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Since the pioneering work of Mourou [1] and Zewail [2], ultrafast electron diffraction (UED)
has become the method of choice to study femtosecond structural dynamics in photoexcited
matter, reaching picometre spatial and 150-500 fs temporal resolution in gas-phase and
condensed systems [3—-6]. Compact 100 keV UED instruments [3,4] offer attractive simplicity
and accessibility compared to facility-based MeV sources [5,6], but their performance is
fundamentally constrained by space-charge effects [7]. For example, weakly relativistic 100
keV electron beams (0.55c) of high bunch charges (~20 fC) are often employed to achieve
sufficient scattering signals at <1 kHz repetition rates, leading to space-charge broadening of
electron pulses beyond the sub-picosecond regime. Even with radiofrequency (RF) [7] or THz
compression [8], high-charge operation at 1 kHz limits pulse durations to ~150 fs, while single-
electron operation at high repetition rate sacrifices throughput. Highly relativistic 3 MeV beams
(0.99¢) reduce space-charge effects by ~1,000 to achieve 29 fs compressed pulses [6], but
their RF-driven accelerator source restricts it to <1 kHz operation, long beamlines (5-8
metres), indirect detection, and limited beamtime access.

We present a high-brightness, high-throughput 90 keV UED platform that overcomes these
limitations. Using an RF compression cavity synchronized to the drive laser with <6 fs FWHM
precision [9], we compress 0.4 - 7.4 ps electron pulses down to 91 - 114 fs, corresponding to
a >65 compression factor, with charges ranging from 100 to 35,000 electrons per pulse [10],
as confirmed with THz electron streaking [8,9-10]. Operating at 40 - 100 kHz with direct
electron detection, our instrument combines femtosecond pulse durations with unprecedented
throughput in the keV regime. Compared to state-of-the-art keV systems (>16 aC), our beam
achieves shorter compressed durations (91 fs .vs. 100 - 150 fs) with higher brightness, while
exceeding both keV and MeV UED in usable throughput by orders of magnitude.

In our recent work [12], we also detected time-resolved scattering signals with single-electron
pulses and resolved electron-phonon dynamics in aluminium at 30 kHz using uncompressed
beams. Here, we extend these capabilities into the high-charge regime via RF compression,
combining high brightness (a per-pulse metric) with high throughput (a per-second metric).
With high repetition rates, robust normalization to the measured unscattered beam, and direct
detection, our instrument delivers among the brightest relativistic electron pulses and orders-
of-magnitude higher usable throughput in the world, enabling high-sensitivity UED of gases,
nanostructures, and photoinduced phase transitions.

We also briefly show recent, complementary MeV UED measurements on the photochemistry
of gas-phase molecules and liquids, showcasing the power of UED to unravel their structural
dynamics, branching ratios, timescales and ultimately reaction mechanisms and pathways.
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