Organic Scintillation Detectors
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Excitation in Organics
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e Orbital states result from delocalized pi-bonds

o Transition between orbital states can result in luminescence

(fluorescence, phosphoresence)
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https://en.wikipedia.org/wiki/Benzene#/media/File:Benzene_Representations.svg
https://commons.wikimedia.org/wiki/File:Stilbene_trans_structure.svg
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https://en.wikipedia.org/wiki/Terphenyl#/media/File:Para-terphenyl.png

Luminescence in Organics
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https://www.chem.uci.edu/~dmitryf/manuals/Fundamentals/Fluorescence%20Excitation%20and%20Emission%20Fundamentals.pdf

Luminescence in Organics
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Courtesy K. Vetter, NE204 2013

e Organic scintillator radiation detectors based on fluorescence
o Phosphorescent component too slow for traditional pulse-mode
operation
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Organic Scintillators: Fundamental Processes

e Components needed for a organic-scintillation based radiation

detector

o Molecular energy states to convert energy deposition to
scintillation
m Favor radiative emission
m Consider population of states & interaction of excited

molecules — PSD

o Efficient transfer of energy deposited via ionizing radiation to

scintillation photons

I NE 204 - Advance Concepts in Radiation Detection
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Composition of Organic Scintillators

e Origin of scintillation mechanism — flexibility in scintillator
materials
o Does NOT require a pure crystalline structure

e Solid organic scintillators

o Crystalline organics e.g. anthracene or stilbene
o Plastics (scintillating dyes suspended in polymer)

e Liquid scintillators
o Scintillating dyes suspended in organic solvents

LLNL Stilbene Crystal Elien plastics Scintimax Lig. Scint.

' NE 204 - Advance Concepts in Radiation Detection
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https://eljentechnology.com/products/plastic-scintillators
https://www.llnl.gov/news/lab-technology-helps-companies-win-tibbetts-awards
http://www.scintimax.com/liquid-scintillators/

Composition of Organic Scintillators

Classification of Organic scintillators based on number/type of
scintillating compounds they contain

Unitary compounds e.g. pure monocrystals like anthracene
or stilbene

Binary compounds: inclusion of scintillating compound in

organic solvent or polymer matrix

o p-terphenyl in liquid solvents like xylene or toluene

o p-terphenyl in styrene or PVT solvents — polymerization
Ternary compounds: binary compounds that include a
secondary solute (e.g. wavelength shifters)

o E.g. 2,5-Diphenyloxazole (PPO)

lonizing radiation deposits energy in solute, emission from solvent -
Efficient energy transfer required

| NE 204 - Advance Concepts in Radiation Detection
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nght Output

e Characteristics of light output depend on energy and dE/dx of
deposition by charged particle

o Scintillation efficiency (photons / MeV)

m Total light liberated per deposited energy
m Strong dE/dX dependence (type and density of excitation along track)
m Typically degrades with increasing dE/dX

o Timing characteristics of light curve

Fraction of prompt / delayed components of fluorescence also depends on

dE/dX
Basis for particle identification based on timing characteristics of signal

shape: PSD
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Light Output

e Characteristics of light output depend on energy and dE/dx of
deposition by charged particle

o Scintillation efficiency (photons / MeV)

m Total light liberated per deposited energy
m Strong dE/dX dependence (type and density of excitation along track)
m Typically degrades with increasing dE/dX

o Timing characteristics of light curve
m Fraction of prompt / delayed components of fluorescence also depends on

dE/dX
m Basis for particle identification based on timing characteristics of signal

shape: PSD
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Scintillation Efficiency in Organic Scintillators
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http://neutron.physics.ucsb.edu/docs/scintillation_presentation_info.pdf
http://shop-pdp.net/efhtml/nim_007_1960_189-192_gooding.pdf

Light Output: MeV__

e Convert measured “energy” to energy deposited depending on
particle type

e Some calibration models:
o Ep = recoil proton energy, E__ = energy associated with light

EJM :WBQBE; +0.1424F,. — 0.0362  Pozzi et. al. 2004

EPechelor = 0,028 EZ, + 0.215E,. Batchelor et. al. 1961

104
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https://www.sciencedirect.com/science/article/pii/S0168900204001342
https://www.sciencedirect.com/science/article/pii/0029554X61901719
https://www.sciencedirect.com/science/article/pii/S0168900216310361

Light Output

e Characteristics of light output depend on energy and dE/dx of
deposition by charged particle

o Scintillation efficiency (photons / MeV)

m Total light liberated per deposited energy
m Strong dE/dX dependence (type and density of excitation along track)
m Typically degrades with increasing dE/dX

o Timing characteristics of light curve
m Fraction of prompt / delayed components of fluorescence also depends on

dE/dX
m Basis for particle identification based on timing characteristics of signal

shape: PSD
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Timing Components of Light Output

' H Jablonski Energy Diagram
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Delayed Fluorescence and Quenching

e Key points
o Initial Singlet/Triplet population depends on density of states
o Delayed fluorescence has same emission spectrum as prompt

fluorescence, just delayed by triplet-annihilation process

m Intensity of delayed fluorescence depends on concentration & diffusion of
triplet excitons

m T[riplet & Singlet quenching processes have different dependence on dE/dx
(triplet quenching less sensitive)

e Relative integrated intensities of prompt/delayed components

therefore depends on dE/dx, thus particle type
o Basis for particle identification via PSD

I NE 204 - Advance Concepts in Radiation Detection
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Pulse Shape Discrimination in Organic

Scintillators

e We will focus on n,y discrimination (cf. lectures from Drs.
Marleau & Brubaker for motivation)
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https://dnng.engin.umich.edu/research/research-projects/pulse-shape-analysis-pulse-shape-discrimination/

PSD Methods

e [ntegration windows applied to voltage signal
o E.g. Prompt-to-tail or Tail-to-total ratio

e Risetime of integrated signal

e Pulse shape analysis

o Template matching
o Decomposition

I NE 204 - Advance Concepts in Radiation Detection
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PSD Methods

e [ntegration windows applied to voltage signal
o E.g. PSD metric = Prompt-to-tail or Tail-to-total ratio
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PSD Methods

e Risetime of integrated signal

I 1 T T T T electron
104 e elecirons = = ol £
recoil protons -
w
103 § 0:8 N-recoil proton
X <
@ 0.6
c o
2 10 @
= -
= 204
10' g
£0.2 :
1 1 I 1 | 1 |
5} 200 400 600 o 1 1 ! ]

100 200 300 400

Time (nsec)

Time (nsec)

| Derive PSD metric based on
1 timing of integrated signal (e.g.

1t ./t or t90/t

70 ™10 50)

Amplitude [a.u.]

Time [ns] K. Vetter/P. Marleau NE204 2013

I NE 204 - Advance Concepts in Radiation Detection
Fall 2018 © 2018 Ross BarnowskKi 18



PSD Methods

e Pulse shape analysis

o Template matching, e.g. Gatti & Martini method
Starts by leading edge

Integrate the entire pulse with a
suitable weight

s=[. p(t)w(t)dr

The optimal weight can be shown to be
w(t)=(n(t)=y(t)/(n(t)+y(t)) e g

COUNTS PER
CHANNEL

E. Gatti, F. de Martini, in: Nuclear Electronics, Proceedings of International 1 e
Conference at Belgrade, Vol. II, IAEA, Vienna, 1962, p. 265.
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https://www.osti.gov/biblio/4833473

PSD Plot

e 2D frequency distribution of PSD values vs. energy
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2D plot of Energy versus PSD using an AmBe source at 2 kcounts/s; the two lobes of
the neutrons and gammas are well separated. The data were acquired at Duke
University (TUNL).

Image courtesy CAEN digitizer webpage
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http://www.caen.it/csite/DisplaySupportData.jsp?Type=News&Id=40

Quantifying PSD

e Evaluate PSD performance vs. MeV__ with Figure Of Merit
(FOM)

S

FOM = Equation 1
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5 0.7
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Figure 1: Definition of the FOM for gamma ray-neutron separation based on PSD (adapted from Figure 1,
“Pulse Shape Discrimination in Impure and Mixed Single-Crystal Organic Scintillators,” N. Zaitseva et al.,
2011, IEEE Transactions on Nuclear Science, 58:6, p. 3411).
Images from this nice overview from PNNL
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https://www.pnnl.gov/main/publications/external/technical_reports/PNNL-21609.pdf

Aside: n,y PSD with Elpasolites

e Elpasolites: new(ish) type of inorganic scintillator

o Commercially “available” examples: CLLB(Ce), CLYC(Ce)
o Some exhibit excellent PSD capabilities, e.g. CLYC:

m Based on variations in scintillation mechanisms
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https://arxiv.org/pdf/1608.08696.pdf
https://www.dynasil.com/assets/CLYC-Properties-5-10-16.pdf

Loaded Organics

e Can “load” liquid & plastic scintillators with certain elements to

add or enhance certain capabilities

o Load with high concentrations of dyes to enhance PSD
capabilities (e.g. PSD plastics)

o Load with high-Z (Pb, Tin) to enhance PE-abs. for low energy

gamma-ray spectroscopy
o Load with °B or °Li to enhance thermal neutron sensitivity

I NE 204 - Advance Concepts in Radiation Detection
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Example: High-Z loaded Plastics

e Example dopants: Sn, PDb,
Bi, Gd

e Enhance PE absorption
probability for low-energy g
gamma-rays
o Potentially even get

57¢o 10mm  NE 140

° WITHOUT Cu ABSORBER

full-energy peaks! 3| . S
e Tradeoff: Scintillation eff.
tends to decrease with \
increasing wt% high-Z 5 = i
material b i L non i g
e Commercially available (e.g. b e
EJ-256) T et al ters
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https://www.researchgate.net/publication/3144250_Tin_and_Lead_Loaded_Plastic_Scintillators_for_Low_Energy_Gamma-Ray_Detection_with_Particular_Application_to_High_Rate_Detection

Example: Li-Loaded Plastics

e Load plastic with Li to enhance response to thermal neutrons

500 | PVT — no Li _| %Li-pivalate: 20 30 35
2% PPO — 0.65 Wt%Li %Li: 1.30 194 227
400 — 1.30 Wt%Li —
— 1.94 Wt%Li
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Images from Cherepy et. al.
2018 (N.B. Bi-loaded plastics
also discussed in this paper)
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https://www.sciencedirect.com/science/article/pii/S0168900215000261?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168900215000261?via%3Dihub

Example: PSD-Enhanced Plastics

e Increased dye-loading to enhance PSD capabilities

PPO concentration (wt.%)
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https://www.sciencedirect.com/science/article/pii/S0168900211021395
https://www.sciencedirect.com/science/article/pii/S0168900211021395

Organic Scintillator Sources

e One advantage of organic scintillators is that they tend to be
relatively cheap

e Some providers (with links to their product pages) include:
o Eljen, St. Gobain, Scintimax, etc.
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https://eljentechnology.com/products
https://www.crystals.saint-gobain.com/products/organic-scintillation-materials
http://www.scintimax.com/products-and-services-1/

