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[bookmark: OLE_LINK82][bookmark: OLE_LINK39][bookmark: OLE_LINK47]Time-domain waveform extracting procedures for the periodical electron pulses: In the experiment, an oscilloscope with bandwidth of ~20 GHz and related driving and sampling circuits were used to extract time-domain waveforms of the periodic electron pulses. A standardized operation of deconvolution was also performed to further obtain the waveform function information as accurate as possible. Detailed steps of the experiment were carried out as follows:

· [bookmark: OLE_LINK180][bookmark: OLE_LINK123][bookmark: OLE_LINK49][bookmark: OLE_LINK96][bookmark: OLE_LINK31][bookmark: OLE_LINK51]STEP 1: Inside a high vacuum chamber (~7.5 × 10-9 Torr), pulsed electrostatic fields (Ebias, driven by a pulsed plus DC biased power) with pulse width of 50 μs were kept applying to the Au-on-Gr nano-cold-cathode (with area of 1 mm × 1 mm), to initiate the field electron emission with current of approximately 500 μA (corresponding to Ebias of 18.6 MV·m-1). The input waveforms of the driving voltage (transformed to the electric field, Ebias) and the output waveforms of the pulsed emission current (Itotal) were displayed through two different channels of the oscilloscope (Channel 1 and Channel 3), respectively.

· [bookmark: OLE_LINK142][bookmark: OLE_LINK27]STEP 2: A picosecond laser illumination (~525 nm, ~80 MHz) was then focused onto the nano-cold-cathode. Through an optical-to-electric conversion probe (OE525, Teledyne LeCroy Inc.), the exciting power waveforms (transformed to the light intensity, Ilaser) of the picosecond laser were detected and displayed through the third channel of the oscilloscope (Channel 2). Herein, the laser-excitation intensity (Ilaser) was obtained by measuring and calculating the spot area and applied average laser power (see Table S1).

· [bookmark: OLE_LINK55]STEP 3: The corresponding photo-induced electron emission current (IPMEE) of the cathode was thereafter superimposed into the initial field emission current waveforms that synchronously displayed through Channel 3 of the oscilloscope.

· [bookmark: OLE_LINK64]STEP 4: By enlarging the detected waveforms from Channel 2 and Channel 3 on the time axis, more detailed information was obtained, showing clear periodical pulses of the laser excitation and the pumped electrons (typically as shown in Fig. 2a, with 15 cycles within 200 ns). Herein, the interception of the amplified area is random, however, a stable waveform performance over a period of time is recommended.

· [bookmark: OLE_LINK95]STEP 5: The periodic pulses obtained in STEP 4 were further amplified to a picosecond time-scaled individual waveform, for more detailed waveform function information, including full width at half maximum (FWHM, corresponding to the electron pulsewidth), rising-edge, falling-edge and response delay (see Fig. S1, obtained at different laser peak intensities).

· [bookmark: OLE_LINK73][bookmark: OLE_LINK48][bookmark: OLE_LINK74][bookmark: OLE_LINK58][bookmark: OLE_LINK71][bookmark: OLE_LINK53][bookmark: OLE_LINK77]STEP 6: Some feature points of interest were set by the built-in processing function of the high-bandwidth oscilloscope. The rising-edge stage was defined to start when the signal amplitude increased by over 5% relative to the basal signal, and the waveform was considered to end the falling-edge stage when its amplitude decreased to this value. The detected values of the delay time, rise time, and fall time of the incident laser pulses and response electron pulses were denoted by the symbols ∆t, t1, t3, t5, and t7, respectively (see Fig. S2a).

· [bookmark: OLE_LINK69]STEP 7: After setting these feature points, a random period of time (~12.5 μs) was intercepted, and 1000 stable cycles of pulsed waveforms were statistically analyzed to calculate the average value of these feature parameters (see Figs. S2c to g).

· [bookmark: OLE_LINK78][bookmark: OLE_LINK81]STEP 8: All the aforementioned values are the experimentally detected ones. In order to obtain the actual response function of waveforms, a deconvolution process was then performed to eliminate the impact of entire test loop on the results. Herein, a numerical calculations was used to remove the effects of equipment and measurement circuit (see Methods for details).  

· [bookmark: OLE_LINK76][bookmark: OLE_LINK42]STEP 9: After the deconvolution operation, the actual response delay time (∆t’), rise time (t2, t4), and fall time (t6, t8) of the laser excitation and pumped electron pulses were obtained (see Fig. S2b), which were denoted as ∆t’, t2, t4, t6, and t8, respectively (marked in Fig. S2a). Among them, the actual delay-time was obtained from the relationship between the actual waveform and detected one, which is expressed as follows: ∆t’=∆t+tb-ta=∆t+(t3-t4)-(t1-t2) (derived from Fig. S2a).

· [bookmark: OLE_LINK254][bookmark: OLE_LINK259]STEP 10: Combined with the detected values and modified actual ones, more waveform information can be obtained, such as broadening values of the rising-edge (Δtrise-time=t4-t2) and falling edge (Δtfall-time=t8-t6), which are defined as variations of the generated ultrashort electron pulses compared to the laser excitation (obtained from Fig. 2c).

[image: Figure S1]
[bookmark: OLE_LINK32][bookmark: OLE_LINK23][bookmark: OLE_LINK20][bookmark: OLE_LINK112][bookmark: OLE_LINK30][bookmark: OLE_LINK172][bookmark: OLE_LINK91]Fig. S1 Typical time-domain waveforms of the individual laser-excitation pulses and the emitted electron pulses. Excitation conditions: fixed biased pulsed electrostatic field (Ebias) of 18.6 MV·m-1, and different picosecond laser peak intensity (Ilaser) of: a, ~740 W·cm-2, b, ~1600 W·cm-2, c, ~2270 W·cm-2, d, ~3080 W·cm-2, e, ~3988 W·cm-2, and f, ~5528 W·cm-2, respectively. 

Table S1 Calculation of the incident laser intensities (Ilaser) and corresponding optical fields (Eoptical) focused onto the Au-on-Gr nano-cold-cathode. The applied light source was a picosecond laser with wavelength of 525 nm and repetition frequency of 80 MHz.

	No.
	Laser average power
[mW]
	Pulse width
[ps]
	Spot area
[×10-3 mm2]
	Laser intensity
[W·cm-2]
	Optical field [MV·m-1]

	[bookmark: OLE_LINK1]1
	1.14
	245
	7.854
	740
	0.075

	2
	2.67
	246
	8.495
	1600
	0.110

	3
	3.94
	246
	8.825
	2270
	0.131

	4
	5.78
	247
	9.503
	3080
	0.152

	5
	8.04
	247
	10.207
	3988
	0.173

	6
	12.35
	247
	11.310
	5528
	0.204
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[bookmark: OLE_LINK35][bookmark: OLE_LINK37][bookmark: OLE_LINK63][bookmark: OLE_LINK59][bookmark: OLE_LINK60][bookmark: OLE_LINK41][bookmark: OLE_LINK61][bookmark: _GoBack][bookmark: OLE_LINK68][bookmark: OLE_LINK70]Fig. S2 Deconvolution and waveform function extraction for the periodical electron pulses. a, Relationship illustration of the response delay-time, rising-edge, and falling-edge between the actual and detected waveforms. t1: detected rising-edge time of incident laser pulse; t2: actual rising-edge time of incident laser pulse; t3: detected rising-edge time of the pumped electron pulse; t4: actual rising-edge time of the pumped electron pulse; t5: detected falling-edge time of incident laser pulse; t6: actual falling-edge time of incident laser pulse; t7: detected falling-edge time of the pumped electron pulse; t8: actual falling-edge time of the pumped electron pulse; ∆t: detected delay-time for the response electron pulses; ∆t’: actual delay-time for the response electron pulses after deconvolution operation; ta: broadening of the rising-edge time of incident laser pulse; tb: broadening of the rising-edge time of the pumped electron pulse; tc: broadening of the falling-edge time of incident laser pulse; td: broadening of the falling-edge time of the pumped electron pulse. b, The obtained waveform feature parameters as a function of different laser peak intensity (Ilaser). c to g, Measured parameters of waveform function information (including ∆t, t1, t3, t5, and t7) at different laser peak intensities (Ilaser). The data were obtained by averaging all of the selected waveforms in a period time of 12.5 μs (for over ~1000 cycles).
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