Trip the light fantastic:

Using Artificial Materials to
Mediate Novel Wave Particle
Interactions. »

Prof Rebecca Seviou
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System of small (subwavelengtparticles

Inhomogeneities in a system << incident wavelength,

A system appears homogeneous to the wave.
Thomson, W. (1872)

A Canpredict EM behavior of the systems in terms of an effegtigenittivity and permeabilityof a
macroscopically homogeneous medium. Heaviside, O. (1880)
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System of small (subwavelengdparticles (homogenized) responds to an EM wave the
same as if the system were a collection of molecules with a large polarizability
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spiwalformig bana (lig. 1), vars
Proc. R. Soc. Lond68: 14&152. xeln, och 4
som for-
Lindman, K.F. (1914). Om en genom ett isotropt system av spiralformiga resonatorer al?lf;]éﬂ“::{ (M
rotationspolarisation av de elektremagnetiska vagornaOfversigt af Finska Vetenskaps  poy, i 2- g (bakdl)
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Avstindet mellan spegeln och resonatorn.
Fig. 5.
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Lindman, K.F. (1914). Om en genom ett isotropt system av spiralformiga resonatorer alstrad
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Kock, W.E. (1948). Metallic delay lens&ll Syst. Tech. 27: 58.
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som for-
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mgen att .
Den i a- y (hakdl)
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Fig. 7. = Punneau déphaseur. Schéma équivalent gquand les diodes
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Chekroun C., Herrick, D., Michel, Y.MPauchard R., Vidal, P. (1979Radant New method
of electrlc scanningl Q h )EIRCB 59 (89) 8994.
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Rayleigh, L.R.S. (1892). On the influence of obstacles arranged in rectangular order upon the Artificial Dielectrics

properties of a mediumThe London, Edinburgh, and Dublin Philos. Mag. & &d): 48£502.
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Bose, J.C. (1898). On the rotation of planpalérisationof electric wave by a twisted structure. l A : _ 1
Proc. R. Soc. Lond68: 146;152. | Plasma and fine Conventional
| wire structures |
Lindman, K.F. (1914). Om en genom ett isotropt system av spiralformiga resonatorer alstrad | Air--esssssssss=- I
rotationspolarisation av de elektrmagnetiska vagornafversigt af Finska Vetenskaps | Noe <0,u>0 [
Societetens ForhandlingarLVII: £32. | transmission ]
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Kock, W.E. (1948). Metallic delay lendgsll Syst. Tech.2)7: 58.

Brown, J. (1953). Atrtificial dielectrics having refractive indices less thandrityoc. IEEE Metamaterials
100 (5): 5&62.
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Trans. AnntenasPropag 10 (1): 8295.
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SchelkunoffS.A. andFriis H.T. (1952)Antennas: Theory and practicd/iley.

Plasma and fine

: , ” wire structures materials

(a) ; 3' Conventional :
|

£< 0. u> 0 I

No transmission ;

1

Hardy, W.N. and Whitehead, L.A. (1981). Spig resonator for use in magnetic resonaricam 200;2000MHz.Rev. H I

Scilnstrum 52: 213216. Microstructured I
i . . _ Metamaterials B

Schneider, H.J. ardullenkopf P. (1977). Slotted tube resonator: a new NMR probe head at high observing frequencies. i

Rev. Scinstrum 48: 68.

Pendry J.B., Holden, A.J., Robbins, D.J., and Stewart, W.J. (1999). Magnetism from coaddaatseanced nonlinear
phenomenalEEE Trans. Microwave Theory Tdgh207%2084.

Baena J.D., Marques, R., Medina, F., and Martel, J. (2004). Artificial magnetic metanuseigal by using spiral
resonatorsPhys. Rev. 89: 014402
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VeselagpV.G. (1967). The electrodynamics of substances with simultaneously negative
values of and ‘. Usp Fiz Nauk92: 51¢526.

B
\ Plasma and fine ¢ Conventional
Pendry J.B., Holden, A.J., Robbins, D.J., and Stewart, W.J. (1999). Magnetism from % i sinuctines shbobrth
conductorsand enhanced nonlinear phenomer&EE Trans. Microwave Theory Tech.  Air- .
47: 207%2084. / i
No transmission
-
Smith, D.R., Padilla, WNJier, D.C., NemaNasser, S.C., Schultz, S. (2000). Composite H
mediumwith simultaneously negative permeability and permittivihys. Rev. Le®4: Mmmmmmm
4184¢4187. o
€e>0,u<0
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Smith, D.R., Padilla, WNJier, D.C., Nemalasser, S.C., Schultz, S. (2000). Composite ( ) )
mediumwith simultaneously negative permeability and permittividhys. Rev. Lei®4: i ke l o
4184c4187. I [ split rings

I e>0,u<0

I No transmission

Metamaterial coined by Rodger Walser in 1999, \

G @macmscdpic composites having marade,
three-dimensional, periodic cellular architecture
designed to produce an optimized combination,
not available in nature, of two or more responses i
to specific excitatiof €
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Spatial HarmoiesWave Components parallel to the beam.
The SHWC interact with the beam resulting in energy

l RFout

By a superposition of the spatial harmonics the field parallel to
the beam can be expressed Bloguetstheorem
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Madey’s Theory

m0c3 %y =—Ev LorentZ's Force E(Z) — Z E‘.’m (a:_’ y)e_wmz

1** order perturbation >> Spontaneous emission

m,c’ —7v, =—eEv
0 dt 1 0

2 order perturbation >> Stimulated emission

<AY:> = Ed—y<AYl:>
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Madey’s Theory
2 -y = ; Lorentz's Force ———(Ay,” )m "=
m,c v =—eEn AP, 2dy< Yi > ¢ o
Pi.n Pin
1+t order perturbation >> Spontaneous emission
m,c’ m v, =—¢Ev,
2 3 .2
w'p L? o d (sin® (X)) c 1 9
AP = Z — (mc?l, /e
Bo 2ab” dX ( Xz ) o5ye meh/ °)
274 order perturbation >> Stimulated emission
1d, ,
<A72> = Ed_Y<AYI > Z==-"5 %sinc (,B,’l%)

v =1+ Vaee/ (moc?)
X=(2-8)%

Tan & Seviour, Europhys.Lett.87:34005,2009
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Acelerating Potential in KV
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mc? p

v =1+ Vace/ (moc?)
X=(2-4)%

X determined by wave/beam velocity,

Tan & Seviour, Europhys.Lett.87:34005,2009
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Artificial EM Material Mediated EM Wave Generation

Expanding Waveguide

3.5cm 3.5cm
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FDTD Particlen-cell simulation to simulate electron (maeparticles) motion and
Interaction with our material

CSRR Array

Expanding Waveguide
Port

Coils
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1.5 GHz signal
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1.5 GHz signal
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1200 Power vs Steady State Temperature

CuTm=1085°C
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Radio Microwave Infrared Visible Ultraviolet X-ray Gamma
ray

| | | | | | |

] ] ] | | 1 1
10° 1 10° 107 1078 10710 10712
Wavelength (m)

10* 108 102 10° 10" 10"® 10%
Frequency (Hz)

At 3 GHz, Wavelength 10 cm, “atom< 1 cm”
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Radio Microwave Infrared Visible Ultraviolet X-ray Gamma
ray

| | | | | | |
| | | |

10° 1072 107°  10°° 1078 10710 10712
Wavelength (m)

A VAL
— —

Frequency (Hz)

>

Infrared, Wavelength 700 nm, “atom < 70 nm”

(sub-100 nm “atom” sub-20 nm “feature size”)

Conventional Techniques struggle with this size
constraint, to produce meta-atoms in their millions with

sub-20 nm “featuresize”.
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Conventional nanofabrication techniques

million Hi
| w0 Photosensitive material 5 |
| 2D, I
[ $50,000 Photosensitive material, High I
| Limits in design f
4nm $2000000 2D, Photosensitive material Low

Conductive material, V low
Atomic $30,000 to $50,000 throughput/construction in parallel not possible V. Low
due to topological differences on the atomic scale

V low throughput/construction in parallel not

Atomic $30,000 to $50,000 possible due to topological differences on the V. Low
atomic scale
=TT T T = R e e e S e S e R R e 1
Crystalline structures greatly limit design
45nm £150,000 s, z Hi
J flexibility, low resolution gh :
|
Ili imi i
SO0 I £150,000 Crystalline structures greatly limit design High I

flexibility, low resolution




University of Huddersfield

Accelerator Research Group

Conventional nanofabrication techniques
Technique  [Resoton Jost  Jumitaos [Thoughpit
2D,

1S5nm $30 million - _ High
Photosensitive material
2D,
20nm $50,000 Photosensitive material, High

Limits in design

4nm $2000000 2D, Photosensitive material : Low
Conductive material, V low '
Atomic $30,000 to $50,000 throughput/construction in parallel not possible 1| V. Low
due to topological differences on the atomic scale |
|
V low throughput/construction in parallel not |
Atomic $30,000 to $50,000 possible due to topological differences on the | V. Low
atomic scale |
45nm £150.000 Crystalline sfcrgFtures greatly I‘imit design High
flexibility, low resolution
y : imit desi
50nm £150.000 Crystalline structures greatly limit design High

flexibility, low resolution

Other technologies exist for resolution > 50nm i.e. roll-to-roll, etc
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The Double Life 0

DNA

Aln nature DNA
carries information

AEncoded in the
sequence of four

nucleotides, or
bases: ACGT

ASpecific base pairi
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A Uniguesynthetic biologyapproach to scalable
manufacturing of these metamaterials

/staple DNA strands
\ folded DNA origami
4 U4 | s _——
= = — S ——
) C
5 =
‘ {
Short oligonucleotides Unique addressable
scaffold DNA strand 20 bp points on board

(M13mp18 bacteriophage virus)

>7,000 base pairs (bp)
No repeated 10 bp series
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ommercial EM solve

Periodic BC model infinit
Incident plane waves
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