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Abstract

A Time Correlated Single Photon Counting (TCSPC) system was developed to measure the energy-
dependent temporal response of organic scintillators to neutron and γ-ray irradiation. This novel
rendition of the canonical TCSPC setup was designed to minimize the primary contributors to the
temporal uncertainty in a TCSPC measurement. Three factors were identified as major contributors
to the temporal uncertainty of the system: the temporal resolution of the single photon counter, the
ability of the system to determine the beginning of any given scintillation pulse, and uncertainties
arising from the geometry of the scintillators. Efforts to minimize these sources of uncertainty will
be discussed.

1 Introduction

When radiation is incident on a scintillator it transfers energy to the base by ionizing or exciting
electrons. The heavier the particle, the greater this ionization and excitation density is, and the
greater the density of ionization and excitation the greater the effect of ionization quenching.
This ionization quenching leads to differences in pulse shape based off the mass and energy of
the incident radiation. However, this phenomenon is not well represented in commonly available
models of scintillation pulse shape of organic scintillators [1].

Several models exist that look to describe the scintillation pulse shape of organic scintilla-
tors [2] [3] [4] [5]. However, each model fails to accurately reflect pulse shapes under certain condi-
tions. For instance, the Birks model fails to describe proton light yield over a broad energy range,
and the Voltz et al. model of scintillation fails to account for the delayed scintillation component’s
dependency on ionization density [1]. Thus these commonly used specific luminescence models are
not empirically reflecting the scintillation process in organic scintillators. There does not exist a
reliable physics-based scintillation model in the literature [6]. In order to push forward modeling
of organic scintillator response, energy dependent, high temporal resolution measurements of the
scintillator pulse shape are necessary.

The precise measurement of scintillators timing properties are needed to provide a better un-
derstanding of the scintillation mechanism. For applications, it is required to calculate the best
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coincidence time resolution achievable by a given material [7], or can be a needed input to image
reconstruction algorithms in single volume detectors [8]. Most organic scintillators have rise times
estimated to be faster than 1 ns and decay times on the order of nanoseconds to tens of nanosec-
onds. In order to capture the temporal response of faster scintillators for which the rise time of
the PMT is slower or of the same order of magnitude as our quantity of interest, direct coupling to
a PMT is insufficient. A new method must be employed, Time correlated single photon counting
(TCSPC) allows the temporal response of fast scintillators to be captured with high resolution.

The temporal response of fast organic scintillators is lacking from the literature and where rise
and decay times are available they are often cited without reference to uncertainty nor collection
method. This lack inhibits the use of these fast organic scintillators in applications where an
accurate temporal response would be a fundamental input for modeling of the system or likelihood
reconstruction, such as applications in arms control, nonproliferation, medical imaging, and meta-
materials development.

This paper will review efforts to modernize the canonical TCSPC example from Bollinger and
Thomas [9], the characterization of the temporal uncertainty of this modernized TCSPC setup,
and conclude with some thoughts on future work and potential applications.

2 Experimental Setup

TCSPC methods can be used to reconstruct the temporal response of scintillators with high tem-
poral resolution. The basic theory behind TCSPC methods is that the shape of the scintillation
pulse can be reconstructed by taking the time difference between the excitation of the scintillator
and the emission of a single photon from that scintillation event.

In the example from Bollinger and Thomas [9], a closely coupled PMT is used to determine the
time corresponding to the beginning of the scintillation event. A loosely coupled PMT provides a
stop signal, receiving an average of less than 0.5 photons per scintillation event. The probability
of that single photon occurring at a given time during the scintillation event is proportional to the
intensity of the light output at that time. The setup captures less than one single photon at the
stop detector per scintillation pulse, to take advantage of this probability as well as to enhance the
dynamic range of the system by several order of magnitude.

Therefore by taking the difference between the beginning of a scintillation event, and the obser-
vation of a single photon at the stop detector over the course of several hundred thousand events,
a reconstruction of the scintillator pulse shape can be created with high temporal resolution. A
diagram of Bollinger and Thomas’s TCSPC setup is provided in Figure 1.

Figure 1: Diagram of Bollinger and Thomas’s TCSPC setup [9].

Improvements to the Bollinger and Thomas setup were implemented to allow for higher fidelity
measurements. The scintillator is closely coupled to two modern PMTs (Hammamatsu H-6533)
with low transit time spread to reduce the uncertainty on the start time of the scintillation event.

2



Two PMTs were employed to observe the start time of the scintillation event because the time
difference between the two signals can be used to determine the uncertainty in the setups ability to
determine the start time, as well as because it reduces the uncertainty in observing the start time
by a factor of two. This is explained in more detail in Section 3.2.

A Photonis MCP-PMT PP-2365-AD with sub-15 ps temporal uncertainty was used as the single
photon counter. Loose coupling between the scintilator was achieved using a standoff distance. The
metric used to establish that the single photon counter was in the single photon range was that
no more than one in every one hundred primary events results in a single photon count at the
single photon counter. The system was read out using a LeCroy WaveSurfer oscilloscope with
a sampling rate of 10 GHz, triggering on coincidences between the primary PMTs and the single
photon counter. A diagram of the TCSPC setup constructed at Lawrence Berkeley Labs is provided
in Figure 2.

Figure 2: Diagram of Updated TCSPC Setup.

3 Temporal Uncertainty

To reconstruct the temporal response using the TCSPC method, the time between the start of the
scintillation event, tp, and emission of the single photon, te, must be measured. This quantity is
referred to as the coincidence time, Ct, and is represented by:

Ct = te − tp (1)

In order to obtain the start time of the scintillation event, tp, the 50% pick-off times of two closely
coupled PMTs, tp1 and tp2, were averaged together. The temporal offsets, tpos,1 and tpos,2, then
need to be applied to this observed quantity due to the transit time of the PMTs to fully reflect
the start time of the scinitllation event. Thus tp is given by:

tp =
tp1 + tp2

2
− tpos,1 + tpos,2

2
(2)

In order to obtain the time at which an observed single photon was emitted from the scintillator,
the 50% pick-off time of the single photon counter was taken, tspc. However, this observable is also
subject to the tranist time of the MCP-PMT and the time of flight of the single photon across the
standoff distance. Thus, a temporal offset, tspcos, needs to be applied to account for the transit
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time of the MCP-PMT, as well as the time of flight of the photon L
c in order to reflect the time of

emission of the single photon from the scintillator. Thus, te can be given as:

te = tspc −
L

c
− tspcos, (3)

where L is the photon path length, and c is the speed of light. Taking the difference between these
measured quantities should result in a measurement of the coincidence time:

Ct = te − tp

Ct = tspc −
L

c
− tspcos −

tp1 + tp2
2

+
tpos,1 + tpos,2

2

= tspc −
tp1 + tp2

2
− (

L

c
+ tspcos −

tpos,1 + tpos,2
2

)

(4)

The error in the determination of tspc, tp1, and tp2 is negligibly small. Additionally, because the
two primary PMTs are the same model, it can be assumed that σpos,1 = σpos,2. Thus, the temporal
resolution of our system can be taken to be the uncertainties of the quantities in the parenthetical
in the final line of equation 4:

σsys =

√
σ2
pos,1,2 ++σ2

spcos +
σ2
L

c2
(5)

The measurement of these individual uncertainties are the subject of the remainder of this section.

3.1 Temporal Resolution of the Photon Counter, σspcos

The time at which a single photon is incident on our single photon counter, tspc, corresponds to
the 50% pickoff time of the MCP-PMT single photon signal. Thus, the uncertainty in tspc is the
temporal resolution of our single photon counter.

In a previous rendition of this system which used a PMT-210 as its single photon counter, this
uncertainty was quantified by using a laser with precise timing and a set of neutral density filters to
ensure only single photons were impinging on the single photon counter. By comparing the photon
count time with the laser sync signal, a distribution of the time spread of the photon count signal
could be found. A diagram of this experimental setup can be found in Figure 3 and Figure 4 shows
the difference between the laser sync signal and photon count time.

Figure 3: Diagram of experimental setup used to determine σspcos
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Figure 4: Histogram of the difference between the laser sync signal and single photon count time.

A Gaussian distribution was fitted to this peak and the sigma from that Gaussian was taken
as the temporal resolution of the photon counter. While this distribution is clearly not perfectly
Gaussian due to variant photoelectron pathlength in the microchannel plate [10], the Gaussian
assumption is a good first order assumption and shows that the uncertainty of the single photon
counter is on the order of 20 ps.

In the updated setup at Lawrence Berkeley Laboratory, a Photonis PP-2365-AD was used as
the single photon detector with temporal uncertainty of 11 ps as reported by the manufacturer.
So, the updated system is expected to have a smaller σspcos by a factor of at least two.

3.1.1 Coincidence Triggering and Cable Delays

As mentioned previously, the system triggers on coincidences between the primary PMTs and the
single photon counter. In most TCSPC setups the primary PMT and the single photon counter
PMT have similar transit times, meaning that triggering on coincidence is trivial. However, the
MCP-PMT used as the single photon counter in this setup has a much faster transit time than the
primary PMTs.

To assures that the setup can capture the relatively long decay tails of the temporal response,
the primary signal needs to be observed before the single photon signal so that the oscilloscope can
prime its trigger on the primary pulse and trigger on the single photon pulse.

A cable delay was introduced to insure that the signal from the MCP-PMT signal arrives after
signals from the closely coupled PMTs. While this increased the temporal uncertainty of the single
photon count time, it was determined that since the dominate uncertainty was still the uncertainty
related to observing the start time of a scintillation pulse, this slight increase in uncertainty here
was tolerable.

This also allows the setup to be run in two different modes. Without the cable delay, the setup
can capture the rapid rise times of these temporal responses at the setups minimum temporal
uncertainty. And with the cable delay, the setup can capture the relatively long decay tails with
minimally reduced temporal resolution due to the increased jitter from the cable delay.
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3.2 Uncertainty in determining, σpos

The start time of the scintillation event, tp, is determined by taking the 50% pick-off time of both
primary PMTs, tp1 and tp2, averaging them together, and offsetting based off the transit times of
the PMTs tpos,1, and tpos,2:

tp =
1

2
(tp1 + tp2)−

tpos,1 + tpos,2
2

Recall that the error in the determination of tp1 and tp2 is neglected because it is negligibly small
and that σpos,1 = σpos,2. Thus the uncertainty of tp will be:

σt
2
p = σ2

pos,1,2 (6)

In order to determine this uncertainty, the difference between the two primary signals is evalu-
ated, ∆tprim. This quantity and its uncertainty is given by:

∆tprim = tp1 − tp2 and σ2
∆tprim = σ2

pos,1 + σ2
pos,2

It can be assumed that σpos,1 = σpos,2, resulting in

σ2
∆tprim = 2σ2

pos,1,2

Returning to Equation 6 and substituting in
σ2
∆tprim

2 = σ2
pos,1,2 it can be seen that:

σ2
tp =

1

4
σ2
∆tprim

Thus the uncertainty of tp can be taken as half of the uncertainty of ∆tprim. In order to determine
the uncertainty of ∆tprim, the difference between 50% pick-off times for the two primary PMTs
were plotted versus their pulse integral as represented in Figure 5. Then the uncertainty of the time
difference as a function of pulse integral is plotted below the 2D histogram with the same x-axis.
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Figure 5: 2D Histogram of the difference between the primary signals versus their total pulse
integral, and uncertainty of the time difference plotted versus pulse integral

As shown in Figure 5, the intensity of the pulse increases, the uncertainty of ∆tprim decreases.
At this point in the system’s characterization, a simple average over the energy range is taken in
order to report an average temporal resolution of the system. It should also be noted that since
the system’s ability to observe a tp is related to the speed at which a scintillator fluoresces, the
uncertainty of tp will change dependent on the scintillator being measured. Figure 5 was created
using TCSPC data from the measurement of EJ-208. And so in this case, it can be reported that
the system has a ¯σpos = 117 ps when measuring EJ-208. Scintillators that produce more photons
per unit time during the initial prompt fluorescence will result in smaller tp uncertainty, so in the
case of EJ-232Q, the tp uncertainty is measured to be 45.9 ps.

Over the suite of scintillators measured in this setup, σtp has consistently been the largest factor
driving the systematic uncertainty of the system.

3.3 Photon path length variance, σL

The final identified influence on systematic uncertainty is the photon path length variance. Because
scintillators have a refractive index that is 1.5, the path a photon takes to leave the scintillator and
reach the single photon counter may increase the temporal uncertainty since a single photon that
is generated during the initial rise of the temporal response will have a slightly different measured
coincidence time depending on where in the scintillation volume the scintillation takes place.

In order to better understand how scintillator size effected photon path length variance a simpli-
fied model was created using Monte Carlo methods that sampled random points from a cylindrical
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volume and then predicted flight times to a photon counter at some standoff distance, accounting
for the increased refractive index of scintillators. This simplified model assumed that Snell’s law
and internal reflection accounted for a small portion of the overall path length variance. Using this
model the predicted temporal uncertainty due to photon path length variance is on the order of
15 ps. This uncertainty is much smaller than our dominant uncertainty σprim.

4 Future Work and Conclusions

Further characterization and analysis are required to fully validate and resolve the systematic
uncertainty of the system. This includes a study of how photon path length variance impacts
overall system uncertianty. This will be done by collected TCSPC data on scintillators of the same
type, but of different sizes. The expected outcome of these measurements is to show that photon
path length variance is of minimal concern for the scintillator size chosen for these measurements.

A suite of scintillators of varying sizes has been purchased and measurements will be taken
with them. In order for the simplified model discussed in Section 3.3 to be validated, the overall
systematic uncertainty should not change between scintillators of the same type but different sizes.
And in order to validate the assumption that internal reflection accounts for a negligibly small
portion of the overall photon path length variance, highly absorptive material has been purchased.
This material will be applied to the scintillators to measure the impact of internal reflection on
overall system uncertainty.

Once the system is validated and the system uncertainty is well characterized, the setup will be
used to measure the temporal response of a suite of fast plastic scintillators in γ-ray fields.

The setup constructed at Lawrence Berkeley Lab was intentionally built in order to be able to
take measurements in front of the 88-Inch Cyclotron at Lawrence Berkeley National Laboratory. A
measurement campaign with a DT-breakup target at the 88-Inch Cyclotron will allow the system
to measure energy dependent, neutron pure, pulse shapes. Theses neutron pure pulse shapes taken
over a large energy range will allow us to explore what mechanisms are driving the scintillation
process, and the impact of ionization density on pulse shape. The end goal of this work is to be
able to construct more accurate, physics-based models of the temporal response of fast organic
scintillators.
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