Lithium-Doped PSD-Capable Liquid Scintillator for the PROSPECT Experiment
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PROSPECT Motivation: multiple experimental anomalies PRGSPECT-
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Experimental Goals and Strategy PRESPECET-

Antineutrino
_Detector |

1. Search for short-baseline sterile-neutrino ’

oscillations independent of reactor models g e
2. Measure antineutrino spectrum due to 235U =T |
3. Demonstrate near-field surface operation

Experimental Strategy:
® Compact HEU reactor (HFIR at ORNL)

* $| j-doped liquid scintillator provides HFIR Core
unigue compact tag and light yield

g 0065_ —— Null oscillation
e Segmented detector localizes events and - —— Baseline 1
. . - —— Baseline 2
supports background rejection oo e
: . 7/ —— Baseline 4
* Measure high-resolution spectra at "  meie
range of baselines (currently 6.5-9m) 003F- \  — Baseline 6
® Search for characteristic relative spectral 0oL \
distortions within detector volume 001 illustration of baseline N\
-, dependent oscillation
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Ambient Backgrounds PRSPECY-

Electron-like event rate in detector Local shield against pool wall
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e Shortest baselines at HFIR imply in-building operation
- high time-dependent gamma rates (in some locations approaching 5 mrem/hr)
- time and spatially varying thermal neutron fields

- only facility overburden concrete roof (<1 mwe), atmospheric neutron interactions
highly significant

e Design for background rejection (Liquid Scintillator is key)
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Design Overview PRSPECT-

hydrogenous
shielding
e Single 4,000 L ¢Li-loaded liquid modest (1 70
scintillator (3,000 L fiducial volume) [ —— |
e 11 x 14 (154) array of optically 2000000000000,
separated segments t
3666666 ITNGEG
* Very low mass separators (1.5 mm thick) t;mgl‘?:ts“ce |
- Corner support rods allow for full in 10000000 HBOV ) el

situ calibration access

e Double ended PMT readout
- High light collection
- Full X,Y.Z event reconstruction

* Optimized shielding to reduce R
cosmogenic and local backgrounds CALIBRATION ACCESS
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Unique $Li Loaded Liquid Scintillator PR@@PE&

® Compact, segmented detector needs a Event topology Bt Ve+p— g +n
capture signal that is highly localized,

Lithium-6 neutron capture daughter —
nuclei fit the bill! Ve

Also gives even efficiency, and good
prompt-delayed distance definition

® R&D program led to 0.07% ¢LiLS loaded
liquid scintillator, meets all requirements.

capture time long compared to scattering physics,
short compared to accidental rate.

= High light yield (~8200ph/MeV) for energy resolution

- Particle ID through pulse-shape discrimination (PSD) 6Li loading via Reverse micelles:
- Surfactants added to base liquid scintillator

Long term stability, material compatibility, * Dynamically stable

nonflammable - relatively high loading possible > 0.1%
 minimal reduction in light yield
- minimal reduction of PSD performance
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Unique IBD Signature PR@SPECK-
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Background Rejection PRESPECET-
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* Detector design further optimized for background

rejection Comlﬁgg
* A sequence of cuts leveraging spatial and timing - Shower veto
characteristics of an IBD yields > 104 background - Event topology

suppression and signal to background of > 1:1. - Fiducialization

¢ Rate and shape of residual IBD-like background can be
measured during multiple interlaced reactor-off
periods.
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Liquid Scintillator Production PRESPECET-

e Liquid scintillator developed for PROSPECT is composed of EJ-309 liquid scintillator, a nonionic

surfactant and °LiCL. Total loading 0.07% Li by mass
e 2,5-diphenyloxazole (PPO)

e 1,4-bis(2- methylstyryl) benzene (bis-MSB)

o di-isopropylnaphthalene (DIN)-based scintillator (EJ-309)

o Surfactant: ether-based glycol

o 10 M 6LiC
 QA/QC performed on all raw EJ309 stock (absorbance between 200 and 1,000 nm)

e Roughly 5,000 L produced in 90 L batches over 9 months

90 L double wall S
reaction vessel

/

Formation of
B thermodynamic micellular
mico-emulsion

Purification of raw
materials (thin film
vacuum distillation of by
manufacturer)

Addition of LiCl

Mixin f raw materials
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PROSPECT LS Production at BNL PR@ﬁPE&

E0'028:
o 0026 Absorbance at 420 nm
59 batches were produced. The QA/ ﬁgg;‘: ‘
QC program compared several : o.ozi;/
metrics to the performance of a well SO
characterized prototype (P50) /gﬁf :
o Optical transparency (UV), rejected ﬁ
. - 0.006 |5
e Light Yield (LY) 900 A S I -
e Pulse-Shape-Discrimination (PSD) = )
=) ; 4 ++++ +++ Jf++++++++Jr +++++++++++++ G4t
< E + 4y + 4
Variation in initial batches 3 E
attributed to oxygen 2. Elaataaans:
contamination of EJ309 base, . PSD FOM
manufacturing process NN EE TR T RN T RUEETRUT T T EUT T NUNRNUTRTRRTNNRRRNURRNREN
improved Batch
5'E
Overall, excellent consistency = =, L -4 AT R U T
demonstrated, with observable o =R et S T
improvements due to raw e = T S
materials later in production L '“'t'alrelat'veL'ghtY'eld
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LiCl Preparation PRSPECYK-

Doped 0.07% by mass with ¢Li

Accomplished using surfactant and 10 M solution of lithium chloride.
Purification removes anionic
complex FeCls- that cause

Process involves drying, dissolution, filtration, and purification yellowing, Uranium and
daughters characterized,

LiCl solution produced from ~95% enriched lithium carbonate

2HCL + Li2CO3 = 2LiCl + H20 + CO,T (gas evolution)

Mass spectrometry measurements give the precise 6Li/’Li isotopic - Bio-Rad AG 1-X&. 100-200
ratio and ¢Li concentration in the final solution. mesh anion :
exchange resin in chloride
% form

UV-Vis used for additional QA/QC.
Material shipped to BNL for addition to LS

105
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100

95 P

90
|_
X

85

Fraction thtough column
80 /

5y Pre-column material

70
260 290 321 351 382 413 441 472 502 533
Wavelength / nm
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Doping and Performance

PRRSPECT,

1.60
General trends observed in analogous system g 1.55-
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Micro-emulsion Stability PR@SPECK-

* True Micro-emulsions are thermodynamically stable.
* Uniformly distribute Li throughout the scintillator

*  However, challenging to visually separate micro emulsions and emulsions (which separate over time)

Gradually adding aqueous LiCl
to the PROSPECT scintillant
identifies turbid phase
boundaries

First clear phase (microemulsion): * Boundaries of stable phases

0.035 to 0.15% 6Li mass fraction confirmed using centrifugation
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Micro-emulsion Stability PR@{SPEC&;

Micelle size (H.D.) vs lithium percent * nanometer-scale reverse micelles

scatter light strongly

15 : .
£ : ' » Dynamic light scattering gives a
£ . : o measure of the size and
8 . A T T polydispersity (size distribution) of
T o b reverse micelles in Li-loaded

f ; PROSPECT scintillant
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Lithium Percent y=330.47R>2:;é095é§2x+17.727 ° PROSPECT LS |$ near the mlddle
| of the range.

Micelle size dispersion (P.l.) vs lithium percent

. * Indicates well formed
. : ; thermodynamically stable reverse-
N R micelles: long term stability
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Material Compatibility

PRESPECT;

Extensive material compatibility campaign carried out

60+ materials tested for effect on loaded liquid scintillator.

PLA tested for material properties after scintillator exposure

e Samples carefully cleaned and sent to multiple insitutions
e Soaked for up to several months in LS
e Absorbance compared to reference samples via UV - Vis

All materials in direct contact with liquid scintillator qualified at multiple institutions.
Long term monitoring plan implemented at Le Moyne
Operation of various prototypes (e.g. P50X) validate final materials choice.

0.10
|
os Absorbance comparison for ~ — seck 040317
 various materials in contact A assy
with LS after 41 days — Cie 0410317
—— Durafilm 04/03/17
Weldon_42 04/03/17
% 0.04
é 0.02
0.00
-0.02 e
————— Printed PLA pinwheel in sample jar
400 500 600 700 800 900 1000
Wavelength (nm)
P.Mumm, NIST 15 PROSPECT Collaboration Meeting, 9/22/2016



Oxygen Quenching PR@éPE(ﬁ;

Notable oxygen quenching effects observed
multiple time constants; short term effect partially recoverable
e Samples sparged at 30 ml/min dry N2 for 30 min prior to QA/QA measurements

e Final LS premixed in single volume and sparged with boil-off N2 prior to filling PROSPECT
* Cover gas of boil-off N2 maintained throughout

m1.16— 3 0.03¢ LiLS before air bubbling

< S . | N |

— ‘* o B LiLS after air bubbling (120 min)

(7) 1.14— 8 0.025 N — LiLS after air bubbling (120 min) followed by nitrogen purge (60 min)

3 £
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= B -

z - 0.015—
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() B L

1.08— —

=108 0.01—

IR Ly N

() - B

C 1.06|— g -
- L % 0.005
. i -

1.04— B

(1 | | | | N T | | | | 11 1 11 | | | | 11 1 11 | 1 1 1 11 1 1 .L | I | - 11 1 1 | 11 1 1
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Pulse Shape Discrimination PRSPECY-

Single segment PSD Full detector PSD

|
at capture peak
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* Excellent discrimination of gamma interactions, and nuclear recoils
* Well separated ¢Li-n capture peak

®* As dominant backgrounds are cosmogenic fast neutrons, reactor-related
gamma rays, and reactor thermal neutrons:

- Vast majority identified and rejected by Pulse Shape Discrimination for
Prompt and Delayed signals
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Reverse Micelles: Unique Capabilities PRESPECET-

Relative target mass heeded for gzoo ----------------------------------------------------------------- | »»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»»
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150
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Bad_ GTH PR |EFR [EFPo] [P 219Rn o
21.8 yrs ,B_ 18.68 days & 11.43 days & 3.96s @ 1.78 ms @ 36.1 min 50
215
C > PO o
ol . | 1

. . -500
® 227Ac added to LS prior to filling PRELIMINARY

®* Double alpha decay

(217Rn—215Po—211Pb), highly £ °°C pRELIMINARY |219RN—215Po—211Ph
localized, easy to ID, 1.78ms lifetime P + } H ) + { }

® Measured absolute z-position asf 14 } H H + i: ) +
resolution of < 5¢cm w3k H% ++ﬂ i jH

* Direct measurement of relative b | 6?3*)rpéfj;";}
target mass in each segment SO Ll
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Conclusions PR@{SPEC&;

e PROSPECT has demonstrated a high-performance Li doped liquid scintillator
critical to on-surface background rejection.

* |mprovements in raw materials and purification methods have (and will continue
to) led to higher performance.

o Better understanding of micelle behavior will allow tuning of micelle size to
Improve performance.

e Other applications for high light-yield PSD capable liquids
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