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ULTRAFAST THZ SCIENCE AT MCGILL
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CURRENT RESEARCH THEMES:

1. Ultrafast carrier dynamics in 
condensed matter

2. THz light-driven coherent electron 
pulses

3. Dynamic photonics in the THz band
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Outline

• Strong field THz light-matter interactions
– Laser-based sources of strong field THz pulses
– Sub-cycle control of charge and spin degrees of freedom
– Strong, shaped THz fields for control of matter

• Cold THz field emission of electrons from nanotips
– High bunch charge (> 105 electrons/pulse @ 1 kHz)
– Few fs temporal jitter
– High degree of transverse coherence / brightness

• Particle acceleration using THz fields
– Why THz fields?
– State of the art and outlook
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ELECTROMAGNETIC SPECTRUM

1 THz frequency light:

• 300 µm vacuum wavelength (approx. thickness of the thickest human hair)
• period of 1 picosecond (1 trillionth of a second)
• Energy equivalent (1 THz):

• 48 Kelvin (E = kBT)
• 33.3 cm-1

• 4.13 meV
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THZ FIELD CONTROL OF MATTER
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THZ PULSES

Single cycle of the electric field = shortest light pulse possible (at given fc)

• Electric field of the pulse is measured coherently in the time domain. 

• Spectra is obtained by Fourier transform.
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THZ EXCITATIONS IN MATERIALS

1 THz = 4.13 meV
33 cm-1

300 µm
48 K
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Dynamics of low energy excitations in 
condensed matter can be probed (and 
controlled) on sub-picosecond time scales. 
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Electromagnetic waves have provided extremely versatile stimuli 
for controlling the behaviour of matter in all of its phases. Each 
time new regions of the spectrum have been made accessible 

through the development of suitable sources and detectors, the use 
of electromagnetic radiation to manipulate material degrees of free-
dom has also advanced. For example, optical light (photon energy 
of ~2 eV) in the form of ultrashort laser pulses is routinely used for 
preparing highly nonequilibrium states, as required for applications 
like laser machining1 and high-harmonic generation2. Very recently, 
new schemes for controlling matter have been heralded through 
technological advances in the terahertz (THz) spectral range 
(defined here as approximately 0.1  THz to 10  THz). In contrast 
to optical radiation, which predominantly interacts with valence 
electrons, THz waves (photon energy of ~4 meV at 1 THz) allow 
direct access to numerous low-energy excitations such as molecular 
rotations, lattice vibrations, spin waves and internal excitations of 
bound electron–hole pairs3–8. In addition to resonant coupling, the 
strong THz fields now available also permit nonresonant control, 
for instance, through field ionization9.

In this Review, we discuss the fundamental interaction mecha-
nisms of intense THz radiation with matter, and we present some 
fascinating examples of resonant and nonresonant THz control over 
the electronic, spin and ionic degrees of freedom of molecules and 
solids. As we will see, the interactions can be extensive, produc-
ing multiple transitions and large-amplitude coherent motions in 
resonant modes, and the deposition of energies hundreds of times 
greater than the THz photon energies into nonresonant degrees of 
freedom. In some cases, highly nonlinear collective responses may 
result, including electronic and structural phase transitions. Finally, 
we consider examples of how strong THz pulses can even be used 
to manipulate light.

THz fields and their interaction with matter
Strong-field THz experiments. A brief introduction to various 
schemes used for generating intense THz radiation is given in Box 1. 
As an example, Fig. 1a shows a plot of the transient electric field E(t) 
of a strong THz pulse as a function of time t. Such fields can now 
be routinely generated at repetition rates of ~1 kHz using table-top 
optical set-ups10. Note the remarkable properties of the transient 
depicted in Fig. 1a: its duration is less than 1 ps, its field profile is 
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Electromagnetic radiation in the terahertz (THz) frequency range is a fascinating spectroscopic tool that provides resonant 
access to fundamental modes, including the motions of free electrons, the rotations of molecules, the vibrations of crystal 
lattices and the precessions of spins. Consequently, THz waves have been extensively used to probe such responses with high 
sensitivity. However, owing to recent developments in high-power sources, scientists have started to abandon the role of pure 
observers and are now exploiting intense THz radiation to engineer transient states of matter. This Review provides an overview 
and illustrative examples of how the electric and magnetic fields of intense THz transients can be used to control matter and 
light resonantly and nonresonantly.

the same for each shot (constant carrier-envelope phase), and its 
electric- and magnetic-field amplitudes can exceed 1 MV cm−1 and 
0.33  T, respectively. When such a pulse is incident on matter, it 
interacts with various degrees of freedom and thus provides a ver-
satile handle for control (Fig. 1b): it causes crystal lattices to vibrate, 
molecules to rotate, spins to precess and electrons to be excited or 
accelerated. The dynamics induced by the THz pump pulse are often 
monitored using a time-delayed femtosecond probe pulse in almost 
any region of the electromagnetic spectrum (THz, infrared, optical, 
ultraviolet or X-ray) that can be used to measure the instantaneous 
state of a sample (Fig. 1c). In this way, sample properties such as 
magnetization, conductivity and even crystal lattice structure can 
be retrieved as a function of the pump–probe delay.

THz field–matter interaction. To develop strategies for THz 
control, it is helpful to consider the basic interaction mechanisms 

1Department of Physical Chemistry, Fritz Haber Institute of the Max Planck Society, Faradayweg 4-6, 14195 Berlin, Germany, 2Department of Physics, 
Graduate School of Science, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan, 3Institute for Integrated Cell-Material Sciences (WPI-iCeMS), Kyoto 
University, Sakyo-ku, Kyoto 606-8501, Japan, 4CREST, Japan Science and Technology Agency, 4-1-8, Kawaguchi, Saitama 332-0012, Japan, 5Department of 
Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA. *e-mail: kampfrath@fhi-berlin.mpg.de; kochan1118@gmail.com; 
kanelson@mit.edu

a

Samplec

b Vibration,
rotation

–+
–

Spin
precession

Electron
accelerationE

1 MV cm−1

THz
pulse

B
0.33 T1 ps

Delay

Probe pulse

To probe 
detection

THz pump
pulse

Figure 1 | Scheme for controlling matter using strong THz transients. a, A 
strong-field THz pulse as obtained from a state-of-the-art table-top THz 
source10. b, This pulse is used to drive ionic, spin and electronic degrees 
of freedom. c, Pump–probe scheme. After the sample to be controlled has 
been excited by the THz pump pulse, its instantaneous state is monitored 
by applying a suitable probe pulse. Figure a reproduced with permission 
from ref. 10, © 2011 AIP.
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OPTICAL RECTIFICATION
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NONLINEAR CRYSTALS

• High nonlinearity
• Good phase matching (THz wave front same v as pump)
• Low absorption of pump and THz

Lithium niobate looks great, but terrible phase matching…
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TILTED PULSE FRONT OPTICAL RECTIFICATIONtilted pulse front excitation
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plane wave excite “tilted pulse front”

Intense THz 
emission

Simulations courtesy of Matthias Hoffman, SLAC
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Limitations of tilted-pulse-front
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More efficient with pump pulse 
durations > 200 fs.

Huge red-shifting of pump pulse due 
to cascaded nonlinear interaction.

700 kV/cm peak field strength.
MV/cm possible with better focusing.

Blanchard, Cooke et al., Opt. Lett. 39, 4333 (2015)



INTENSE THZ PULSES

Tilted pulse front optical rectification

• Pulse energy ~ 1 µJ

• Peak E-field ~800 kV/cm

• Peak B-field ~ 0.26 Tesla

• Intensity = 800 MW/cm2

14



THZ FIELD CONTROL OF THE SOLID STATE

• Energy scales of “interesting” materials are in the milli-eV range
– superconductivity
– charge/spin density waves
– magnons
– excitons
– cavity exciton polaritons
– polarons
– Etc…

• Coherent control of these excitations requires shaped, near 
resonant and strong THz field transients.
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Coherent control of superconductivity

Matsunaga, Shimano et al., Science 2014

• Multiple-pulses can manipulate the order parameter in more complex ways

Shaped THz fields to coherently manipulate superconducting order parameter

Dynamic modulation 
of order parameter



Frequency range Relevant excitations

Radio(MHz-GHz) Nuclear spin, magnetic moments

Infrared (mid-IR) Vibrational

Optical Electronic, excitonic

1 – 10 THz Collective excitations, spin/charge density waves, 
superconductivity, excitons, magnons, phonons, molecular 
rotations…

sx
sy

sz

Coherent state manipulation.

THz multi-dimensional spectroscopy
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Previous work: 2D THz spectroscopy

Collective spin waves

J. Lu, K. Nelson et al., PRL 2017

Quantum wells

T. Kuehn, T. Elsaesser et al., J. Chem. 
Phys 2009

Molecular rotations

S. Fleischer, K. Nelson et al., PRL 2012
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New capability: Direct and arbitrary shaping of kV/cm THz light pulses
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JACQUES—CARTIER BRIDGE, MTL
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Dynamic THz photonics
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fs creation of metal-dielectric structures patterned in HRFZ silicon slab

Playground for THz pulse shaping and manipulation in space and time.

A system for advanced pulse shaping and dynamic photonics

Not the only way! Can also pattern the pump + antenna or optical rectification.

1. Liu, Park, Weiner, IEEE J. Sel. Top. Quant. Electron. 2, 709 (1996)
2. Ahn, Efimov, Averitt and Taylor, Opt. Express 11, 2486 (2003).



THz waveform synthesis
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Pretty much any pulse shape is possible now and can be switched pulse-to-pulse.



“SWITCHED” ROTATIONAL WAVE PACKET
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2. Rapid switch off, free induction decay.

Revival observed, field free alignment.
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H2O

L. Gingras, D. Cooke et. al., unpublished



OPTIMIZED THZ COHERENT CONTROL

Engineered pulse sequences for complex 
quantum control of meV scale transitions.

Spatial light 
modulator

sx
sy

sz

quantum
state control

fs (or ps) laser

Assess fidelity 
(population 

of final state)

Genetic algorithm



THZ FIELD EMISSION FROM NANOTIPS
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Femtosecond electron emission
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Electron 
emission

Electron 
wavepacket

Hot field emission

Cold field emission

Metal nanotip

Herink et al., N. J. Phys. 16, 123005 (2014)



Particle acceleration in the half-cycle
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Eincident = 400 kV/cm

Elocal = 15 GV/m!

Finite element simulations: γ ~ 350

Electrons experience accelerations of 1021 m/s2, reaching ~ 1 keV in < 10 fs (50 nm)!

“Lightning rod” field enhancement

Decays exponentially over ~ tip radius

Local field drives electron motion:



Electron emission setup
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femtoCoulomb bunch charges
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105 electrons per bunch achieved THz field conditioning

Latest results: ~500,000 electrons/pulse
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Low energy electrons
• high surface area, low field 

enhancement, low directionality

Electrons emitted from tip apex

Energies up to 2 keV in ~ 100 nm

Tip contamination is an issue. In-situ heating installed.



Single-shot electron diffraction/microscopy

• Investigate non-repetitive structural effects (grain boundaries, meta-
stability, etc.. OR soft/organic compounds that degrade.

• > 105 electrons in a bunch required to resolve a diffraction image: 
Daoud, Floettmann and R. J. D. Miller, Struct. Dyn. 4, 044016 (2017).

• THz measured nanotip bunch charge is ~105 ! Possible to resolve 
single shot diffraction image. 
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sample Phosphor 
screen sCMOS 100 fps, 4.2Mpixel

RAID0 Array SSDs



• Electron equivalent to X-ray Pulse Correlation Spectroscopy (XPCS) – Mark Sutton

• Ground (or excited) state atomic and electronic structural dynamics with sub-
Angstrom, few fs resolution.

Two-pulse electron correlation spectroscopy (TP-ECS)
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Optical field electron wave packet control

33Science, 352, 429 (2016).



THz electron streaking
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THz compression
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Energy imparted by THz pulse: 
gE = 50 eV/ps @ 10 kV/cm 
incident peak THz field.

Minimum electron pulse duration 
achieved at sample is 4.5 fs!

This was single to few electrons/bunch. Can we do 105 electrons?

Goal: All-THz driven UED instrument



THZ PARTICLE ACCELERATION
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Post-doctoral position available!



Why use THz fields?

• Maximum acceleration gradients limited by field induced 
breakdown.

• Breakdown field scales as 1/(pulse duration)6

– GV/m fields are accessible yielding compact devices
• Fields are intrinsically phase stable and synchronized to 

temporal jitter of < 2 fs rms (typical).
• Compatible with high brightness sources (e.g. nanotips)
• Size of structures are mm scale (easy to make and 

support high (picoCoulomb) bunch charge.
• Potentially save some $$$.
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STEAM power
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D. Zhang, F. Kärtner et. al., Nat. Photon 2018



Boosting, compression, lensing

40D. Zhang, F. Kärtner et. al., Nat. Photon 2018



Conclusions

• Currently a renaissance in THz tool development.

• 10’s of MV/cm peak THz source + pulse shaping for 
multi-pulse NMR spectroscopy in the THz band.

• Cold field emission of electrons from nanotips promising 
for next generation ultrafast instrumentation.

• THz control of particle beams is here and developing 
rapidly. Huge payoff if it can be made to work.
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