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Motivation

Applications of particles with different properties

 Medical application
e Light sources

* Industrial applications

e Safety
 Cosmology and Particle Physics
D
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Max T B Clabbers et al., Journal of Structural Biology (2022)
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Motivation

Areas of application (electron)
e Electron Microscopy

electron beam

Auger Electrons (AE) Secondary Electrons (SE)
* TEM (afew 1-afew 100keV) ek || 4 s
* SEM (a few eV —a few keV) oninsum xray
Cathodoluminescence (CL) (Bremsstrahlung)
* Auger electron spectroscopy (a few eV™ 4 Q (
— 50 keV)
* Electron energy loss spectroscopy (10-
30 keV)

SAMPLE

e Electron stimulated desorption
experiments (a few eV- a few keV)
* Electron diffraction (a few 100 keV)

. . . Inelastic Scattering
* Electron emission experiments (eaﬁ;m ——
. . . . Incoherent Elastic structural analysis and HR imaging (diffraction
* Particle manipulation experiments Scattering

Transmitted Electrons

) Other imaging and Scanning morphological information (TEM)
https://en.m.wikipedia.org/wiki/File:Electron_|
procedures

nteraction_with_Matter.svg
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Motivation

Areas of application (electron)

* Particle manipulation experiments
* X-ray generation
* Medical imaging

. .
* X-ray diffraction Full dose
» X-ray spectroscopy in less

t

 FLASH radiotherapy
e VHEE (few MeV)

-

D200 4

Source of electrons - Accelerating stage

high-performance
electron

hhhhh

FLASH o - healthy
large o tissue
deep-

ated d -
“ > Innovative
I Fur fose @ Radiation Therapy

less
200ms

with Electrons

https://kt.cern/flash-radiotherapy
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Motivation

Areas of application (heavy ion)

 Hadrontherapy

e Radiobiological Research (LET)

e Space Radiation Research
 Material modification

* Nuclear Physics Research

* Archaeology and Cultural Heritage
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THz ordinal number of the proton (i)

Palfalvi et al., Phys. Rev. ST Accel. Beams 17, 031301 (2014)
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Particle accelerators

PARTICLE ACCELERATORS
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Particle accelerators - Traditional particle accelerators

Traditional particle accelerators are sophisticated machines designed
to propel charged particles, such as protons or electrons, to extremely
high speeds and energies.

e Linear Accelerators (LINACs)

* Use a straight path to accelerate particles. Electric fields are
applied along the path to continously accelerate charged
particles

 Commonly used in medical facilities for cancer treatment,
industrial applications (stelirization, material analysis)

* High cost of construction and maintenance, limited achievable
energy compared to other types of accelerators.
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Particle accelerators - Traditional particle accelerators

* Linear Accelerators (LINACs)
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Particle accelerators - Traditional particle accelerators

Traditional particle accelerators are sophisticated machines designed

to propel charged particles, such as protons or electrons, to extremely
high speeds and energies.

e Circular Accelerators (cyclotrons, synchrotons)

* Accelerate particles in circular paths using magnetic fields to
keep them on course.

 Commonly used in particle physics experiments, medical
imaging, industrial material analysis.

* Need for large-scale infrastructure, high energy consumption,
limitations on achieving extremely high energies due to the
relativistic effects.

&(‘?2} onvesmvorsics  EUPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024

PrRACA - 10 -

Doctoral Network



Particle accelerators - Traditional particle accelerators

e Circular Accelerators (cyclotrons, synchrotons)

LlNﬁcf\EBny,ﬁ L ‘ - 2
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o L LT ST W
Large Hadron Collider (LHC, CERN) Relativistic Heavy lon Collider (RHIC, New York)
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Particle accelerators - Traditional particle accelerators

 Limitations:

e Cost: Building and maintaining particle accelerators require substantial
financial resources, often running into billions of dollars for large-scale
facilities.

e Size and Infrastructure: Many traditional accelerators are massive in size and
require complex infrastructure, including extensive cooling and power systems.

 Energy Limitations: Despite achieving high energies, there are practical limits to
how fast particles can be accelerated due to technological constraints and
energy losses.

» Relativistic effects: As particles approach the speed of light, relativistic effects
become significant, making it increasingly challenging to accelerate them
further.

 Beam quality: Maintaining high-quality particle beams over extended periods
presents technical challenges, limiting the efficiency and reliability of
accelerators.
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Particle accelerators - Micro accelerators (Future!?)

Particle accelerators

Small really is beautiful

Fundamental physics seems to have an insatiable appetite for bigger, more expensive
machines. There may, though, be a way to shrink them radically

Oct 19th 2013 | From the print edition Fllike <512) M0 Tweet <55

BIG science tends to get bigger with time. The first modern particle accelerator, Ernest
Lawrence’s cyclotron, was 10cm across and thus fitted comfortably on a benchtop. It cost
(admittedly at 1932 prices) $25. Its latest successor, the Large Hadron Collider (LHC), has

https://www.economist.com/science-and-technology/2013/10/19/small-really-is-beautiful
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Particle accelerators - Micro accelerators (Future!?

MAIN GOAL

High gradients innovative accelerating structures enable miniaturized particle
accelerators
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schematic overview of the accelerating
gradient for different types of accelerators
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Particle accelerators - Micro accelerators (Future!?

MAIN GOAL

High gradients innovative accelerating structures enable miniaturized particle
accelerators

1PV/m uaie s i lwees o b b Junies s i
100 TV/Im
. . fn—eq:: ficy bands ields in laser foci
Accelerating Gradient: jovimd " ebang -
X-band
~ 100 MV/m - 2 GV/m § 1 TV/m V_t:j?}rjgand SMLWFA
% 100 GV/m % U@
1) Metallic Structure from Ka to 8 106vim PWFA
W-band (35-200 GHz, mm- wavelength) 2 16Vm ‘ G
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2) Dielectric Laser Accel.erator - 1) 2)
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schematic overview of the accelerating
gradient for different types of accelerators
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Particle accelerators - Micro accelerators (Future!?

MAIN GOAL

High gradients innovative accelerating structures enable miniaturized particle
accelerators

1 PVIm
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E} E- JNoel E_ngltanld Et ilc Rev. Mc;d-ng;»:-( 5&;)337 (2014) schematic overview of the accelerating
. Nanni, et al., Nat Commun 6, . . .
(3] F. Lemery, et al” Commun Phys 3, 150 (2020). gradient for different types of accelerators
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Particle accelerators - Micro accelerators (Future!?)

Accelerating
Cavity 9
Current Monitor 30 mm
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Particle accelerators - Micro accelerators (Future!?)

 Dielectric Laser-driven Accelerators — Dielectric grating accelerator

* Dual grating accelerator structure designed for ultrashort laser pulse operation
* Periodic field reversal to achieve phase synchronicity fo relativistic particles

* Potential for unloaded gradient of 10 GeV/m with 10 fs laser pulse

* 8 % acceleration efficiency

e I cm
Variable

w4 1

to

cylindrical ECALIATIE cylindrical 60 MeV \ LE J—J spectrometer

lens

channel lens

electron o

laser Heami ri r'I_J_LJ—U—LI—]

beam
1 1 accelerator

alignment 3 structure
laser /

cyl. lens
top view
- > — amplified — =
v laser beam .
ol ecth' »> s mJ/pulse —* grating for
beam B —r — 45° pulse
SR A=800 mm front tilt
Plettner et al., Phys. Rev. Special Topics-Accelerators and Beams, 9, 111301 (2006).
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Particle accelerators - Micro accelerators (Future!?)

Maximum energy shift (keV)

Dielectric Laser-driven Accelerators — Dielectric grating accelerator
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E. Peralta et al., Nature 503, 91-94
(2013)
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Particle accelerators - Micro accelerators (Future!?)

Maximum energy shift (keV)

Dielectric Laser-driven Accelerators — Dielectric grating accelerator
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Particle accelerators - Micro accelerators (Future!?)

 Dielectric Laser-driven Accelerators — Dielectric grating accelerator

(a) Elliptical Pillars (b) Rectangular Pillars (c) Double Slab Grating
Laser Laser Laser

- ~‘v

O st e——»

HE
L X L EEN
s =

DLA Roadmap (10 to 30 Year)

(i B ¥ g
ki

Exploratory R&D is projected to continue over the
next ten years, with the goal of developing few-

Laser
Laser MeV demonstration prototypes for industrial or
G medical applications by 2025. A dedicated
(d) Reverse Slab Gratlng ((') Buried Gl’ating ( f) Asymmetr'c Gfating working group is proposed to proceed in parallel to
address challenges specific to a linear

Lasef collider.

* Report on the Advanced and Novel Accel-erators for High
Energy Physics Roadmap Workshop (ANAR 2017).
CERN, Geneva, Switzerland,September 2017

[1] K. P. Wotton et al, Reviews of Accelerator Science and Technology 9, 105-126 (2016)
[2] R. J. England et al., LCWS 2021 — ANA Session 1, March 16, (2021)
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Particle accelerators - Micro accelerators (Future!?)

Importance and Potential Applications of Micro Accelerators

e Compactness and portability
* Tabletop, portable devices = medical clinics, research laboratories,
industrial facilities.

Transfromative technology with broad applications across

* High energy physics
e Radiation generation

* Electron diffraction and imaging

England et al., Rev. Mod. Phys. 86, 1337 (2014)
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THz driven particle accelerators (manipulators)

EVOLUTION OF THZ SOURCES
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Evolution of THz sources

INGZAVAVAVAVATII Tl

u u 2
106 108 100 | 102 | 10 10 Hz ol O X gOOA 7 3 o .-O_
o bk o | | L O - 6
: - 5 2 N N
S S = THz gap| § -—42 § P [ | /\
& g = 25 £ o
= : = : A
--------- A
A -10 | O
| | | | | | A 10 o
300 m 3m 30mm  300pum  3pm  30nm 2
A
Dr. Neda Khiabani, Introduction to the 1015 L . , . A .
Terahertz Band (2019) 1970 2005 2010 2015 2020
Year
Gy. Toth et al., Light: Sci. & Appl. (2023)
* 0.1-10THz
* 3mm-30pum

 The research related to the first terahertz sources dates back a few
decades (late 1970s; astronomical observations)
e Useful for various applications
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Evolution of THz sources

GaAs (TPFP) | 1
GaP

GaP (TPFP)
LN -
LN (TPFP)
Organic
ZnTe

ZnTe (TPFP)

2010 2015 2020
Year
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3
~
>
(@)]
—
o
c
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N
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pD>OROPDp

Gy. Toth et al., Light: Sci. & Appl. (2023)
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Evolution of THz sources

e Generation of extremely high-energy THz pulses

e Application of electro-optic crystals with good nonlinear optical properties
(LiNbO3, LiTaO3) for THz pulse generation 2 n,# npy, 2

* vy (Wo) # Vruz(Q)) 2 TPFPis a solution [1] [2].
* Fulfillment of phase matching: v, (wp) = vy, (Q)

e By sufficiently tilting (y) the pulse front of the pumping pulse, the
difference in velocity components and hence the phase difference can be
balanced.

e According to the Huygens principle, vy,(Q) becomes perpendicular to

the tilted pulse front of the pumping beam.
[1] J. Hebling et. al., Velocity matching by pulse front tilting for large

area THz-pulse generation (2002)

[2] J. Hebling et. al., Generation of high-power terahertz pulses by
tilted-pulse-front excitation and their application possibilities
(2008)

[3] M. C. Hoffmann and J. A. Filop, Journal of Physics D: Applied
_Physics 44, 083001 (2011)

pump
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Evolution of THz sources

e Generation of extremely high-energy THz pulses

* To fulfill the phase matching, the equaiton: v, (Wg) - cosy = vry,(Q)

Ny, COSY = N,

* Advantages:
* |tis possible to use several new materials as a source
* In the case of a selected material, the pumping wavelength can be freely
chosen within a given range.

* Disadvantages: e
« To be able to tilt the pulse front: using prism or grating > tany =1-—

dA
200 ()
Y _ng(mn) "\dw

* Imaging errors

* Distortion of the output beam, different spectrum, less effective focusing
Zs. Bor et al., Opt. Communications 54, 165 (1985)

J. Hebling et al., Opt. Express 10, 1161 (2002)

ot ™ EuPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024
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Evolution of THz sources

e Generation of extremely high-energy THz pulses
a)

Reflective stair-step echelon

- oy * Experiement of THz generation
i ‘ L S * Single-cycle THz pulse
* 500 kV/cm peak electric field

* 3.1 W energy

\IlIHI

Benjamin K. Ofori-Okai et al., Opt. Express 24, 5057 (2016)

\\ P " 4 @ Segmented tilted-pulse-front excitation
‘ | = s * Single-cycle THz pulse

’ ' | * 0.5mJTHz energy

L. Palfalvi et al., Opt. Express 25, 29560 (2017) Reflective nonlinear slab

’ L * Single-cycle THz pulse

* 50 MV/cm peak electric field prediction
* Proton or deuteron acceleration!?
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Evolution of THz sources

e Generation of high-energy THz pulses (multi-cycle)

1 pump pulse in PPLN o) | ey | anipor
— S. Carbajo et al (2015) T I e
e THz generation in cryogenic PPLN - :He-r C;%Eig o a5
— F.Lemery et al (2020) Ny -j:HHﬁ-H-ﬁ{- ?,1 e
e Wafer stack instead of PPLN SR N | detey
— C.D.W. Mosley et al (2023) R e s 2 R
e Comprehensive analyses, wafer-wise EOS S. Carbajo et al, Opt. Letters 40, 5762
@ A20um () 2 (2015)
er! > TTVS10 Ay, c
g :: VY ' Ay, + (1 — niy,)%sin (;?:Hi)z fTHZ - A (nTHz - J"EIR)
50-7 § Highly scalable multicycle THz
06 8 * 1.3 mJenergy (0.14 % conv. efficiency)
LRI | 1.6 MV/cm
F. Lemery et al, Commun Phyéiés 3,150 * 0'16_THZ_ central frequen-cy
(2020) e Application to drive particle accelerators

PRACA - 29 -

Doctoral Network

ot ™ EuPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024




Evolution of THz sources

THz pulse energy (nJ)

n=0.2%

F 0.3 TH

v

Stummer (2020)| |
Lemery (2020) |]
Lemery (2020) |
Jolly (2019)
Ahr (2017)

Chen (2011)

0.55 THz
«
n=0.1%

A4 r»ren

100 1000

Pump energy (mJ)

Generation of extremely high-energy THz pulses
* Using optical rectification in LNs and semiconductors
* The energy of THz pulses increased by 7 orders of magnitude
Semiconductors (TPFP) ZnTe (collinear)
m / ®m ZnTe, 1,45um/ 17 ym * ZnTe contact grating,1,7 um
e - 7 i - (Polényi, 2016) - (Fulep, 2016)
1000 L 1.4m) ®  GaP, 1,7 um - (Polényi, 2016) A Blanchard, 2007, 0,8 um
[Baolon@R m | s ®  GaAs - Blanchard, 2014, 1,8 um _m _ Lbffler, 2005,0,8 um
sl DSTIGAS (accelerator-based) 102 E - ' - oljl i
l 0y o b g v ]
100 | 10"k o . a
np LI‘J 3 1005_ 4PA * s} A
DFGin > " F . * 15 o1
OR in DAST | GaSe @ 107 1% #¥ " 3PA ?;
w0k ORI OH1 | S 102} 01% P LN (TPFP) |8
i plasma N 10-3; 10% a—" : \sfz,p,a;gnoogv% zoosi %
Rin LN | DFG in GaSe 10 o IDO‘ = o M ftipznoogvémoa:']_: 0.01
1k F(\)R)hv%ﬂ?‘. | : 10.55: 10 . '*ZIPA 2 F&dp. 2012
' I"'OR in Gaasna el > Vw201 |
! ! | f . ?r.' 4 Fulop, 2014 |
—— = At - e, A 107 e | il aaaaaal i P | il
0.1 1 10 100 107 10" 10° 10' 102
frequency (THz) Pump energy (mJ)

Development of singe-cycle sources

Development of
multicycle sources
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THz-driven particle accelerators (manipulators)

THZ-DRIVEN PARTICLE
ACCELERATORS (MANIPULATORS)
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THz-driven particle accelerators (manipulators)

= Electron acceleration
= Hebling et al., arXiv:1109.685 (2011)

» Electron acceleration in vacuum

Sz. Turnar et al., Appl. Phys. B 130, 24 (2024)

= Linear accelerator

Nanni, E.A., et al.,. Nature communications, 6(1): p. 1-8., (2015)
Heng Tang et al., Phys. Rev. Lett. 127, 074801 (2021)

= Waveguide structure & Dielectric accelerator

Huang, W.R,, et al.. Scientific reports, 5(1): p. 1-8. (2015)

Zhang, D., et al., Nature photonics, 12(6): p. 336-342. (2018)

Morgan T. Hibberd et al., Nature Photonics, 14, pages755—759 (2020)
Mohamed A. K. Othman et al., Optics Express, 27(17), 23791-23800 (2019)
Mohamed A. K. Othman et al., Appl. Phys. Lett. 117, 073502 (2020)
Weihao Liu et al., Optics Letters, 46(17), pp. 4398-4401 (2021)
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THz-driven particle accelerators (manipulators)

= Proton acceleration
= Accelerate from 40 MeV to 70 MeV at less than 60 cm using 1 mJ THz energy

= Patent (https://patents.google.com/patent/US9497848B2/en)
L. Palfalvi ... J. Hebling, Phys. Rev. ST Accel. Beams, (2014)

= A new route has opened for fight to overcome the cancer

= Proton acceleration

short high-energy terahertz pulses, are now confident that they will be able to increase the
electric field value of these pulses by a magnitude of 100. This development could lead to a
i XCIiNg applica , R

A team of scientists from the University of Pécs who developed a method for producing ultra:

= Terahertz-driven ion
acceleration by Coulomb
explosion
= Sz. Turnéar et al., OTST
conference, Marburg R T
(2024)

THz Pulse technology brings
new hope to cancer sufferers

'\7‘ "T% PECSI TUDOMANYEGYETEM
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THz-driven particle accelerators (manipulators)

 Micro accelerator structures - Waveguide structure (1)

Parameters
* Single-cycle THz pulse
* 0.98 u THz energy

y b) Off-axis
parabola

e 0.55THz

11 mm long waveguide |

* 114 kV/cm peak electric field Gap

e 3.6mMmmx6.1 mm (x,y) crystal sleatinil

* ¢x=16°; cl)y:loo probe bunch
pulse

Sz. Turnar et al.,, Optics Express, 30,15, pp. 27602-27608

(2022)
11.0 mm Parameters
3>\nm | * w,=50pum } Rectangular
*  Peak electric field 15 times higher ) Wv=_400 Hm channel
* Few hundreds of kV/cm = ~MV/cm * w,=300um

S
) PECSI TUDOMANYEGYETEM
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THz-driven particle accelerators (manipulators)

 Micro accelerator structures - Waveguide structure (1)

Simulation * 6.7 % energy spread (rms)
* Closed waveguide * 0.63 ps bunch size (FWHM = 33 um)
* Single-cycle THz pulse * g,,=6.18nmradandg, =8.10 nm
* 0.55THz rad
* 500 kV/cm =2 8 MV/cm * deflection angles are a, = 2.8°, a, = 0°

* 6000 macroparticles

* 0.1eVinitial mean kinetic energy Sz. Turnar et al., Optics Express, 30,15, pp.

* 1fCbunch charge 27602-27608 (2022)
. a) 18 yi b)
* 8 keV acceleration D R SR RS IS
. . . 16F 1 ! ! e o
* Machining difficulties Ff . : -
‘L \ o -
* Large energy spread 1[I : 158
. . = [ i Y g
e Short interaction length g 10 | L & . (S e S S
> [ : ) " "___ P gl c Energy (keV)
. g; :-_u!' : /\——— / |/_ ’:?300
solution W ! ! | 2§
4 / | | ngOO
§ : : g
* Relativistic bunch energy 21 Waveguie | output i s
¢ Simulating/measuring post. acc % s 10 50 550 R R
X (um)
Bunch compression (shaping) ol ‘

3 riuoowieavn £ DRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024
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THz-driven particle accelerators (manipulators)

Time (ps)

-1 0 1 2
T T T T

- Expt. |
- Sim.
L Il

1003

% Ll 2 § ) ]
=72 MVim 4
=2 GVim 460 3
L A 'g
L 120 <
f 1 I 1 S

Final spectrum

T T T
72 MVim

Yield (a.u.) 7

* Micro accelerator structures - Waveguide structure (2)
Parameters ” 5@1 8 £ 3
e 525fs (515 nm) ionization laser 2 E
e 50 fC emitted charge 2 00
 0.18 eV initial energy I
* Single-cycle THz pulse :::
e 0.45THz g
¢ 36 MV/m
* 6 W THz energy 40
Simulation Huang, W.R., et al., Toward a terahertz-driven electron gun.
« Single-cycle THz pulse Scientific reports, 2015. 5(1): p. 1-8.
e 0.45 THz * Afew eV acceleration
¢ 2GV/m * Relatively easy feasibility

e 27 keV final kinetic energy
* 3.5 % energy spread (rms)

* Relatively large energy spread
* Afew eV acceleration

3y remvowsiioen £ bR AXIA-DN School on Plasma Accelerators, Rome - 26/04/2024
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THz-driven particle accelerators (manipulators)

 Micro accelerator structures - Waveguide structure (2)

Time (ps)

* Relatively large energy spread ” 5@1 d) e T 2, i
The emitted electron bunch 53-1- - .
. 50‘140_7%2MWr t é -1003
duration corresponds to the 17 < oo | 72MVim leo €
% of period of the THz pulse w;‘,ﬁo e W

T T T
72 MVim

solution

* Applying much shorter (<50 fs ) m 6ol
ionizing laser pulse % ::

A few eV acceleration

Yield (a.u) |

Huang, W.R., et al., Toward a terahertz-driven electron gun.

) Scientific reports, 2015. 5(1): p. 1-8.
solution

« PPWG (Paralell Plate Waveguide): Decreasing the gap between anode and
cathode to 83 um (2 GV/m) to eliminate the deacceleration effect = hole
fabrication on the anode = Coupling is manageable by using tapered

ot ™ EuPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024 PRA,dA -37 -
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THz-driven particle accelerators (manipulators)

 Micro accelerator structures - Waveguide structure (2)

. Time (ps)
o a) £T®’ 8§ <]
» After the optimization (125 $30 \J ol
um after the cathode; using 2 Anode 2 joo[ AT '8
, Baf T 1=
GV/m E'fleld) 5138- ; A " ' ] ,: Finaispectrum

72 MVim
120

Yield (a.u.) 7

U

e 100 keV average kinetic
energy
* 1.3 % energy spread (rms)

Energy (eV)
©
o

Huang, W.R., et al., Toward a terahertz-driven electron gun.
Scientific reports, 2015. 5(1): p. 1-8.

I When considering peak field strengths in the range of several GV/m, one must also take into

account the emitting effect of the THz pulse as a negative factor affecting acceleration efficiency.
Herink, G., L. Wimmer, and C. Ropers, Field emission at terahertz frequencies: ACtunneling and ultrafast carrier
dynamics. New Journal of Physics, 2014. 16(12): p. 123005.

onvsvorrics  EUPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024 PRACIA - 38 -

Doctoral Network




THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Main idea, reminder

Damage threshold Si0, (fused silica)
e = 0, T T T T

702 —o7] { fused silica, 800 nm, single srj:// .
3 o5 ]

Hfo2 364
CaF2 283 / |
4 10
. £ E

dielectrics
w
[
s

T4

_.
S
damage threshold
(Jiem?)

3

1 T T
ZnSe [Jo20 _ 11 10f  100f 1p t0p 100p 1n 10n

AI0.6GaAs [0.08 - o - ] pulse duration T (s)
o oo o o] A-C.Tien, etal., Phys. Rev. Lett. 82, p. 3883 (1999)
*measurement done in vacuul 1

an Jo0s ‘ ] 2FZ, F = ZICITI_Z,T = 100 fs,
1 2 3 4 5
fluence [J/cm?] E= T E =12GV m—l
K. Soong, et al., AIP Conf. Proc., 1507, p. 511 (2012)

https://wwwe6.slac.stanford.edu/news/2015-11-19-135m-moore-grant-develop-working-accelerator-chip-
prototype ACHIP Collaboration
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https://www6.slac.stanford.edu/news/2015-11-19-135m-moore-grant-develop-working-accelerator-chip-prototype
https://www6.slac.stanford.edu/news/2015-11-19-135m-moore-grant-develop-working-accelerator-chip-prototype

THz-driven particle accelerators (manipulators)

e Dielectric THz-driven Accelerators — Main idea, reminder

.X—ct

E(x,t) = Ey-e“™ & =E, - ellkx-00

The propagation velocity of the wave is the phase velocity: ¢ =—=—

In the Fourier definition the pulse can be decomposed into the sum of harmonic
waves. (It is usually called as wave group.)

dc B dw
dA  dk
In the absence of dispersion, all components propagate with the same velocity, so
their position relative to each other does not change. Therefore, in the absence of

dispersion, the sum of the components — that is, the wave group — propagates with
the same common speed. The shape of the wave does not change during

propagation.

*

The group velocity can be calculated using Rayleigh's formula: - =—- )

dw

w
Linear dispersion relation: v=—=—=¢
P Kk dk

PrRACA - 40 -
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Main idea, reminder

The challange to overcome:

Accelerator laser pulse (THz) Non-relativistic electrons

without dielectric

w do

Linear dispersion relation:v = — = — =
P k= dk

C

I Damreniee ™ EUPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Main idea, reminder

The challange to overcome:

Accelerator laser pulse (THz) Non-relativistic electrons

with dielectric ¢ = c(k)

dispersion relation: w = w(k) w(k)=c(k) -k

I Damreniee ™ EUPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024
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THz-driven particle accelerators (manipulators)

e Dielectric THz-driven Accelerators — THz LINAC

Parameters a) R é b)
* 10 mm linear accelerator ”EN

* Dielectric (quartz)

 Singe-cyle THz pulse I e

Electrons to

* 60keVinitial kinetic energy - S e oo S "o,
« 25 fC total charge e
e Radially polarized THz pulse

* 0.45THz * 7 keV post acceleration
e 10 MV/m : ibili
. 60 ke = 0,446 * Relatively easy feasibility
eV =0.446-c  Short (3 mm) interaction length
* v.=046-cC - insi
e 0,505 * Multi-cycle THz pulse inside
Vphase=Y- " C the structure (dispersion)

Nanni, E.A., et al., Terahertz-driven linear electron acceleration. Nature communications, 2015. 6(1): p. 1-8.
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — THz LINAC

e Short interaction length a) N )

* Multi-cycle THz pulse inside wavepat
the structure (dispersion)

THz accelerator

The bunch length is around 200 um.

The wavelength of the multi-cycle THz R i B
. Photoemitted electrons longitudinal + radial THz mirror spectrometer
pulse is around 315 pum - electrons ft oo
experience the decelerating part of the _ _ .
THz Nanni, E.A., et al., Terahertz-driven linear electron
' luti acceleration. Nature communications, 2015. 6(1): p. 1-8.
solution

* Applying relativistic electron bunch = longer interaction length
* Decreasing the width of the dielectric layer and thereby reducing the radius of

the waveguide —> reducing the dispersion = higher peak electric field
Simulation

10 mJ THz energy (~GV/m)
1 MeV initial kinetic energy
e 10-15 MeV relative energy increase

PrRA(A - 44 -
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THz-driven particle accelerators (manipulators)

e Dielectric THz-driven Accelerators — Dielectric-lined waveguide

HOQELY ALY
+

17

MCP Detector

1.0 Z\
0.5} Spectru

o)

—

8o

- 000306
©

=

w

Dipole magnet

55 keV
electron beam

f (THz)

Associated with several records VS0
Time (ps)

. .
30 keV post acceleration (record) Zhang, D., et al., Segmented terahertz electron accelerator

* 140 pradfsstreaking gradient and manipulator (STEAM). Nature photonics, 2018. 12(6): p.
* 2 kT/m focusing gradient 336-342.

* Decrease the bunch length below 100 fs
» Ultrafast electron diffraction experiments with resolutions down to 10 fs

&N
B! PECSI TUDOMANYEGYETEM
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THz-driven particle accelerators (manipulators)

e Dielectric THz-driven Accelerators — Dielectric-lined waveguide

Ez (kV/cm)
: ,000 90 | | | | |
> |~ >30keV wTHz °
500 ~ __|Layer1 Layer2 G w/o THz,
%
x £
> Layer 3 b ‘
i
500 (i g (i
' 60} z { "
0.0M W' YT IV ENANAS WA
1.000 0.0 05 7o 40 50 60 70 80 90 100 110
| Propagation distance (mm) Eneray:(keV)
Parameters

* Two Single-cycle THz pulses
6 W THz energy per pulse

e 70 MV/m peak electric field
e ~55 keV initial kinetic energy
* 5fCtotal charge

Zhang, D., et al., Segmented terahertz electron accelerator and manipulator (STEAM). Nature
photonics, 2018. 12(6): p. 336-342.
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THz-driven particle accelerators (manipulators)

e Dielectric THz-driven Accelerators — Dielectric-lined waveguide

Ez (kV/cm)
: 1,000
10 < : / ' >
> > 30 keV wio Thz
— Layer1 Layer 2 @
> 80r 1 o
£ £ |
o Layer 3 B 0.5 :
570 kPR L
: : |
u.| & [
) 0.0
4,000 00 05 TR 6°Ene7r%v gy 110
0 ps 1.6 ps Propagation distance (mm) ]
Simulation

* mJ THz energy level

* 4 or more segments — * Machining difficulties

 MeV level of kinetic energy (10 pC charge)

Possibility to implement the device to European XFEL or SwissFEL.

Zhang, D., et al., Segmented terahertz electron accelerator and manipulator (STEAM). Nature
photonics, 2018. 12(6): p. 336-342.
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator

Nuclear Inst. and Methods in Physics Research, A 877 (2018) 173-177

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Investigations into dual-grating THz-driven accelerators

Y. Wei®P:* R. Ischebeck®, M. Dehler ¢, E. Ferrari®, N. Hiller ¢, S. Jamison ¢, G. Xia®*,
K. Hanahoe®¢, Y. Li®®, J.D.A. Smithf, C.P. Welsch®P

* Cockcroft Institute, Sci-Tech Daresbury, Warrington, WA4 4AD, United Kingdom . . )
b Physics Department, Universicy of Liv L Liverpool, L69 3BX, United Kingdom Nuclear Inst. and Methods in Physics Research, A 942 (2019) 162362
< Paul Scherrer Institure (PSI), Villigen, 5232, Switzerland

4 Accelerator Science and Technology Centre, Sci-Tech Daresbury, Warrington, WA4 4AD, United Kingdom
¢ School of Physics and Astronomy, University of Manchester, Manchester, M13 9PL, United Kingdom
¥ Tech-X UK Ltd Sci-Tech Daresbury, Warrington, WA4 4AD, United Kingdom

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Numerical investigations into a THz-driven dielectric accelerator with a
Bragg reflector
. M. Xiriai?, Baifei Shen?, P. Zhang®, A. Aimidula®"
[1] Y. Wei et al., NIMA 877 173-177 (2018) val , Satiel Saen , 7. £7aR8 , 4. it a

# Mathematics and Science College, Shanghai Normal University, Shanghai 200234, China
b School of electronic science and engineering, University of Electronic Science and Technology of China, Chengdu, 610054, China

[2] M. Xiriai et al., NIMA 942 162362 (2019) /e S o tecnol s Gty Gnami 53003, e
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator

[1] A. Aimidula, C.P. Welsch, ..., NIMA 740 108-113 (2014)
[2] Y. Wei et al., NIMA 877 173-177 (2018)

EGPRi\)}(GA -49 -

Doctoral Network

I Damreniee ™ EUPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024



THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator
Conditions necessary for proper operation

1. 1 phase shift between the space of dielectric columns
and the space formed in free space

ATHZ

H=o0m-D

[1] A. Aimidula, C.P. Welsch, ..., NIMA 740 108-113 (2014)
[2] Y. Wei et al., NIMA 877 173-177 (2018)
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator
Conditions necessary for proper operation

1. 1 phase shift between the space of dielectric columns
and the space formed in free space:

ATHZ
2(n—1)

1

2. The wavelength of a standing wave must be matched to
the electron energy to achieve continuous acceleration:

H =

ATHZ

2 B=v/c

A=B=§-

[1] A. Aimidula, C.P. Welsch, ..., NIMA 740 108-113 (2014)
[2] Y. Wei et al., NIMA 877 173-177 (2018)
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator
Conditions necessary for proper operation

1. 1 phase shift between the space of dielectric columns
and the space formed in free space:

ATHZ
2(n—1)

1

2. The wavelength of a standing wave must be matched to
the electron energy to achieve continuous acceleration:

H =

1 2 B=v/c

3. Find the golden mean to determine the width of the
accelerator channel

1] A. Aimidula, C.P. Welsch, ..., NIMA 740 108-113 (2014 ]
[1] A. Aimidula elsc R0L4) mch width < C < A,

[2] Y. Wei et al., NIMA 877 173-177 (2018)
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator

Simulation
1. Geometry optimization to find the optimum dual-grating structure

2. Detailed wakefield study of an optimized 100-period dual-grating structure

3. Linearly-polarized THz pulse was simulate to interact with the electron bunch
inside the optimized 100 period structure.

Y. Wei et al., NIMA 877 173-177 (2018)
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator

Simulation
1. Geometry optimization to find the optimum dual-grating structure

1. Detailed geometry optimization to maximize the Accelerating Factor (AF)

* Material: quartz (n =2; Damage-threshold is around 13.8 GV/m [2])

* Plan wave with the wavelength of 150 um (4,)

* Grating period (4,) was 150 um

* Goldenmean: H =0.8-4,,; C = 0.5 - A, >Determine the optimal pillar width
(C=0.5-4,) > AF=0.141

] .-'.I_-:|
p JO
[1] Y. Wei et al., NIMA 877 173-177 (2018) 0.141-13.8— = 1.95 ﬂ
[2] M.C. Thompson et al., Phys. Rev. Lett. 100 (2008) 214801. m m
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator

Simulation
1. Geometry optimization to find the optimum dual-grating structure

2. Detailed wakefield study of an optimized 100-period dual-grating structure

3. Linearly-polarized THz pulse was simulate to interact with the electron bunch
inside the optimized 100 period structure.

CLARA bunch parameters used in the simulation.

Bunch parameters I[ILJ'&.RJ‘&.[Z] Simulation
Bunch energy [MeV] 50 50

Bunch charge [pC] <250 0.3

Bunch RMS length [pm] 9-300 a0

Bunch BMS radius [pm] 10-100 5
MNomalized emittance [mm mrad] <] 0.15
Energy spread <0.1% 0.05%

[1]
[1] Y. Wei et al., NIMA 877 173-177 (2018)

[2] J.A. Clarke et al., CLARA conceptual design report, J. Instrum. 9 (05) (2014) TO5001.

Q\@ s rooneert EyPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024 PrRACA - 55 -

Doctoral Network



THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator

Simulation
1. Geometry optimization to find the optimum dual-grating structure

2. Detailed wakefield study of an optimized 100-period dual-grating structure

3. Linearly-polarized THz pulse was simulate to interact with the electron bunch
inside the optimized 100 period structure.

Parameters of the THz pulse used in the simulation.

THz pulse characteristics

Propagation direction +y
Wavelength A 150 pm
Frequency f 2.0 THz
Peak field 1.0 GV/m
FWHM duration r 2 ps
Waist radius w, 1.0 mm

Y. Wei et al., NIMA 877 173-177 (2018)
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator

Simulation results

Net energy shift:

Effect of THz 5
TTC
10 T—— g(At, AE,,) = AE,, cos( p >At
0.8 e Exit of structure, THz off 0
= : Exit of structure, THz on | Energv Spread:
g. 0.6 - AE o
4 . R
& | Slice of electrons: E 0.42 %
£ 04 -
2 At K Ag/c bEm 1 Maximum energy gain:
Q I‘ =Y
0.2 | 1
v ! ' AE, = 280 + 10 keV
0.0 - 0 k. . m —
495 496 497 498 499 50 501 502 503 504 505 . _ _
Bunch Energy Distribution (MeV) Maximum accelerating gradient:

G, = 348 + 12 MV /m
Y. Wei et al., NIMA 877 173-177 (2018)
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THz-driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator

Simulation results
1 PV/m ‘i

O O Effect of THz

100 TVim f[eé]ueg cy bands fields.in laser foci
-ban -
10 TV/m Sband i THz field of 3.0 GV/m

V-band
1TVIm

leads to a maximum
field of 9.37 GV/m

100 GV/m

10 GV/m

1GVim

field gradient / V/m

100 MV/m

10 MV/m

1 MV/m
A 100¢m 100 ym

1 0,1 pm

vV 300MHz 3GHz 30 300 3THz 30 300 3 PHz

Y. Wei et al., NIMA 877 173-177 (2018)
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THz-driven particle accelerators (manipulators)

* Dielectric THz-driven Accelerators — Dielectric grating accelerator cpraia

Doctoral Network

Periodically-poled
Pump pulse Lithium Niobate (ppLN) Multi-cycle THz pulse

N |
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THz-driven particle accelerators (manipulators)

* Dielectric THz-driven Accelerators — Dielectric grating accelerator cpraia

Doctoral Network

* Length of the structure = maximize the Electri field
* Subtense of the structure = maximize the Electric field
* Width of the acc. channel 2 maximize the acc. gradient

* Height of the acc. channel 2 maximize the acc. gradient

~ N

Machining limitations of dielectric ﬁ:

c

Za+u Ea

A. L. Genre et al., under preparation (2024)
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THz-driven particle accelerators (manipulators)

e Dielectric THz-driven Accelerators — Dielectric grating accelerator crra ia

Doctoral Network

THz pulse traveling along the Waveguide 400 um gap

10000 10000 THz pulse traveling along the Waveguide - 150 um gap
7500 - 7500 -
5000 5000
=N [ \
SN f=0.65THz | . ...
= \ s l
o0 | : | !' !
.% In 1 E 0 M \
g v H £ | ‘ \i
g —zsoﬂ(i(fﬁ} ga p =23O um g —2500 WG EXIT
—5000 1 \ ) —5000
—7500 1 —7500
oo 0 10 20 30 40 50 10000 0 10 20 30 20 50
Position in X (mm) Position in X (mm)
|
!_..
I
[
{ \_
e I Lo ==
- '
\
\

Transmision of the pulse depends on the operational wavelength and the waveguide gap

A. L. Genre et al., under preparation (2024)
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THz driven particle accelerators (manipulators)

 Dielectric THz-driven Accelerators — Dielectric grating accelerator crraia

Doctoral Network

The optimization of the DLA parameters were

Synchronous particle acceleration

carried out minding the figure of merits 6.200 Starting excitation i
acceleration factor (AF). The accelerating 6.1751 —4~ Atsignal's peak i
gradient is calculated in one period (i), for sas0] oo i
the optimal electron path z(t). < 6125 |
. . > :
Simulation 5 o100 !
° 3 MV/cm L% 6.075 I
* 6 MeV initial kinetic energy >0 |
e 175 keV relative energy increase P02 i
6.000 - : Accelerator's exit
. él 2[}'00 4[}'00 EDIDD BDIDO 10[5'00
Helght Position [pm]
I G
Gap AF = ——,
2 . Emax
Widt q Ap
h Go =T f E,(2(b), t) dz
A. L. Genre et al., under preparation (2024) 7\p 0
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CONCLUSION & SUMMARY
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Conclusion & Summary

e Comparing different types of accelerators

Main bunch properties (parameters)

e Normalized emittance

 Brightness

* Beam energy
* Energy spread

* Bunch length
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Conclusion & Summary

e Comparing different types of accelerators

Main bunch properties (parameters)

o . . o 1
Normalized emittance . G2 (p2) — (x - po)?

 Brightness

* Beam energy

* Energy spread
1 ¢

m-c (2-m)?- &3,

* Bunch length By
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Conclusion & Summary

THz in vacuum

Power source Microwave IO THz pulse THz pulse
Klystron laser
Wavelength 2-10 cm 1-10 um 30 -3000 pm 30 -3000 um
Bunch length 1-5 ps 10-100 as 1-5 ps 1-5 ps
Bunch charge 0.1-4 nC 1-10 fC fC-pC fC-few tens of nC
Reg. Norm. nm rad - um
Emittance 0.1-1 pm rad 1-10 nm rad rad nm rad - um rad
Rep. Rate 1-1000 Hz 10-200 MHz kHz-GHz kHz-GHz
Confinement of . Photonic crystal
mode Metal Cavity (1D,2D,3D) Metal Vacuum
Material Metal Dielectric Dielectric -
: few h f
Unloaded gradient 30-100 MV/m 1-10 GV/m ~GV/m ew hundres o
MV/m
Power counlin Critically-coupled Free- Free- )
piing metal WG space/Silicon wg ' space/metal wg
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Conclusion & Summary RF vs DLA vs DTA

D DTA

2

* RFinduced breakdown threshold: E; =~ f1/2¢=1/4

F

* Peak electric field + damage threshold

* Machining tolerances (~A)

* Bunch charge

* Timing jitter

* Beam energy
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Conclusion & Summary RF vs DLA vs DTA

* RFinduced breakdown threshold: E; =~ f1/2¢=1/4

* Peak electric field + damage threshold

* Machining tolerances (~A)

* Bunch charge

* Timing jitter

* Beam energy
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Conclusion & Summary

RF )¢ DLA )¢ DTA )¢ PWA

Novel

Compact Diagnostics
FEL science tadiation a(c::gjgga)::r development
e RF )(DLA)(DTA)( PWA
Sg;f‘“’a' PHOTON ACCELERATOR
o9y SCIENCE SCIENCE

Time- INSPECTION MEDICAL INDUSTRIAL Industrialisa-

RF )(DLA )( DTA){ PWA
[esohved SRR ACCELERATORS | || APPLICATIONS pond

s WA P RFXDLAYDTAYPWA

High energy E-beam - No\vel laser
density oA technology
machining concepts

physics

RF )¢ DLA )¢ DTA ) PWA
RF )¢ DLA ) DTA ) PWA

Expected impact of EUPRAXIA on different fields.

https://www.eupraxia-dn.org/about
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Conclusion & Summary

Importance and Potential Applications of Micro Accelerators

APPLICATION FIELD TIME-
SCALE

Compton X-ray Source Medical Mid
_ | YLF Cryo ‘ . . .
L | — it Catheterized Electron Source Medical Mid
1.02 ym 0.5mJ Optical
1ps 300 GHz Undulator
> 1-cycl Q
o e Skev Proton/Hadron Therapy Medical Long
Photo- \ TH 2/ 1 MeV 20 MeV 20 MeV X-rays =
cathode \ n/ lettrons = electrons eleclr?ns
,;.::., - ‘%_____@. Dielectric Waveguide ___& ______ “ | A
[ — 1L THzUNAC o IBais . . :
P ' Lk, ! Low-power EUV for inspection Medical Long
il 20 mJ
0.5m) 300 GHz
300 GHz multi-cycle
mes 7 lcvele Linear Collider HEP Long
d e s 1J,1.03 um, 500
"] Amp Front YAG Cryo Amp Sl i ps
10%.m g _-_. e Micro-beams for radiobiolog Science Near
g oo NN y
L=
YAG Cryo Amp - H
ﬁ‘ w— -I UED/UEM Source Science Near
Front End cTD
= - 1J,1.03 um, 5ps
%\ - Compressor
Compact XFEL Science Long
N.H. Matlis, F. Ahr, A.-L. Calendron et al. Nuclear Inst. and Multi-Axis Tomography Seflerae Long

Methods in Physics Research, A 909 (2018) 27-32

EuPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024 PrRACA - 70 -

Doctoral Network




Thank you for your attention!

PRA 1A

Doctoral Network

Project 101073480 — EuPRAXIA-DN

“Funded by the European Union. Views and opinions expressed are however those of the
author(s) only and do not necessarily reflect those of the European Union or the
European Research Executive Agency (REA). Neither the European Union nor the granting

authority can be held responsible for them.”
The project has been supported by the TKP2021 funding scheme — (TKP2021 - EGA17)

turnarszabolcs@fizika.ttk.pte.hu
almasi@fizika.ttk.pte.hu

Funded by
the European Union



mailto:turnarszabolcs@fizika.ttk.pte.hu

Extra slides

EXTRA SLIDES

ot ™ EuPRAXIA-DN School on Plasma Accelerators, Rome - 26/04/2024

PRAGA - 72 -

Doctoral Network



Extra slides

e Additional references

= Electron acceleration
= THz-driven electron gun

= Huang W.R. et al., Optica, 3(11), pp. 1209-1212 (2016)

= Arya Fallahi et al., Phys. Rev. Accel. Beams 19, 081302 (2016)
= Dielectric accelerator

= Y. Wei et al., Applied Optics, 56(29), pp. 8201-8206 (2017)

= Y. Wei et al., Physics Procedia, 77 (2015)

= U. Niedermayer et al.,JINST, 17, P05014 (2022)

= LiSun et al.,International Conference on Microwave and Millimeter Wave
Technology (ICMMT) (2021)
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Extra slides

e Electro-optic sampling
Pockels effect

* An electro-optic crystal becomes birefringent in a static electric field, and the
degree of this birefringence is proportional to the field's magnitude.

Balanced

Optical EO detector
THz pulse pulse crystal M4 plate Wnlllalslnn photo-detector
/\ | Pmm//

Probe polarization

without THz field I I O <
>
1+A¢
with THz field I G O <
«—> [ —{I A@)

Y.-S. Lee, Principles of terahertz science and technology, vol. 170. Springer Science & Business Media,
(2009).
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