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1. “From Speculation to Demonstration: THz Wave Emission from Water,” Physics Department, Capital Normal 
University of Beijing, Beijing, China, June 19, 2017.

2. “Let light shine out of darkness” Princeton International School of Math and Sciences, Princeton, NY, May 12, 
2017.

3. “THz: Imaging Beyond Light” Open Readings 2017, 60th International Conference for Students of Physics and 
Natural Sciences, Vilnius, Lithuania, March 15, 2017.
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Beijing, China, Dec. 27, 2016.
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2014 Robert Boyd, Honorary Doctorate, University of Glasgow
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Abstract:		
We	have	 organized	 Symposium	on	 “bright	 terahertz	 (THz)	 sources	 and	 nonlinear	 THz	 field-matter	
interaction”	 from	 the	 Army	 Research	 Office.	 This	 symposium	 provided	 a	 forum	 for	 exchanging	
information	on	generation,	detection	and	applications	of	intense	pulsed	THz	waves.	The	symposium	
brough	experts	together	to	discuss	recent	research	findings,	and	provided	an	assessment	of	current	
and	future	of	bright	THz	source	and	nonlinear	interaction	with	matters.	This	two-days	symposium	was	
held	on	June	2016	in	Rochester,	NY.		
	 	
The	 bottleneck	 for	 exploring	 new	 cutting	 edge	 research	 and	 broader	 applications,	 following	 the	
significant	 development	 of	 THz	 science	 and	 technology	 in	 the	 late	 80’s,	 is	 the	 lack	 of	 bright,	 high	
performance,	and	cost	effective	THz	sources.	After	significant	development	of	pulsed	THz	science	and	
technology	 in	 the	 late	 80’s,	 the	 bottlenecks	 for	 exploring	 new	 cutting	 edge	 research	 and	 boarder	
applications	are	the	lack	of	bright,	portable,	high	performance,	and	cost	effective	THz	sources.	It	 is	
important	to	make	assessment	for	state-of-the-art,	time-resolved	tabletop	bright	THz	source.		
	
The	 bright	 THz	 source	 is	 essential	 for	 exploring	 nonlinear	 THz	 field-matter	 interaction	 and	
spectroscopy.	The	record	of	THz	field	strength	is	about	I	MV/cm	or	lower	in	laser-induced	gas	plasma	
with	 two-color	 laser	 excitation	 in	 dry	 nitrogen.	 With	 our	 proposed	 THz	 source	 driven	 by	 longer-
wavelength	pulses,	THz	field	strength	greater	than	10	MV/cm	is	feasible.	This	bright	THz	source	will	
open	the	door	for	many	research	topics	in	nonlinear	THz	field-matter	interaction.	
	
The	THz	frequency	range	is	the	last	segment	of	the	electromagnetic	spectrum	to	be	conquered.	Far	
from	being	fully	exploited,	yet	it	offers	great	opportunities	in	science,	innovation,	new	technology	and	
applied	fields.	Our	proposed	workshop	will	provide	the	needed	assessment.	
	



The	 bottleneck	 for	 exploring	 new	 cutting	 edge	 research	 and	 broader	 applications,	 following	 the	
significant	 development	 of	 THz	 science	 and	 technology	 in	 the	 late	 80’s,	 is	 the	 lack	 of	 bright,	 high	
performance,	 and	 cost	 effective	 THz	 sources.	 The	world	 record	 of	 pulsed	 THz	 field	 strength	 from	
tabletop	systems	is	on	the	order	of	1	MV/cm,	which	is	not	sufficient	to	explore	many	nonlinear	field-
matter	 interaction	 phenomena.	 The	 two	 current	 technical	 approaches	 for	 achieving	 such	 field	
strengths	 utilize	 nonlinear	 generation	 in	 either	 laser-induced	 gas	 plasma	 with	 two-color	 laser	
excitation	or	LiNbO3	with	titled	pulse-front	optical	excitation.	We	propose	to	develop	a	state-of-the-
art,	time-resolved	bright	THz	source	with	at	least	10	MV/cm	THz	peak	field	strength.	This	one-order-
of-magnitude	higher	field	strength	THz	source	will	open	the	door	for	many	research	frontiers	in	THz	
field-matter	nonlinear	interaction.		
	
A	 strong	 THz	 field,	 especially	with	 amplitude	 in	 the	 range	 between	 1	 to	 10	MV/cm,	 serves	 as	 an	
essential	 tool	 for	exploring	new	THz	nonlinear	phenomena.	For	example,	at	1	MV/cm,	 intense	THz	
field-matter	 interactions	 including	 resonant	 and	 non-resonant	 controlled	 molecular	 vibration,	
rotation,	and	spin	precession	can	be	achieved.	However,	 certain	physical	phenomena	may	 require	
higher	field	strength	for	detailed	study.	Table	1	lists	characteristic	energies	(as	well	as	frequencies)	of	
processes	under	study	in	extreme	nonlinear	science,	including	ponderomotive	force,	Rabi	oscillation,	
tunneling	frequency,	Bloch	oscillation,	and	Cyclotron	resonance.	The	table	shows	that	THz	waves	(0.25	
and	2.5	THz)	require	much	less	field	strength	than	visible	or	UV	sources	for	such	nonlinear	interactions.	
Therefore,	our	proposed	THz	source	serves	as	an	ideal	tool	to	study	these	frontiers	of	basic	sciences.		
	
Table	1.		List	of	characteristic	energies	(as	well	as	in	frequencies)	under	study	in	extreme	nonlinear	
science.	
Energy	scale	 Relation	to	field	 1	meV	

(0.25	THz)	
10	meV	
(2.5	THz)	

1	eV	
(250	THz)	

100	eV	

Ponderomotive	 Up=e2ETHz2/(4mω2)	 3	kV/cm	 10	kV/cm	 100	kV/cm	 1	MV/cm	
Rabi	(d=1eÅ)	 UR=ETHz•d	 100	kV/cm	 1	MV/cm	 100	MV/cm	 -	
Tunneling	freq	 ΩT=e/(h	(2mEb)1/2)	 2.6	kV/cm	 26	kV/cm	 2.6	MV/cm	 -	
Bloch	freq	 Ωb=eaETHz/ℏ	 20	kV/cm	 200	kV/cm	 2	MV/cm	 -	
Cyclotron	freq	 Ωc=e/(mc)	 4.2	MV/cm	 42	MV/cm	 -	 -	

	
Table	2	lists	peak	THz	electric	fields	obtained	from	different	THz	sources,	including	superconductor,	
Gunn	diode	THz	wave	emitter,	THz	gas	 laser,	quantum	cascade	 laser	 (QCL),	 large-aperture	electro-
optic	 (LA-EO)	 crystal,	 large-aperture	 photoconductive	 antenna	 (LA-PC),	 free	 electron	 laser,	 APS	 at	
Argonne	National	Laboratory,	LiNbO3	crystal	with	tilted	pulse	front	excitation,	THz	wave	air	photonics,	
and	SLAC	National	Accelerator	 Laboratory.	 Free	electron	 laser	 and	other	 accelerator	 sources	offer	
both	high	peak	power	and	average	power,	but	the	systems	are	not	tabletop.	However,	this	table	might	
be	out	off	date.	Our	symposium	will	provide	updated	info.	
		
Table	2.		List	of	the	peak	THz	electric	field	strengths	from	different	sources.	
	
THz	sources	 0~10	V/cm	 1~10	kV/cm	 10~100	kV/cm	 0.1	~1	MV/cm	 1~10	MV/cm	
Superconductor	[1]	 	 	 	 	 	
Gunn	Diode	[2]	 	 	 	 	 	
THz	Gas	Laser	[3]	 	 	 	 	 	
QCL	[4]	 	 	 	 	 	
LA-EO	[5]	 	 	 	 	 	
LA-PC	[6]	 	 	 	 	 	
Free	Electron	Laser[7]	 	 	 	 	 	
APS	 	 	 	 	 	
LiNbO3

		[8]	 	 	 	 	 	



Air	Photonics	[9]	 	 	 	 	 	
SLAC	[10]	 	 	 	 	 	

	
The	suggested	Bright	THz	workshop	will	be	two	days	with	a	single	session.	We	will	invite	the	most	
active	researchers	in	THz	community.		
	
We	invited	scientists	and	researchers	from	Army,	Navy,	and	Air	Force	laboratories	to	attend	this	
Workshop.	Some	of	them	were	very	active	in	a	previous	NATO	THz	Exploratory	Team	(ET)	and	a	
Focus	Group	(FG)	while	I	served	as	the	Chairman.		
	
List	of	the	top	players	on	high-field	THz	wave	generation	and	nonlinear	THz	spectroscopy	
USA	Domestic	
1.	 G.	L.	Carr,	Brookhaven	National	Laboratory	
2.	 Aaron	Lindenberg,	Stanford	University	or	Alan	Fisher,	SLAC	National	Accelerator	Laboratory	
(I	do	not	know	him	well.	He	is	a	very	good	collaborator	with	Aaron	Lindenberg	in	SLAC)	
3.	 Martin	Richardson,	University	of	Central	Florida	
4.	 Richard	D.	Averitt,	Boston	University	(He	first	reported	THz	nonlinear	responses	from	
metamaterials	in	collaboration	with	Keith	Nelson)	
5.	 Keith	Nelson,	MIT	
6.	 Franz	X.	Kärtner,	MIT	and	University	of	Hamburg,	Germany	
7.	 Haidan	Wen,	Argonne	National	Laboratory	
8.	 K-Y	Kim,	University	of	Maryland,	College	Park	
9.	 Howard	M.	Milchberg,	University	of	Maryland,	College	Park	
10.	 Gwyn	Williams,	Jefferson	Laboratory	
11.	 Poul	B.	Petersen	(THz	wave	generation	from	filaments	but	not	high-field),	Cornell	University,	
USA,	Email:	pbp33@cornell.edu	
12.	 Alex	Gaeta,	Cornell	University,	alg3@cornell.edu	
13.	 David	A.	Reis,	Stanford	University	and	SLAC,	collaborating	with	Aaron	Lindenberg,	Email:	
dreis@stanford.edu	
14.	 Masashi	Yamaguchi,	Rensselaer	Polytechnic	Institute,	yamagm@rpi.edu	
International	
1.	 Koichiro	Tanaka	kochan@icems.kyoto-u.ac.jp,	Japan	
2.	 H.	Hirori,	Japan	(what	work	he	did?	He	is	the	person	who	is	working	with	Tanaka	for	>1.0	
MV/cm	THz	electric	field	generation	from	LiNbO3	and	can	be	an	alternative	invited	speaker	for	the	
workshop,	Email:hirori@icems.kyoto-u.ac.jp)	
3.	 Masa	Tonouchi	<tonouchi@ile.osaka-u.ac.jp>,	Japan	(strong	field?	He	is	not	working	in	high-
field	THz	sources	but	probably	can	be	one	alternative	invited	speakers	for	the	workshop)	
4.	 Masaaki	Ashida,	Japan	(what	work	he	did?	He	or	his	group	demonstrated	a	bandwidth	of	
over	200	THz,	Email:	ashida@mp.es.osaka-u.ac.jp)	
5.	 Yasuo	Minami	or	Tohru	Suemoto,	Japan	(1.4	MV/cm	from	plasma)	(email	address?	
Email:minamiyashuo@ynu.ac.jp	)	
6.	 János	Hebling	<hebling@fizika.ttk.pte.hu>,	Hungary	
7.	 K.	Reimann,	M.	Woerner,	or	T.	Elsaesser,	Germany	(email	address?Emails:	woerner@mbi-
berlin.de,	reimann@mbi-berlin.de)	
8.	 Hartmut	Roskos	<roskos@physik.uni-frankfurt.de>,	Germany	
9.	 Matthias	C.	Hoffmann,	Germany	(He	intensively	works	on	nonlinear	THz	responses	or	
spectroscopy	(I	couldn't	find	his	email	address),	we	can	alternatively	contact	A.	Cavalleri	at	Email:	
andrea.cavalleri@mpsd.cfel.de)	
10.	 Alfred	Leitenstorfer	<aleitens@uni-konstanz.de>,	Germany	(University	of	Konstanz)	
11.	 Rupert	Huber,	Germany	(University	of	Konstanz)	(email	address?Email:	
rupert.huber@physik.uni-regensburg.de)	



12.	 Matteo	Clerici,	Tsuneyuki	Ozaki,	or	Roberto	Morandotti,	Canada	(wavelength	scaling	of	THz	
radiation)		John	Ozaki	<ozaki@emt.inrs.ca>	
13.	 Peter	Uhd	Jepsen	<puje@fotonik.dtu.dk>,	Demark	
14.	 Stelios	Tzortzakis	stzortz@iesl.forth.gr	
15.	 Frank	Hegmann	hegmann@phys.ualberta.ca	
16.	 David	Cooke	<cooke@physics.mcgill.ca>	
	
A	two-day	ARO	THz	workshop	on	“Bright	THz	Source	and	Nonlinear	THz	Field-Matter	Interaction”	was	
organized	in	Rochester,	NY,	USA	in	June	2016.	The	invitation	only	workshop	was	a	global	event	where	
17	leading	researchers	from	8	countries	gave	presentations	to	share	their	views,	achievements	and	
plans	about	the	future	direction	of	research	on	intense	THz	sources,	shown	in	Fig.	1.	
	

	
Fig.1:	17	invited	speakers	from	8	countries	presented	their	work	during	two	days	ARO	THz	workshop	
on	Intense	THz	Sources	-	Nonlinear	THz	field	–	Matter	Interaction	at	Rochester	in	June,	2016.	Dr.	Joe	
Qiu,	ARO	Program	Manager,	sponsored	and	attended	the	workshop.	
	


