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Abstract  

Modern electronics are founded on switching the electric signal by 

radio frequency (RF) electromagnetic fields on the nanosecond timescale, 

limiting the information processing to the gigahertz speed. Recently, optical 

switches have been demonstrated using terahertz and ultrafast laser pulses 

to control the electric signal and enhance the switching speed to the 

picosecond and a few hundred femtoseconds time scale1-13. Here, we exploit 

the reflectivity modulation of a dielectric system in a strong light field to 

demonstrate the optical switching (ON/OFF) with attosecond time 

resolution. Moreover, we present the capability of controlling the optical 

switching signal with complex synthesized fields of ultrashort laser pulses 

for data binary encoding. This work paves the way for establishing optical 

switches and light-based electronics with peta- and exahertz speeds, several 

orders of magnitude faster than the current semiconductor-based electronics, 

opening a new realm in information technology, optical communications, 

and photonic processor technologies.  

Main 

The strong ultrafast laser pulses induce phase transition in dielectric 

material due to strong field interaction 14-20. The charge carriers are excited from 

the valance band to the conduction band in the dielectric via multiphoton 

excitation20. Then, the excited electrons in the conduction band move in the 

reciprocal space by acquiring a time-dependent momentum from the driving 

field14,19-21. Hence, the electrons are accelerated and decelerated following the 

shape of the driver field’s vector potential, causing an instantaneous 

modulation in the electronic structure of the dielectric system14,21-23. 
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Consequently, the dielectric undergoes an instantaneous phase transition, 

causing alternations in the dielectric constant and the optical properties of the 

system due to the strong polarizability17,24. Hence, the reflectivity of the fused 

silica modulates following the driver field20, enabling the control of the material 

and its optical properties in real-time. In this work, we demonstrate the 

attosecond optical switching exploiting the oscillation of the dielectric material 

reflectivity from maximum to minimum in a half field-cycle time scale as 

illustrated in Fig. 1. Accordingly, the reflected light signal is switching from ON 

to OFF with sub-femtosecond resolution. Moreover, using complex 

synthesized light field waveforms to alter the reflectivity of the dielectric 

enables one to control the switching signal and allows the digital binary 

encoding with the exahertz speed.  

In our experiment, we use a synthesized light waveform generated by the 

attosecond light field synthesizer (ALFS)25(pulse duration=2.7 fs) with a 

nominal carrier wavelength = 550 nm to modify the fused silica reflectivity, 

which is probed by another weak light field (probe pulse), as explained in the 

Method section. The reflected probe beam spectrum is recorded as a function 

of the time delay between the pump and probe pulses (Fig. 1). The measured 

spectrogram (average of three scans) —depicted in Fig. 2a—shows the reflected 

probe beam (off the fused silica front surface ) spectrum in the real-time. The 

reflectivity modulation is frequency and time dependent which is distinctly 

observed by subtracting the reflected probe spectrum in the absence of the 
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driver field as shown in the spectrogram in Fig. 2b. Hence, the reflectivity 

switches from maximum (ON) to a minimum (OFF) in sub-femtosecond (900 

as) time scale. The integration of the measured spectra amplitude as a function 

of time delay—total reflectivity modulation (TRM) trace (Fig. 2c) —gives an 

access to the vector potential, and the driver field (Extended Data Fig. 1)14.  

At 𝜏=0 fs, the fused silica experiences a phase transition to a semi-metal 

like phase, and the reflectivity increases by ~25 % (reflected spectrum of the 

probe beam, in this case, is shown in the red line in Fig. 2d) with respect to the 

reflectivity of the fused silica in the equilibrium state (reflected spectrum with 

no field effect shown in the black line in Fig. 2d). In contrast, at 𝜏=0.9 fs, the 

reflectivity reduces by ~21 % (blue line in Fig. 2d). Hence, the reflectivity 

changes by a total value of ~45% in a half-cycle time scale representing the 

switching intensity resolution. Moreover, the measured reflected spectra in Fig. 

2d show that the strong field-induced phase transition of the fused silica is 

reversible following the driver field oscillations direction. Note, the 

transmission signal of the dielectric system is also varying in the strong field, 

although, the transmitted light suffers nonlinear propagation and dispersion 

effects. Therefore, the study of the transmitted light signal is complicated, and 

does not solely reflect the phase transition dynamics of the system. 

Henceforth, we developed a classical model (see details in the Supplementary 

Information) to simulate the dielectric constant and the measured fused silica 
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reflectivity dynamics in the presence of the strong field (using the driver field 

used in the experimental measurements and shown in the Extended Data Fig. 

1). The reflectivity modulation 𝑅!(𝜔) can be expressed as 

𝑅!(𝜔) = 𝐼(𝜔) × 𝑅"(𝜔)    (1) 

where 𝐼(𝜔) is the spectrum of the probe pulse and 𝑅"(𝜔) is the modified 

reflectivity of fused silica regardless of the pulse spectrum. 𝑅"(𝜔)  can be 

expressed as 

𝑅"(𝜔) =
[$%&(()]!+,!(()

[$+&(()]!+,!(()
	,     (2) 

where 𝑛* = ±,𝜀-̃ = 𝑛(𝜔) + 𝑖𝜅(𝜔) is the refractive index, 𝜀-̃ is the relative 

permittivity. The measured reflectivity modulation spectrogram (Fig. 2a) is 

fitted using the developed model. The obtained spectrogram is shown in Fig. 

3a.  The calculated spectrogram after subtracting the background spectrum (the 

reflected spectrum at no pump shown in black line in Fig. 2d) is shown in Fig. 

3b. These simulated spectrograms show the same reflectivity dynamics pattern 

in time and frequency domains as the measured spectrograms shown in Fig. 

2a,b, with a standard deviation of ~2.5%.  Also, the calculated spectra at 𝜏=0 & 

0.9 fs are extracted and plotted in the red and blue solid lines in Fig. 3c, d, 

respectively. The integration of these two spectra indicates that the reflectivity 

has increased at 𝜏 =0 fs and reduced at 𝜏 =0.9 fs by almost the same value 

(~20%), very close to the refelctvity change at the two time instances. The 
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measured and corresponding calculated reflected spectra, plotted in Fig. 3c&d, 

are in excellent agreement.  

As demonstrated experimentally in Fig. 2, the light-induced phase transition of 

the fused silica allows us to switch between an ON and OFF state of the 

reflected light signal following the driver field. Consequently, the reflectivity 

modulation and the switching alterability can be controlled by tailoring the 

driver field waveform. Accordingly, we demonstrate next the control of the 

switching signals using on-demand complex synthesized waveforms 

generated by ALFS 25-27. Fig. 4a (I), b (I), and c (I), show some of the measured 

reflectivity modulation spectrograms—after subtracting background spectrum 

— triggered by three different synthesized light fields. The integrated 

intensities of the reflected spectra at different instances of time (above zero 

amplitude) are plotted in Fig. 4a (II), b (II), and c (II). Note, the light signal can 

also be measured by a photodiode detector instead of the spectrometer to 

directly detect the integrated intensity signal. The light signal switches from 

ON to OFF states uniformly every half-cycle of the driver field. By setting a 

certain intensity amplitude threshold (60%) in Fig. 4a (II), b (II), and c (II)—

which easily can be experimentally implemented or programmed in the 

photodetector —the number of the detected light signal (above this threshold) 

and the switching alternative-time varies depending on the shape of the driver 

waveform. Fig. 4a (III), b (III), and c (III) show the signals above the 60% 

threshold, and the insets in the top (contains 26 slots) represent the signal status 
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(OFF or ON) in black and white in real-time at each half cycle of the driver field. 

Using the first waveform, the signal switches ON and OFF three times with a 

time separation of 4.5 fs and 3.6 fs. This switching time interval is controlled to 

be 3.6 and 1.8 fs (as shown in Fig. 4b(II)) using the second waveform. Moreover, 

the number of the switching signal increases to four by using the third 

waveform with 2.7, 1.8, and 3.6 fs time period separations between the signals 

as shown in Fig. 4c (III).  

Remarkably, this capability of controlling the light signal switching (ON/OFF) 

with attosecond resolution allows to encode data with synthesized light 

waveforms25, which are beyond the reach of conventional ultrafast pulses field. 

Accordingly, the reflected signal above the threshold will be detected “ON 

status” and presents the binary code “1”. The reflected signal below the 

threshold— will not be detected by the photodetector and hence will have an 

“OFF status”— representing the binary code “0”.  The number of coding bits 

that the light field can carry equals twice of the number of the driver light field 

cycles. Some of the examples of binary encoding using the synthesized 

waveforms are shown in the insets of Fig. 4a (III), b (III), and c (III).   

In a potential ultrafast light field encoding process (illustrated in Extended Data 

Fig. 2), the data will be encoded on the synthesized light waveforms generated 

by the ALFS25 (or any pulse shaping device), which will act as an "encoder" 

device. Then, the synthesized waveform (which is consider to be the encoded 
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laser beam) will carry the data from the transmitter to the receiver station. Next, 

the encoded laser beam will be focused on the dielectric together with another 

beam (decoder laser beam). Finally, the reflected decoder laser beam from the 

dielectric will be detected by a photodetector. After setting a certain predefined 

threshold, the photodetector will read the coded data in the 1 & 0 binary form. 

The light field encoding can be obtained using multicycle pulses, which are 

provided by the commercial laser systems available in the market, in 

combination with pulse shaping technology25-30. Notably, this demonstrated 

optical switching occurs in ambient conditions allowing a simple realistic 

architecture of a potentially realistic compact optical switch integrated on a 

photonic chip. Moreover, the data encoding on ultrafast light waveforms, in 

contrast to the encoding provided by modern electronic sources using a 

microwave, would significantly enhance the data processing and 

transformation speed for light-time distances. 

In conclusion, the light-field induced phase transition of dielectric system in 

strong field enables switching the reflected light signal ON and OFF with 

attosecond switching speed. The light field tailoring and shaping with high 

resolution allow us to demonstrate the attosecond optical switching control and 

data binary encoding by syntehsized laser pulses. This work paves the way to 

develop an ultrafast optical-based switches, and to transfer data with petahertz 

speed and beyond, which can carry information to the deep space opening a 

new era in communication and information technology.  
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Method	

Time-resolved reflected spectra measurements: A multicycle pulse carried at 

a central wavelength of 800 nm is focused and propagated in a Hollow-Core-

Fiber (HCF) to generate a broadband spectrum that spans from Ultra-Violet 

(UV) to Near-Infrared (NIR) spectral regions. This supercontinuum is divided 

into three spectral channels and compressed inside the attosecond light field 

synthesizer (ALFS) apparatus25. At the exist of ALFS, the three channels are 

superimposed to generate a synthesized waveform of 2.7 fs pulse. The relative 

delays and intensities of the three channels inside the ALFS are controlled to 

synthesize complex waveforms on-demand. The carrier-envelope-phase of the 

synthesized waveform is passively locked to less than 100 mrad (the laser 

source is OPCPA based). Also, the relative phases between the three channel’s 

pulses inside the ALFS are actively locked to ensure the waveform stability 

during the experiment25. The output beam from the ALFS is divided into two 

beams by passing through a two-hole mask with different hole diameters. One 

of the two merged beams, has a high intensity (estimated field strength is 1 

V/Å), is utilized as a pump beam to alter the reflectivity of the dielectric 

system14. The second beam (probe beam) has a lower intensity (~2.5% of the 

pump beam intensity) so it is not inducing any reflectivity changes on the 

system. The two beams are focused and overlapped on the fused silica sample 

(thickness~100 𝜇𝑚) by two focusing D-shape mirrors (f=10 cm). One of the two 
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D-shape mirrors is attached to a high-resolution (nanometer) delay stage. The 

probe beam is partially reflected from the fused silica sample, then it is filtered 

out from the pump beam, and focused on the entrance of an optical 

spectrometer. The reflected probe beam’s spectra are acquired as a function of 

the time delay between the pump and probe pulses. Moreover, The complex 

waveforms used to control the reflectivity and control the switching signals 

(shown in Fig. 4) are generated by changing the relative phase delay and 

intensities between the ALFS channels, more details about the light field 

synthesis scheme by ALFS can be found elsewhere25. 
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Figures and Figure legends 

 

Fig. 1 | The basic principle of the attosecond optical switching based on strong field 

interaction with dielectric. The pump light field induces the instantaneous phase transition in the 

dielectric (fused silica) system and causes the change in the reflectivity of the dielectric following the shape 

of the incident pump pulse waveform in real-time. The reflectivity modification is detected by measuring 

the reflected probe beam’s change using a photodetector (e.g., photodiode) as a function of the time delay 

between pump and probe beams. The detected reflected signal is switched OFF/ON (presented by 0/1), 

depending on the field intensity at the time 𝜏, in the real-time. The switching resolution is equal to the 

duration of the half-cycle field (900 as) of the pump pulse and can be controlled by tailoring the pump field 

waveform using the attosecond light field synthesis approach. The attosecond optical switching and control 

allow to encode data on ultrafast laser pulse and open the door for establishing the ultrafast optical switchs.  
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Fig. 2 | Attosecond optical switching. The reflectivity of SiO2 is modulated in real-time due to 

the interaction with a strong (pump) light field. a, The measured spectrogram (average three scans) 

of the reflected probe beam as a function of the time delay between the pump and probe pulses. b, 

The obtained spectrogram by subtracting the probe spectrum in the absence of pump field from 

the measured spectrogram (shown in a). The reflectivity switches between maximum to minimum 

alternatively in 900 attosecond time scale. c, The normalized total reflectivity modulation (TRM) 

of the SiO2 in the strong field retrieved obtained from the measured spectrogram (in a) by the 

integration of the probe spectrum at each instance of time. d, The probe beam’s spectrum reflected 

from the SiO2 in the equilibrium state (in the absence of pump field) is shown in the black line. In 

contrast, reflected spectra intensities of the probe beam (outlined from the spectrogram in a) at 

𝜏=0 & 0.9 fs are plotted in red and blue lines, respectively.  
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Fig. 3 | Simulated reflectivity dynamics of fused silica in a strong light field. a, The simulated 

spectrogram of the fused silica reflectivity modulation change in strong field using the developed 

simple model (see text) in frequency and time domains. b, The simulated spectrogram in a after 

subtracting the background spectrum (reflected spectrum in the absence of pump field). c, The 

calculated reflected spectrum at 𝜏=0 is plotted in red solid line in contrast with the measured 

spectrum at same time instance which is plotted in black dashed line. d, The calculated and 

measured reflected spectra at 𝜏=0.9 fs are plotted in blue solid and black dashed lines, respectively.  
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Fig. 4 | Attosecond optical switching control and ultrafast field encoding. a (I), b (I), c (I), The 

measured spectrograms of the reflected probe beam triggered by three different synthesized 

waveforms after subtracting the probe spectrum in the absence of the pump field. a (II), b (II), c 

(II), The positive value of the probe spectra integration as a function of time, representing the 

measured light signal by a photodetector in real-time, after subtracting the background. The light 

signal switches ON/OFF alternatively every half-cycle. a (III), b (III), c (III), The detected light 

signals above a 60% threshold. The light signals are switched ON and OFF at different time 

intervals. In the insets, the  slots presenting the signal detection status in real-time as follows: black 

(0) means no signal detected above the threshold, while white (1) means the signal is above the 

threshold and seen by the detector.  This optical switching signal control would enable the binary 

data encoding on light fields with petahertz and exahertz speed. 
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Extended data 

Extended Data Fig. 1. The retrieved driver electric field from the TRM trace (shown in Fig. 2c) 

used to induces the phase transition and the reflectivity modulation shown in Fig. 2a . This field 

has been also used in the simulation presented in Fig. 3a. 

 

Extended Data Fig. 2. Schemitc of potential ultrafast light field encoding process exploiting the 

demonstrated optical switch with synthesized waveforms. The input data in the binary form (0 &1) 

will be sent to the light field synthesizer or the pulse shaper (encoder unit) device to tailor the field 

accordingly to encode the input data on the light field. The laser beam travels from the coder to the 

decoder unit. The data will be decoded based on measuring the reflectivity modulation of the 

dielectric. 
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