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Motivation of Ultrafast Electron Diffraction

2 ns

Synchrotron radiation source

~5 m ~10 m

Light with a wavelength of roughly twice the ionic radii is necessary to observe the 
structure of matter.

It results in an energy of electrons in a synchrotron radiation source in the order of 
a few GeV which push the critical wavelength close to 1 Å. 

What about the wavelength of the electron itself? 
→ from De Broglie wavelength : 𝜆𝜆 = ℎ

𝑝𝑝
= 6.58×10−16𝑒𝑒𝑒𝑒�𝑠𝑠

2 𝑘𝑘𝑘𝑘𝑘𝑘/𝑐𝑐
~1 Å

𝑑𝑑 = 0.5~3 Å (Ionic radii) 
→ 𝜆𝜆𝑐𝑐~ 1 Å
→ 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒~ 3 𝐺𝐺𝐺𝐺𝐺𝐺

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 = 𝛾𝛾𝑚𝑚0𝑐𝑐2: Energy of electrons
𝜆𝜆𝑐𝑐 = 4 𝜋𝜋𝜋𝜋

3𝛾𝛾3
, 𝑅𝑅 ~ 5 𝑚𝑚

𝜆𝜆 = 2𝑑𝑑 sin𝜃𝜃



Motivation of Ultrafast Electron Diffraction

Transmission Electron Micro
scopy

Easy to manipulate the electrons (magnification)

Electrons have 104 ~ 106 times larger scattering cross-
section than X-rays
→ Only for thin samples ~ 100 nm thick and a bunch 

charge of 100 fC (~6.2 × 105electrons) is enough for 
imaging.

also have 103 times less radiation damage per 
elastic scattering event. 
→ No damage to samples

For the investigation of the Dynamical properties of a 
material, there is an issue of Velocity Mismatching 
- Depending on their position within the beam, molecules 

will see different delays between the arrival time of the laser 
pulse and the arrival time of the electron pulse.
→  MeV electron beams!

+ Easy to achieve fs-short bunch 
+ The geometric emittance can be reduced
by a factor of 1/γ.

Spatial resolution ~ 1 Å

https://en.wikipedia.org/wiki/High-resolution_transmission_electron_microscopy


Motivation of Ultrafast Electron Diffraction

MeV beam energy + Recent research on a semiconductor-
based photocathode has pushed the thermal emittance of 
electron beams down to a few nanometer-radian at 
femtocoulomb bunch charges, resulting in MeV-class electrons 
produced by a gun having the transverse coherency close to the 
hard X-rays.

𝜖𝜖𝑥𝑥 =
𝜖𝜖𝑛𝑛𝑛𝑛
𝛾𝛾 = 𝜎𝜎𝐿𝐿 𝑚𝑚𝑚𝑚 ×

700
𝛾𝛾 𝑛𝑛𝑛𝑛 � 𝑟𝑟𝑟𝑟𝑟𝑟 𝜖𝜖𝑥𝑥 = 𝜎𝜎𝐿𝐿 𝑚𝑚𝑚𝑚 × 140 𝑛𝑛𝑛𝑛 � 𝑟𝑟𝑟𝑟𝑟𝑟

2 MeV
beams



Key parameters for UED

W. E. King et al., J. Appl. Phys. 97, 111101 (2005).

Spatial(= reciprocal space) resolution :
High reciprocal space resolution allows 
unambiguous identification of the ring or spot 
features in diffraction patterns, and tracking 
changes in their intensity, position, and width 
with high precision. 

∆𝑠𝑠 =
2𝜋𝜋
𝜆𝜆𝑒𝑒

𝜖𝜖𝑛𝑛
𝜎𝜎𝑥𝑥,𝑦𝑦

=
2𝜋𝜋
𝜆𝜆𝑒𝑒

𝛾𝛾
𝜖𝜖𝑥𝑥
𝛽𝛽𝑥𝑥,𝑦𝑦

Temporal resolution:

∆𝑡𝑡 = 1/𝜏𝜏 = 1/ 𝜏𝜏𝑒𝑒2 + 𝜏𝜏𝑝𝑝𝑝2 + 𝜎𝜎𝑇𝑇𝑇𝑇𝑇𝑇2 + 𝜏𝜏𝑉𝑉𝑉𝑉2

where 𝜏𝜏𝑒𝑒 and 𝜏𝜏𝑝𝑝𝑝 are the pulse durations of the 
probe and pump pulses, respectively, 𝜏𝜏𝑇𝑇𝑇𝑇𝑇𝑇 is 
the Time-of-Flight jitter between the pump and 
probe pulses, and 𝜏𝜏𝑉𝑉𝑉𝑉 is the velocity 
mismatch.

Negligible for 
relativistic bea
ms

𝜖𝜖𝑛𝑛~ 10 𝑛𝑛𝑛𝑛 � 𝑟𝑟𝑟𝑟𝑟𝑟
@ 3 MeV

a few fs



Two paths towards UEDs

Normal-conducting system  
(RF gun (+buncher))
Dedicated for UEDs

ex) MeV UED (KAERI) 
MeV-UED(SLAC)
REGAE (DESY)

Superconducting system 
(RF gun+booster cavities)
Reuse existing injectors for 
ERLs or SRF test facilities

ex) Cornell UED
SeaLab (HZB)
UED in HZDR / PITZ

B. Alberdi, J.-G. Hwang et al., Sci. Rep. 12, 13365 (2022)S. P. Weathersby et al., Rev. Sci. Instrum. 86, 073702 (2015)

𝑄𝑄𝑐𝑐 = 20𝑓𝑓𝑓𝑓,∆𝑠𝑠 = 7 𝑛𝑛𝑛𝑛,∆𝑡𝑡 = 105 ± 27 fs rms 𝑄𝑄𝑐𝑐 = 50 𝑓𝑓𝑓𝑓,∆𝑠𝑠 = 3 𝑛𝑛𝑛𝑛,∆𝑡𝑡 = 63 ~ 103 𝑓𝑓𝑓𝑓 𝑟𝑟𝑟𝑟𝑟𝑟

B. Alberdi, J.-G. Hwang et al., Sci. Rep. 12, 13365 (2022)



Time-of-Flight (ToF) jitter

To estimate the influence of the phase and voltage jitters, it is 
necessary to expand electron velocity as 

𝑣𝑣(𝐸𝐸0,𝑉𝑉0,𝜙𝜙) = 𝑐𝑐𝑐𝑐 0 +
𝜕𝜕(𝛽𝛽𝑐𝑐)
𝜕𝜕𝜕𝜕

Δ𝜙𝜙 +
𝜕𝜕(𝛽𝛽𝛽𝛽)
𝜕𝜕𝑉𝑉

Δ𝑉𝑉,

where Δ𝑉𝑉 and Δ𝜙𝜙 denote the voltage and phase errors, 
respectively.

The first derivative of the velocity (𝑣𝑣 = 𝛽𝛽𝛽𝛽) by the phase is then given by 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜙𝜙 =

1
𝑉𝑉0 cos𝜙𝜙 2 + 2𝑉𝑉0 𝐸𝐸0 + 𝑚𝑚0𝑐𝑐2 cos𝜙𝜙 + 𝐸𝐸0 (2𝑚𝑚0𝑐𝑐2 + 𝐸𝐸0)

−𝑐𝑐 𝑉𝑉0 sin𝜙𝜙 𝑚𝑚0𝑐𝑐2 2

𝑚𝑚0𝑐𝑐2 + 𝐸𝐸0 + 𝑉𝑉0 cos𝜙𝜙 2 .

Therefore, the arrival-time jitter induced by phase jitter can be estimated by Time-Of-Flight (TOF) as 

Δ𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐿𝐿 ×
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

Δ𝜙𝜙/ 𝑣𝑣(𝑣𝑣 +
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

Δ𝜙𝜙) ,

where 𝐿𝐿 is the traveling distance.

laser

electrons

RF gun

Cathode



Time-of-Flight (ToF) jitter

Arrival-time jitter induced by phase jitter : 

Δ𝑡𝑡(𝐸𝐸0,𝑉𝑉0,𝜙𝜙) = 𝐿𝐿 ×
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

Δ𝜙𝜙/ 𝑣𝑣(𝑣𝑣 +
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

Δ𝜙𝜙)

L = 2 m, Δ𝜙𝜙 = 100 fs

on-crest phase

@ 𝐸𝐸0 = 0 MeV

@ 𝜙𝜙 = -20 deg

Most UED RF guns 
use an off-crest phase 
for ballistic bunching. 

Our scheme with Gun + 
booster cavities 
immunes to the jitter of 
the laser.



Time-of-Flight (ToF) jitter

Additional cavities dramatically diminish the ToF jitter and 
pulse duration at a target position so that the time resolution 
can be minimised without much burden in the system.

- Duration: 1.0 ps rms (laser) → 22 fs rms
- Jitter: 300 fs rms (laser) + 4 x 100fs (0.05o) rms 

→ 91 fs rms (→ 43 fs rms for 0.025o)

But the jitter of the field in a cavity (fundamentally from the 
LLRF system) is accumulated and it rules the time 
resolution at the level of 30 fs.

RF gun Booster cav 1 Booster cav 2 Booster cav 3

electrons

𝐸𝐸1
𝑉𝑉1,𝜙𝜙1 𝑉𝑉2,𝜙𝜙2 𝑉𝑉3,𝜙𝜙3

𝐸𝐸2 𝐸𝐸3
𝐸𝐸0~0

𝐿𝐿0 = 3.2 𝑚𝑚 𝐿𝐿1 = 0.81 𝑚𝑚 𝐿𝐿2 = 0.85 𝑚𝑚 𝐿𝐿3 = 2.76 𝑚𝑚

𝑉𝑉𝑔𝑔𝑔𝑔𝑔𝑔,𝜙𝜙𝑔𝑔𝑔𝑔𝑔𝑔

B. Alberdi, J.-G. Hwang et al., Sci. Rep. 12, 13365 (2022)



Magnetic compensation scheme

Magnetic optics proposed by the KAERI group to compensate for jitter between laser and RF field can be 
feasible by a dispersion that changes the path length of the beam depending on the energy.

RF phase

Laser arrival time

jitter
Δ𝐿𝐿𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 =

𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕

Δ𝜙𝜙
𝐿𝐿
𝛽𝛽𝑐𝑐

∆𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚= 𝑅𝑅56
∆𝑝𝑝
𝑝𝑝

Then, the condition for jitter
-free scheme is
∆𝐿𝐿𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 + ∆𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚= 0

H. W. Kim et al., 
Nature Photonics 10, 1038 (2020).

However, the bunch can not compressed less than 22 fs 
by one cavity and the high-order aberration causes 
another significant contribution to the time resolution.

25𝑓𝑓𝑓𝑓 2 + 19 𝑓𝑓𝑓𝑓 2 + 32𝑓𝑓𝑓𝑓 2 = 45 𝑓𝑓𝑓𝑓

25𝑓𝑓𝑓𝑓 2 + 19 𝑓𝑓𝑓𝑓 2 + 7.8𝑓𝑓𝑓𝑓 2 = 31 𝑓𝑓𝑓𝑓

∆𝑡𝑡 = 𝜏𝜏𝑒𝑒2 + 𝜏𝜏𝑝𝑝𝑝2 + 𝜎𝜎𝑇𝑇𝑇𝑇𝑇𝑇2



Support Distributed computing
PC1 : 12 CPUs
PC2 : 16 CPUs

Ray enables native cluster depl
oyment support.

Integrated by 
Gigabit ethernet

RF gun Buncher

𝐵𝐵1, 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝐸𝐸𝑝𝑝𝑝𝑝,𝑐𝑐𝑐𝑐,𝜙𝜙𝑐𝑐𝑐𝑐 ,𝑁𝑁𝑐𝑐𝑐𝑐

𝐿𝐿𝑥𝑥, 𝐿𝐿𝑦𝑦, 𝐿𝐿𝑧𝑧

𝐸𝐸𝑝𝑝𝑝𝑝,𝑔𝑔𝑔𝑔𝑔𝑔,𝜙𝜙𝑔𝑔𝑔𝑔𝑔𝑔

𝐵𝐵2, 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐾𝐾𝑄𝑄𝑄𝑄𝑄, 𝑠𝑠𝑄𝑄𝑄𝑄𝑄
𝐾𝐾𝑄𝑄𝑄𝑄𝑄, 𝑠𝑠𝑄𝑄𝑄𝑄𝑄
𝐾𝐾𝑄𝑄𝑄𝑄𝑄, 𝑠𝑠𝑄𝑄𝑄𝑄𝑄
𝐾𝐾𝑄𝑄𝑄𝑄𝑄, 𝑠𝑠𝑄𝑄𝑄𝑄𝑄

21 parameters𝐿𝐿0 = 0.5 𝑚𝑚

Astra code (A Space Charge Tracking Algorithm)

Mirror charge (emission process)
+ 3D Space charge 
+ Simulated field distribution

Photo emission from a Fermi-Dirac distribution

𝜎𝜎𝑃𝑃𝑃𝑃 = 𝜎𝜎𝑃𝑃𝑦𝑦 =
𝐸𝐸𝑝𝑝𝑝𝑝𝑝 − 𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒

3 𝑚𝑚0𝑐𝑐2

𝜖𝜖𝑥𝑥,𝑦𝑦 = 𝜎𝜎𝑥𝑥,𝑦𝑦𝜎𝜎𝑃𝑃𝑥𝑥,𝑦𝑦 , �𝐸𝐸 =
2
3 (𝐸𝐸𝑝𝑝𝑝𝑝𝑝 − 𝜙𝜙𝑒𝑒𝑒𝑒𝑒𝑒)



Particle Swarm Optimization

Velocity vectors are updated by:
𝑉𝑉𝑖𝑖𝑖𝑖𝑡𝑡+1 = 𝜔𝜔𝑉𝑉𝑖𝑖𝑖𝑖𝑡𝑡 + 𝑐𝑐1𝑟𝑟1𝑡𝑡 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 − 𝑋𝑋𝑖𝑖𝑖𝑖𝑡𝑡

+𝑐𝑐2𝑟𝑟2𝑡𝑡 𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖 − 𝑋𝑋𝑖𝑖𝑖𝑖𝑡𝑡

with position vectors of
𝑋𝑋𝑖𝑖𝑖𝑖𝑡𝑡+1 = 𝑋𝑋𝑖𝑖𝑖𝑖𝑡𝑡 + 𝑉𝑉𝑖𝑖𝑖𝑖𝑡𝑡+1

500 particles x 30 iterations
= 15,000 calculations



Particle Swarm Optimization

Arrival-time jitter induced by phase jitter : 

Δ𝑡𝑡 𝐸𝐸0 = 0,𝑉𝑉0 = 3 𝑀𝑀𝑀𝑀,𝜙𝜙 = −15 𝑑𝑑𝑑𝑑𝑑𝑑 = 𝐿𝐿 ×
𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕 Δ𝜙𝜙/ 𝑣𝑣(𝑣𝑣 +

𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕 Δ𝜙𝜙) ~ 7.7 𝑓𝑓𝑓𝑓

𝜙𝜙𝑔𝑔𝑔𝑔𝑔𝑔~-15 deg 
+ 

Vacc ~ 3 MV/m
< 8 fs 

Expected resolution: 7𝑓𝑓𝑓𝑓 2 + 19 𝑓𝑓𝑓𝑓 2 + 7.7𝑓𝑓𝑓𝑓 2 + 7.8𝑓𝑓𝑓𝑓 2 = 23 𝑓𝑓𝑓𝑓



Summary

The two concepts, Gun (ballistic bunching) or Gun + 3 cavities (longitudinal 
manipulation) in the MeV UED differ in the direction pursued, but they reach a 
similar temporal resolution of close to 50 ~ 100 fs.

The method with additional cavities has the advantage of completely 
compensating the RF chip, enabling the compression of the bunch down to a few 
fs and reducing the initial jitter by an order of magnitude, but the accumulation of 
the jitter of the LLRF system eventually determines the time resolution.

Magnetic optics proposed by the KAERI group to compensate for jitter pushes the 
temporal resolution limit down to 31 fs level.

The Gun + Buncher + Magnetic Optics option can reach a resolution of 23 fs.



Time-of-Flight (ToF) jitter

Astra simulation by Benat
𝜎𝜎𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 ~ 𝟑𝟑𝟑𝟑𝟑𝟑 𝒇𝒇𝒇𝒇

The arrival time jitter caused by each device is calculated as
𝜎𝜎𝑔𝑔𝑔𝑔𝑔𝑔~118 𝑓𝑓𝑓𝑓

𝜎𝜎𝑏𝑏𝑏~188 𝑓𝑓𝑓𝑓,𝜎𝜎𝑏𝑏𝑏~22 𝑓𝑓𝑓𝑓,𝜎𝜎𝑏𝑏𝑏~213 𝑓𝑓𝑓𝑓,

considering the energies, distances, and jitters such as
- Jitter between gun RF and laser: 300 𝑓𝑓𝑓𝑓
- Jitter of Each cavity: Δ𝜙𝜙𝑐𝑐𝑐𝑐𝑐𝑐 = 0.05 ° ~ 107 𝑓𝑓𝑓𝑓 (@ 1.3 GHz)

The total jitter is given by

𝜎𝜎𝑡𝑡 = 𝜎𝜎𝑔𝑔𝑔𝑔𝑔𝑔2 + 𝜎𝜎𝑏𝑏𝑏2 + 𝜎𝜎𝑏𝑏𝑏2 + 𝜎𝜎𝑏𝑏𝑏2 ≈ 𝟑𝟑𝟑𝟑𝟑𝟑 𝒇𝒇𝒇𝒇

RF gun Booster cav 1 Booster cav 2 Booster cav 3

electrons

𝐸𝐸1
𝑉𝑉1,𝜙𝜙1 𝑉𝑉2,𝜙𝜙2 𝑉𝑉3,𝜙𝜙3

𝐸𝐸2 𝐸𝐸3
𝐸𝐸0~0

𝐿𝐿0 = 3.2 𝑚𝑚 𝐿𝐿1 = 0.81 𝑚𝑚 𝐿𝐿2 = 0.85 𝑚𝑚 𝐿𝐿3 = 2.76 𝑚𝑚

𝜎𝜎𝑔𝑔𝑔𝑔𝑔𝑔 𝜎𝜎𝑏𝑏𝑏 𝜎𝜎𝑏𝑏𝑏 𝜎𝜎𝑏𝑏𝑏
𝑉𝑉0,𝜙𝜙0



Time-of-Flight (ToF) jitter

The first derivative of the velocity (𝑣𝑣 = 𝛽𝛽𝛽𝛽) by the voltage is then given by 

𝜕𝜕𝑣𝑣
𝜕𝜕𝑉𝑉

=
𝑐𝑐 𝑉𝑉02 cos3 𝜙𝜙 + 𝑉𝑉0 2 𝐸𝐸0 + 𝑚𝑚0𝑐𝑐2 − 𝑉𝑉0 cos2 𝜙𝜙 + 𝐸𝐸0 + 𝑚𝑚0𝑐𝑐2 𝐸𝐸0 + 𝑚𝑚0𝑐𝑐2 − 2𝑉𝑉0 cos𝜙𝜙 − 𝐸𝐸0(𝐸𝐸0 + 2𝑚𝑚0𝑐𝑐2)

𝑉𝑉0 cos𝜙𝜙 2 + 2𝑉𝑉0 𝐸𝐸0 + 𝑚𝑚0𝑐𝑐2 cos𝜙𝜙 + 𝐸𝐸0 (2𝑚𝑚0𝑐𝑐2 + 𝐸𝐸0) 𝑚𝑚0𝑐𝑐2 + 𝐸𝐸0 + 𝑉𝑉0 cos𝜙𝜙 2

Therefore, the arrival-time jitter induced by phase jitter can be estimated by Time-Of-Flight (TOF) as 

Δ𝑡𝑡𝑇𝑇𝑇𝑇𝑇𝑇 = 𝐿𝐿 ×
𝜕𝜕𝑣𝑣
𝜕𝜕𝑉𝑉

Δ𝑉𝑉/ 𝑣𝑣(𝑣𝑣 +
𝜕𝜕𝑣𝑣
𝜕𝜕𝑉𝑉

Δ𝑉𝑉) ,

where 𝐿𝐿 is the traveling distance.

For a voltage ripple of ∆𝑉𝑉/𝑉𝑉 = 10−4 with 
𝑉𝑉0 = 2.5 𝑀𝑀𝑀𝑀, the time jitter as a function of 
phase is calculated.

The arrival time jitter introduced by the 
voltage ripple is negligible. 
* Remark: The effect can be strongly magnified 
around the bunching phase (90deg). Then it is no 
longer negligible.
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