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NLS: A New Tool

“Scientific advance is more often driven 
by the development of a

new tool than a new concept”

Freeman Dyson
In a review of a biography of the mathematician George Green



4th Generation Light Sources  
Terahertz - A new window on the electromagnetic spectrum
IR Free Electron Laser - High resolution infrared imaging

Optical Microscope

Magnetic Resonance Imaging (MRI)

New Tools and Revolutions

Computed Tomography(EMI Scan)

Galileo 1609

X-ray diffraction

DNA, Hemoglobin, Myoglobin
Crick, Watson, Wilkins,
Perutz, Kendrew
Nobel Prizes 1962

Hounsfield
McCormack
Nobel Prize 1979

Lauterbur, Mansfield Nobel Prize 2003
ATP Synthase
Walker Nobel Prize 1997

SNOM

2nd Generation 
Synchrotron
(Daresbury SRS)



Optical Microscope
Performance determined by the wavelength of light, l,l,l,l, used
Two points can just be resolved if they separated by ~ lll l /2 
(Diffraction limit)

Scanning Electron Microscope
Use high energy electrons
to reducelll l
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Scanning Near Field Microscope (SNOM)

Use a small aperture d < lll l
Measure close to specimen 

(near field)

Overcomes diffraction limit

Needs a very intense source

Free Electron Laser with

superconducting 

accelerator technology

Resolution can by increased by

New Tools and Revolutions



NLS

Medical Potential



Vanderbilt Free Electron Laser Centre
Hospital Surgical Suite and Ward above the FEL Centre
Brain and Eye Surgery; FEL avoids “collateral damage”
which occurs with scalpel or conventional lasers

Free Electron Laser Surgery

Clean cuts
6.45 mm:  soft tissue
7.5   mm:  bone

Neural tissue

Frequency cms-1
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R. Rox Anderson, et al. "Selective photothermolysis of lipid-rich tissues: A free electron laser study”
Lasers in Surgery and Medicine 38913 (2006)

Free Electron Laser Treatment of Acne

Collaboration between Jefferson Laboratory and Harvard Medical School

At lll l = 1.210 mmmmm the FEL heated the targeted fat to a depth of ~ 1 mm without 
damaging the overlaying skin. This kills the sebaceous glands that cause acne



THz Imaging: Medium scale

In vivo images, with and without depth 
information. (TeraView Ltd)

Basal Cell Carcinoma and Melanoma (Martyn Chamberlain)

Research into contrast mechanism: combining spectroscopy and microscopy

Does malignancy have a THz signature?

In vitro images, using pulse 
amplitude and time delay

Basal cell carcinoma: malignancy in red.  (Teraview)

1 mW  source images 1 cm2 in 1 minute
100 W source images whole body (50 x 200cm)  in secs



Energy Recovery Linear Accelerator / ALICE

Daresbury

1  Establish a Tissue Culture Facility 

to grow and maintain live human tissue
2  Construct a THz beamline 

into Tissue Culture Facility

3  Exposure experiments on:-
live human tissue:- skin, corneal, neural cells

4  Determine the safe limits of human exposure to THz

NW Science Fund

Average power ~ 24 mW
Peak power   ~ 70 kW

THz beamline



The THz radiation at the tissue culture experiment is fairly extended, 
having a footprint greater than 100 mm. The radiation will be condensed 
using a ‘Winston Cone’. 

Dedicated environmentally controlled 
laboratory  for human tissue

The intensity distribution of 0.2 THz light at the 
experiment without condensing it with the Winston 
Cone.



Principles of Biological Organisation

Long Term Aim
Derive Darwin’s theory of evolution from thermodynamics

Problem: Little progress in non-equilibrium thermodynamics
1 Ilya Prigogine 1977 Nobel Prize: Thermodynamics of non-equilibrium systems.

“We now know that non-equilibrium, the flow of matter and energy, may be a
source of order.”

2 No theory of complexity but complex systems are more efficient than simple

systems at transforming free energy into entropy
3 Evolution will have exploited processes driven by the free energy available from

photo-synthesis and chemical interactions
4 Room temperature kT ~ 6 THz  Expect THz modes to play a role

Cells are crowded and wet. Lots of free energy
How is it used ? Mechanism for transmitting information?
Eg. How does the folding of one protein induce the folding of another?
Interactions that exploit the H bonding network of water will be in the THz range



1µ

10µ

100µ

1m

10m

100m

1

10

100

1000100101.1.01

�,�,�,�,�P�S�D�W�W�P�S�D�W�W�P�S�D�W�W�P�S�D�W�W

Gunn

III
-V

's

Lead saltsO
ut

pu
t P

ow
er

 (
 W

at
ts

 )

SLED

Frequency  ( Terahertz )

RTD array
RTD

HG QC Laser

Courtesy: Jim Allen (UCSB) 
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Extending Spectral Range: Terahertz

XUV FEL: Fills the THz Gap
Maximum Flux per pulse 2x1014 photons 
RMS bunch length 266 fsec
Repetition rate 1 kHz
Average power 0.09 W
Peak power 100 MW

XUV-FEL branch



The Mechanisms of Molecular Organisation 

Biological molecules operate at kT: show remarkable organisation and  activity

Example: DNA
Human genome 3 billion base pairs
Double helix 2m long folded into ~ 2 mmmmm
Unwound, read and rewound on a daily basis

Molecular organisation must involve
vibrational and rotational modes

There should be many modes and the long
range ones will be important

Room Temperature kT ~ 6 THz

How quickly do modes dissipate energy into “adjacent” modes?
~ p sec(R. K. Adair, Biophysical Journal82 1147 2002)

Are there long lived coherent modes that mediate biological processes?
some evidence ( A. Xie,et al, J. Biol. Phys.28 147 2002, G. S. Engel et al Nature446782 2007)

Spectroscopy is not much use
IR: spectra will be dominated by strong local modes

long range coupling between local modes ~ 103 times weaker
THz: many modes will be excited simultaneously



4GLS Flagship Proposal

Cell and Tissue Imaging

(membranes) 

Paul O’Shea and Mike Somekh
(University of Nottingham)



Virus and cell are surrounded by a phospholipid bilayer

While the structures of the virus, its coating and its cellular membrane
target are important the dynamic interaction between them is the key to
understanding how the virus and cellular membranes can fuse together
and allow the virus DNA/RNA to enter the cell. 

Theory: 
Low frequency vibrations mediated by the environment
are crucial to membrane fusion and repair.
Natural membrane frequency ~ 1011 Hz

The Problem of Membrane Fusion

Membrane Interactions: Due to presence of counter ions
in solution oppositely charged membranes do not always 
attract, similarly charged membranes do not always repel
Membrane Fusionis important in:-
viral infection, gene therapy and intracellular trafficking
Membrane Raftsare important in cell signaling and 
cell interactions. May be mediated by variations in 
membrane dipole across cell surfaces. Interaction with H2O a key factor.



4GLS: Membrane Analysis and Dynamics

Membrane Rafts: Area ~ 50 nm
Paul O’Shea and Mike Somekh (Nottingham) 
have shown the importance of membrane 
“rafts” for cell signaling and cell interactions.
Possible that the membrane dipole varies 
spatially across cell surfaces and that 
variations in dipole field and interaction with 
H2O are key factors.

Membrane electrical potentials
1 Gradient of charge across phospholipid bilayer
2 Surface potential due to surface charge ~ -30 mV. 
3 Dipole potential, dipoles associated with carbonyl.

and oxygen bonded phosphate groups  ~ 100 mV.
Different sensitivities and responses to environment.

Approach
Near field imaging and spectroscopy: RAS, IR, THz, SFG
Pump probe: monitor fluorescence markers while scanning the 

H2O THz spectrum



NLS: Potential for Major Advances: Pump-probe techniques

How does the Aids virus enter a cell?Virus and cell surrounded by a phospholipid bilayer

NLS Key Contributions
High intensity THz: Near field sub-cellular imaging and
Spectroscopy of live cells.
Pump probe:  IR, Visible, THz, SFG
Monitor fluorescence markers while scanning the H2O
THz spectrum. Modulation of raft dipole - bound water
Interactions changes activity of membrane proteins
involved in signaling

The structures of the virus and cell membranes are important but the dynamic interaction
between them is the key to understanding how the membranes fuse together for the virus 
DNA/RNA to enter the cell.

Membrane Rafts: Area ~ 50 nmare important in cell signaling and cell interactions.
The membrane dipole varies spatially across cell surfaces and variations in dipole field and 
interaction with H 2O are key factors. THz

SFG
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Explore Novel Therapies 
Based on use of THz to modify cell behaviour
Eliminating drug treatments for some
neurological conditions



Liposome - artificial bilayer phospholipid bilayer in solution
Liposome loaded inside with soluble enzyme carbonic anhydrase (CA)
Outside Liposome the solution contains p-nitophenyl acetate (p-NPA)

p-NPA + CA ----> p-nitrophenolate (pN)
pN concentration can be detected by optical absorbance at lll l = 400 nm
Thus any membrane damage/permeability can be detected by optical absorbance

THz Membrane Analysis and Dynamics

phospholipid

Liposome

CA

p-NPA

pN
Controls

Irradiation with 130 GHz radiation from microtron d riven FEL
Macropulse length ~ 4 mmmms - train of 50 ps micropulse spaced 330 ps apart
Repetition rate varied from 1 to 10 Hz
Can investigate the effects of high peak power while maintaining a low average 
power (~ mW) to avoid heating effects            A. Doria et al Infrared Phys. Tech. 45 339 (2004)



Studies of Biological Organisation: THz and RAS 

Combine a fast probe of molecular conformation with a tunable THz pump

Reflection Anisotropy Spectroscopy

1980’s Developed as an optical probe of surfaces

2000 Applied to metal/liquid interfaces

2006 Applied to molecular organisation at metal/liquid interfaces

Achieves surface sensitivity 
by measuring change of 
polarisation on reflection 
at normal incidence

Sensitive to 1/200 monolayer

Laboratory instrument
1.5 to 5.5 eV in 20 msec

RAS beamline on 4GLS
1.5 eV to 7 eV in < nanosec

P. Weightman, D.S. Martin, R.J. Cole, T. Farrell
Rep. Prog. Phys. 68 1251 (2005)

Papers on RAS



4GLS: THz pump -- RAS probe experiments

4GLS IR-FEL

RAS

THz

Rapid RAS: Two pulse time delay method

THz Pump, RAS probe
Does peptide enter membrane?

Recent work on the potential of reflection anisotropy spectroscopy (RAS) 
Can determine the 3D orientation of a molecule at a metal/liquid interface 

Weightman et al Phys. Rev. Lett.96 86103 (2006)

Can distinguish between single and double stranded DNA at metal/liquid interfaces
C. Cuquerella et al Langmuir:Langmuir 23 2078 (2007)

Can monitor molecular interactions in real timeLeParc et al Langmuir 22 341 (2006)

Can monitor study peptide-membrane dynamics and protein dynamics (Euro. Phys. Lett. In press)

4GLS --> Rapid RAS in the UV at ~ n sec to f sec timescale, (250,000 faster than laboratory work)



RAS: A monitor of protein dynamics

Flavoprotein
Good structural data from 
protein crystallography 
of component parts

electron
transfer 
induced 
motion

Anchor protein to Au(110)/liquid interface
through S on Cys 193: forms ordered structure

RAS
x 10-3

Protein at 0.0 V
Protein at 0.2 V

Difference

C.I. Smith, H. Messiha, N. Scrutton, P. Weightman 2008

NLS: THz pump RAS probe 
Find the modes that drive protein motion



NLS: Potential of RAS on a VUV FEL

4GLS IR-FEL

RAS

THz

1 Extended Range: VUV FEL Range 3 eV to 10 eV 

2 Increased intensity: Rapid RAS in the UV at ~ p sec to f sec

THz pump -- RAS probe on VUV FEL

SCIENCE 315625 (2007)

T

T2

T
1 ps

Can also study the dynamics of G-quadruplexes
Important in cell division and gene separation in DNA



NLS: Potential of SNOM

at THz wavelengths



THz Near Field Imaging of Live Neuronal Cells

Neuronal activity results from the precise control of transient variations in ionic 
conductance and water exchange between  the extracellular matrix and the intra-axonal 
compartment.

Experiment

The absorption of THz by Na and K solutions is very different and can be used as a 
contrast mechanism in transmission near field THz measurements of neurons.

Near field THz imaging of live functioning neuronal cells in Na and K ionic solutions. 
Provides quantative measurements of the ionic concentration in both the intercellular 
and extra cellular compartments of the neuron.

A series of of 2D scans can be used to build up a 3D image of the axon 

J.B. Masson, M.P. Sauviat, J.L. Martin and G. Gallot PNAS 1034808 (2006)

KCl

CaCl2

NaCl



THz Near Field Imaging of Live Neuronal Cells

The shape of the axon is shown to vary with

a) Introduction of veratridine, a toxin that activat es Na channels in the membrane

b) Temperature

c) Concentration of K in the physiological solution surrounding the neurons

J.B. Masson, M.P. Sauviat, J.L. Martin and G. Gallot PNAS 1034808 (2006)

Can be used for direct non-invasive imaging of neurons during electrical, toxin or
thermal stress
Results
Direct observation of neuron swelling induced by Temperature change or
neurotoxin poisoning



NLS: Contribution to Proteomics 

Non-destructive separation and identification of 

proteins and protein assemblies



THz: The Potential to Revolutionise Proteomics

Proteomics: Limited by difficulty of separating proteins from cells and membranes 

A lack of knowledge of the identity, population and structure of proteins

Laser ablation Damages proteins causing them to brake up

THz FEL 400 W

The enzyme 
retains its 
functional activity 
after “landing ”

THz FEL: Desorption of proteins from surfaces (Budker Institute)

THz ablation of horseradish peroxidase desorbes molecule intact into a gas flow.
N2



Speculation

Establish the principles of biological self-organisation

Report on Synthetic Biology: “Social and Ethical Challenges”

Call for a debate on the definition of life

(Times Higher Education 12th June 2008)

Experiments with a high repetition rate FEL???



Desorption by Resonant Excitation of Vibrational Modes 

Science 3121024 May 2006

Resonant Si-H stretch

Irradiation of H 15D85/Si(111): 4.8 mmmmm (0.26 eV) radiation (H-Si stretch). IR FEL
95 % of desorption is H2   ----> rules out local heating mechanisms

have achieved mode selective chemistry



Previous work
IR tuning into selective modes ---> chemistry is due to non-selective heating
Hypothetical example: Rapid redistribution of vibrational energy to “ther mal bath”

For large molecules and molecules 

on surfaces expect many well 

coupled low frequency modes 

giving rapid energy randomisation 

( ~ psec).

Chemical reactions usually proceed thermally 

See alsoRabtz Science 314264 2006 Sussman et al Science 314278 2006

The idea of promoting a desired chemical reaction by exciting a specific chemical 

bond and divert a reaction from the thermal pathway might be possible for small 

molecules with few, well separated, modes for which excited states are long lived.

J.C. Tully Science 3121004 2006



IR FEL desorption of H2 from H/Si(111): Mechanism?  

Intensity is not the key factor: H desorption was not observed in a previous IR 

experiment on H/Si(111) with an IR laser source of comparable intensity
P Guyot-Sionnest, P. Dumas, Y.J. Chabal and G.S. Higashi Phys. Rev. Lett. 642156 (1990)

Key difference is pulse structure of IR FEL

IR FEL pulse separation 350 ps  (IR Laser > 100mmmms) Vibrational lifetime 800 ps

It takes a long time for two excited
H atoms to desorb associatively

Liu et al OSI -VII July 2007 



Speculation: Self-organisation in a dissipative system (Prigogine)

Continuous Flux of
High Quality Free Energy

IR FEL
Low Entropy

Low Quality Free Energy

High Entropy

The dissipation of
free energy into entropy
is facilitated by the
creation of free H2

Prediction
The vibrationally excited
H/Si(111) surface should 
adopt a complex ordered
dynamic state.

Non-equilibrium thermodynamics



Non-Equilibrium: Self-organisation in dissipative systems

Continuous Flux of
High Quality Free Energy

THz
Low Entropy

Low Quality Free Energy

High Entropy

Monitor Response
Reflection Anisotropy
Spectroscopy (RAS)



Mark Twain

“There is something fascinating about science, one gets  

such wholesale returns of speculation out of such a  

trifling investment of fact.”
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