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SUPPLEMENTARY SECTION 1:  

Theoretical calculation of electron-light interaction 
 

The performance of the Ag/Si3N4 film used in the experiments is close to that of a perfect mirror 

(reflectivity larger than 99%). For our photon energy of 1.57 eV, the silver skin depth is ∼ 11 nm, 

which is smaller than the silver layer thickness of ∼ 30 nm. Under the approximation of a perfect 

mirror, the electron-light coupling β parameter is given by Eq. (3) in the main text. To compute 

such equation, we need to define the incident and reflected light electric fields and wave vectors 

for the tilting geometry adopted in the experiments. 

 

 
Figure S1. Schematic diagram of the experimental geometry. A Ag/Si3N4 plate is mounted 

on a double-tilt TEM sample holder to ensure full rotation around the transverse x and y axes. In 

particular, the plate rotates by an angle 𝜗 around the y axis and by an angle 𝛼 around the x 

axis. The electron beam moves along the z axis, whereas the light beam propagates within the 

y–z plane and forms an angle 𝛿 ~ 4.5° with respect to the z axis. 

 

 

Taking Fig. S1 as reference, we denote with [𝑥, 𝑦, 𝑧] the coordinates in the unrotated frame; 

[𝑥′, 𝑦′, 𝑧′] in the frame after rotating by a tilt angle 𝜗; and [𝑥′′, 𝑦′′, 𝑧′′] in the frame after a 

subsequent rotation by an angle 𝛼. These two rotations are described by the relations: 

 

𝑥′ = 𝑥cos𝜗 + 𝑧sin𝜗; 𝑦′ = 𝑦; 𝑧′ = −𝑥sin𝜗 + 𝑧cos𝜗 (S1) 

and 

𝑥′′ = 𝑥′;  𝑦′′ = 𝑦′cos𝛼 − 𝑧′sin𝛼; 𝑧′′ = 𝑦′sin𝛼 + 𝑧′cos𝛼. (S2) 
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Combining Eq. (S1) and (S2), we find 

𝑥′′ = 𝑥cos𝜗 + 𝑧sin𝜗; 𝑦′′ = 𝑦cos𝛼 − (𝑧cos𝜗 − 𝑥sin𝜗)sin𝛼, 
𝑧′′ = 𝑦sin𝛼 + (𝑧cos𝜗 − 𝑥sin𝜗)cos𝛼. 

(S3) 

 

The incident light electric field and wave vector in the unrotated frame can be written as 

 

ℇ𝑖𝑛𝑐(𝑥, 𝑦) = 𝐴ℇ0(𝑥, 𝑦) [
0

cos𝛿
sin𝛿

] ,

𝑘𝑖𝑛𝑐 = 𝑘0 [
0

sin𝛿
cos𝛿

] .

 (S4) 

 

By applying the transformation defined by Eq. (S3), we obtain 

 

ℇ𝑖𝑛𝑐′′
(𝑥′′, 𝑦′′) = 𝐴ℇ0

′′(𝑥′′, 𝑦′′) [
sin𝛿sin𝜗

cos𝛿cos𝛼 − sin𝛿cos𝜗sin𝛼
cos𝛿sin𝛼 + sin𝛿cos𝜗cos𝛼

] ,

𝑘𝑖𝑛𝑐′′
= 𝑘0 [

cos𝛿sin𝜗
sin𝛿cos𝛼 − cos𝛿cos𝜗sin𝛼
sin𝛿sin𝛼 + cos𝛿cos𝜗cos𝛼

] .

 (S5) 

 

Following the reflection from the (ideal) silver surface, the x and y components of the reflected 

quantities are the opposite of the x and y components of the incident quantities, while the z 

component remains the same. The reflected light electric field and wave vector are thus given 

by 

 

ℇ𝑟𝑒𝑓′′
(𝑥′′, 𝑦′′) = 𝐴ℇ0

′′(𝑥′′, 𝑦′′) [
−sin𝛿sin𝜗

−cos𝛿cos𝛼 + sin𝛿cos𝜗sin𝛼
cos𝛿sin𝛼 + sin𝛿cos𝜗cos𝛼

] ,

𝑘𝑟𝑒𝑓′′
= 𝑘0 [

−cos𝛿sin𝜗
−sin𝛿cos𝛼 + cos𝛿cos𝜗sin𝛼
sin𝛿sin𝛼 + cos𝛿cos𝜗cos𝛼

] .

 (S6) 

 

Considering that the unit vector along the z axis, which we denote as 𝑢𝑧, is transformed from 

[0,0,1] in the unrotated frame to 𝑢𝑧
′′ = [sin𝜗, −cos𝜗sin𝛼, cos𝜗cos𝛼] following α and ϑ rotations, 

we can calculate the projection of the incident/reflected electric field and wave vector in the 

rotated frame as 

ℇ𝑧
𝑖𝑛𝑐′′

= ℇ𝑖𝑛𝑐′′
⋅ 𝑢𝑧

′′ = 𝐴ℇ0
′′sin𝛿,

𝑘𝑧
𝑖𝑛𝑐′′

= 𝑘𝑖𝑛𝑐′′
⋅ 𝑢𝑧

′′ = 𝑘0cos𝛿,
 (S7) 
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ℇ𝑧
𝑟𝑒𝑓′′

= ℇ𝑟𝑒𝑓′′
⋅ 𝑢𝑧

′′ = 𝐴ℇ0
′′[sin𝛿(cos2𝜗cos2𝛼 − sin2𝜗) + cos𝛿cos𝜗sin2𝛼],

𝑘𝑧
𝑟𝑒𝑓′′

= 𝑘𝑟𝑒𝑓′′
⋅ 𝑢𝑧

′′ = 𝑘0[cos𝛿(cos2𝜗cos2𝛼 − sin2𝜗) + sin𝛿cos𝜗sin2𝛼].
 (S8) 

Finally, the transverse light profile in the unrotated frame is given by either a Gaussian 

distribution or an Hermite-Gaussian distribution according to the settings used for the SLM: 

ℇ0
𝐺(𝑥, 𝑦) = exp [−

(𝑥2 + 𝑦2)

2𝜎𝐿
2 ] ,

ℇ0
𝐻𝐺10(𝑥, 𝑦) = exp [−

(𝑥2 + 𝑦2)

2𝜎𝐿
2 ]

2𝑥

𝜎𝐿
,

ℇ0
𝐻𝐺01(𝑥, 𝑦) = exp [−

(𝑥2 + 𝑦2)

2𝜎𝐿
2 ]

2𝑦

𝜎𝐿
,

 (S9) 

 

where 2√2𝑙𝑛2𝜎𝐿 defines the full width at half maximum (FWHM) of the laser beam. By applying 

the transformation defined by Eq. (S3) with z = 0, we can retrieve the transverse light profiles in 

the rotated frame: 

 

ℇ0
𝐺′′

(𝑥′′, 𝑦′′) = exp [−
(Γ1𝑥′′2

+ Γ2𝑦′′2
− 2Γ3𝑥′′𝑦′′)

2𝜎𝐿
2 ] ,

ℇ0
𝐻𝐺10′′

(𝑥′′, 𝑦′′) = exp [−
(Γ1𝑥′′2

+ Γ2𝑦′′2
− 2Γ3𝑥′′𝑦′′)

2𝜎𝐿
2 ]

2𝑥′′

cos𝜗𝜎𝐿
,

ℇ0
𝐻𝐺01′′

(𝑥′′, 𝑦′′) = exp [−
(Γ1𝑥′′2

+ Γ2𝑦′′2
− 2Γ3𝑥′′𝑦′′)

2𝜎𝐿
2 ]

2

𝜎𝐿
(

𝑦′′

cos𝛼
− tan𝜗tan𝛼𝑥′′) ,

 (S10) 

 

where  

Γ1 =
1

cos2𝜗
+ tan2𝜗 tan2𝛼,

Γ2 =
1

cos2𝛼
,

Γ3 =
tan𝜗tan𝛼

cos𝛼
.

 (S11) 

 

Calculations of the inelastically-scattered electron spatial maps are then implemented by 

plugging the expressions found in Eqs. (S7), (S8), (S10), and (S11) within Eqs. (3) and (4) in the 

main text, using the following geometrical and experimental parameters: 𝛿 = 4.5°, 𝛼 = 12.7°, 

𝜗 = 35°, 𝜎𝐿 = 23.3 μm, v = 0.7c, and 𝐴 = 107 V/m. 
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SUPPLEMENTARY SECTION 2:  

Calculations of Hermite-Gaussian modulation of ultrafast electron pulses 
 

In this section, we present additional calculations of the transverse electron distribution using 

Eq. (2) in the main text for light-mediated modulation with a Hermite-Gaussian laser beam. In 

particular, we consider the electron distribution associated with each photon order, or 

equivalently, with each PINEM peak in the spectrum (for simplicity we consider just the first five 

orders).  

As it can be seen from Fig. S2, the two-lobe intensity pattern is maintained for each photon 

order (going from ℓ = 1 on the left to ℓ = 5 on the right), with the main variation being that the 

total intensity decreases for increasing orders – as expected. Also, the phase shift between the 

two lobes is maintained and scales with integer multiples of π according to the photon order: it 

is π for ℓ = 1, 2π for ℓ = 2, 3π for ℓ = 3, 4π for ℓ = 4, 5π for ℓ = 5, and so on. Actually, we 

believe that such phase-shift increase is an advantage and can play a key role in actual 

applications of shaped electron beams for contrast enhancement in weak scatterers. 

These calculations imply that the two-lobe structure of a Hermite-Gaussian beam is transferred 

also to the electron beam and it is maintained even when summing over multiple photon orders. 

 

 
Figure S2. Calculated transverse electron distribution for light-mediated modulation with a 

Hermite-Gaussian laser beam as a function of the absorbed photon order ℓ. Panels (a)-(e) show 

the intensity distribution, whereas panels (f)-(m) represent the phase pattern. 

 

 


