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Abstract: Strong-field, single-cycle THz fields accelerate electrons with peak energies of up to
0.8 keV in an ultracompact THz gun with bunch charge of 45 fC. Energy spreads as low as 5.8%

were also achieved.
OCIS codes: (320.0320) Ultrafast optics; (350.4990) Particles.

1. Introduction

Electron bunches delivered by ultrafast electron guns are essential for femtosecond electron diffraction and compact
free electron lasers. Current hurdles facing the construction of conventional guns include the bulky, expensive high
voltage feedthroughs or high power klystrons needed to power DC or RF guns, respectively, as well as the elaborate
synchronization schemes needed for RF guns [1]. Further, both DC and RF guns have limitations in the accelerating
field of about 10 MV/m and 200 MV/m, respectively, due to breakdown mechanisms in common accelerator
materials [2]. In accelerator physics, the electron beam size and bunch duration directly achieved from the gun is
inversely proportional to the accelerating electric field. The need for more economical devices, coupled with the
desire for higher field strength, has propelled the development of compact NIR- or THz-driven linear accelerator
(linacs) structures with higher field breakdown thresholds [3,4] and intrinsic synchronization. The enormous
potential advantages of photonic (NIR/THz) linacs, however, has not extended to photonic guns [5], even though the
gun is quintessential to determining the final electron beam quality. Here we implement the first THz-driven
electron gun based on a novel um-scale accelerating structure. We report electron acceleration from rest to almost 1
keV using a single-cycle THz pulse generated by a modest mJ-scale NIR laser. Quasi-monoenergetic energy spreads
as low as 5.8% were achieved for 32 fC bunches.

2. Experimental setup
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Figure 1: Schematic of setup (a) zoomed out and (b) cross-section zoomed in. LN: lithium niobate. RFA: retarding field analyzer. (c) THz electric
waveform and spectrum (inset) at the entrance and exit of the PPWG gun structure. PPWG: parallel-plate waveguide. (d) THz intensity profile at
free-space focus.

The THz gun, shown in in Fig. 1(a)-(b), takes the form of a copper PPWG with a thin-film copper photocathode
(yellow) as the bottom plate, and an exit slit anode as the top plate. A THz beam is coupled into the TEM mode of
the PPWG by the help of the angled taper. The PPWG spacing is 75 um (the TEM allows for subwavelength
confinement). A UV pulse back-illuminates the photocathode, producing an electron bunch inside the PPWG by
photoelectric emission. The bunch is then accelerated across the waveguide by the vertically polarized THz electric
field. Then the bunch exits through the slit and is spectrally characterized by a retarding field analyzer (RFA) or
counted by a Faraday cup. The THz pulses are generated by optical rectification in lithium niobate using the tilted
pulse front technique. The max THz energy impinging the gun was 35.7 pJ after relaying off parabolic mirrors.
Temporal waveform measurements at the gun “entrance” (at the focus of the parabolic mirror with the gun removed)
and at the gun “exit” (at the focus of a second relay after the THz travels through the waveguide—not shown in
schematic) reveals single-cycle temporal waveforms of about 1.2 ps FWHM (Fig. 1(c)). Taking into account the
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energy, waveform, and beam spot size (Fig. 1(d)), the focused THz has a calculated peak field in the range of 150
MV/m in free space. Assuming the horizontal beam profile remains unaltered while the vertical profile is distributed
uniformly across the 75 um spacing, and taking into account the coupling efficiency, the confined THz pulse inside
the PPWG has a peak field in the range of 350 MV/m.

3. Results

To determine the optimal emission phase, we record the kinetic energy spectra and bunch charge as a function of
delay between the THz and UV pulses, as in Fig. 2(a)-(b). When the emission does not overlap the THz pulse (>2 ps
or <-2 ps), there is minimal variation in electron energy gain with delay. When the emission overlaps the terahertz
pulse (-2 to 2 ps), we observe a narrow energy spread with energy gain governed by the THz phase at which
emission occurs. Between 0.3-0.8 ps, we observe suppression of photocurrent resulting from the fact that emission
occurs at the positive half cycle of the THz field. Two delay positions were selected to be the operating points of the
gun: the first delay, 11, produced the highest electron energy gains while the second delay, 12, produced the most
monochromatic spectra. Fig. 2(c)-(d) shows the electron spectra at these two operating points for three THz
energies. Each spectrum exhibits a unimodal distribution with a peak increasing monotonically with THz field. The
spectral shape is asymmetric with a peak yield toward higher energies, followed by a sharp cutoff, and a pedestal
toward lower energies. The high yield near the cutoff indicate that most of the electrons are emitted at the optimal
THz phase and concurrently experience equivalent acceleration. The lower-energy pedestal can be attributed to the
electrons which are emitted away from the optimal phase, resulting in relatively less energy gain. For maximal THz
energy, we achieve a peak energy gain of 0.8 keV at 11. At 12, we achieve an energy spread of 5.8% (with 0.4 keV
gain). The max bunch charge was measured to be 40 fC and 32 fC at 11 and 12, respectively.
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Figure 2: (a)-(b) Spectrogram showing (a) energy gain spectra and (b) bunch charge as function of delay between UV and THz, at max THz
energy. (c)-(d) Accelerated electron spectra at delay (c) t; and (d) 7, for several THz energies.

By plotting the spectra as a function of THz energy as shown in Fig. 3(a)-(d), we observe that the energy gain scales
linearly as THz energy, or equivalently, as the THz field squared. This can be explained by W, = pZ/2m < EZ,_,

where W, is the electron energy gain, p, the electron momentum gain, and E;. the THz field. We also observe that
the relative energy gain is constant with THz energy at T1 while it is monotonically decreasing with THz energy at t.
as in Fig. 2(e)-(f). Furthermore, the bunch charge is monotonically increasing at 71 and plateaus after 7 pJ at 1, as in
Fig. 2(g)-(h). The plateau in the the bunch charge indicates that the THz field overcomes the space charge force and
extracts all the emitted electrons [6]
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Figure 3: THz scaling at t; and 17, delay positions defined earlier in Figure 2(a). (a)-(d) Energy gain plotted on a spectrogram and scatter plot to
highlight its scaling as a function of accelerating THz energy or THz field. Error bar radius is equal to the absolute RMS energy spread. (e)-(f)
Percent RMS spread of the accelerated bunch. (g)-(h) Total detected bunch charge exiting the gun. Error bar radius is equal to the RMS
instrument noise

4. Conclusion

We have built a first electron gun driven by strong THz fields, with close to 1 keV acceleration. The robust gun was

operated over 1 billion shots without noticeable degradation.
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