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incorporated therein including but not limited to text, images and references.
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well as the recordings mentioned above, in order to post them on the CAS
website.
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the lecture does not infringe the copyright, intellectual property or privacy rights
of any third party. The author has cited and credited any third-party contribution
in accordance with applicable professional standards and legislation in matters of
attribution.
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Why Another MceleratorMnology?
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Ultrafast Electron Diffraction

Diffraction Pattern
Magnetic Lens

Electron Beam
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Radiofrequency Sample

Photocathode Fleld

Electron Beam Energies range from 0.1 — 4 MeV

Schematic UED Setup: SLAC National Accelerator Laboratory

https://www6.slac.stanford.edu/news/2015-08-05-slac-builds-one-of-worlds-fastest-electron-cameras.aspx




Why short wavelength acceleration — THz or Optical?

Increased breakdown fields

 [1] Kilpatrick, W. D., Rev. Sci. Inst. 28, 824 (1957). E _ 1
break 7:1/6

* [2] Loew, G.A,, et al., 13th Int. Symp. on Discharges and Electr.
Insulation in Vacuum, Paris, France. 1988.

« [3] M. D. Forno, et al. PRAB. 19, 011301 (2016).
« [4] W. Wunsch, IPAC (2017)

Limited by various
us > ps Nonlinearities and
or imperfections!

0.1 GV/Iim 2> 1 GV/m (maybe)

Reduced pulse energy and heating

* reduced stored energy EP NA :

* reduced pulsed heating

 high repetition rate possible! AT EP oe VCAVITY x Rox A
ASURFACE ASURFACE

High gradient acceleration
« reduced size, strong velocity bunching, short bunches — attosecond e- & X-ray pulses, lower emittance beams
« Short acceleration distances and times: reduced space charge effects

- But lower bunch charge: < 1 fC for optical wavelength, and 10 fC — 10 pC for “THZz"; ideal for UED
DESY Page 5



Outline

DESY

Why THz or optical acceleration?

Optical and optically driven THz sources

Laser drivers

THz guns, beam diagnostic and beam manipulations
THz LINACs

First UED applications

Gyrotron sources and THz cavity based acclerators
Optical acceleration

Summary
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THz acceleration and beam manipulation takes up speed!
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THz-powered iFEL
E. Curry et al., PRL 120, 094801 (2018)
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Kealhofer et al., Science 359, 459 (2016)

Walsh et al., Nature Comm. 8, 421 (2017)

Zhao et al., PRX 8, 021061 (2018)

Li et al., Phys. Rev. Accel. Beams 22, 012803 (2019)

Others:

DESY
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Optical Parametric Amplifiers based on y?

Conservation of energy: w3 = wq1- W>

Typically: w; — IR

DEG 1 g Wy ,wW3 — NIR to MIR
rocess @ s
P o, 2 3 f * T w1 — pUump
o 2 - > w, — signal
3 0 @3 0, 0, Frequency w3 — idler
Conservation of momentum:
Collinear phase matching — birefringence of materials
Index:n 4 Type I: noncritical e Type I: critical
k (wl) 5 - needs special crystal cut
> > L. \ —
k(wy) k(ws) — % | A
A, A A WaveT«angth A, A A, Wavelength
Non-collinear Phase Matching
k(a) ) V3 V.
1 > 3
M{w;;) 4
A —
k(wy) V2 V2

DESY
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THz Sources

Conservation of energy: Aw = w-w,=

_ Optical bandwidth
DFG or Optical

g oFG \ >> THz frequency
Rectification : / \\
Qry, AU

Q=05 7 370 372 374 f (THz)

e
[I=Y
e
N
Intensity (a.u.)
/
oV /1 \
/
’///)
|

Conservation of momentum:

Collinear Phase Matching Multi-cycle THz generation using Periodically-Poled Lithium Niobate

k(w,) '

PPLN
8

Kaw,) 7 k() =

Single-cycle THz generation by Tilted Pulse-Front Technique

THz

Non-collinear Phase Matching

k(o)) N N\ J. Hebling et al,
k(Q ) S Opt. Express 21, 1161 (2002)
THz SN
k(w %
2 f -
Image of grating page 9
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Single-Cycle THz Pulses

( )
Pump pulse:
T,=410fs Up to 200 mJ Nonlinear crystal: Measured THz Waveform
A.=1030 nm 5% MgO cLN

o
// X I
: 2% d VR Y
Grating oA I__a 5 3 Cae®_ 1 1 3 5
X L, L, E i THz
Sy S, Sy YR

» Single-cycle THz pulses centered @ 300 GHz reaching 400 pJ pulse energy 2> > 1 mJ with THz-AR coating
« Spatio-temporal manipulation of pump pulse to fine-tune setup performance
« ~ 1% optical to THz conversion should be achieveable with this setup

Xiaojun Wu et al., up to 13.9-mJ @ 200 GHz (Advanced Materials 2023, 2208947),
1.2 J - Ti:Sapphire Laser @ 1 Hz with ~ 1.2% efficiency

K. Ravi et al., “Limitations to THz generation by optical rectification using tilted pulse fronts,” Opt. Express 22,
20239 (2014).
DESY Page 10



High Energy Multi-Cycle THz from Large Aperture PPLN Crystals

f : : Large PPLN provided by
\ Collaboration @ DESY

ﬂANiGU‘S Ti: ?’?E’ph,'re La.ser\ | Lux: Prof. Taira, IMS, Japan
gl B Y Ll ' "

. _“ * Dr. Andreas Maier
| 4 * and Dr.S. Jolly
A 7 > " AXSIS:
 Dr. N. Matlis
* and Dr. F. Ahr

Chirp & delay difference frequency generation

At Periodically-
Poled LiNbO;

ﬂ L T - Ww

400 uj + 200 pJ , 360 GHz multi-cycle THz pulses generated at 5 Hz

#* <11],800nm,5 Hz 2;

r?; ; | ’” il R
£ Lot V1‘M’JN‘/J””W\Wﬂh] il MH I M Il WNVW“IMN’Wf It .
3ool 200 -100 time [ps] O | | 200
E i Arwrm ~ 330 ps ‘.I :
o0 o1 02 03 thoﬂ4 o[iTsH] 06 0.7 0.8 0.9 1
requency [THz
500 x larger than previous record! F. Ahr et al.,, Opt. Lett. 42, 2118 (2017)

S. Jolly et al., Nat. Com. 10, 2591 (2019)
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2-Line Difference Frequency Generation

high-enegy
2 narrow lines ideal pulse train Large Area 4 x 4 mm
PPLN
y o\ Multicycle THz
- i %MMAMMI\MNWWWWV\MAMA,
- Qrp, = w1
1 ? -
™ ] : 2cm,212um - §
0.8 50.8f ° 4 cm, 400 um o ] Period | THz
= = 1 : frequency
© ®
EU)G —06F % . . "
5 N it . 212 uym 531 GHz  ~3 GHz
204 =o04F .8 o F ot
- E |2 o .
0.2 Sool ¢ -.. o e _— 400 ym 286 GHz  ~1.5GHz
L) 0 ’_ o | AR
1020 1030 1040 1050 1 e 5

wavelength [nm]
Wavelength separation (nm)

DESY
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2-Line Difference Frequency Generation:
4x4x40mm PPLN @ 77 K

(b)

1 10
e I —
~0.8 o 8 L|===2381mJ/cm? "““"'"_
é @ 349mJ/cm?
w 0.6 > gH—31mcm’
O 9 [—28smyem? lll N
& O = 253mJ/cm?
5 £ 4ll—zomient_quilll
= ¢ o [l—roomem I,
02 5 2 [|—1samuiom? .
<l 126myicm?
0 0 : . .
0 200 400 600 1020 1030 1040 1050
Fluence (mJ/em?) Wavelength (nm)

H. T. Olgun et al., Opt. Lett. 47, 2374 (2022)
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Multi-line DFG - Highly Efficient THz Generation
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0 S -50 0 50
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DESY Unfortunately, photorefractlve effects limit damage threshold

K. Ravi et al.,
Opt. Lett. 24, 25582 (2016)

Earlier work by

M. Cronin-Golomb,
Opt. Lett. 29, 2046 (2004)

A. G. Stepanoy,
JETP Lett., 85, 227(2007)

Limits on MC-THz gen.

with pulse trains, see

K. Ravi et al. LPR
DOI:10.1002/Ipor.202000109
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1J,1 kHz, 1 kW Cryogenic Composite Thin Disk Laser

L. E. Zapata, et al.
Opt. Lett. 40, 2610 (2015)
Opt. Lett. 47, 6385 (2022).

__2Xx4 kW pumps

Composite Thin Disk Laser

DESY Page 15



1J, 500 Hz, 0.5 kW Cryogenic Composite Thin Disk Yb:YAG Laser
Saturating extraction
=@ 110Kelvin

- | Pulse 1000 P
| Energy ‘\ ,*"’
(my) 800 \‘ 24 | 108
, /s \ — @ -16 pass output
600 ’ \ —@- BaseTemp(K) | 106
] N
400 ! = ~ 104
I N
,I “o. -
200 AN - 102
I
I
0 ¢ ﬂ 100
0 20 40
Seed input (m)J)

5ps — 10 ns: pulse duration

Also Yb:YLF: <500 fs, 200 mJ @ 1 kHz
soon becomes available.

Page 16
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2-geometries for THz-electron interaction

THz TH
Transverse Geometry z

dielectric inserts
» Single (few)-cycle THz

* Tuning: dielectric L, h T »/ —

W N
Av - T S T \7/
xto

STEAM - Segmented THz Electron Accelerator . * A Fallahi, et al. PRSTAB 19, 081302 (2016)

. » D. Zhang et al., Nature Photonics (2018)
and Manipulator & . D. Zhang et al., Optica (2019)

o DLW Dispersion Relation

Co-propagating Geometry WVWWWWW Qdielectric-loaded waveiuide ' . S
-~ b O <
/', \\\‘~~\ > s

&
« Narrowband (multicycle) THz Q°
* Tuning: dielectric inner and
outer diameter vacuum
. ) copper waveguide _11'.5 2 25
DLW - Dielectrically k(m™) x 10%
Loaded Waveguide dielectric lining Tuning: dielectric 1.D. & O.D.

L.J. Wong et al., Opt. Exp. 21, 9792 (2013)
DESY.
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THz Accelerator is composed of THz Gun + THz LINAC

v/c vs KE THZ Gun v/cvsKEA THZ LINAC
1.0- 1.0-@
081 o8- *._ initial velocity
. e change
0.4 0.4-
>10 mJ
0.2 . 0.2-
multi-cycle THz
0-0 1 1 1 1 1 1 1 1 1 1 -
00 0.1 02 03 04 05 06 07 08 09 1.0 ~1md 0'00_'0 2_'5 5f0 7j5 1(;_0 15_5 15‘_0 17‘_5 0.0
iztsrz sl Bty Bt 1 -CyCIe THz Electron Kinetic Energy [MeV]

20 MeV
electrons

. O THz LINAC ) % ___________ R

dielectric-lined waveguide /¢ = 0-9997

1-cycle THz

>10 mJ
multi-cycle THz

FXK. et al., NIMPRA 829, 24 (2016)
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THz Gun & LINAC: Proof of Feasibility

 THz Gun: 0 — 0.8 keV acceleration ‘E > 0.3 GV/m ‘ - - -z -
Z ) 0pJd Energy gain
Bottom half T 16.2 pJ spectraat 7, T
s
E 34.0 pJ
0 0.2 04 0.6 0.8
Energy gain [keV]
Parallel-Plate structure with 75 um gap W. Huang, et al., Optica 3, 1209 (2016)

_ A. Fallahi, et al., PRSTAB 19, 081302 (2016)
« THz LINAC: *7 keV energy modulation

1 —e—Measured 1}+|—#—Measured
—+—Modeled 3 —+—Modeled
_ 08 _ 08
%0.6 1go.s
E 0.4 § 0.4
0.2 0.2 .
e 0 55 G & 0 s % 45 50 55 60 65 70 75
Energy (keV) Energy (8/)
THz Off THz On
, Charge injected from 60 keV _
mm-scale THz waveguide DC-gun from Dwayne Miller group E. Nanni et al., Nat. Comm. 6, 8486 (2015)
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Single-Cycle THz Electron GunS' Segmented THz Electron

DESY.
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Electron energy (MeV)

A. Fallahi, et al. PRSTAB 19, 081302 (2016)
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STEAM Device:
» Acceleration

» Focusing

» Streaking

» Compression




Single-Cycle Driven Single Layer THz Gun (300 GHz)

-
3 ‘IT' i’ / i | B |
= » \
4 " - | N
{ Ty = .

o

MCP. &
Phosphor Screen

Currently
> 2.7 keV

PCB Steerer

t do/dl = 50.809 mrad/A
150 | E,. = 1.915 keV

THz Gun lsg, 50|
/V ol

= % —
DESY. N. Matlis et al., IRMMW 2020



STEAM - Device as Accelerator and Electron Manipulator

—~—

[

D. Zhang, et al.
Nat. Photonics (2018)
doi.org/10.1038/s41566-018-0138-z

LOLGELY 22T
7+ L7

0

.
—
— Z

MCP Detector

Dipole magnet

Magnetic lens

- / 1.07

Demonstrated: _ STEAM- B, =
Device . 2 5; 0.5| ISpectru

- Acceleration 95 keV E, / o 000306
- Compression electron beam [0 i f (THz)
- Focussing T
- Deflection ~ 05

w2 .2
Time (ps)
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STEAM - Device as Accelerator and Electron Manipulator

Electric mode Magnetic mode

-
o

©
O
—
E
-
o 0
-—
O
@
G
()
O

N
=)

-
B-field cancelled

55 60
Energy (keV)

Page 23




STEAM — Device as Accelerator

First THz acceleration only!

A : - - - 90
1.0r Sl o7 wTHz 1
2 N > 30 keV wioTHz|
¢ T 80}
2 X
C SN
B-fields Cancel: Acceleration at B 05 >
maximum E-field N :cJ’ 707
3 I 60}
0.0 0 200 400 600
E+E=2F 40 50 60 70 80 90 100 110
Energy (keV) Eth, (kV/cm)
Ez (kV/icm)
\ > 1000
<
— ILayer1 Layer 2
B—-F=0 = 80r |
=
g Layer 3
D70t -
Q
.5
-500 i |
-1000 0.0 0.5 1.0
0 ps 1.6 ps 3.3ps Propagation distance (mm)

DESY. D. Zhang, et al. Nat. Photonics doi.org/10.1038/s41566-018-0138-z Page 2¢



STEAM - Device as Electron Bunch Compressor

STEAM STEAM Streaking w. 150 prad/fs
compressor streaker (<10 fs resolution)
From 100 nJ Beam Spatial Mode
DC gun
Unstreaked
"I N "l Streaked beam
© 200mm 4 2 0 2 4
100 nJ Deflection (mrad)
B-fields Cancel: Zero E-Field E-fields Cancel: Zero B-Field _
N Compression
i <200 fs
E+E=2F E—F=0 15t
£ Short
> g n bunches
< B+B=2F 3 for UED

0 5 10 15 20 25
DESY v Erp, (kKV/cm) Page 25




STEAM - Improved Acceleration by Rebunching

STEAM-Buncher STEAM-Linac
(" THz o (
I
I : I
I I I
Magnetic lens : I : T T T T T T T T
1 : | I Dipole magnet 1
I I I I
! : ! | |
[ ———— B IL — | I |
I I I
55 keV Electron I : I | :
beam I I I I I
I : I I I
I : I I I
1 I [ | [
I : I e o e e e e e - - - ]
I I
' THy /I . E-beam spectrometer

2 x 50 nd coupled in 2x 15 ud coupledin
compression to acc. field = 200 MV/m

350 fs (1 ps)
DESY Page 26



STEAM — Acceleration

-
(-

Bunch
Charge: ~ 7-57C

65 keV

Emittance:
&y ~0.25 yrad

Normalized Intensity
-
O

=

60 80 100 120 140
Energy (keV)

DESY D. Zhang et al., Optica 6,872(2019) PeeZ
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THz Acceleration in Dielectrically Lined Waveguide

“Dielectrically-Loaded Waveguide”

~1-10 cm

Fused Silica
vacuum

Copper

L.J. Wong et al., Opt.
Exp. 21, 9792 (2013)

0 05

1 15 2 25

k(m™) x 10%

Phase velocity

Vacuum radius (um)

100 200 300 400
Dielectric thickness (um)

1.000

0.5000

0.000

dielectric tunes Vg

DESY.

Design Case
KE = 1.0 MeV
vg/c = 0.94

Longitudinal E-Field Distribution

Vacuum

Dielectric

Field Lineout

Field amplitude (a.u.)

02 00 02
X (mm)
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THz-compression enhances UED temporal resolution
D. Zhang et al., Ultrafast Science, Issue 1, 2021

r

Distance (m)

Time (minutes)

<= PPLN
%E Multicycle THz
S 4 Excitation Electron
Segmented pulse diffraction
- waveplate
1 DLW y
[T ——
" — e
R j
id OAP Compressed
Solenoid Bean Sample
_ Stability _ Silattice dynamics "\
Q - 2 0.00- -
- s 10 ] ] % ]
=3 £ et 2-0.05- « THz OFF
ic) .g °l ..'--..'.'".-"'. *g’-o.m-
-(C_) _J - | | | | - q;)
E Wi 1 std=38fs §015 THzON -
0.0 0.1 0.2 0.3 0 1 2 3 4 5 2 0 2 deTay (?)S) 8 10 12

V.

DESY

Debye-Waller
dynamics in Si

ultrafast demagnetization in Ni

d 300
Ni (020) Ni (220)

Si (220)
00
Ni (200) Ni (200) El
1€ ¥
: T
M/ £
00 3 3
suéa)
Ni (020)
0w 0 o
x (pixel

Tauchert et al., Nature 602, 73 (2022)
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Gyrotrons
- AW B Wall-plug efficiency:

DESY

n=40—-50%

Output Power:

A
.': 5
] L 1-2.5MW cw
C 12 ]
...... [‘ e s &
— l AL ] —L But no high
\ energy short
10 i 'ﬂ pulses!
=\ ':":'. A '," 15

High-power 140 GHz gyrotron for plasma heating in the Wendelstein 7-X fusion experiment, Germany.
https://en.wikipedia.org/wiki/Gyrotron#/media/File:W7-X _gyrotron.jpg Page 30


https://en.wikipedia.org/wiki/Wendelstein_7-X

Gyrotron powered THZ-cavity devices _ S. Tantawi &

I 1 E. Nanni
50 mm | 2 mm |
(a) X | — : —— Measured (low power) - - - Modeled
Gaussian Beam Input y 5 : ! 0 —
| |
| 1!
! - '_-10 1 —
- E 3
I I [ 20 %
| I~ &
[ 1A
90° Bend | 1 i
-30} g -
Diagnostic E—Nl 0 : m-mode i
TE11 to TM01 Port ,*l : : _40 : . ~70 ' .
Mode Converter: Beam Pipsto 1 |El_1Hd__ 1 096 1098 110 1102 1096 1098 110  110.2
Faraday Cup  Standing Wave Cavities Frequency [GHZz] Frequency [GHz]
- Measured (No rf breakdown) Modeled (No rf breakdown)
—k— I w
. 3 ys Pulses L. g Measured (at rf breakdow.n_)|
@ Siwafer_ _ _ _ _ ___ ___ | vl Mw E 600 £ 300 © 3
| s 110 GHz = 2 : g _
! Output Gyrotron = 400] = 200 2t E
: Corrugated o S o =
10 ns Pulse | Wayeguide T 200/ S 100 1¢ £
| © = L
| 2 ) : A a
: | o il i N i PPl
RF Window .. 8. .. ...~ L 0 10 20 30 40 50 0 0 10 20 30 40 50
Time [ns] - Time [ns]
~~~~~~~~ ' 2 30 38
~~~~~~~~~~~~ 3SN|@ 8s %S
o R ] R == D20 2% .
Accelerating €5 o o o %
ey £8"° 8210| 1135
Sa 3 22
b o) Ly . " O
: - 0 o oo 0 Ty
Current Monitor 0 10 20 30 40 50 = 0 10 20 30 40 50 g

Time [ns] Time [ns]

DESY. M. A. K. Othman et al., Appl. Phys. Lett. 117, 073502 (2020); doi: 10.1063/5.0011397 Page 31



Direct optical-field acceleration with dielectric structure

cylindrical Z;‘;‘:;‘e? cylindrical
lens

phase front

-------------------------- ﬁ

top view
> > > >

. - -
Election  |aser beam \/ laser beam =
propagation propagation
direction Half-period later direction Plettner, Lu, Byer, 2006
... and variants
phase front - - eS| - _>l- > >

* Goal: generate a mode that allows
momentum transfer from laser
field to electrons

» Use first order effect (efficient!)

<€ ) >»
P e Second order effects
O (ponderomotive) too power costly
Electron laser beam \/ laser beam )
propagation . propagation ° Can be fabrlcated by mOdern
direction Half-period later direction nanofabrication facilities, same as
electronics
Peter Hommelhoff, Laser Physics, FAU Erlangen - Niirnberg Page 32
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Alternating phase focusing: jump btw. phases

n 31;/2 2n
/ 6 Aﬁ&)s
| A

Jump between phases!
Net stable

Hard? Dial into structure

. Phase jump ¢, = /2 Phase jump ¢, = 3n/2 Phase jump
Xa
L)

C E F £
y z=0 z=7.74 ym z=14.94 ym Z
b .

A

. . FODO lattice period .

c AS: ] 1

A \ . /

- S @ @

T 0 % \\ '/
d (e] b 3

Longitudinal debunched bunched
»Z

DESY.

Peter Hommelhoff, Laser Physics, FAU Erlangen - Nurnberg

e

ACHIP

Accelerator on a Chip International Program

R. Shiloh, J. llimer, T. Chlouba, P.
Yousefi, N. Schonenberger, U.
Niedermayer, A. Mittelbach, P.
Hommelhoff, Nature 597, 498 (2021)




Summary

DESY

THz and optical accelerators benefit from increased breakdown fields

o ‘w l Mf w“\w‘\‘“‘ '\““U”‘“‘ ‘“{“WM“

THz-accelerators can be powered by (multi)-mJ-level pulses -

i

1 GV/m gradients should be possible

Electron manipulation with segmented THz waveguide devices
and DLW-devices

> 60 keV THz acceleration demonstrated (starting from 35 keV)

=)

Normalized Intensity
o
[9)]

o
o

40 60 80 100 120 140

Optical accelerator structures operating at 2 um wavelength
Alternate phase focusing structures demonstrated _

Enables compact electron guns (as - fs) and devices
Dielectric accelerators can use semiconductor fabrication processes

Compact accelerators for UED and X-ray sources
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