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Introduction
Water-based liquid scintillator (WbLS) a new material under development
I Favorable Cherenkov/scintillation ratio
I Scalable

May see deployments in upcoming neutrino detectors
I Neutrino Experiment One (NEO)
I ANNIE
I Theia

Proton light yield studies of myriad interest
I Background rejection for inverse beta decay (IBD)
I Quenching mechanisms
I Supernova studies via νp-scattering

Ed Callaghan WbLS PLY May 26, 2021 2 / 13



Introduction - fast neutron background

Established antineutrino signal emanates from nuclear reactors

Upcoming NEO detector at AIT will be sensitive
to reactor-ν IBD events

“Fast” neutrons (∼ 10 MeV) from surrounding rock
form coincidence background

Using water-based liquid scintillator, could distinguish
signal from background — but need to know what
protons “look like”
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Technical approach
“Double time-of-flight” method: Pulsed D beam on Be target
I PID-capable secondary detectors
I Brown et al, J. Appl. Phys. 124 (2018)

Protons excited via n-p elastic scattering
internal to measurement sample

Two measures of neutron energy
I Before/after scattering
I Enforce beam-neutron hypothesis

Charge collected in photomultiplier tube (PMT) used as proxy for light

Two samples measured: LAB + 2 g/L PPO and 5% WbLS (from Yeh et al, BNL)
I Existing LABPPO measurement: von Krosig et al, Euro. Jour. Phys. C 73 (2013)
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Technical approach

Incoming TOF

Outgoing TOF

Timing calibrations

PID in aux. det.

Charge calibration

PMT nonlinear-
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Nominal charge values
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Relative light yield

γ selection

n selection
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Blind approach: present analysis developed on 20% of data
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Technical approach - PMT linearization
Simultaneous measurement over broad energy range

PMT readout known to deviate from linear scaling
(twice as many photons < twice as much charge)

Degenerate with nonlinearity in light yield scaling

Desired: correcting function R−1 mapping digitizer readout to idealized readout from linear
system

Method: Pulse two LEDs, both independently and in coincidence, to measure deviation from
linear response
I Friend et al, NIM A, 676 (2012)
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VOLTAGE-DIVIDER CIRCUITS
Interstage voltages for the dynodes of a photomultiplier tube are 
usually supplied by voltage-divider circuits consisting of series-
connected resistors. Schematic diagrams of typical voltage-div-
ider circuits are illustrated in Figure 20. Circuit (a) is a basic ar-
rangement (DC output) and (b) is for pulse operations. Figure 21 
shows the relation between the incident light level and the output 
current of a photomultiplier tube using the voltage-divider circuit 
of figure 20. Deviation from ideal linearity occurs at a certain inci-
dent level (region B). This is caused by an increase in dynode 
voltage due to the redistribution of the voltage loss between the 
last few stages, resulting in an apparent increase in sensitivity. 
As the input light level is increased, the anode output current be-
gins to saturate near the value of the current flowing through the 
voltage divider (region C). To prevent this problem, it is recom-
mended that the voltage-divider current be maintained at least at 
20 times the average anode output current required from the 
photomultiplier tube.

GROUND POLARITY AND HA COATING
The general technique used for voltage-divider circuits is to 
ground the anode with a high negative voltage applied to the 
cathode, as shown in Figure 20. This scheme facilitates the con-
nection of such circuits as ammeters or current-to-voltage con-
version operational amplifiers to the photomultiplier tube. How-
ever, when a grounded anode configuration is used, bringing a 
grounded metallic holder or magnetic shield case near the bulb 
of the tube can cause electrons to strike the inner bulb wall, re-
sulting in the generation of noise. Also, in head-on type photo-
multiplier tubes, if the faceplate or bulb near the photocathode is 
grounded, the slight conductivity of the glass material causes a 
current to flow between the photocathode (which has a high 
negative potential) and ground. This may cause significant dete-
rioration of the photocathode. For this reason, extreme care is 
required when designing housings for photomultiplier tubes and 
when using electrostatic or magnetic shield cases. 
.In addition, when using foam rubber or similar material to mount 
the tube in its housing, it is essential that material having suffi-
ciently good insulation properties be used. This problem can be 
solved by applying a black conductive coat around the bulb, con-
necting it to the cathode potential and covering the bulb with a 
protective film. This is called an "HA Coating" (see Figure 23).

Generally high output current is required in pulsed light applica-
tions. In order to maintain dynode potentials at a constant value 
during pulse durations and obtain high peak currents, capacitors 
are placed in parallel with the divider resistors as shown in Fig-
ure 20 (b). The capacitor values depend on the output charge. 
When the output linearity versus input pulsed light needs to be 
better than 1 %, the capacitor value should be at least 100 times 
the photomultiplier output charge per pulse. If the peak output 
current (amperes) is I, the pulse width (seconds) t, and the vol-
tage across the capacitor (volts) V, then the capacitor value C 
should be as follows:

In high energy physics applications where a high pulse output is 
required, output saturation will occur at a certain level as the in-
cident light is increased while the interstage voltage is kept 
fixed,. This is caused by an increase in electron density between 
the electrodes, causing space charge effects which disturb the 
electron current flow. As a corrective measure to overcome 
these space charge effects, the voltage applied to the last few 
stages, where the electron density becomes high, should be set 
to a higher value than the standard voltage distribution so that 
the voltage gradient between those electrodes is enhanced. For 
this purpose, a so-called tapered divider circuit (Figure 22) is of-
ten employed. Use of this tapered divider circuit improves pulse 
linearity 5 to 10 times better than in normal divider circuits.
Hamamatsu provides a variety of socket assemblies incorporat-
ing voltage-divider circuits. They are compact, rugged, light-
weight and carefully engineered to obtain the maximum perfor-
mance of a photomultiplier tube with just a simple connection.
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Figure 19: Time Response Characteristics vs. Supply Voltage

Figure 20: Schematic Diagrams of Voltage-Divider Circuits

Figure 22: Typical Tapered Divider Circuit

Figure 21: Output Characteristics of PMT Using Voltage-
                  Divider Circuit of figure 20
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Technical approach - PMT linearization
Method: Vary the amplitude of one pulse to measure over full range

Postulate that R or R−1 is polynomic

Minimize gross deviation from linearity:
∑(

R−1(A1+2)−R−1(A1)−R−1(A2)
σ2

)
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The Pulse Train We're after
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Technical approach - Charge calibration
Calibrate PMT charge by fitting to Compton edge of γ source

Model:
I Monte Carlo energy depositions dN

dE expressed numerically
I Locally linear charge model Q (E ) = QC + α (E − EC )
I Power law background B (Q) ∝ Q−n

dN
dQ = G (σ)⊗ dN

dQ + B (Q)
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Caesium source

0.5

1.0

1.5
Co

un
ts

×104

MC
Data

1500 1750 2000 2250 2500 2750 3000
Charge [adc]

0.5
0.0
0.5

Re
sid

ua
l ×103

LABPPO
QC ≈ 2502 adc
χ2/ndf ≈ 122/45

PRELIMINARY
1

2

3

4

Co
un

ts

×104

MC
Data

1500 2000 2500 3000
Charge [adc]

0.5
0.0
0.5

Re
sid

ua
l ×103

WbLS
QC ≈ 2078 adc
χ2/ndf ≈ 30.4/45

PRELIMINARY

Ed Callaghan WbLS PLY May 26, 2021 8 / 13



Technical approach
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Technical approach - Timing calibration
Incoming TOF

Charge/time cuts to isolate γ peak
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Outgoing TOF
PSD in secondary detector to select γs
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Technical approach
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Light yield results
Proton recoil selection achieved by PSD-selecting on neutrons in secondary detectors
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Conclusion

I Proton light yield data acquired using 88-Inch cyclotron
I PMT nonlinearity characterized over measurement range
I Next: investigate compatibility with quenching models
I Finalizing LY results for publication
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