Photonic crystals as novel radiators
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Some limitations of conventional radiators

A For identification of particles with momenta in GeV/c range:

A Dearth of materials to cover the full momentum range 1-10 GeV/c

limited set includes Quartz (n~1.47) , aerogel (n~1.03)

A Above 10 GeV/c, long gas radiators are used (n ~ 1.0013 or lower); thin radiators are desirable

A Electron-pion discrimination difficult for momenta above a few GeV/c

A Dielectric materials with n > ~ 1.8 not suitable:
A Saturated Cherenkov angles for most of the momentum range

A Photon trapped inside due to total internal reflection at the boundary with ambient air/gas
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Radiator limitation in LHCb

Particle momentum
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Large number of particles in low momentum range
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A Aerogel was used in RUN1 , but was removed in 2015

A lllustration using-HChupgrade configuration
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Example of PID performance

Real data

C4 |:10

100 [ — Red: Kaon effigiency
LT e T e Blue: Pion mis|D
- + H ++,r+++++ Dark Green: Proton misiD
80 _— +++ .|. +++H-+
i ++++ JrJrJrJr H
60— { ]lJ[ W
- H
o | Wﬁ
i "t
el
20— f Hﬂ}t H * HH} +
0 } —-r‘_——l____l“f‘-—*r—ﬂ-r—ﬂ—-l—'—1*-—-r~—’*~r*—**++++r”+?+++f+++ﬂ» +'\'+H+++H‘H++j L 1x10°
0 20 40 60 80 100 B
1 (= 1 N L [ = ~J 7\ J L [ hﬂgmentunl'] / “Aev'{(l: 7 f u dZY
Kaon :9.3GeV/c

Proton : 17.8 GeV/c



Radiator R&D

A One approach:

A Assemble materials to produce the desi

A Requires designing photonic crystals from transparent dielectrics

y//

A Photonic Crystals : 1d 2d 3d

A Typically made from two materials with different refractive indices, in alternating layers.

A The magnitude of layer thickness is similar to that of the photon wavelengths.

A Production of layers as thin as optical wavelengths, feasible in recent years.
This creates the current interest in using the crystals, as radiators

A This presentation:
A Concept and prospects for this approach
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Photon Production

Conventional Cherenkov Radiation: Smith-Purcell Radiation :
A Frank and Tamm theory A Particle travels near a diffraction grating
medium (K -
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Photon production from photonic crystal

APhoton production and propagation in a periodic st
This extends the Ginzburg and Frank theory on transition radiation.
A This results in a Iinear equation' E, H : electric and magnetic fields
e, m permittivity, permeability , J=cumé density
= z, r . directions along and normal to tlod the particle
3 3_
dD b %_ (f( r ) E( r ) = M/Om( r, wk : frequency, wave vector
e ¢C
To be solved using boundary conditions.
A Solution: Particle generates Bloch modes of the crystal which have the form:  E(r) exp% (k.rwt)
¢
A For a particle traversing a 1d photonic crystal along z :
Components of the wave vector for the modes
which transmit into air ; K, = wi k = WSin( )
; =T ] - K= q

charged particle

Here @g= effective Cherenkov angle at exit from crystal into air

1d photonic crystal

A Periodicity leads to coherent interference of electromagnetic waves in the air, from the various interfaces
Constructive interference  : Resonance Transition Radiation !

I



Resonance Transition Radiation

A From the solution, the energy radiated into air can be determined
A Involves integrating oveangular spectral energy density,

which is the distribution of radiation as a functionof ( . ( )
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A In this contextPoyntingvector: IS :% RE@QE H 0 wf:v:_f‘f‘.'.',".

A Typically use e, e, >>1. Hence conventional Cherenkov radiation
gets trapped inside due to total internal reflection :
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A Solutions for the 1d system are described in a recent paper: g §
fControlling Cherenkov angles with resonance transition radiationo , N /§
X.Lin, S.Easo, Y.Shen, H.Chen, B.Zhang,J.D.Joannopoulos,M.Soljacic,l.Kaminer , 20 %
Nature Physics 14, 816-821 (2018) ,-\\
also https://doi.org/10.1038/S41567-018-0138-4 Example of radiation field from | “

Resonance transition radiation
A Some inferences from this paper, in the following pages 30
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Forward configuration : example

charged particle
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A Constructive interference in the forward radiation: strong signal
A Destructive interference in the backward radiation: weak signal

Forward: g Increases with b6 =v;
Example configuration 1:

Overall thickness = 2 mm,= 10.6 Gab, &=2.1 (Si02)
Forward setup: 2800 periods with (214.3 nm+ 500nm)
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Example configuration 2:

Backward configuration: example
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A Destructive interference in the forward radiation: weak signal
A Constructive interference in the backward radiation: strong signal

Backward: g, =180 - g

Overall thickness = 2 mm,= 10.6 GaB, ~=2.1 (Si02)
Backward setup: 10200 periods with (117.3 nm+ 78.1nm)

, ggdecreases with b=



Results from different particle types

Forward configuration example

electron
~—— pion
——kaon
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Backward configuration example
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A The features are similar to those of conventional Cherenkov radiation

A Can be configured for different momentum ranges
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Another option

Existence of negative index of refraction, first proposed by Victor Veselago in 1968.
A Experimentally verified in 1999-2000, and gave rise to the creation of meta materials

Meta materials:

A Layer thickness smaller than the wavelengths considered

A Particlemns &Gesfefeddcti ve medi umdé instead of the at oms
A Normally made from resonant structure of metallic wires or nanomaterials

A They can also have positive refractive index.

Proposal to use meta materials as radiators for Cherenkov detectors :
AControlling Cherenkov rfogpdii atailo mewiatmatterarmad fsor mat i on
Ginis V. , Danckaet J, Veretennicoff |., Tassin P. Phys. Rev. Lett. 113, 167402 (2014).

. . . . . . info :
The meta materials suggested for this are made from highly anisotropic materials. N ackup pageS,
Effective refractive index near 1.0 along one axis and large values along other axes. paper listed on page 8
This | eads to Aphoton | osso at opt i c asignifitantly cpdueed.c i e
Hence, for now, the option to use meta materials is not pursued.
On the other hand, photonic crystals are made fro

hence the photon loss is minimal. So this option is pursued.
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Designing photonic crystals

A Normally a crystal may be designed for a specific momentum range of particles
It is envisaged to be used in forward or backward configuration, in a given momentum range
In principle, a crystal can even be designed for forward/backward in different momentum ranges

Forward configuration Backward configuration
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A For any design:
A Find materials with the appropriate refractive indices
A Optimize the layer thickness, number of layers etc.
A Optimize for optical/neatJV frequencies where the photon detectors are sensitive

A In general, numerical solutions needed using software frameworks: ﬁ FDTD (Finite Difference Time Domain)
COMSOL

A Proprietary software: A Analytical solution for 1d system
A Allows simulation and design of 1d photonic crystals
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Theory to Practice
U Production:

A Crystals need to be designed and produced
A This requires R&D

U 1d crystals:

A Can be produced in large scales
A Use techniques like optical lithography, 3d printing
A Some of these can attain
single nanometer precision in layer thickness
A Using some type of polymers, also seems to be an option for large areas

Zhurin et.al., J.Vac. Sci.Tech. A 18 , 37-41 (2000)
Ponting. M. et.al., Macromol. Symp. 294-1 , 19-32(2010)

Phys. Rev. E 72, 010902(2005)

U 2d crystals:

A Only produced in small scales so far. P
A Typically a periodic array of holes. They can be made thinner than 1d crystals el
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