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Supplementary Note 1. Simulations

1.1 Derivation

The phase shift (as provided by an integral of the Hamiltonian) is:
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where U 1is the potential the electron passes through. The interaction potential for the
ponderomotive effect is':
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where e and m,, are the constants for the charge and mass of an electron respectively. ¥y and v are
the Lorentz factor and the velocity of the electron as dictated by the acceleration voltage. A and ®
are the vector and scalar potentials of the laser. We adopt the gauge where the scalar potential is

zero and the high frequency photon oscillation negates the dot product term (besides being
orthogonal). The vector potential of the laser beam is:
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with €, as the field strength coefficient, c as the speed of light, w; as the frequency of the photon,
g as the spatial distribution perpendicular to the travel direction, and u as the temporal distribution.
Thus, the phase is:
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We can assume the oscillatory sine and cosine terms do not contribute due to the high frequency
oscillations of the photons. The laser pulse energy when integrated to infinity is given by:
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The shape of the laser pulse is described by a 2D spatial gaussian and a 1D temporal gaussian with
the characteristic parameters for laser beam waist w, and laser pulse duration 7,. The

normalization term is thus:
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Here, we will solely address the magnitude of the phase shift. The phase can be further simplified
as:
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By considering the positions (x, y, z) as functions of time for a traveling electron, the phase shift
is:
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Phase is inherently difficult to measure. Instead, we measure the deflection caused by passing the
electron through the laser beam. We expect the laser to roughly behave as a concave lens that is
stronger in the axis perpendicular to the direction of laser travel. The momentum shifts are thus:
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1.2 Assumptions

Application of the equations above make the following assumptions of the experiment:

1.

The laser and electron beams interact in such a small region relative to the travel distance
of the electron beam that the momentum and phase shifts are instantaneously applied to the
travel path of the electron beam. We have found this to be accurate in cases where the laser
and electron pulse durations are at least shorter than 1 ns 2.

The gaussian beam profile has a best-fit to the fundamental transverse-electromagnetic
(TEMqo) solution to the laser gaussian beam and ignores any fringes that may appear due
to dust, mirror, or lens aberrations.

The photon oscillatory component (582 THz, ~1.7 fs period) truly plays no part on the
timescales involved in the ponderomotive interaction (140 fs for the electrons to cross the
interaction zone).

The effect can be averaged across varying electron pulse durations (due to fluctuations in
electron counts) to be equivalent to an experiment performed at the average pulse duration.



1.3 Parameters used in simulations

In Figure 1 of the main text, we show a simulation that provides a reasonable match to the data
collected by experiment. The properties of the electron beam and laser beam used in that simulation
are described in the table below.

Table S1. Experimental parameters

Parameter Used Value | Value Range
Magnification 15kx 10kx-20kx
Interaction to Sample 7000 um 7000 um?
Focus to Sample -200 um 0 to -630 pm®
Interaction Size 15 pm 12 to 24 pym®
Laser Bunch (s.d.) 212 fs >212 fsd
Electron Bunch 6200 fs 5200 to 7200 fs°
Laser Focus 12.5 um 12.4 to 12.6 um’
Electron Focus I nm >1nms$
Electron Rotation -70° -30° to -90°h
Electron Astigmatism (L/])) 0.5 0.25 to 0.75"
Electron Energy 30 keV 30 keV
Laser Pulse Energy 3.21 ul/pulse | 3.21 pl/pulse!
Laser Wavelength 515 nm 515 nm¢
Laser Positional Offset (L) 1.75 pm 1.75 pm°®

This is set by the position of the specimen stage

®This is the defocus range that the electron beam shifts by when moving from thermionic/Schottky
mode to photoelectron mode

°As shown in Figure S2.

dProperty of the laser, 500 fs fwhm

°As shown in Figure 2a of the main text

fAs shown in Figure S1.

£Theoretical resolution limit of the SEM.

BAs shown in Figure S2.

iMeasured at a known position in the laser line



Laser Parameters
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Figure S1. Size of the pump laser beam in the two directions perpendicular to the Poynting
vector. Beam sizes are determined with a silicon knife edge within the microscope. a, The plot for
the direction parallel to the electron beam. The size measured here is 12.6 microns. b, The plot for

the direction perpendicular to both the Poynting vector of the laser and the electron beam. The size
from the fit is 12.4 microns.



Electron Beam Parameters
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Figure S2. Size of the electron beam at various distances from the focal point. a, The electron
beam ideally linearly increases in size as it moves further away from the working distance (focal
point). The working distance is set to a specific position (indicated by color) and measurements of
the beam size are acquired by imaging a small piece of dust and dividing the resulting size
dimensions by a factor of two. These dimensions are plotted as a function of distance from the
polepiece. b, When the 1000 micron aperture is used, the size of the electron beam in the
interaction region (7 mm) is 12 to 24 microns. These two values are derived from the information
found by the non-linear data (a) split into a far-field set and a near-field set. The true beam size
must be intermediate in value. This value is used in the simulations (see Supplementary Note 1
and Supplementary Table S1). ¢, A description of the electron beam size 3mm from the polepiece.
The true size of the electron beam must be divided by a factor of two.



Control experiment

To ensure the effect we observed was central to the interaction region between the laser and the
electron beam, we performed an additional control. The specimen was moved 23.5 mm away from
the interaction zone. If the observed effect was dependent on the surface of the specimen, then the
time-zero position®>* would move. Here, we observed no difference in time-zero, ensuring that the
effect we observed is localized to the laser-electron interaction zone.
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Figure S3. Interaction control to ensure no surface effect. The same trials from the 0.5 nJ/pulse
experiments from Figure 2 of the main text are repeated here, including the reference images. A
third experiment involving the moved specimen set to 30.5 mm away from the polepiece is also
overlayed on the image. We can see that to has not moved by an expected 23.5 mm on the delay
stage (more than 100 ps).
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