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

structure of matter. d = 0.5~3 A (lonic radii)

— A~1A

It results in an energy of electrons in a synchrotron radiation source in the order of = Eee~ 3 GeV

a few GeV which push the critical wavelength close to 1 A.

What about the wavelength of the electron itself?

6.58x10 16ey.s
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Spatial resolution ~1 A

__High voltage

— Electron gun

~ First condenser lens

— Condenser aperture
Second condenser lens
~_Condenser aperture
Specimen holder
~ Objective lenses

Electron beam

Fluorescent screen

Transmission Electron Micro
scopy

Easy to manipulate the electrons (magnification)

Electrons have 10* ~ 10° times larger scattering cross-
section than X-rays
— Only for thin samples ~ 100 nm thick and a bunch
charge of 100 fC (~6.2 x 10°electrons) 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/y.



https://en.wikipedia.org/wiki/High-resolution_transmission_electron_microscopy
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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 M.-F. Lin et al., Nat. Commun. 8, 1745 (2017).
produced by a gun having the transverse coherency close to the
hard X-rays.
Y 2 MeV
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Key parameters for UED

e,~ 10 nm - rad

Spatial(= reciprocal space) resolution :
. High reciprocal space resolution allows
f unambiguous identification of the ring or spot
e | - features in diffraction patterns, and tracking
Oynarmice changes n ~ changes in their intensity, position, and width
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the Time-of-Flight jitter between the pump a d
probe pulses, and 7y, is the velocity TR
mismatch.
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W. E. King et al., J. Appl. Phys. 97, 111101 (2005).




Two paths towards UEDs

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

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

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

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

Q. =20fC,As = 7nm,At = 105 £ 27 fsrms Q. =50 fs,As =3nm,At = 63 ~103 fsrms
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S. P. Weathersby et al., Rev. Sci. Instrum. 86, 073702 (2015) B. Alberdi, J.-G. Hwang et al., Sci. Rep. 12, 13365 (2022)



Time-of-Flight (ToF) jitter

laser, To estimate the influence of the phase and voltage jitters, it is
m necessary to expand electron velocity as
d(Bc d(fc
» electrons v(Eo, Vo, ) = cf(0) + %A(p + %AV’
= ’
cath“"*\/\f where AV and A¢ denote the voltage and phase errors,
respectively.

The first derivative of the velocity (v = [fc) by the phase is then given by

v 1 —c Vy sin ¢ (mgc?)?

0p J Vo cos d)2 + 2V (Eg + myc?) cos ¢ + Eg (2moc? + Ep) (moc? + Eg + Vg cos ¢)?
Therefore, the arrival-time jitter induced by phase jitter can be estimated by Time-Of-Flight (TOF) as

A B avA avA
tror = L X % ¢/(U(U+% ¢)> )

where L is the traveling distance.




Time-of-Flight (ToF) jitter

Arrival-time jitter induced by phase jitter :

v v
At(Eo, Vo, ¢) = L X <a¢ Ad/ (v(v +35 Aqb)))
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Most UED RF guns
use an off-crest phase
for ballistic bunching.
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20 Our scheme with Gun +

booster cavities
immunes to the jitter of
the laser.




Time-of-Flight (ToF) jitter

RF gun Booster cav 1 Booster cav 2 Booster cav 3
Ly=32m ;=081m L, =0.85m Ly =276m
/m m m electrons
E0~O %
E
Vgun: ¢gun Vl: ¢1 Vz, (Pz V3; ¢3
1.751 | Additional cavities dramatically diminish the ToF jitter and
pulse duration at a target position so that the time resolution
1.50 : \\__ can be minimised without much burden in the system.
41.25 X
5 ‘v\-\-...,_“_ ....“_““ - Duration: 1.0 ps rms (laser) — 22 fs rms
5 1-00° \ T eld - Jitter: 300 fs rms (laser) + 4 x 100fs (0.05°) rms
® 0.75 \ Only gun — 91 fs rms (— 43 fs rms for 0.025°)
‘\ 1 cavity
0.50{ >, \ 3 cavities But the jitter of the field in a cavity (fundamentally frow -t
0.25 I R il L P LLRF system) is accumulated and it rules the time /- 4
E— ! me|omme oe o 0 o0 o resolution at the level of 30 fs. '
00 02 04 06 08 1.0 1.2

aprobe/ Tinit

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.

Laser arrival time - -
: Then, the condition for jitter

: jitter ; -free scheme is
: _ov AL;; + AL =0
E ALjitter — %A¢ E ]ltteT' magnet
RF phase Ap
P ALmagnet= Rse—
p
AF photogun_ I Buh::ii:gs:;\oid
H. W. Kim et al.,
00" achomaticbend Nature Photonics 10, 1038 (2020). At = \/ Tg + T}%h + 0'72"01:
J(25f5)2 4+ (19 fs)2 + (32fs)2 = 45 fs
M |

J(25fs)2 4+ (19 fs)2 + (7.8fs)2 =31 fs

Beam energy (MeV) ©




RF gun Buncher

21 parameters

L X/
oy Komi,S
Bl’ Ssol1 W QM1,°QM1
KQMz; Som2
Eptegun: ¢gun Epk,ca $car Nea Koms, Squs
Komar Soma

Astra code (A Space Charge Tracking Algorithm)

Mirror charge (emission process)
+ 3D Space charge

+ Simulated field distribution

Photo emission from a Fermi-Dirac distribution

pho — ¢eff
Opx = Opy = \/

3 myc?

€x,y = Ox,yOpx,y » E = 3( pho — ¢eff)

Support Distributed computing

PC1:12 CPUs~ Integrated by
PC2: 16 CPUs- Gigabit ethernet

Head node Worker node Worker node

Dy W Worker Worker process Worker process
process || process

- Scheduler - Scheduler - Scheduler
2 i) 2

> > >

] © 1]
® | Object Store | Object Store © | Object Store

Global Control Store ‘
Autoscaler ‘

Ray enables native cluster depl
oyment support.



Particle Swarm Optimization

Current positon of population  New positon of population

f——
- —

--9 Personal best position influence % Titerations

—» Current motion influence '»O

. Global best position influence Optimal position

Velocity vectors are updated by:
Vit = oV + cyrf (pbest;; — X}
+c,r5 (gbest;; — X
with position vectors of
it =xt+ v

/2 (nm-rad)

e2+¢

14 A

12 -~

10 1

500 particles x 30 iterations

®
o © = 15,000 calculations
%
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Particle Swarm Optimization

- = ¢gun~_1 5 deg 50
50 . .\
L E . . N 40__ -
407 R Vace ~ 3 MV/m
< 8 fs
~ 30]
= 307 J A .
: : ! . 207 .
207
10_ [ - — ‘-\ X 10_ . - -_— \.
( * s, . ) (\ o Do /)
oo 10\‘{
}\@ 20
SN —. 30 A\
T 15 10 ° RN
35 -30 -—25 —20 7 %, 50100 90 80 70
=35 ‘pgun(dem 60* Epk,g n(MVIm)

Arrival-time jitter induced by phase jitter :

At(Ey =0,Vy=3MV,¢p = —-15deg) = L X <g¢ Agp/ (v(v + 6¢ Aqb))) ~7.7fs

Expected resolution:/(7fs)2 + (19 fs)2 + (7.7fs)? + (7.8fs)%2 = 23 fs



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. 7




Time-of-Flight (ToF) jitter

RF gun Booster cav 1 Booster cav 2 Booster cav 3
L, =0.85m

R7AAWAA
T S A s

Ly =276m

\ 4

m electrons

Vo, Vi, ’ V.,
0, Po G gun 1 $1 . V5, ®o - o &2 -
The arrival time jitter caused by each device is calculated as .
Ogun~118 fs
O-b1~188 fS,O-bZNZZ fS, O'b3~213 fS, 0.8 1

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

The total jitter is given by

Normalized # of events

iImulation

AT [ns]

Ot = \/O-gzun + 0-131 + 0-132 + 0'53 ~ 309 fS -0.0010  —0.0005 0.0000 0.0005 0.0010



Time-of-Flight (ToF) jitter

The first derivative of the velocity (v = fc) by the voltage is then given by

ov  c{Vp® cos® ¢ + Vo (2(Ey + moc?) — Vo) cos? ¢ + (Ep + moc?)(Ey + moc? — 2V,) cos p — Eo(Ey + 2mgc?)}

av J Vo cos d)2 + 2V (Ey + myc?) cos ¢ + Ey (2moc? + Eg)(mgc? + Eg + V, cos )2

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

Atror = L X <SV AV / (v(v + ZV AV)))

where L is the traveling distance.

For a voltage ripple of AV/V = 10~* with
Vy, = 2.5 MV, 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 (90deq). Then it is no
longer negligible.
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