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Idea	of	schedule	for	THz	ac1vity	

Short	term	
(2017)	

A.	Curcio	à	THz	characterizaFon	&	shaping.	
THz	Longitudinal	field	generaFon	&	
characterizaFon.	
=							Hands	on	CALIFES	as	THz	source	

Medium	term	
(2017-2018)	

First	THz	interacFon	with	e-bunch	

Long	term	
(2018->)	

Facility	improvement	for	THz	acceleraFon	
scheme.	CALIFES	as	THz	and/or	as	e-	beam	
probe	source	

THz	R&D	with	CALIFES	



	Toward	THz	acceleraFon	è	CharacterizaFon	of	longitudinal	component	(Ez)	of	THz	field			

Opto-meccanic	
set-up	for	THz	
collimaFon	and	

focusing	

Radially	polarized	THz	field	

e-bunch	

DiagnosFc	
for	THz	Ez	field	

1. Introduction 

Radially and azimuthally polarized light beams fall within the class of cylindrically 
symmetric vector beams whose polarization vectors are oriented in the radial and azimuthal 
directions respectively; it is assumed that the radius vector is drawn from the centre of the 
beam as shown in Fig. 1. Since a radially polarized light beam can be converted to an 
azimuthally polarized beam by propagation through two half-wave plates with an angle of 45° 
between their fast axes, this paper will only consider radial polarization and how it can be 
produced using conical diffraction. 

 

Fig. 1. Transverse distribution of intensity and polarization (arrows) in (a) radially polarized 
and (b) azimuthally polarized light beams. 

When a radially polarized beam is tightly focused the electric field can have a relatively 
large longitudinal component due to destructive interference of the transverse components [1]. 
This property forms the basis of z-polarization spectroscopy [2]. A radially polarized beam 
can be focused to a smaller spot than can be achieved with a comparable beam with linear or 
circular polarization [3]. There are several techniques available for the generation of radially 
polarized beams, such as optical interference [4] and propagation through a conical Brewster 
prism [5] or segmented spiral phase plate [6, 7]. Jones matrices for a system that transform a 
circularly or linearly polarized beam into a radially polarized beam are given in Refs [4, 8]. 

of In this paper, the results of some experiments to demonstrate the conversion of the 
polarization of a Gaussian beam from linear to radial using internal conical diffraction (ICD) 
are described. Conical diffraction [9, 10] refers to the paraxial wave theory extension of the 
geometrical optics treatment of conical refraction [11–14]. ICD arises when a narrow light 
beam is directed along one of the optic axes of a biaxial crystal; it propagates as a hollow 
cone of light within the crystal and emerges as a hollow cylinder of radius R0, as shown in 
Fig. 2. In ICD a weakly focussed Gaussian beam is transformed to a double ring-shaped beam 
(Fig. 2(b)) where the aspect ratio of the rings depend on the ratio ρ0 = R0/ω0, where ω0 is the 
beam waist radius of the incident beam. The predictions of paraxial ICD theory have been 
shown to agree well with experiment [15]. Recently, Peet [16] has exploited this dependence 
of the shape the ICD beam on incident beam waist to develop an efficient technique for the 
conversion of a Gaussian beam to either a Hermite-Gaussian or Laguerre-Gaussian beam 
profile. In the work reported here the unusual polarization properties of the ICD beam are 
exploited to yield a novel and efficient method of generating a radially polarized beam. In 
addition, the shape of the radially polarized beam can be varied by changing the ω0:R0 ratio. 
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A. THz source experimental layout

The THz source is placed at the end of the dogleg beam-
line, where CTR is generated at the interface of an aluminum
coated silicon screen (30 × 30 mm size), placed in the vac-
uum pipe (60 mm diameter) at 45◦ with respect to the electron
beam direction. The backward CTR radiation, reflected nor-
mally to the beam direction, is extracted through a crystalline
z-cut quartz window (63 mm clear aperture) and propagated
in air. The distance between the target and the vacuum win-
dow is 70 mm; therefore, the angular acceptance of the win-
dow is much greater than the natural opening angle (ϑ ≈ 1/γ
≈ 5 mrad with γ = 196). A 152 mm focal length 90◦ off-
axis parabolic mirror, whose focal plane corresponds to the
source plane, parallelizes and reflects vertically the radiation
beam down towards an aluminum flat mirror, placed at 45◦

with respect to the horizontal plane (Fig. 2, top). Frequency
domain measurements32 can be performed by means of either
a Martin-Puplett interferometer40 or bandpass mesh filters,41

depending on the position of the first flat mirror in Fig. 2,
bottom).

In the case of autocorrelation measurements, the radia-
tion enters the first polarizer, whose wires are vertical to se-
lect horizontal polarization. The horizontally polarized trans-
mitted radiation first reaches the beam splitter (BS), placed
at 45◦, whose wires are at 45◦ to the horizontal plane when
viewed along the beam input axis. The BS divides the in-
put signal into two equal, orthogonally polarized components,
one being reflected towards the stationary roof mirror and the
other being transmitted to the movable one, whose maximum
travel distance is 36.7 mm with a minimum step width less
than 1 µm. Radiation coming back from both arms to the
beam splitter recombines, being then focused by a 90◦ off-axis
parabolic mirror onto the detectors via the analyzing wiregrid,

FIG. 2. Experimental layout for extraction (top) and detection (bottom) of
THz radiation.

FIG. 3. Single electron TR energy density calculated for 100 MeV energy
in case of an infinite screen (solid black line), in comparison with a 30 × 30
mm (dashed red line) and a 20 × 20 mm (dotted blue line) target.

located between the mirror and the detectors. Wire grids are
wound from 10 µm diameter thick tungsten wire with a spac-
ing of 20 µm. Either pyroelectric or Golay cell detectors, op-
erating in a spectral range of 0.1–10 THz, can be used. Due
to the finite size of the screen and optics acceptance, the CTR
spectrum has a low frequency cut off, which can be evaluated
as the frequency for which the Ginzburg-Frank formula is re-
duced by e−1, i.e., 300 GHz (see Fig. 3). At high frequency,
the quartz window transmission sets a limit at 5 THz.

III. THEORETICAL BACKGROUND

THz radiation is electromagnetic radiation whose fre-
quency lies between the microwave and infrared regions of
the spectrum. In linear accelerators broadband THz radiation
is generated as coherent radiation emitted by sub-ps duration
single electron bunches. THz radiation with narrow spectral
bandwidth is, instead, produced by means of multi-bunches
trains with THz scale spacing. In this section, we will dis-
cuss the generation of coherent radiation and the beam ma-
nipulation methods applied to enhance the THz radiation per-
formances in terms of spectral bandwidth, peak power, and
energy per pulse.

A. Coherent transition radiation

The emission mechanism considered here is Transition
Radiation (TR) as produced when a relativistic charged parti-
cle crosses the interface between two media of different di-
electric properties. The TR process was calculated analyti-
cally by Ginzburg and Frank42 (GF) by solving the Maxwell
equations in the assumptions of infinite size target, infinitely
thin and ideally flat, perfectly conducting material and far-
field approximation. The spectral angular distribution for a
single electron is then described by the formula

d2IGF,sp

dωd$
=

e2
0

4π3ε0c

β2 sin ϑ2

(1 − β2 cos ϑ2)2
, (1)

with c the speed of light, e0 the charge of an electron, β the ra-
tio of the velocity of the particle to the velocity of light, and ϑ

the observation angle measured with respect to the backward
direction. For frequencies well below the plasma frequency
of the conduction electrons of the metal and in the limits
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From	previous	test	the	proper	focusing	opFcs	will	be	chosen,	e-bunch	properFes	
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interacFon	

THz	vs	e-	interacFon	
(long	term	2018->)		

Dedicated	THz	shaping	
(focusing;	radial	pol.	ecc..)	

Dedicated	laser	for	high	intensity	THz	generaFon	is	required	
Possibility	to	use	waveguide		
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• Three types of targets 

¾Powerful sources    
z ~400μJ observed 
z Conversion from laser to THz ~0.02% 

 

Potentials of  TR THz 

¾New diagnostic for fast electrons 

z e- Number/charge 
z Current 
z Length 

Charge Current e-Energy THz-Energy Ke-THz 

SLAC 350pC 7kA 14GeV(3%) ~600μJ ~0.03% 

Our exp ~5nC >0.1MA ~1MeV(100%) ~400μJ 6% 

Yutong	Li	et	al,	PRL	116,205003,(2016)	

THz	source	as	benchmark	for	laser-solid	interacFon	
or	dedicated	relaFve	diagnosFc	
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The Mechanism of Biomolecular Organisation 
How do biological systems self-organise and maintain themselves? 
 
Thermodynamics of Life 
Living things are complex open systems operating out of equilibrium. 
They maintain order by exploiting a flow of Free Energy. 
 
These processes involve interactions between molecules. 
The molecules show remarkable self-organisation and  activity. 

  
Life has evolved at room temperature. Energy available = kT ~ 6 THz 
Evolution will use modes available at room temperature: they will be terahertz modes  
 
Does quantum mechanics play a non-trivial role in biology? 
Conventional view: Macroscopic quantised states cannot exist in biological systems 
Biological systems are warm, crowded, noisy and wet ---> leads to decoherence 
 
But Photosynthesis exploits quantum coherence at room temperature  
T. Brixner, et. al. Nature 453 625 (2005), G.S. Engel et. al. Nature 446 782 (2007) 
Lee et. al. SCIENCE 316 1462 (2007), Collini et. Al. Nature 463 644 (2010) 
 

 
 

   

 
	

 Frohlich Model of Biological Organisation  

  

Frohlich Hypothesis H. Frohlich  Int. J. Quantum Chem. 2 641 (1968)  
Metabolic processes can stimulate coherent excitations in biological systems 
Fluctuating electron dipole forces (London forces) in non polar hydrophobic regions of 
proteins in geometrical lattices constrained in a voltage gradient (membrane or 
cytoskeleton) would oscillate collectively forming a pumped Bose-Einstein Condensate  
Coupling of H2O dipolar motions of immediate environment to London forces is important 
 
Theory implies the formation of �macroscopic quantum coherence solitonic states� 
Supports loss-free energy transport in cells sustained by a potential gradient: no dissipation 
nb. Bose-Einstein Condensate is not the ground state.  
       
The system is in a macroscopic quantum state maintained out of equilibrium by a flow of  
free energy supplied by metabolic processes. 
Frohlich analysis suggest the important frequencies with be in the THz range. 
 
Experiments need powerful sources of radiation in the �THz Gap� in the EM spectrum  
"Are there terahertz solutions to problems in understanding the physics of life?" 
P. Weightman, Proceedings 32nd International Conference on Infrared and Millimeter Waves� 2007 IEE 07EX1863C (2007) 

Theory: Dynamic effects of high peak power THz. 

High electric fields are predicted to generate  

 localized modes! 

Non-linear THz excitations can induce and  

 drive conformational change  

Mingaleev et. al. Europhys. Let. 59 403 (2002)  

Peyard et. al. Europhys. Let. 44 271 (1998) 

Physics Today Jan. 2004  
 

Alexandrov et. al. Phys. Lett. A 374 1214 (2010) 

�Specific THz radiation exposure may significantly affect the natural dynamics of 

DNA, and thereby influence intricate molecular processes involved in gene 

expression and DNA replication� 

Nature Scientific Reports 3 2363 1-6 (2013) 

1) Artificial skin 
2) Intense ps THz pulses changes expression of genes. 
    10 minutes exposure 

Experiment: Effects of high peak power THz. 
Summary of previous work. Weightman, Phys. Biol. 9 053001 (2012) 
"Evidence is accumulating that terahertz radiation influences biological systems and this 
need to be clarified in order to establish safe levels of human exposure to this radiation." 
None of the previous studies have been carried out in standard tissue culture conditions. 
Need to be aware of thermal effects. 
 
Does THz influence the expression of genes? Bock et.al. PLoS One 5 e15806 (2010) 
Exposed of mouse stem cells to broad band THz centered at ~ 10 THz. 
�Extended exposure to broad spectrum THz radiation results in specific changes in cellular 
function that are closely related to DNA-directed gene transcription� 
 
Does THz influence the replication of DNA?  Berns et. al. PNAS 87 2810 (1990) 
Effect of THz radiation on DNA synthesis in mammalian cells by measuring the uptake of 
tritiated thymidine (T) after exposure to:-  
100 pulses of 1.5 THz radiation from a FEL with power level of 1.3 kW per pulse. 
THz radiation effects the incorporation of T into DNA and hence DNA replication. 
Conclude the effect is unlikely to be thermally mediated. 
But transport of cells from tissue culture facility to FEL took 3 hours. 
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Accelerator Sources of Terahertz Radiation 

  

Power of laboratory instruments 
       At 1 THz ~ 100 µ watts 

 

Average power ~ 20 mW 
Peak power      ~ 10 kW   

               Short electron bunches 
         When bunch length < wavelength 
   Coherent emission --->  massive output power 
                Carr et. al. Nature 420 153 (2002) 

                          Daresbury ALICE  

   Energy Recovery Linear Accelerator / ALICE 

  

Daresbury 

Liverpool THz beamline 
Peak power 10 kW in 0.6 psec 
Repetition rate 10 Hz 
Average power 20 mW 
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High spatial  
and high  
spectral  
resolution 
imaging                                   To Tissue Culture Facility on 2nd Floor 

 
Liverpool Research Programme 
1 Determine safe limits of human exposure to THz:-  Stem cells, epithelial cells. 
2 Investigate the mechanisms of differentiation in stem cells. 
3 Investigation of the Frohlich mechanism of biological organisation EPSRC EP/H02235X/1  
4 Search for IR/THz signatures of malignancy for esophageal cancer App.Phys.Lett. 102 53701(2013)	
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Liverpool THz Beamline and TCF	

 
1st Floor Tissue Culture Facility 
 
     Lower level hutch for a  
     variety of THz  experiments	

Significant funding and 
staff from physics dept.	 

Average power ~ 20 mW 
Peak power      ~ 70 kW

  

Laboratory instruments 
 At 1 THz ~ 100 µ watts 
 
Accelerators 
 Carr et. al. Nature 420 153 (2002) 
 
Short electron bunches 
Bunch length < wavelength 
    Coherent emission 
   massive output power 
 
ALICE 

 
	

THz Experiments in Cell Tissue Culture Facility 

THz beam 

    Stem cells in culture           CO2 Incubator                        Microbiological safety cabinet 
                     Tissue culture facility with particulate free air conditioning.     

Several types of human epithelial cells and embryonic stem cells. 
Attached to polystyrene substrates in tissue culture dishes in nutrient media. 
Maintained in CO2 incubator at 37 oC.  
Exposed to THz for 2 to 6 hours,  Peak powers ~ 11 kW, Average powers ~ 1 mW 
Frequency 40 MHz, 100 µ sec pulse train, 0.8 p sec pulses, rep. rate. 10 Hz.   
High peak power gives good penetration. Thermal effects < 2oC. 
Spectral range - broad band THz up to 0.5 THz. 18 experiments to study:- 
  cell morphology, attachment, proliferation and differentiation 
Williams et. al.  Phys. Med. Biol. 58 373 (2013)   
 
 
  

THz Experiments in Cell Tissue Culture Facility 

                                                                                                      Williams et. al.  Phys. Med. Biol. 58 373 (2013)   

Experiments on three cells types. 
ARPE-19 and HCE-T type epithelial cells and on hES07 human embryonic stem cells  

Looking for cytotoxity and changes in morphology, growth, attachment and proliferation.  

 
	

THz Experiments in Cell Tissue Culture Facility 

                                                                                                      Williams et. al.  Phys. Med. Biol. 58 373 (2013)   

Example of an experiment.  
Effect of multiple 3 hour THz exposure on epithelial cell (ARPE-19) proliferation 

       After Exposure,                                  1st Control                                     2nd Control 

Exposure to 3 three hour periods  

of high peak power THz radiation 

spread over three days had no 

statistically significant effect on 

the proliferation of  ARPE-19 

epithelial cells.  

THz	interacFon		
DNA-direct	gene	transcripFon	

DNA-synthesis	



Accelerator Source of THz Radiation Required. 

  

We need short electron bunches 
 When bunch length < wavelength --> Coherent emission --->  massive output power 
 Carr et. al. Nature 420 153 (2002) 

                           

Need:- 

High peak power 

 To stimulate DNA processes. 

Low average power 

 To avoid thermal effects. 

A controlled environment. 

Broad band source. 

Ability to tune wavelengths (filters?)  
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THz Experiments in Cell Tissue Culture Facility 

                                                                                                      Williams et. al.  Phys. Med. Biol. 58 373 (2013)   

Example of an experiment.  
Effect of multiple 3 hour THz exposure on epithelial cell (ARPE-19) proliferation 

       After Exposure,                                  1st Control                                     2nd Control 

Exposure to 3 three hour periods  

of high peak power THz radiation 

spread over three days had no 

statistically significant effect on 

the proliferation of  ARPE-19 

epithelial cells.  



For	THz	generaFon	à	Higher	Charge	(>1.5nC)	and/or	short	bunch	length	(100fs)					

For	THz	R&D	à	the	possibility	to	Directly	use	the	THz	radiaFon	helps	saving	Fme	and	money		

For	THz	based	proof	of	principle	acceleraFon	schemes:	
	a	second	beam	line			

					laser	based	THz	generaFon	(CALIFES	as	e-	source)		

CALIFES	upgrade:	

->	laser	shaping	and/or	HQ	cathode	requirement		

->	dedicated	shielded	room	as	close	as	possible	to	the	source	



CollaboraFons:	
	

S.	Lupi,	Univeristy	of	Rome	“La	Sapienza”,	Italy	
	
E.	Chiadroni,	LNF-INFN,	Italy	
	
M.	Ferrario,	LNF-INFN,	Italy	
	
Yutong	Li,	Beijing	NaFonal	Laboratory	&	InsFtute	of	Physics,	China	
	
Maeeo	Clerici,	University	of	Glasgow,	United	Kingdom		
	
…	

	



Thank																																			You	


