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1- Retrieving the Electric field from the reflectivity modulation 

In the presented experiment, all-optical field sampling measurements (Figure 3 in the main 

text) and the demonstration of the quantum electron motion control (Figure 4 in the main text) help 

determine the electronic delay response (Figure 2 in the main text); the electric fields are retrieved 

from the measured reflectivity modulation as follows. 

First, record the probe spectrum as a function of the time delay between the pump and probe pulses. 

Second, integrate the individual spectrum measured at each instant of a time delay to produce the 

reflectivity modulation trace. Then, we subtract the mean value and normalize the trace to the 

maximum value. This reflectivity modulation trace represents the vector potential of the driver 

field (Eq. 1 in the main text). Hence, the electric field can be calculated by taking the derivative of 

the measured trace 

𝐸(𝑡) = &'(()
&(

      (1) 

The electric field is calculated in the frequency domain to filter out the high-frequency noise 

in the measured data as shown in Eq. 2, where A(ω) is the Fourier transform of A(t), and H(ω) 

is the bandpass filter. 
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where, 
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The spectral window can be selected by changing 𝜎 and 𝜔0. 
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Figure S1. The measured spectrum of the probe beam (no smoothing) in the presence of the pump 
beam. The spectrum shows no interference fringes indicating that the back reflected beam and the 
pump beams are filtered out and not recorded in the presented spectrum modulation measurements 
in Figure 2a in the main text.  

  
Figure S2. The temporal profile of few-cycle pulse retrieved from the field sampling in Figure 
2c in main text (shown in dashed red line) is identical to the temporal profile of the pulse 
constructed from the TG-FROG measurement plotted in blue line. 
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2- Calculation of the excitation carrier density (𝒏𝒆𝒙(𝒕)) 

We performed first-principles calculations of electron dynamics in SiO2 induced by the 

retrieved electric field (main text Figure 2c), from the reflectivity modulation change, based on the 

time-dependent density functional theory (TDDFT)1. 

All the calculations are carried out using the SALMON code2,3. The electronic motion in a 

unit cell of solid is described by the time-dependent Kohn-Sham (TDKS) equation4,5, 

𝑖ℏ
𝜕𝑤L𝒌(𝒓, 𝑡)

𝜕𝑡 = P
1
2𝑚

S−𝑖ℏ∇ + ℏ𝒌 +
𝑒
𝑐 𝑨

(𝑡)X
Y
+ 𝑉4=L(𝒓) + 𝑉[(𝒓, 𝑡) + 𝑉\](𝒓, 𝑡)^𝑤L𝒌(𝒓, 𝑡), 

where w`a(r, t) is the time-dependent Bloch orbital with n and k being the band index and 

Bloch wavenumber, respectively. The vector potential A(t) is spatially uniform and is related to 

the applied electric field E(t) by E(t) = −(1/c)(d/dt)A(t). Vkl`(r), Vm(r, t), and Vno(r, t) are the 

ionic, Hartree, and exchange-correlation potentials, respectively. We employ norm-conserving 

pseudopotentials for Vkl`(r)  and the adiabatic local density approximation for Vno(r, t) . The 

excitation carrier density npn(t) is defined as follows: 

𝑛@\(𝑡) =
1
𝑁s

tu∫ 𝑑𝒓	𝑢],𝒌w@𝑨(()/]∗ (𝒓)	𝑤x𝒌(𝒓, 𝑡)u
Y

𝒌,	x,]

, 

where u`a(r) is the Bloch orbital in the ground state, and v	(c) is the index of the valence 

(conduction) band. The polarization axis of the applied electric field is set parallel to the (001) 

axis. The vector potential is prepared with the spline interpolation of the measured values. We 

used the following numerical parameters: the unit cell is discretized by a uniform grid of 

20 × 36 × 50. The Brillouin zone is sampled by a k-grid of 4 × 4 × 4. Calculations are performed 

using 60,000 iteration steps for a time window of 30 fs. 

3- The simulating of the strong field interaction with dielectric 

A light-propagation calculation is performed using a multiscale Maxwell-TDDFT method to 

obtain the reflected field from a SiO2 substrate (which represents the modulation change in the 

reflectivity properties of the dielectric in a strong field)6. The input field is for a one-cycle pulse, 

centered at 800 nm and spans over a broadband spectrum, at different field strengths; 1.23, 1.74, 

2.13, and 2.46 V/Å. 
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 In this method, the Maxwell equations that describe a macroscopic light propagation and the 

TDKS equation that describes microscopic electronic motion are coupled with a coarse-graining 

approximation. For a light pulse irradiating normally on the 𝛼-quartz substrate, a one-dimensional 

propagation of the pulsed light is described using the vector potential 𝑨�(𝑡) that satisfies: 

�
1
𝑐Y

𝜕Y

𝜕𝑡Y −
𝜕Y

𝜕𝑋Y�𝑨�
(𝑡) = 	

4𝜋
𝑐 𝑱�(𝑡), 

where 𝑋 is a macroscopic coordinate along the (100) axis. The polarization axis is set parallel to 

the (001) axis. We solve this equation using a one-dimensional uniform grid. At each grid point of 

𝑋 inside the substrate, we prepare Bloch orbitals 𝑤L𝒌,�(𝒓, 𝑡) that satisfy the TDKS equation as 

 

Figure S3. The simulated reflected field from the SiO2 substrate plotted in comparison to the 
strong driver field at different field strength. The standard deviation of the difference between the 
calculated reflected and incident fields are 0.2%,0.5%, 1% and 1.35% at field strength 1.23, 
1.74,2.13, and 2.46, respectively. The significant agreement proves that the reflectivity 
modulation of the dielectric follows exactly the shape of the driver field.  
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given in Supplemental Materials Section II. The current density at the grid point X, 𝑱�(𝑡), is 

obtained from the Bloch orbitals as follows: 

𝑱�(𝑡) = − @
� ∫

?�>
�
∑ 𝑤x𝒌,�∗ (𝒓, 𝑡) �−𝑖ℏ∇ + ℏ𝒌 + @

]
𝑨�(𝑡)�𝑤x𝒌,�(𝒓, 𝑡)𝒌,x� +𝑱��,�(𝑡), 

where Ω is the volume of the unit cell and J��,�(t) is the contribution from the nonlocal part 

of the ionic pseudopotentials. 

The TDKS equation at each X grid point is solved in the same way as described in 

Supplemental Materials Section II. We set the substrate thickness to 1.7 µm, employ 128 grid 

points for the macroscopic coordinate X inside the substrate, utilize a grid spacing of 13.2 nm. The 

Bloch orbital at each macroscopic grid point is initially set to the ground state, and the incident 

light pulse is set to the vector potential in the vacuum region in front of the substrate. Solving the 

one-dimensional wave equation and the TDKS equations simultaneously, we obtain the profile of 

the reflected pulse at the end of the calculation. The incident field and the calculated reflected field 

are plotted in contrast for different field strengths in Figure S3. Both fields reveal a significant 

agreement with SD <1.5% indicating the reflectivity modulation of the dielectric in the strong field 

follows the shape of the incident field. 

 

4- Four channels Light Field Synthesizer (LFS) 

A light field synthesizer apparatus (Figure S4a) containing four spectral channels has been 

designed to tailor the light field in attosecond resolution of a broadband spectrum spanning over 

two octaves (250-1000nm). The broadband supercontinuum is generated based on the nonlinear 

propagation of the multi-cycle laser pulses generated from an OPCPA-based laser system (at 

repetition rate =10KHz), carried at central wavelength ~790nm, at 0.5mJ, in a gas-filled hollow-

core fiber. The output beam spectrum spanning over >2 octaves from 200-1000 nm is shown in 

Figure S4b. Inside the LFS, the supercontinuum is divided into four constituent channels with 

nearly equal bandwidth, utilizing dichroic beam splitters. Each channel spans over approximately 

0.5-octave (Figure S4c), as follow; ChNIR spans over the near-IR spectral region (700-1000 nm), 

ChVIS spans over the visible spectral region (500-700 nm), ChVIS-UV spans over the part of the 

visible and ultraviolet spectral region (350-500 nm), and ChDUV spans over the deep ultraviolet 

spectral region (250-350nm). The pulses of the constituent channels of the synthesizer are 

temporally compressed by six dispersive (chirped) mirrors7. 
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Figure S4. a, illustration of Light Field Synthesizer (LFS) apparatus consists of four channels. 
b, Supercontinuum light generation spans over more than two octaves. c, The LFS’s four 
channels normalized spectra; the near-IR spectral channel (ChNIR )  from 700 to 1000 nm), the 
visible spectral  channel (ChVIS) pans from 500nm to 700 nm, the visible and ultra-violet spectral  
(ChVIS-UV)  from 350nm- to 500 nm, and the deep ultra-violet spectral channel (ChDUV) from 
250nm to 350 nm. 
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Inside the LFS, we implemented a translation unit, which carries a pair of mirrors in the path of 

each constituent channel to adjust the relative phases. The unit consists of a manually adjustable 

translation stage and a piezoelectric translational stage used to control the relative phase delay 

between the LFS channels with the attosecond precision. Also, we implemented two neutral 

density filters in the beam path of ChVIS and ChNIR to control the relative intensities between the 

four spectral channels. These constituent channel pulses are spatiotemporally superposed—with 

the same type of beamsplitters— to generate synthesized waveforms at the exit of the LFS. The 

control and stabilization of the relative phases and intensities of the four channels enable the field 

synthesis of complex waveforms with attosecond resolution. 

 

Some of the synthesized waveforms by the LFS are measured and presented in Figure 3 & 4 

in the main text. The relative power of the four channels is set as follows: ChDUV=25 mW,               

ChVis-UV=50 mW, ChVis=200 mW, and ChNIR=50 mW. 

To calculate the expected waveforms presented in Figure 3 in black dashed lines; 

1. The electric field of the individual four channels of the LFS—contributed to the synthesis 

of the measured driver pulse waveform—can be extracted by applying spectral filtering 

with different bandwidths (250-350 nm, 350-500 nm, 500-700 nm, and 700-1000 nm for 

ChDUV, ChVis-UV, ChVis, and ChNIR, respectively) compared to the electric field in the 

frequency domain (using Eq. 2 in the first section). Then we convert each channel’s field 

to the time domain. Note, these spectral bandwidths are determined from the measured 

spectrum of each channel. 

2. Change the relative phases of the LFS’s channels mathematically (as implemented 

experimentally) and then sum up all the LFS channels’ fields to obtain the expected 

waveform. 

3. Compare the newly synthesized waveform with the expected one. 

In the field sampling experiment presented in the second section of the main text and Figure 

3, the calculated spectrum by the Fourier transform of sampled waveform WF1 is plotted in 

comparison with the measured spectrum of the WF1 probe pulse, which is identical to the pump 

pulse. 
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Figure S5. The measured spectrum of the pump pulse (WF1) is shown in black line and the 
calculated spectrum by the Fourier Transform of the electric field of measured waveform WF1 in 
Figure 3b in the main text. 


