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2,5 km 

X-Ray Laser 
Femto-Flashes

Ultrarelativistic Electrons

In Operation since May 2017

European XFEL.

10 MV/m



Page 3

Ultrafast Electron Diffraction

Schematic UED Setup: SLAC National Accelerator Laboratory

Electron Beam Energies range from 0.1 – 4 MeV

https://www6.slac.stanford.edu/news/2015-08-05-slac-builds-one-of-worlds-fastest-electron-cameras.aspx
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Attosecond X-ray Science – Imaging and Spectroscopy
The Quest for Compact Coherent X-ray Sources (Sub-fs Pulses)

Laser-based THz-generation, acceleration and optical undulator

ps, 1-J-Lasers, 
auto-synchronization
kHz operation

FXK. et al., doi:10.1016/j.nima.2016.02.080
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Outline

§ Why THz acceleration?

§ Progress in Single-Cycle and Multi-Cycle THz Sources

§ Single-Cycle and Multi-Cycle THz guns

§ First results: > 60 keV acceleration  

§ Summary
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Why THz?
Increased breakdown fields
• [1] Kilpatrick, W. D., Rev. Sci. Inst. 28, 824 (1957). 
• [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. Wünsch, IPAC (2017)

Reduced pulse energy and heating
• stored energy

• reduced pulsed heating   

• high repetition rate operation becomes possible!

Ebreak ≈
1
τ 1/6 µs à ps

ΔT ∝ EP
ASURFACE

∝
VCAVITY
ASURFACE

∝ R∝λ
High gradient acceleration
• reduced size, strong velocity bunching, short bunches – lower emittance beams

• Short acceleration distances and times à reduced space charge effects

• But lower bunch charge: 10 fC – 10 pC -> typical  charge range for Ultrafast Electron Diffraction (UED)

0.1 GV/m à 1 GV/m

or

𝐸! ~ 𝜆"
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THz Guns Acceleration and Beam Manipulation
THz Compression @ LMU/MPQ

THz IFEL interaction @ Pegasus Lab

Undulator
Magnets

CPPWG

Hibberd et al., Nature Phot. doi.org/10.1038/s41566-020-0674-1

THz sub-luminal free-space fields @ Cockroft Institute (S. Jamison)

Phase-space control & characterization of electron pulses
• compression from 930 to 75 fs; avg. 1e @ 70 keV per pulse
• see also: SLAC arXiv:1805.03923 [physics.acc-ph]

Shanghai Jiao Tong University. arXiv:1805.01979 [physics.acc-ph]

Acceleration with < 1μJ single-cycle 0.8 THz pulses
150 keV energy modulation of 7 MeV beam using
Bunch compression by factor of two

Curry et al., PRL 120, 094801 (2018)

Acceleration of relativistic beams 

Kealhofer et al., Science 359, 459 (2016)

https://arxiv.org/abs/1805.03923
https://arxiv.org/abs/1805.01979
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Optical THz Generation based on c(2) 
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Image of grating

J. Hebling et al, 
Opt. Express 21, 1161 (2002)

Single-cycle THz generation by Tilted Pulse-Front TechniqueNon-collinear Phase Matching

Optical bandwidth 
>> THz frequencyDFG  process

w1

w2

WTHz

Conservation of energy: Δω =ω1 −ω2 =ΩTHz

Conservation of momentum: 

IR

IRTHzPPLN 

Λ: domain period

Multi-cycle THz generation using Periodically-Poled Lithium NiobateCollinear Phase Matching
k(ω1)

k(ω2 ) k(ΩTHz )

kPPLN

k(ω1)

k(ω2 )
k(ΩTHz )

nopt ≈ 2; nTHz ≈ 5
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Single-Cycle THz Pulses

Measured THz mode

Grating
λ/2

Tangential 

lens

Sagittal 

lens LN prism
THz
imaging

THz
pulse

-5 -3 -1 1 3 5

Delay [ps]

Measured THz Waveform

J. Hebling et al., Opt. Express 10, 1161 (2002)
J. A. Fülöp et al., Opt. Express 19, 15090 (2011)

~1% optical to THz conversion

Cryogenic LN prism

Single-cycle THz generation:
ETHz ~ 100 µJ
fTHz ~ 280 GHz
DFWHM ~ 3.3 ps
IR laser: 40 mJ, 1020 nm, 1ps
0.5 % internal efficiency

X. Wu et al., IRMMW 2020 using a 200 mJ, Ti:Sapphire Laser à 1.4 mJ with ~ 0.7% efficiency
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High Energy Multi-Cycle THz from Large Aperture PPLN Crystals

∼ 1 J 

3.6 cm2 cm

Large PPLN provided by 
Prof. Taira, IMS, JapanANGUS Ti:Sapphire Laser Collaboration @ DESY

LUX:
• Dr. Andreas Maier
• and Dr. S. Jolly
AXSIS:
• Dr. N. Matlis
• and Dr. F. Ahr< 1 J, 800 nm, 5 Hz

Periodically-
Poled LiNbO3

THz
Dt

Chirp & delay difference frequency generation

F. Lemery et al., Nat. Com 3, 150 (2020); 1.3 mJ @ 160 GHz with LN-Stack and 1J Ti:sapphire laser

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

-300 -200 -100 0 100 200time [ps]

TH
z a

.u
.

0 0.2 0.4 0.6 0.7 0.8
frequency [THz]

FF
T 

a.
u.

0.1 0.3 0.5 0.9 1

500 x larger than previous record! F. Ahr et al., Opt. Lett. 42, 2118 (2017)
S. Jolly et al., Nat. Com. 10, 2591 (2019)

DFWHM ~ 330 ps
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Multi-line DFG   - Highly Efficient THz Generation 

time / TTHz1   2   3   4   5   6   7 (fIR – f0) / fTHz1   2   3   4   5   6   7

	 	

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

Earlier work by

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

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

Limits on MC-THz gen.
with pulse trains, see
K. Ravi et al. LPR 
DOI:10.1002/lpor.202000109  
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𝜔!

𝜔"

Large Area 4 x 4 mm 
PPLN

high-enegy
ideal pulse train2 narrow lines

Ω!"# = 𝜔$ − 𝜔%

Multicycle THz

… and high rep-rate

Period THz
frequency

linewidth

212 µm 531 GHz ~3 GHz

400 µm 286 GHz ~1.5 GHz

2 cm, 212 µm
4 cm, 400 µm

2-Line Difference Frequency Generation
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2-Line Results: Variable Crystal Length and Pulse Duration

W. Tian et al., to be published
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THz Gun & LINAC: Proof of Feasibility
• THz Gun: 0 ➞ 0.8 keV acceleration

• THz LINAC: ±7 keV energy modulation
W. Huang, et al., Optica 3, 1209 (2016)
A. Fallahi, et al., PRSTAB 19, 081302 (2016)

Energy gain [keV]

 
 

6 

 

Figure fig:specgram | THz-driven energy gain and bunch charge modulation. (a) Measured 

spectrogram showing the energy gain spectra as a function of delay between UV and THz pulses, at 

maximum THz energy. (b) Measured bunch charge as a function of delay. (c)-(d) Electron energy 

spectra for three different THz energies at delay position (c) !! and (d) !!. 

In Figures fig:specgram(c)-(d), we take a closer look at the energy spectra from the two operating points, 

!! and !!, for three different THz energies. The THz energy was adjusted by changing the energy of the 

pump pulse. It was verified via EOS that the THz field scaled proportionally as the square root of the 

energy with no variations in the waveform. 

Each spectrum exhibits a unimodal distribution with an average energy gain increasing with THz energy. 

The spectral shapes are asymmetric with a pedestal toward lower energies and a maximum yield toward 

higher energies, followed by a sharp cutoff, similar to the shape observed in RF accelerators [Righi2013]. 

The high yield near the cutoff indicates that most electrons are emitted at the optimal THz phase and 

concurrently experience the same acceleration. The pedestal can be attributed to the electrons which are 

emitted away from the optimal phase, resulting in a lower energy gain. We obtain a peak energy gain of 

0.8 keV with maximum THz energy at !!. 

Wu, Xiaojun� 18.3.16 18:29
Comment [13]: 1.This result did not come 
from the THz energy of 0-35uJ. Because this 
result is from 1.03um setup. But you put the 
Ti:sapphire THz generation result here. What do 
you mean? Do you want to claim that the 0.8keV 
was obtained by 34uJ THz from 1.03um pump 
pulses? That was cheating. 

 
2.The photocathode was easily to be damaged and 
we observed several times of the damage. When 
the best data was taken, were there already some 
damage on the photocathode? 
 
3.THz filed emission could not be avoided even a 
new photocathode was used. Therefore, was the 
result combined with THz filed emission together 
with its own THz acceleration resulting in a 
nonpure electron acceleration? 

Kaertner� 20.3.16 00:42
Deleted: relatively less

Wu, Xiaojun� 18.3.16 18:00
Comment [14]: This result is from 1.03um-to-
THz setup with the maximum THz energy of 15uJ.  

0 0.2 0.4 0.6 0.8

Yi
el

d 
[a

.u
.]

Ez -> 0.3 GV/m

E. Nanni et al., Nat. Comm. 6, 8486 (2015)
THz Off THz On

mm-scale THz waveguide
Charge injected from 60 keV
DC-gun from Dwayne  Miller group

Parallel-Plate structure with 75 µm gap

~1-10 cm
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Single-Cycle THz Electron Guns: Segmented THz Electron 
Accelerator & Manipulator = STEAM

1 mJ
THz

1 mJ
THz

UV pulse

electrons

Butterfly

Gun

EZ (GV/m)0.5

-0.5

0.0

STEAM Device:
ØAcceleration
ØFocusing
ØStreaking
ØCompression

A. Fallahi, et al. PRSTAB 19, 081302 (2016)
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Single-Cycle Driven Single Layer THz Gun (300 GHz)

10 mm

Currently 
> 2.7 keV

Solenoid

PCB Steerer

I Steerer

ISolTHz Gun

MCP. & 
Phosphor Screen
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STEAM – Device as Accelerator and Electron Manipulator

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

Demonstrated:

- Acceleration
- Compression
- Focussing
- Deflection



Page 18

STEAM – Device as Accelerator and Electron Manipulator
Electric mode Magnetic mode



Page 19

STEAM – Improved Acceleration by Rebunching

55 keV Electron 
beam

Magnetic lens

STEAM-Buncher

Dipole magnet

E-beam spectrometer

STEAM-Linac

THz THz

THz THz

2 x 15 µJ coupled in
acc. field = 200 MV/m

2 x 50 nJ coupled in
compression to 
350 fs (1 ps)
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STEAM – Acceleration

65 keV

D. Zhang et al., Optica 6, 872 (2019)

Bunch
Charge: ~ 1-5 fJ

Emittance: 
ex,y~ 0.25 µrad
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AXSIS 
Lab

DORIS-RING
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AXSIS Laboratory

2 J, 10 Hz, 0.5 ns200 mJ, 50 Hz, 0.4 ps 1 J, 500 Hz, 5 ps
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AXSIS Accelerator and X-ray Source
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Summary
§ THz-accelerators can be powered by (multi)-mJ-level pulses 

§ Close to 1 GV/m gradients possible

§ Enables compact ultrafast relativistic electron guns (10 fs)

§ > 100 𝜇J single-cycle THz pulses generated

§ > 600 𝜇J multi-cycle THz pulses generated

§ > 60 keV THz acceleration demonstrated (starting from 55 keV)

§ Electron manipulation with segmented THz waveguide devices
and DLW-devices

§ Cascaded DFG with J-level @ 1 𝜇m pulses à > 20 mJ MC-THz 

§ Compact Accelerators for UED and X-ray sources 1 J @ 
500 Hz
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AXSIS Team and Collaboration
Ultrafast Optics and X-rays Group

CFEL is a scientific collaboration of DESY, Max-Planck-Gesellschaft and Universität Hamburg
Imprint | © 2017 CFEL
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Center for Free-Electron Laser Science
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PPuubblliiccaattiioonnss
Journal Article
Kupitz, C.; Olmos, J. L.; Holl, M.; Tremblay, L.; Pande, K.; Pandey, S.; Oberthür, D.;
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 Files
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Detector Group

New publication: “Photoemission from Plasmonic Nanoparticles”
We demonstrate strong-field, carrier-envelope-phase-sensitive photoemission from arrays of tailored
metallic nanoparticles, and we show the influence of the nanoparticle geometry and the plasmon
resonance on the phase-sensitive response. Additionally, from... Read more >>
Tags: Nanofabrication, Nanostructures, News, Papers, Research

12.9.2016
New publication: “Using Geometry to Sense Current”
We describe a superconducting three-terminal Y-shaped device that uses a simple geometric effect
known as current crowding to sense the flow of current and actuate a readout signal. A complete
description... Read more >>
Tags: Papers, Superconducting Devices, Superconducting Physics, Thin Films

11.15.2016
Adam McCaughan awarded 2016 Jin-Au Kong Award for outstanding PhD thesis in EE
Congratulations to Adam McCaughan for being awarded the 2016 Jin-Au Kong Award for outstanding
PhD thesis in electrical engineering. Adam's thesis, titled, "Superconducting Thin Film
Nanoelectronics," describes his work on... Read more >>
Tags: Awards, News, Superconducting Devices

11.4.2016
Professor Berggren awarded the Frank Quick Research Innovation Fellowship
Congratulations to Professor Berggren on being awarded the Frank Quick Research Innovation
Fellowship (FRIF). The FRIF was created through the generosity of EECS alumnus Frank Quick '69,
SM '70 to... Read more >>
Tags: Awards, Fellowships, Nanofabrication, News
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Luis Fernando Velásquez-García received the
Mechanical Engineer degree (valedictorian of the
School of Engineering, magna cum laude) and the
Civil Engineer degree (valedictorian of the School of
Engineering, magna cum laude) from the
Universidad de Los Andes, Bogotá, Colombia, in
1998 and 1999, respectively, and the M.S. degree
and the Ph.D. degree from the Department of
Aeronautics and Astronautics of the Massachusetts
Institute of Technology (MIT), Cambridge MA, in
2001 and 2004, respectively.

In 2004, after completing his studies, Dr.
Velásquez-García became a Postdoctoral Associate
with the Microsystems Technology Laboratories
(MTL), where he was appointed Research Scientist in
2005, and Principal Scientist and Core Member of
MTL in 2009. Dr. Velásquez-García is an expert in
micro-and nanofabrication technologies, and his
research focuses in the application of micro- and
nano-technology to multiplexed scaled-down systems to attain better performance. He has
conducted research in micro- and nanotechnology applied to a wide range of topics including
electrospray, field electron devices, 3-D HV packaging, mass spectrometry, propulsion, and
chemical reactors. He has authored more than 37 journal publications and 60 peer-reviewed
conference proceedings, and he is the holder of 7 patents on MEMS technologies. Dr. Velásquez-
García is a senior member of the Institute of Electrical and Electronics Engineers (IEEE), senior
member of the American Institute of Aeronautics and Astronautics (AIAA), and full member of the
honor research society Sigma Xi. Dr. Velásquez-García served as co-Chair of the 15th
International Conference on Micro and Nanotechnology for Power Generation and Energy
Conversion Applications (PowerMEMS 2015), held in Boston MA in December 2015.

Luis F. Velasquez-Garcia
Principal Research Scientist
Microsystems Technology Laboratories
Massachusetts Institute of Technology
60 Vassar Street
Building 39, Room 657
Cambridge, MA 02139

t: 617-253-0730
f: 617-253-0062
e: lfvelasq@mit.edu

© Massachusetts Institute of Technology
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Programme Information 

Max Planck Research Award 

International Research Award 
of the Alexander von Humboldt Foundation and the Max Planck Society  

Deadline for nominations: 31 January 2014 
 

 
The Alexander von Humboldt Foundation and the Max Planck Society jointly confer the             
Max Planck Research Award, which is funded by the German Federal Ministry of Education and 
Research, on exceptionally qualified foreign and German scientists who have already achieved 
international recognition and are expected to continue to produce outstanding academic results in 
international collaborations – not least with the assistance of this award. 
 
The call for nominations rotates on an annual basis between partial fields within the natural and 
engineering sciences, the life sciences and the humanities. The Max Planck Society and the 
Alexander von Humboldt Foundation choose partial fields in order to give additional impetus to 
disciplines which have not yet established themselves in Germany or which should be developed 
further. 
 
The 2014 Max Planck Research Award will be awarded in the field of natural and engineering 
sciences  with the subject 

Quantum Nano Science. 
 

 
113 years after the foundation of quantum theory by Max Planck, researchers succeed in 
controlling materials with ever higher precision to realize exotic quantum states. Thus nano 
structured materials and devices arise, that by exploiting the most bizarre features of quantum 
mechanics – take discretisation, superposition, entanglement and many body systems as 
examples - are designed for special purposes. Such phenomena form the focus of the relatively 
young experimental field of Quantum Nano Science that has emerged at the interfaces of nano 
science, quantum optics, photonics, materials technology and quantum information. 
 
 

Sechs neue Forschergruppen, eine neue Kolleg-Forschergruppe

Themen von Mythen-Forschung über Neurodegeneration bis zu Mehr-Teilchen-Systemen

(01.10.15) Die DFG richtet sechs neue Forschergruppen und eine neue Kolleg-Forschergruppe
ein. Dies beschloss der Senat der DFG jetzt in seiner Herbstsitzung. Die neuen Einrichtungen
erhalten in ihrer ersten Förderperiode insgesamt 16 Millionen Euro. Im Ganzen fördert die DFG
damit aktuell 175 Forschergruppen sowie 15 Kolleg-Forschergruppen.

Pressemitteilung
http://www.dfg.de/../../../service/presse/pressemitteilungen/2015/pressemitteilung_nr_50/index.html

Mehr zu Forschergruppen und Kolleg-Forschergruppen
http://www.dfg.de/../../../foerderung/programme/koordinierte_programme/forschergruppen/index.html

Akademien und DFG fordern verantwortlichen Umgang mit den neuen
Methoden des „Genome Editing“

(29.09.15) Neue molekularbiologische Methoden, die gezielte Eingriffe in das Erbgut erlauben,
eröffnen vielversprechende Möglichkeiten in Forschung und Anwendung. Gleichzeitig machen
die unter dem Begriff des „Genome Editing“ zusammengefassten Methoden einen
gesamtgesellschaftlichen Dialog über Chancen und Grenzen ihrer Anwendung notwendig.
Darauf weisen die Nationale Akademie der Wissenschaften Leopoldina, acatech ─ Deutsche
Akademie der Technikwissenschaften, und die Union der deutschen Akademien der
Wissenschaften sowie die DFG in einer gemeinsamen Stellungnahme hin.

Pressemitteilung
http://www.dfg.de/../../../service/presse/pressemitteilungen/2015/pressemitteilung_nr_49/index.html

Zur Stellungnahme (pdf | 637 KB)
http://www.dfg.de/../../../download/pdf/dfg_im_profil/reden_stellungnahmen
/2015/stellungnahme_genome_editing_2015.pdf

Der Blick in die Erde und auf die Sonne – Bernd Rendel-Preis 2015 zeichnet
frühe Erfolge in den Geowissenschaften aus

Eleanor Berryman und Benedikt Soja erhalten Auszeichnung im Rahmen der Jahrestagung der
Deutschen Geologischen Gesellschaft am 6. Oktober 2015 in Berlin

(25.09.15) Vielversprechende geowissenschaftliche Forschung mit internationalem Potenzial,
das zeichnet der Bernd Rendel-Preis der DFG aus. Geradezu prototypisch stehen dafür die Britin
Eleanor Berryman und der Österreicher Benedikt Soja, die den Preis für noch nicht promovierte
Wissenschaftlerinnen und Wissenschaftler 2015 erhalten. Die Jahrestagung der Deutschen
Geologischen Gesellschaft in Berlin gibt zudem den passenden Rahmen für die Preisverleihung
am 6. Oktober.

DFG - Deutsche Forschungsgemeinschaft http://www.dfg.de/
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Many thanks to Prof. Taira, IMS and SACLA,  Japan 
For providing large aperture MgO:PPLN.


