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Supplementary Text 

1. Full experimental setup for current and THz measurements:

The full experimental setup is schematically depicted in Fig. S1(A). The two-colour (ω and 

2ω) pulses are passed through an interferometer that allows relative phase to be adjusted by a piezo 

actuator. For the current measurements, flip mirror mount is positioned to reflect the combined ω 

and 2ω pulses. A focusing lens (f = 200 mm) is used to focus the combined pulses onto the LT-

GaAs optoelectronic detector. The single pixel detector is raster scanned to measure the spatial 

distribution of the currents at image plane.  

For THz measurements, flip mirror mount is set such that the two-colour pulses do not reflect 

from the mirror. The combined pulses are now gently focused (spot diameter of 700 µm) onto the 

110-µm-thick GaAs substrate using a focusing lens to generate currents. The intensities of the ω

and 2ω beams on the sample were 2 x 1011 W/cm2 and 4 x 109 W/cm2, respectively. THz pulses

are radiated in both the backward and forward directions from the transient ring current. However,

the THz pulse propagating through the thick GaAs substrate will be significantly suppressed by

the free-carrier plasma generated by the ω beam. Therefore, we collect the THz pulse radiated

from front side into air (reflection geometry) by a THz lens (f = 75 mm) and subsequently refocus

it onto the electro-optic crystal (<110>-cut ZnTe) by another THz lens (f = 100 mm). In front of

the first THz lens we place a 0.5-mm-thick uncoated germanium substrate to block the residual ω

and 2ω pump pulses and filter out only THz pulses. We pinhole with the ZnTe crystal to spatially

resolve the THz radiation. The assembly (ZnTe and pinhole) was placed on a two-dimensional (x-

y) linear stage for raster scanning the probe. By doing this we rule out the additional effect in the

measurements due to the non-uniformity of the ZnTe crystal. In order to mapout the far field spatial

profiles of peak THz fields Ex (x, y) and Ey (x, y) we used a THz polarizer to select the polarization

and raster scanned the pinhole across the probe. We also rotated the orientation of ZnTe crystal

accordingly such that it measures Ex and Ey efficiently. THz is partly absorbed by the distributed

water vapor present in the ambient air [Relative humidity (RH) 41%]. The THz part of the setup

is enclosed and purged with dry air (achieved RH 12%) to reduce the water vapor absorption of

THz pulse.

Peak THz field was calculated from the intensity modulation in balance detected EOS signal 

(41) i.e.,   𝒔𝒊𝒏−𝟏 (
𝜟𝑰

𝑰
) =

𝟐𝝅𝒏𝟎
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  , where L is ZnTe thickness, r41 is EO coefficient of

ZnTe, n0 is the refractive index of ZnTe at probe wavelength, λ0 is probe wavelength, tZnTe is 

coefficient of transmission. We also estimated peak THz electric field from the expression 𝑬𝑻𝑯𝒛 =

√
𝟐𝑾

𝒄𝜺𝟎𝑨𝝉
 , where W is the THz pulse energy, c is the speed of light in vacuum, and ε0 is the vacuum 

permittivity. While all the parameters are known here, the THz pulse energy is assumed to be 40 

pJ considering 10-6 conversion efficiency (42). The estimated values of the THz peak field using 

these two methods really matches well. 



2. Far-field profiles of the radiated THz pulse from radial current:

We measured spatial profiles Ex (x, y) and Ey (x, y) of the radiated electric field from the 

radial current. The spatial (x-y) maps of the electric fields were measured at the peak of the 

radiated THz pulse (Fig. S5). As we used <110>-faced ZnTe crystal we can only measure 

transverse profiles of the radial THz mode. 

3. Optimization and direct measurement of THz magnetic field

In this section, we discuss how the radiated THz magnetic field can be increased. First, 

improving the collection and imaging efficiency of our optical system would considerably enhance 

the measured THz field.  We use two THz lenses to collect and refocus the THz radiation. Having 

a first lens of F#3, does not collect the radiated light efficiently while with the second lens (F#4) 

we measure focused radiation with a focal spot diameter of 2.5 mm, thereby magnifying the 700 

µm source by M=3.5. Finally, we filter out THz beam with 0.5 mm thick germanium substrate.  

The THz transmission of the germanium is ~ 40%.  If the radiation were collected and imaged 

efficiently we predict that we would have measured ~10 mTesla for the peak magnetic field.  

Second, if we enlarge the excitation area THz emission is increased. Efficient scaling of THz 

emission is possible as long as excitation power and spot size can be increased simultaneously. 

We have only used 50 J of the mJ 1.48 m light available. By using more laser power and 

illuminating larger area while keeping the same power density, we will generate a larger THz field. 

For example, were we to irradiate a full 2.5 mm spot size keeping the same intensity, we predict a 

3.6 times enhancement of radiated field reaching approximately 40 mTesla. 

Third, using the nano-structured metals the THz magnetic field can be enhanced further. A 

factor of six enhancements was reported recently (43, 44). Combining all these factors, we expect 

that it will be possible to generate a few 100 mT THz magnetic field from quantum-controlled 

currents excited in GaAs. Further enhancement will require other semiconductors or a more 

energetic 1.48 m source.  Tesla scale THz magnetic fields seem realistic from GaAs.   

We also envisage that a terbium gallium garnet (TGG) crystal could be used in the place of 

ZnTe for direct measurement of the temporal structure of the THz magnetic field (45). The total 

Faraday rotation can be calculated using formula 𝜽 = 𝑽𝑩𝑳; where V is the Verdet constant of 

TGG,  B is the magnetic field strength and L is the effective thickness of the TGG.  

For our present experimental setup, 12 mm is the depth of the field (for 1 THz) and we predict 

𝜃 =480 micro-radians. Although our current measurement uses electro-optic sampling and 

measures the maximum rotation of 100 milliradians, we have a signal to noise ratio of 250:1. 

Technically, we could resolve a rotation of 480 micro-radians and we could easily resolve a signal 

(with enhanced magnetic field) corresponding to 10 milliradians.   



Fig. S1: Schematic of experimental setup for THz and current measurements. (A) Spatially 

filtered ω beam is passed through the BBO two generate 2ω pulse. Two pulses then travel 

through the two different arms of a two-colour interferometer and finally combined by a DM. 

BBO: beta-barium borate, DM: dichroic mirror, M1-M17: metallic mirrors, FM: flipper mirror, 

L1-L3: focussing lenses, LTHz1-LTHz2: THz lenses, TP: THz polarizer, HWP: half-wave plate, 

WGP: wire-grid polarizer, QWP: quarter-wave plate, WP: Wollaston prism, Q-plate: q-wave 

plate, GaAs: gallium arsenide substrate, Ge: germanium wafer, BS: pellicle beam splitter, ZnTe: 

Zinc telluride crystal. (B) Generation of azimuthal and radial polarizations from linear 

polarization using q-plate. 



Fig. S2: Ring current measurement. Our LT-GaAs based current detector is direction 

sensitive. We measure the x (left) and y (right)-components of the current separately by rotating 

the detector accordingly. Combining the measured Ix and Iy enables spatial mapping of the ring 

current (presented in Fig. 1B).  



Fig. S3: Spatiospectral maps of the calculated electric and magnetic fields. We simulated the 

space-time structure of the radiated electric field (Fig. 1C) and magnetic field (Fig. 1D) from 

ring current. Space-frequency representation of the simulated (A) electric field and (B) magnetic 

field of the flying doughnut pulse from transient ring current are depicted.  



Fig. S4: THz pulse from GaAs under two-colour excitation. Rapidly oscillating two-colour 

injected current in GaAs radiates terahertz electromagnetic radiation. (A) Time-domain and (B) 

frequency domain representation of a typical THz waveform.  



Fig. S5: Spatial profiles of THz pulse radiated from radial current. Spatial profiles of the 

two transverse components, (A) Ex (x, y) and (B) Ey (x, y) of the THz pulse radiated from radial 

current distribution. 



Fig. S6: Measurements of flying doughnut pulse in dry air (RH 12%) condition. (A) 

Measured electric field of flying doughnut pulses in dry air condition. (B) Space-frequency 

representation of the measured electric field. (C) Calculated magnetic field (Bz) structure of the 

flying doughnut pulse in dry air. (D) Spatiospectral map of the magnetic field Bz. 
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