimental azimuth image (left) and a 1D slice through a section of scanline 
(right). Line spacing and voxel pitch is 1 μm. In this demonstration, the laser 
repetition rate is 1 MHz and there are 10 pulses per voxel. (Time per voxel is  

10 μs with a stage speed of 100 mm/s). Sharp transitions between symbols 
(<300 nm) suggest that the material response is a relatively fast process.  
(f) Results of an x pitch sweep for a single layer. The voxel pitch in the y dimension 
is fixed at 0.8 μm, while the voxel pitch in the x dimension is swept from 100 nm 
to 300 nm. Calculation of retardance and azimuth from raw images shows the 
distinct azimuth levels. This allows us to estimate the number bits per voxel.  
(g) Decode analysis on a sample produced by continuous writing. A data density 
of 2.136 Gbit/mm3 (5.1 TB/platter usable capacity) was achieved. (h) (Left) 
Experimental setup showing 7-beam splitting, modulation, and recombination 
components used for parallelized continuous writing. (Right) Example of a  
75 mm × 75 mm × 2 mm sample with 7 written data bands.



Extended Data Fig. 2 | Birefringent voxel writing. (a) Schematics of the pseudo- 
single-pulse writing of birefringent voxels. The single column of data voxels is 
formed in the y direction. Data modifications are shown in different colours to 
represent different azimuths. (b) Birefringent voxel azimuth dependence on 
the polarization of the seed and data pulses demonstrated under cold writing 
conditions. (c) The effect of distance (walk-off) between the seed modification 

and data pulses on the quality of the birefringent voxel formation: (i) under 
“cold writing” conditions, when the seed modification is formed in advance 
and then the data pulses are delivered to the same location, (ii) under pseudo- 
single-pulse writing conditions. (d) Birefringent voxels recorded inside the 
silica glass media using a pseudo-single-pulse writing technique. (i) Retardance- 
azimuth image and (ii) extracted 8 azimuth values plotted in polar coordinates.
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | Phase voxel writing. (a) Schematics of (i) a laser pulse 
focused inside the glass medium, and (ii) the laser-induced RIchange in the 
excitation region. (b) Schematics of the amplitude multiplexed data writing: 
different symbols are represented/written by different amplitudes of the  
laser pulses. (c) Example of phase-contrast microscopy images of 2-bit data  
(4 modification levels) written in borosilicate glass taken at two different depths 

of a single voxel. (i) Image of the positive contrast of a laser induced 
RImodification. (ii) Negative contrast image of the voxel obtained at a slightly 
different depth. (iii) Difference of positive and negative contrast images  
of the voxel with increased signal to noise ratio. (d) Example histogram of  
the normalized voxel intensity distribution showing the separation of four 
brightness levels. (e) Write (left) and read (right) research instruments.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Multibeam writing. (a) Schematic method of parallel 
writing with four scanned beams: (i) side view and (ii) top view. (iii) Experimental 
setup of the parallel writing system. HWP: half-wave plate, PBS: polarization 
beam splitter, AOM: acousto-optic modulator. (iv) Schematic illustrates the 
mechanism of the beam position controller. (b) Phase contrast images of voxels 
written in glass by 10 MHz femtosecond laser pulses. (i), (ii), (iii) with 4 beams, 
and (iv) single beam. (c) (i) One histogram plot of voxel intensities from data in (b). 
The blue line with dot represents the histogram of the image intensity at the 

region where no voxel was formed (symbol 0), and the red line with dot represents 
those at the region where voxels were formed (symbol 1). (ii) The standard 
deviation of the voxel intensities plotted against pulse energy per beam.  
(iii) The energy window, evaluated from the plots in (ii), against the number of 
beams for writing. (d) Quality factor plotted against the code rate for (i) four-
beam and (ii) single-beam writing. The emission target was set to 3000 counts 
per beam. The pulse energy to get the emission target was 17.6 nJ for four-beam 
and 19.5 nJ for single-beam.
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Extended Data Fig. 5 | Multibeam writing simulations. (a) (i) Heat maps of 
the temperature at the depth of the laser focus. The laser pulses are scanned 
from the bottom to the top. (ii) The peak temperatures of each beam plotted 
against the number of photoexcitations. The red dotted line indicates the 15th 
photoexcitation, where the peak temperature saturates. (b) Temperature 
history at the centre of the 15th photoexcited region by each beam of (i) single 

beam, (ii) double beams and (iii) four beams. Time zero is defined at the  
point corresponding to the 15th photoexcitation event. The temperature  
was normalized by the temperature rise by a single photoexcitation, ΔTex.  
(c) (i) Normalized simulated temperature rise by pre-heating plotted against 
the number of beams. (ii) The energy window plotted against the simulated 
temperature rise by pre-heating.



Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Emissions-based control of voxel writing.  
(a) Detection of the emission line to get the laser energy modulation. (i) An 
example image, and associated amplitude profile, of the emission line 
generated on the image sensor by scanning a laser beam inside the test 
material. The spatial inhomogeneity of the scanner and beam delivery causes 
the inhomogeneous emission profile along the scanline. (ii) Emission profiles 
along the scanline obtained with different laser energies. (iii) Laser energy 
along the scanline to get the emission of the target amplitude. (iv) Emission 
amplitude along the scanline with modulated laser energy of (iii). (b) Example 
of the variation of the voxel amplitudes written without offline flattening. The 
laser beam was scanned in y by a polygon scanner while the glass was translated 
in x at a constant velocity. (i) An example sector written with all the facets (24 in 
total) of the polygon scanner. The x variation in voxel amplitude indicates the 

inter-facet variation, resulting from the variation in reflectivity across polygon 
facets. (ii) An example sector written with the same single facet per rotation. 
The vertical variation indicates the intra-facet variation, resulting from the 
variation in reflectivity along each facet and different beam delivery at different 
scan angles. (c) Map of the emission amplitude along the scanline ( y axis) of all 
the 24 facets (x axis) of the polygon scanner. (i) Emission amplitude map without 
energy modulation. (ii) Emission amplitude map with energy modulation to 
flatten the emission amplitude in the central region. (iii) A sector of voxels 
written with the energy modulation, which gives the intended emission 
amplitude within the written area. (d) Example of the closed-loop control to 
compensate for the temporal variations. (i) Emission profiles during feedback. 
(ii) Average emission amplitude plotted against the count of feedback.



Extended Data Fig. 7 | Preambles and CNN model architecture. (a) Schematics 
of preambles along the bottom of a sector. The pattern is designed to be  
easy to detect so that we can unambiguously find the sector boundary.  
(b) Schematic of the write geometry. Each layer is filled with data sectors.  
For non-polygon writers, the fast axis is the x axis. For polygon writers, the  
fast axis is the y axis. (c) Architecture of the neural network used for decoding. 
Our network architecture consists of an image embedding stem, which extracts 
high resolution features. Then, three consecutive stages, each operating on 

successively downsampled inputs, extract features at coarser resolutions. 
Additional projection layers balance information flow between different 
stages directly to the final classification layers. The three different stages 
combine blocks of 2D convolutional layers, 2D batch-normalisations and 
rectified linear unit (ReLU) or Gaussian-error linear unit (GELU) activations.  
(d) Impact of number of context images on decode quality. Context images are 
additional images provided to the neural network to give it more information 
about the 3D structure of the data (see section ‘Machine learning model’).
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Extended Data Table 1 | Summary table of key storage 
metrics for phase voxels (single beam and multibeam),  
and birefringent voxels
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