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Need for a UV photosensor to read out Cerenkov light from a
clear, dense crystal in a dual-readout homogeneous hadron
calorimeter (proposed for future e+e- collider)

Observation (M. Nayfeh, et al. at U of lllinois) that Si nanoparticles are
sensitive to UV light and also act as waveshifters, absorbing light in
the UV range and re-emitting it as visible light

CdTe nanoparticles under UV light ""




Development of clear, dense crystals (BGO, PWOQO, . . .)
-> Total-absorption calorimeter ~same volume as current detectors

-> Readout 2 sources of photons from 1 detector material
Cerenkov from fast, light particles -> e+ from EM showers

Scintillation from all charged particles -> EM and Hadronic showers

Dual-Readout advantage
-> C/S ratio is dependent on the em fraction of the visible energy

Use C/S to correct total E response -> much improved E
resolution




Scint over E vs Cher over Scint
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Note : for a visible fraction S/E,
fluctuations in C/S fraction > fluctuations
in visible E fraction in any C/S bin.

5, 10, 20, 50, 100 GeV pions

S/E slices in C/S bins
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S (e calibrated scintillator response)
-> em and had visible energy

C (e calibrated cerenkov response)
-> ~em part of shower

C/S ~ em fraction of visible energy

S/E = total fraction of energy seen
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gauss - gauss_1

20 GeV pion
o/E ~ 0.05

o/E ~0.09

Using C/S correction
-> 40%/VE to ~22%/VE

e

Calib Scint Hit ESum
B Cormrected E p2
- gauss

== gauss_1

P3 Corrected Pions

~22%/VE from fit

o/E ~0.08

Ch Corrected Scin ESum p3
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Separate, independent
measurements of the
Cerenkov and
Scintillator signals by
wavelength-sensitive
detectors
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More detector area required
for Cerenkov signal

v’ Large area
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Nanoparticle
Filrm

. - a) Dark response vs bias

200 300 400 500 600 b) 365 nm light response
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Bulk Si has a Band Gap of 1.1 eV
Si nanoparticle Band Gap is increased to ~3.4 eV
-> wavelength sensitivity into UV range (~250 nm)

Also, detected UV light shifted to
~650 nm (3 nm particles)
~450 nm (1 nm particles)

O.M. Nayfeh, et al, IEEE Photonics Technology Letters, Vol. 16, No. 8, August 2004




Nanoparticle samples under study:

-> ~non-reactive — material compatibility
-> wavelength-shifting properties

-> emission wavelength depends on
nanoparticle size

-> higher efficiency, intensity of emitted
light

-> fast response (~10 nsec emission time)
-> good energy resolution

-> tunable sensitivity

Wavelength (nm)

Quantum Confinement condition
—> higher energy gap, discrete spectral features, strong transitions
Leads to size dependence of emission




Quantum Confinement — condition when nanoparticle size is less than the
electron-hole distance (exciton Bohr radius) in semiconductor nanoparticles
- Few nm typically
- For metals, when density of states is sufficiently large ~ 2 nm for Au
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Uncoated Coated Coated-Flipped

— light through plastic film to SiPM

— light through nanoparticle
coating, then through plastic film to SiPM

— light through plastic
film, then nanoparticle coating to SiPM
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First test of Si nanoparticles — 5 nm steps from 250 nm -> 400 nm

-> note 3 nm nanoparticles emit at ~650 nm, not optimal for this SiPM




Normalized Signal
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Second test of Si nanoparticles — 5 nm steps from 150 nm -> 400 nm

-> peak in Coated response similar to photodiode response
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Test of UTA luminescent nanoparticles — 5 nm steps, 200 nm -> 400 nm

-> peaks at ~225 nm



Fast scintillators

Density (g/cm3) 7.40 6.71 4.54
Melting point (°C) 2050 1950 1980
Radiation Length (cm) 114 1.38 3.04

Moliére Radius (cm) 2.07 2.23

Interaction Length (cm) 20.9 22.2
Z value 64.8 57.9

dE/dX (MeV/cm) 9.55 8.88
Emission Peak? (nm) R

Refractive Index® 1.82

Relative Light Yield?<
Decay Time? (ns)

d(LY)/dT ¢ (%/°C)

From Ren-yuan Zhu, Caltech

Many crystals have a fast, UV component of light output
-> |f fast response is required, need a way to detect UV light from crystals




Find a binder (glue, grease) with refractive index matching that of the
desired wavelength from a crystal (Dow Corning PMX-200)

Find a nanoparticle additive that can be mixed with the binder to form
a coating on the crystal face that absorbs the desired wavelength light
(Cu-Cy nanopatrticles)

The matched refractive index allows the desired wavelength photons
to exit the crystal, the infused nanoparticles absorb the UV light,
wavelength-shifting it to an optimal visible wavelength

for detection by existing photosensors

Have developed a fast, UV-sensitive photodetector for

crystal scintillators without changing the photosensor
itself!

- Visible photon filtering as well?




3-pronged approach:

Testing Activities




Some new nanoparticles for future tests

Note large emission intensity out to limit of plot — 10 eV -> ~125 nm
-> Argon emission — LAr detectors DUNE, SBN

Emission at 425 nm good match for Hamamatsu SiPM
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Another App? - UV night vision

At night, ambient light is shifted to shorter wavelengths

Purkinje shift — enhanced sensitivity to short wavelengths during dark
adaptation (cone to rod vision dominance)

Demonstration of Purkinje Shift

Cone vision (day) Rod vision (night)




UV vision in Deer

LOW LIGHT (SCOTOPIC) ROD VISION

WHEN DEER SEE IN BLACK & WHITE THEY HAVE GREATER SENSITIVITY AND DETAIL

Ungulate Rod Photoreceptor
Shaded area shows Sensitivity (Deer etc.)

sensitlvity of game Game Animal More sensitive than humans
animals to UV Rod Sensitivity because of physical differences

that is invisible (Black & White) in the eye. Peak at 496 nm.
to humans

Blocked by
. UV Filter ~==Blaze Orange
01 — 605 nm.

Game Animal

Rod photoreceptor
is sensitive to

UV spectrum

= yellow je
m—— ) |traviolet Light =#=| <= Spectrum of L'ivght Visible to Humans - | = Infrared =——
-+— Visible to Game Animals I
e \/isiDlE@ tO Birds |

THE COLOR SPECTRUM HELPS ILLUSTRATE RELATIVE BRIGHTNESS OF DIFFERENT
WAVELENGHTS, BUT LOW LIGHT VISION IS BLACK AND WHITE FOR BOTH HUMANS AND DEER.




Comparison of Human, Deer vision
HOW GAME ANIMALS SEE & SMELL

COLORS APPEAR DIFFERENT TO DEER.
UV BRIGHTENERS ARE MORE PROMINENT THAN COLORS.

Human Vision (Foveal)

Relative
Sensitivity
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diminished by
UV filter below

Human vision Is
450 nm.

Deer Vision (Daylight)
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700 nm and allows discrimination

between long wavelengths.

Relative
Sensitivity
o8 8883

400 450 500

high well below the 440 nm

Deer sensitivity remains
limit of human vision,

Deer are near peak of sensitivity at
430-440 nm where most Laundry
Brighteners fluoresce and the
color is seen as bright blue.
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Lack of red cone drops senslitivity for
Blaze Orange (605 nm) below Deer

sensitivity to VU,

At 605 nm Deer sensitivity is far
below peak. The color is seen as
dull yellow and blends in with green,
yellow, red and brown all

appear as yellow.

Humans optimal wavelength
— blaze orange color using 3
cones

Deer optimal wavelength in
daylight — laundry detergent
brighteners!




Nanoparticles are sensitive to UV light in a wavelength range where
the human eye is blind

Use nanoparticles to detect UV light in the wavelength range < 400
nm (below cutoff of human detection)

Then, by optimizing nanoparticle size, can get re-emission at the
peak of human (rod) sensitivity (~500 nm)

Can imagine glasses/contact lenses infused with nanoparticles that
can be worn at night aiding in total vision sensitivity




Catalog of nanoparticle coatings with performance parameters

Optimized nanoparticle/base transition coatings for UV light extraction and
wavelength-shifting from crystal scintillators and glasses (Cerenkov light)

Thin, UV-sensitive photodiodes optimized by wavelength

-> Development of new class of UV-sensitive photodetectors
using nanoparticles




